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10Vision and Visual Perception

After reading this chapter, you will 
be able to:

 • Describe the functions of 
structures within the eye.

 • Illustrate the processing 
pathways of visual information 
from the eye up to cortical brain 
areas.

 • Compare the major theories of 
color processing.

 • Contrast the major theories of 
form processing.

 • Discuss how visual information 
is segregated and reconstructed 
in the visual system.

 • Identify how action potentials 
and synaptic transmission 
can produce a variety of visual 
experiences.

 • Predict how damage to specific 
portions of the visual system 
will impact a person’s visual 
perceptions.

Master the content.
edge.sagepub.com/garrett5e

Light and the Visual Apparatus
The Visible Spectrum
The Eye and Its Receptors
Pathways to the Brain
CONCEPT CHECK

Color Vision
APPLICATION: Restoring Lost Vision
Trichromatic Theory
Opponent Process Theory
A Combined Theory
Color Blindness
IN THE NEWS: Being a Color-Blind Sports Fan
CONCEPT CHECK

Form Vision
Contrast Enhancement and Edge Detection
APPLICATION: Neural Bases of Visual Illusions
Hubel and Wiesel’s Theory
Spatial Frequency Theory
CONCEPT CHECK

The Perception of Objects, Color, and Movement
The Two Pathways of Visual Analysis
Disorders of Visual Perception
The Problem of Final Integration
RESEARCH SPOTLIGHT: When Binding Goes Too Far
CONCEPT CHECK

In Perspective

Chapter Summary

Study Resources

Jonathan I. was in his car when a small truck hit it. In the emergency room, he was 
told that he had a concussion. For a few days, he was unable to read, saying that the 
letters looked like Greek, but fortunately this alexia soon disappeared. Jonathan was a 

successful artist who had worked with the renowned Georgia O’Keeffe, and he was eager to 
return to his work. Driving to his studio, he noticed that everything appeared gray and misty, 
as if he were driving in a fog. When he arrived at his studio, he found that even his brilliantly 
colored paintings had become gray and lifeless.

His whole world changed. People’s appearance was repulsive to him, because their skin 
appeared “rat colored”; he lost interest in sex with his wife for that reason. Food was unattract-
ive, and he came to prefer black and white foods (coffee, rice, yogurt, black olives). His enjoy-
ment of music was diminished, too; before the accident, he used to experience synesthesia, in 
which musical tones evoked a sensation of changing colors, and this pleasure disappeared as well. 
Even his migraine headaches, which had been accompanied by brilliantly colored geometric 
hallucinations, became “dull.” He retained his vivid imagery, but it too was without color.

Over the next two years, Jonathan seemed to forget that color once existed, and his sorrow 
lifted. His wife no longer appeared rat colored, and they resumed sexual activity. He turned to 
drawing and sculpting and to painting dancers and race horses, rendered in black and white but 
characterized by movement, vitality, and sensuousness. However, he preferred the colorless world 
of  darkness and would spend half the night wandering the streets (O. Sacks & Wasserman, 1987).

From the patterns of stimulation on 
the retina we perceive the world of 
objects and this is nothing short of a 
miracle.

—Richard Gregory

“

”
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Part III: Interacting With the World276

Vision enables us to read and to absorb large amounts of complex information. It helps us navigate in the 
world, build structures, and avoid danger. Color helps distinguish objects from their background, and it enriches 
our lives with natural beauty and works of art. We suspect that in contrast to Helen Keller’s belief that deafness 
was a greater affliction than blindness, most of you would consider vision the most important of our senses. 
Apparently, researchers share that opinion, because vision has received more research attention than the other 
senses combined. Thus, we understand a great deal about how the brain processes visual information. In addi-
tion, studies of vision are providing a valuable model for understanding complex neural processing in general.

Light and the Visual Apparatus
Vision is an impressive capability. There are approximately 97 million light receptors in the human eye 
(Curcio, Sloan, Kalina, & Hendrickson, 1990), and a complex network of cells connecting them to each 
other and to the optic nerve. The optic nerve itself boasts a million axons (Mikelberg, Drance, Schulzer, 
Yidegiligne, & Wels, 1989), compared with 30,000 in the auditory nerve. The optic nerve transmits infor-
mation to the brain at an estimated 100 million bits per second, comparable to Ethernet data transmis-
sion rates (Koch et al., 2006). What our brain does with the information it receives from the eye is equally 
remarkable. The topics of vision and visual perception form an exciting story, one of high-tech research and 
conflicting  theories, and dedicated scientists’ lifelong struggles to understand our most amazing sense.

The Visible Spectrum
To understand vision, we need to start at the beginning by describing the adequate stimulus, as we did with audition. 
To say that the stimulus for vision is light seems obvious, but the point needs some elaboration. Visible light is a part 
of the electromagnetic spectrum. The electromagnetic spectrum includes a variety of energy forms, ranging from 
gamma rays at one extreme of frequency to the radiations of alternating current circuits at the other (Figure 10.1); 
the portion of the electromagnetic spectrum that we can see is represented by the colored area in the figure.

The visible part of the electromagnetic spectrum accounts for only 1/70 of the frequency range. Most of the 
frequencies are not useful for producing images; for instance, AM, FM, and analog television waves pass right 
through objects. Some of the other energy forms, such as X-rays and radar, can be used for producing images, but 
they require powerful energy sources and special equipment for detecting the images. Heat-producing objects 
give off infrared energy, which some nocturnal animals (such as the sidewinder rattlesnake) use to detect their 
prey in darkness. Humans can convert infrared images to visible ones with the aid of specialized equipment, and 
this capability is very useful to the military and law enforcement for detecting heat-producing individuals, heat-
producing vehicles, and armament at night. Sometimes this ability can be used to deceive heat-detecting equip-
ment; during the first Gulf War, the Iraqi army set up plywood silhouettes of tanks with heaters behind them 
to distract Allied airplanes. But infrared is best for detecting nearby objects—distant ones have blurred edges 

FIGURE 10.1 The Electromagnetic Spectrum.
The visible part of the spectrum is the middle (colored) area, which has been expanded to show the color experiences usually 
associated with the wavelengths. Only 0.0035% of the electromagnetic spectrum is visible to humans.
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Chapter 10: Vision and Visual Perception 277

and fuzzy detail. The electromagnetic energy within our detectable (visible) range produces well-defined images 
because it is reflected from objects with minimal distortion. We are adapted to life in the daytime, and we sacri-
fice the ability to see in darkness in exchange for crisp, colorful images of faces and three-dimensional objects in 
daylight. In other words, our sensory equipment is adapted for detecting the energy that is most useful to us, just 
as the night-hunting sidewinder rattlesnake is equipped to detect the infrared radiation emitted by its prey and a 
bat’s ears are specialized for the high-frequency sound waves it bounces off small insects.

Light is a form of oscillating energy and travels in waves just as sounds do. We could specify visible light 
(and the rest of the electromagnetic spectrum) in terms of frequency, just as we did with sound energy, but the 
numbers would be extremely large. So, we describe light in terms of its wavelength—the distance the oscil-
lating energy travels in one complete cycle. (We could do the same with sound, but those numbers would be 
just as inconveniently small.) The unit of wavelength is the nanometer (nm), which is a billionth of a meter; 
visible light ranges from about 380 to 800 nm. Notice in Figure 10.1 that different wavelengths correspond to 
different colors of light; for example, when light in the range of 500 to 570 nm strikes the receptors in our eye, 
we normally report seeing green. Later in the chapter, we will qualify this relationship when we examine why 
wavelength does not always correspond to the color we see (just like our pitch perception isn’t perfectly aligned 
with sound frequency).

The Eye and Its Receptors
The eye is a spherically shaped structure filled with a clear, thick liquid (Figure 10.2a). The white outer cov-
ering, or sclera, is opaque except for the cornea, which is transparent. Behind the cornea is the iris, which 

(a) Refraction of light onto the lens (b) Focusing of light in the fovea 

Bipolar
cell

Retina

Fixation
point

Light

Cornea

Lens

Retina

Photoreceptors
(rods and cones)

Optic
disk Optic

nerve

Pigment
epitheleum

Ganglion
cell

Pupil

Iris

Fovea

Fovea

FIGURE 10.2 The Human Eye and Retina.
In (a), the major parts of the eye are shown. In (b), the major pathway of visual information is shown (photoreceptor to bipolar 
cells to ganglion cells). (Note how the connections to the cones “fan out” away from the fovea, making the cones there more 
accesssible to light.)

Source: Modified from Figure 26-1 in Eric R. Kandel, James H. Schwartz, Thomas M. Jessell, Steven A. Siegelbaum, A. J. Hudspeth, & Sarah Mack. Principles 
of Neural Science (5th Edition), 2012.
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Part III: Interacting With the World278

gives your eye its color. The iris is a circular muscle that 
controls the amount of light entering your eye by contract-
ing reflexively in bright light and relaxing in dim light. You 
can observe this response in yourself by watching in a mir-
ror while you change the level of light in the room. The pupil 
is not a real structure, but simply a hole in the iris muscle; it 
looks black because light that enters your eye doesn’t come 
out. Behind the iris is the lens. Notice in the figure that the 
lens reflects the image upside down and backwards onto 
the retina. You can demonstrate this by touching the side 
of your eye through your closed lid—you’ll be manually 
stimulating the retina on one side, but you’ll see a flashing 
spot on the other side of your eye—if you move your finger 
down, the spot moves up. Because the normally flat lens is 
a transparent yet remarkably flexible tissue, the muscles 
attached to it can contract to make the lens rounder to focus 
on a near object through a process called accommodation 
(Figure 10.3).

The retina, the light-sensitive tissue at the rear of the 
eye, is made up of two main types of light-sensitive recep-
tor cells, called rods and cones, and the neurons that are 
connected to them. As you can see in Figure 10.4, the 
receptors—collectively referred to as photoreceptors—are 
at the very back of the eye. Light must pass through the 
neural cells to reach the photoreceptors over much of the 
retinal surface, but this presents little problem because 
the neural cells are very small and transparent (see Figure 
10.2b). The photoreceptors connect to bipolar cells, which 
in turn connect to ganglion cells, whose axons form the 
optic nerve. The photoreceptors are filled with light-sen-
sitive chemicals called photopigments. The photopigment 
absorbs energy from the light that causes some of the mole-
cules to break down into two components, and the ensuing 
chemical reaction ultimately results in a neural response. 
The two components then recombine to maintain the  
supply of photopigment.

The rods and cones are named for their shapes, as you can see by looking at Figure 10.4 again. The human 
eye contains about 92 million rods and about 4.6 million cones (Curcio et al., 1990). The two types of receptors 
contain different kinds of photopigments; rods and cones function similarly, but their chemical contents and 
their neural connections give them different specializations.

The rod photopigment is called rhodopsin; the name refers to its color (from the Latin rhodon, 
“rose”), not to its location in rods. Rhodopsin absorbs light much faster than cone photopigment, so 
it is used exclusively for low-light situations. In very bright light, the rhodopsin in your eyes remains 
broken down most of the time, so the rods are not useful. The brief delay in adjusting to a darkened 
movie theater is due to the time it takes the rhodopsin to resynthesize. Iodopsin, the cone photopig-
ment, requires a high light intensity level, so your cones function well in daylight but are nonfunctional 
in dark situations. Three varieties of iodopsin, located in different cone types, respond best to different 
wavelengths of light; this means that cones detect only certain different wavelengths, whereas rods dif-
ferentiate only among different levels of light and dark (which is why you cannot recognize colors in 
dim light).

Rods and cones also differ in their retinal distribution and in their amount of neural interconnec-
tion. Cones are most concentrated in the fovea, a 1.5-millimeter-diameter circle in the middle of the 
retina, and drop off rapidly with distance from that point. Rods are most concentrated at 20 degrees 
from the fovea; from that point, they decrease in number in all directions and fall to zero in the fovea. 
In the center of the fovea, there is one ganglion cell for each cone; the number of cones per ganglion cell 
increases with distance from the center but remains small compared with rods. Because few cones share 

Retina

Lens

Cornea

Focus on retina

Focus on retina

(a) Object far—eye relaxed

(b) Object near—eye accommodation

FIGURE 10.3 Accommodation of the Lens.
When you are looking at something far away, the muscles 
surrounding the lens relax, and the lens flattens (a). When you 
focus on something close, the muscles contract and make the lens 
more round. This is called accommodation (b).

How does the 
eye detect light?
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Chapter 10: Vision and Visual Perception 279

ganglion cells, the fovea has higher visual acuity, 
or ability to distinguish details. In contrast, many 
rods share a single ganglion cell; this reduces their 
resolution but enhances their already greater sen-
sitivity to dim light. The area of the retina from 
which a ganglion cell (or any other cell in the 
visual system) receives its input is the cell’s recep-
tive field. So, we can say that receptive fields are 
smaller in the fovea and larger in the periphery. 
Table 10.1 summarizes the characteristics of these 
two visual systems.

The receptors’ response to light is different 
from what you might expect, because they are 
most active when they are not being stimulated 
by light. In darkness, the photoreceptor’s sodium 
and calcium channels are open, allowing these 
ions to flow in freely. Thus, the membrane is par-
tially depolarized; the receptor releases a continu-
ous flow of glutamate, and this inhibits activity 
in the bipolar cells. The chemical response that 
occurs when light strikes the photopigments closes 
the sodium and calcium channels, reducing the 
release of glutamate in proportion to the amount 
of light. The bipolar cells release more neurotrans-
mitters, which increases the firing rate in the gan-
glion cells. (The photoreceptors and bipolar cells 
do not produce action potentials.) In neural terms, 
ganglion cells undergo what is called “release from 
inhibition.”

If you look again at Figure 10.4, you can see that 
the rods and cones are highly interconnected by hori-
zontal cells. In addition, amacrine cells connect across 
many ganglion cells. This might suggest to you that 
the retina does more than transmit information about 
points of light to the brain. You might also suspect that 
a great deal of processing goes on in the retina itself. 
You will soon see that both are true. With such com-
plexity, it’s no wonder most vision scientists consider 
the retina to be part of the brain and refer to the optic 
nerve as a tract!

FIGURE 10.4 The Cells of the Retina.

Source: Adapted from “Organization of the Primate Retina,” by J. E. Dowling and B. B. 
Boycott, Proceedings of the Royal Society of London, B166, Fig. 23 on p. 104. Copyright 
1966 by the Royal Society.

TABLE 10.1  Summary of the Characteristics of the Rod and Cone Systems.

ROD SYSTEM CONE SYSTEM

Function Functions best in dim light, poorly or 
not at all in bright light.

Detail vision is poor.

Does not distinguish colors.

Functions best in bright light, poorly 
or not at all in dim light.

Detail vision is good.

Subset distinguishes among colors.

Location Mostly in periphery of retina. Mostly in fovea and surrounding area.

Receptive field Large, due to convergence on 
ganglion cells; contributes to light 
sensitivity.

Small, with one or a few cones 
converging on a single ganglion cell; 
contributes to detail vision.
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Part III: Interacting With the World280

Pathways to the Brain
The axons of the ganglion cells join and 
pass out of each eye to form the two optic 
nerves (Figure 10.5). Where the nerve 
exits the eye, there are no receptors, so it 
is referred to as the blind spot (see Figure 
10.2a). This point is located about 20 
degrees toward the outside and down 
slightly from the usual focal point of each 
retina. The blind spots of the two eyes fall at 
different points in a visual scene, so you do 
not notice that any of your visual world is 
missing; besides, your brain is good at “fill-
ing in” missing information, even when a 
small part of the visual system is damaged. 
The two optic nerves run to a point just in 
front of the pituitary, where they join for 
a short distance at the optic chiasm before 
separating again and traveling to their first 
synapse in the lateral geniculate nuclei of 
the thalamus. At the optic chiasm, axons 
from the nasal sides of the eyes cross to the 
other side and go to the occipital lobe in the 
opposite hemisphere. Neurons from the 
outside half of the eyes (the temporal side) 
do not cross over but go to the same side of 
the brain.

It seems like splitting the output 
of each eye between the two hemi-
spheres would cause a major distor-
tion of the image. However, if you look 
closely at Figure 10.5, you can see that 
the arrangement keeps related infor-
mation together. Notice that the let-
ter A, which appears in the person’s left 
visual field (the part of the environment 
being registered on the retina), casts an 
image on the right half of each retina. 
The information from the right half of 
each eye will be transmitted to the right 
hemisphere. An image in the right visual 
field will similarly be projected to the left 
hemisphere. This is how researchers who 
study differences in the functions of the 
two cerebral hemispheres can project a 
visual stimulus to one hemisphere. They 
present the stimulus slightly to the left or 
to the right of the midline; the exposure 

time is too brief to allow the subject to shift the eyes toward the stimulus, and with brief exposures the 
information does not transfer to the other hemisphere.

Although it appears that information from both eyes is integrated at the lateral geniculate nuclei 
(LGN) in Figure 10.5, information from each eye is processed in separate areas of the primary visual 
cortex (V1). If you close one eye in a research animal, and then stain V1 for cytochrome oxidase  
(which indicates metabolic activity), only the areas of V1 that were actively processing visual information 
would be darkly stained. When you look at the tissue under a microscope, you can see clear light and dark 
bands that appear like a fingerprint. These stripes are called ocular (left and right) dominance columns.

Optic nerve

Optic chiasm

Lateral
geniculate
nucleus

Visual cortex

A

A

A A

B

B

B B

FIGURE 10.5 Projections From the Retinas to the Cerebral 
Hemispheres.
Notice how images of objects in the left and right sides of the visual field fall on the 
opposite sides of the two retinas; the information from the two eyes then travels 
to the visual cortex in the hemisphere opposite the object, where it is combined. 
(The distance between the two lateral geniculate nuclei is greatly exaggerated.). 
The inset demonstrates the separation of information from each eye into separate 
ocular dominance columns (white from left eye, gray from right eye).

How does 
information 
about an object 
on your right end 
up in your left 
hemisphere?

  Figures 
Brought 
to Life
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Chapter 10: Vision and Visual Perception 281

There is a good reason you have two forward-facing eyes, instead of one 
like the mythical Cyclops or one on each side of your head like many ani-
mals. The approximately 6-centimeter (cm) separation of your eyes pro-
duces retinal disparity, a discrepancy in the location of an object’s image on 
the two retinas. Figure 10.6 shows how the image of distant objects in a scene 
falls toward the nasal side of each retina and closer objects cast their image in 
the temporal half. Retinal disparity is detected in the visual cortex, where dif-
ferent neurons fire depending on the amount of lateral displacement. Then 
in the anterior parietal cortex this information is combined with informa-
tion about an object’s shape and location to provide information about the 
distance of objects (J.-B. Durand et al., 2007). There are several good dem-
onstrations of retinal disparity; the simplest is to hold your finger a foot  
(30 cm) in front of you and alternately close one eye and then the other while you 
notice how your finger moves relative to the background. The ViewMaster 3-D 
viewer you may have had as a child took advantage of your brain’s retinal disparity 
detectors by presenting each eye with an image photographed at a slightly different 
angle. 3-D movies use the same principle, but differently polarized lenses in the 
special glasses separate the two images. A striking 3-D effect can also be obtained 
without a viewer from stereograms such as those created by Magic Eye.

As the rest of the story of vision unfolds, you will notice three themes that will 
help you understand how the visual system works: inhibition, modularity, and hier-
archical processing. You will learn that neural inhibition is just as important as excita-
tion, because it sharpens information beyond the processing capabilities of a system 
that depends on excitation alone. You will also learn that, like hearing and language, 
the visual system carries out its functions in discrete specialized structures, or mod-
ules, which pass information to each other in a serial, hierarchical fashion.

CONCEPT CHECK

Take a Minute to Check Your Knowledge and Understanding

 • In what ways is human vision adapted for our environment?
 • How are the rod and cone systems specialized for different tasks? The two visual pathways?

Color Vision
In Figure 10.1, you saw that there is a correspondence between color and wavelength; this would suggest 
that color is a property of the light reflected from an object and, therefore, of the object itself. However, 
wavelength does not always predict color, as Figure 10.7 illustrates. The circle on the left and the circle on 
the right appear to be different colors, although they 
reflect exactly the same wavelengths. Just as with the 
auditory terms pitch and loudness, the term color refers 
to the observer’s experience rather than a characteris-
tic of the object. Thus, it is technically incorrect to say 
that the light is red or that a book is blue, because red 
and blue are experiences that are imposed by the brain. 
However, in the interest of simplicity, we will be rather 
casual about this point in future discussions, as long as 
we understand that “red” and “blue” are experiences 
rather than object characteristics. To understand the 
experience of color, we must now examine the neural 
equipment that we use to produce that experience. Our 
understanding of color vision has been guided over 
the past two centuries by two competing theories: the 
trichromatic theory and the opponent process theory.

FIGURE 10.6 Retinal Disparity.
The image of an object to which the eyes 
are oriented (A) falls on the fovea, while 
the image of a more distant object (B) is 
displaced to the inside of each retina and 
the image of a closer object (C) is displaced 
to the outside. This provides information to 
the brain for depth perception.

C

C C
A AB B

A

B

How does retinal 
disparity help us 
see 3-D?

FIGURE 10.7 Independence of Wavelength and Color.
Although the circles are identical, they appear to differ in color due to the 
color contrast with their backgrounds.
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Part III: Interacting With the World282

APPLICATION

Restoring Lost Vision
The World Health Organization (2013) 
estimates that 285 million people 
worldwide suffer from blindness or 
impaired vision, but researchers now 
have several promising strategies for 
restoring lost vision such as camera-
based electrode grids, photosensitive 
polymer implants, and stem cell 
therapy. The camera-based electrode 
grids use a strategy that is like the 
cochlear implants discussed in 
Chapter 9, where a glasses-mounted 
camera converts images into a grid 
of electrode impulses delivered to the 
retina. Several other systems are in 
clinical trials, including one that uses 
a light-sensitive chip mounted behind 
the retina. One of its advantages is 
that it allows the recipient to look 
around by moving the eyes rather than 
turning the head (Stingl et al., 2013).

Of course, the ideal treatment would  
be to make the damaged retina respond to light 
on its own, and research teams are making 
impressive progress to accomplish this. Fortunately, 
ganglion cells usually survive when diseases 
such as retinitis pigmentosa damage the rods and 
cones. A recently designed retinal prosthetic uses 
photosensitive polymers embedded just behind 
the retina; the light-sensitive polymers convert 
light to electrical signals that are picked up by the 
ganglion cells (see figure). After six months, rats 
with degenerative blindness had increased levels 
of activity in the visual cortex and could detect 
(Maya-Vetencourt et al., 2017). An optogenetic 
method seeks to restore vision in people who 
have lost their retinal receptors by inserting a 
synthetic light-sensitive glutamate channel (called 

LiGluR6) into ganglion cells to make them work 
like photoreceptors (Caporale et al., 2011). In a 
human clinical trial, retinal stem cell injections 
produced improved vision or stabilization after 
six months (W. T. Schmidt, 2015). Finally, there 
are promising results using gene therapy (see 
Chapter 2). In one study, vision was restored in 
mice with damaged retinas when a virus encoding 
a synthetic form of rhodopsin (channelrhodopsin) 
was injected (Bi et al., 2006). In another, injection 
of a pigment gene (RPE65) into retinas with a 
damaged gene has been found safe and effective 
in restoring vision in animals (Amado et al., 2010). 
While these methods are not ready for routine 
implementation in humans, they are demonstrating 
promise for individuals with vision loss.

Source: Copyright © 2013 Second Sight Medical Products, Inc.

Trichromatic Theory
After observing the effect of passing light through a prism, Sir Isaac Newton proposed in 1672 that white 
light is composed of seven fundamental colors that cannot themselves be resolved into other colors. 
If there are seven “pure” colors, this would suggest that there must be seven receptors and brain path-
ways for distinguishing color, just as there are five primary tastes (or six, if the fat receptor is confirmed). 
In 1852, Hermann von Helmholtz (whose place theory was discussed in Chapter 9) revived an idea of 
Thomas Young from a half-century earlier. Because combining different amounts of just three colors of 
light can produce any color, Young and Helmholtz recognized that this must be due to the nature of the 
visual mechanism rather than the nature of light. They proposed a trichromatic theory—now known as the 
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Chapter 10: Vision and Visual Perception 283

Young-Helmholtz theory—that just three color processes account for 
all the colors we are able to distinguish. They chose red, green, and blue 
as the primary colors because observers cannot resolve these colors 
into separate components as, for example, you can see red and blue in 
the color purple. When you watch television or look at an electronic 
device screen, you see an application of trichromatic color mixing: All 
the colors you see on the screen are made up different intensities of 
tiny red, green, and blue dots (pixels) of light. This is illustrated in the 
color cube in Figure 10.8.

Opponent Process Theory
The trichromatic theory accounted for some of the observations about 
color perception very well, but it ran into trouble explaining why  
yellow also appears to observers to be a pure color. Ewald Hering (1878) 
“solved” this problem by adding yellow to the list of physiologically 
unique colors. But rather than assuming four color receptors, he 
asserted that there are only two—one for red and green and one for 
blue and yellow. Opponent process theory attempts to explain color 
vision in terms of opposing neural processes. In Hering’s version, the 
photochemical in the red-green receptor is broken down by red light 
and regenerates in the presence of green light. The chemical in the  
second type of receptor is broken down in the presence of yellow light 
and regenerates in the presence of blue light.

Hering proposed this arrangement to explain the phenomenon 
of complementary colors, colors that cancel each other out to produce a neutral gray or white. (Note the 
spelling of this term; complementary means “completing.”) In Figure 10.9, the visible spectrum is rep-
resented as a circle. This rearrangement of the spectrum makes sense, because violet at one end of the 
spectrum blends naturally into red at the other end just as easily as the colors adjacent to each other on 
the spectrum blend into each other. Another reason the color circle makes sense is that any two colors 
opposite each other on the circle are complementary; mixing equal amounts of light from across the 
circle results in the sensation of a neutral gray tending toward white, 
depending on the brightness. An exception to this rule is the com-
bination of red and green; they produce yellow, for reasons you will 
understand shortly.

Another indication of complementarity is that overstimulation 
of the eye with one light makes the eye more sensitive to its comple-
ment. Stare at a red stimulus for a minute, and you will begin to see 
a green edge around it; then look at a white wall or a sheet of paper, 
and you will see a green version of the original object. This experi-
ence is called a negative color aftereffect; the butcher decorates the 
inside of the meat case with parsley or other greenery to make the 
beef look redder. Negative color aftereffect is what one would expect 
if the wavelengths were affecting the same receptor in opposed direc-
tions, as Hering theorized. The flag in Figure 10.10 is a very good 
interactive demonstration of complementary colors and negative 
aftereffects.

If this discussion of color mixing seems inconsistent with what 
you understood in the past, it is probably because you learned the 
principles of color mixing in an art class. The topic of discussion there 
was pigment mixing, whereas we are talking about mixing light. An 
object appears red to us because it reflects mostly long-wavelength 
(red) light, while it absorbs other wavelengths of light. The effect of 
light mixing is additive, whereas pigment mixing is subtractive. If 
we mix lights, we add wavelengths to the stimulus, but as we mix 
paints more wavelengths are absorbed. For example, if you mix equal 

How do we 
distinguish 
colors?

FIGURE 10.8 Color Cube Demonstrating 
Trichromatic Theory.
All colors are possible with mixing different levels of 
green, blue, and red. Yellow is a result of high green and 
red levels with low blue levels, for example.

G
re

en

Blue

Red

100%

FPO

FIGURE 10.9 The Color Circle.
Colors opposite each other are complementary; that 
is, equal amounts of light in those colors cancel each 
other out, producing a neutral gray.
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Part III: Interacting With the World284

amounts of all wavelengths of light, the result will be 
white light; mixing paints in the same way produces 
black because each added pigment absorbs additional 
wavelengths of light until the result is total absorption 
and blackness (Figure 10.11).

Now, back to color vision theory. Although Hering’s 
theory did a nice job of explaining complementary 
colors and the uniqueness of yellow, it received little 
acceptance. One reason was that researchers had trou-
ble with Hering’s assumption of a chemical that would 
break down in response to one light and regenerate in 
the presence of another. His theory was, in fact, in error 
on that point, but developments 100 years later would 
bring Hering’s thinking back to the forefront.

A Combined Theory
The trichromatic and opponent process theories 
appear to be contradictory. Sometimes this means 
that one position is wrong and the other is right, but 
often it means that each of the competing theories is 
partly correct but just too simple to accommodate 
all the known facts. Hurvich and Jameson (1957) 

resolved the conflict with a compromise: They proposed that three types of color receptors—red sen-
sitive, green sensitive, and blue sensitive—are interconnected in an opponent process fashion at the 
ganglion cells.

Figure 10.12 is a simplified version of how Hurvich and Jameson thought this combined color-pro-
cessing strategy might work. Long-wavelength light excites “red” cones and the red-green ganglion cell 
to give the perception of red. Medium-wavelength light excites the “green” cones and inhibits the red-
green cell, reducing its firing rate below its spontaneous level and signaling green to the brain. Likewise, 
short-wavelength light excites “blue” cones, which inhibits the yellow-blue ganglion cell, leading to a 
perception of blue. Light midway between the sensitivities of the “red” and “green” cones would stim-
ulate both cone types. The firing rate in the red-green ganglion cell would not change, because equal 
stimulation and excitation from the two cones would cancel out; however, the cones’ connections to the 
yellow-blue ganglion cell are both excitatory, so their combined excitation would excite the ganglion cell 
to produce a perception of yellow. If all three cones are stimulated at equal intensities, both ganglion cell 
types receive equal amounts of excitatory and inhibitory stimulation and, therefore, produce a percep-
tion of a shade of gray equal to the intensity of the light. According to this combined theory, there are 

FIGURE 10.10 Complementary Colors and Negative 
Color Aftereffect.
Stare at the dot in the center of the flag for about a minute, and then 
look at a white surface (the ceiling or a sheet of paper); you should 
see a traditional red, white, and blue flag.

FIGURE 10.11  
Mixing Lights Is 
Additive; Mixing  
Paints Is Subtractive.
The combination of  
all three primaries 
(or all colors) of light 
produces white; the same 
combination of pigments 
produces black, which is 
the lack of color.

Lights Paints
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Chapter 10: Vision and Visual Perception 285

three color processes at the receptors and four 
beyond the ganglion cells.

This scheme does explain very nicely why 
yellow would appear pure just like red, green, 
and blue do. Also, it is easy to understand 
why certain pairs of colors are complemen-
tary instead of producing a blended color. For 
example, you could have a color that is reddish 
blue (purple) or greenish yellow (chartreuse) 
but not a reddish green or a bluish yellow. You 
can try this out in any drawing program: make 
a gradient that is red on one side and green on 
the other, and you’ll see that where they meet 
is gray. Negative aftereffects can be explained 
as overstimulation “fatiguing” a ganglion cell’s 
response in one direction, causing a rebound in 
the opposite direction and a subtle experience 
of the opposing color. By the way, this is our first 
example of the significance of all that intercon-
nectedness we saw back in Figure 10.4.

Evidence for this combined trichromatic/
opponent process theory would be almost a decade 
away, however, because it depended on the devel-
opment of more precise measurement capabili-
ties. Support came in two forms. First, researchers 
produced direct evidence for three color receptors 
in the retina (K. Brown & Wald, 1964; Dartnall, 
Bowmaker, & Mollon, 1983; Marks, Dobelle, & 
MacNichol, 1964). The researchers shone light of 
selected wavelengths through individual receptors 
in eyes that had been removed from humans for 
medical reasons or shortly after their death; they 
measured the light that passed through to deter-
mine which wavelengths had been lost through 
absorption. The absorbed wavelengths indicated 
the ones the receptor’s photochemical was sensi-
tive to. Figure 10.13 shows the results from a study 
of this type. Note that there are three distinct color 
response curves (plus a response curve for rods), 
just as Hurvich and Jameson predicted. We should 
point out that the “red” cone’s sensitivity is actually closer to orange, but tradition is tradition, so we continue 
to refer to its preferred color as red.

Let’s look at three additional features of these results. Like the tuning curves for frequency we saw 
in Chapter 9, these curves are not very sharp; each receptor has a sensitivity peak, but its response range 
is broad and overlaps with that of its neighbors. This means that the medium-wavelength cones could 
be active because the stimulus is “green” light or because they are being stimulated with intense “blue” 
light. The system must compare activity in all three types of cones to determine which wavelengths you 
are seeing. This “comparison” does not occur at the level of awareness; it is an automatic neural process, 
like the one that sharpens frequency discrimination and the activity of coincidence detectors in sound 
localization.

The second feature is related to the evolution of color vision. Notice that in Figure 10.13 the medium- and 
long-wavelength curves (green and red, respectively) are distant from the short-wavelength curve (blue) but 
are very close to each other. Genetic research indicates that the genes for the photopigments in the medium- 
and long-wavelength cones evolved from a common precursor gene relatively recently (only about 35 million 

FIGURE 10.12 Hurvich and Jameson’s Proposed 
Interconnections of Cones Provide Four Color Responses and 
Complementary Colors.
According to their theory, excitation of “red” receptors activates red-green 
ganglion cells to produce the experience of red; excitation of “green” receptors 
inhibits the same ganglion cells, resulting in an experience of green. A 
sensation of yellow occurs when “red” and “green” receptors stimulate 
yellow-blue ganglion cells equally. Inhibition of those ganglion cells by “blue” 
receptors produces a sensation of blue.

Cone receptors

Ganglion cells

Source: Based on the findings of De Valois et al. (1966).
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Part III: Interacting With the World286

years ago), but the genes for the short-wavelength cones and for the rod receptors split off from their precur-
sor much earlier. Indeed, the “red” and “green” genes are adjacent to each other on the X chromosome, and 
they are 98% identical in DNA (Gegenfurtner & Kiper, 2003). Because the genes are on the X chromosome,  
red-green color blindness is a sex-linked trait and tends to affect males many times more than females. (See 
the discussion of X-linked traits in Chapter 1.)

Third, a recent finding suggests that the bulk of red- and green-sensitive cones respond equally to all wave-
lengths of light, and only a subset respond to these particular colors (Figure 10.14; Sabesan, Schmidt, Tuten, & 
Roorda, 2016). Presumably, this ensures that we see the fine details of objects clearly regardless of color, and the 
need for sharpness overrules the need for precise color perception. This tendency to detect all wavelengths in 
the majority of cones may be useful for some proposed retinal damage therapies (see the earlier Application on 
restoring vision), in that improving any cone function (regardless of color sensitivity) will increase light percep-
tion in those with vision loss.

Trichromatic vision is certainly beneficial in appreciating art, but we might well ask what evolutionary 
benefits compelled its development. An obvious advantage was an enhanced ability to distinguish ripe red 
fruit among green foliage, and to distinguish young, tender leaves from darker ones. In addition, compari-
sons of primate genomes indicate intriguing parallels between the appearance of genes for trichromacy, the 
decreases in olfactory and pheromone receptor genes, and the development of visual sexual signals such as 
the reddened and swollen sexual skin in female baboons and Old World monkeys (Gilad, Wiebe, Przeworski, 
Lancet, & Pääbo, 2004; J. Zhang & Webb, 2003). The importance of the red-green end of the spectrum is sug-
gested by the fact that only 10% of human cones have their sensitivity in the blue end of the spectrum (see 
Figure 10.14). Analyzing 5,000 photographs from the savannas of Botswana, researchers concluded that this 
balance matches the distribution of colors in the environment in which humans are believed to have evolved 
(Garrigan et al., 2010).

Additional confirmation of the trichromatic/opponent process theory came when researchers found 
color-opponent cells in monkeys, both in the retina and in the lateral geniculate nucleus of the thalamus 
(De Valois, 1960; De Valois, Abramov, & Jacobs, 1966; Gouras, 1968). Figure 10.15 shows two types of 
opponent cells, one that is excited by red and inhibited by green (R+G−) and one that is excited by yellow 
and inhibited by blue (Y+B−); Russell De Valois and his colleagues (1966) identified two additional types 
that were the inverse of the previous two: green excitatory/red inhibitory (G+R−) and blue excitatory/ 
yellow inhibitory (B+Y−).

A surprise was that some of the color-opponent ganglion cells receive their input from cones that 
are arranged in two concentric circles (Gouras, 1968; Wiesel & Hubel, 1966). The cones in the center and 
those in the periphery have color-complementary sensitivities (see Figure 10.15). Of course, the yellow 
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FIGURE 10.13 Relative 
Absorption of Light of 
Various Wavelengths by 
Visual Receptors.
Note that each type of cone 
responds best to wavelengths 
corresponding to blue, green, and 
red light, though each responds to 
other wavelengths as well.

Source: Adapted from “Visual Pigments of Rods and Cones in Human Retina,” by Bowmaker and Dartnall, 1980, 
Journal of Physiology, 298, pp. 501–511. Copyright 1980, with permission from John Wiley & Sons, Inc.
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Chapter 10: Vision and Visual Perception 287

response is provided by the combined output of “red” and 
“green” cones. Why all this complexity? First, the opposition 
of cones at the ganglion cells provides wavelength discrimi-
nation that individual cones are incapable of producing  
(E. B. Goldstein, 1999)—an example of the “neural com-
parison” we referred to earlier. The concentric-circle recep-
tor fields also enhance information about color contrast  
in objects. This mode of information sharpening will 
become clearer when we look at how the retina distinguishes 
the edge of an object.

A theory is considered successful if it is consistent with 
the known facts, can explain those facts, and can predict 
new findings. The combined trichromatic and opponent 
process color theory meets all three criteria: (1) It is con-
sistent with the observation that all colors can be produced 
by using red, green, and blue light. (2) It can explain why 
observers regard red, green, blue, and yellow as pure colors. 
It also explains complementary colors, negative aftereffects, 
and the impossibility of color experiences such as greenish 
red. (3) It predicted the discovery of three photopigments 
and of the excitatory/inhibitory neural connections at the 
ganglion cells.

Color Blindness
Color blindness (or the more accurate term, color vision 
deficiency) occurs when an individual has a poor or absent 
response from one or more cone types. It is an intriguing curi-
osity; but more than that, it has played an important role in 
our understanding of color perception by scuttling inadequate 
theories and providing the inspiration for new ones. There 
are very few completely color-blind people—about 1 in every 

FIGURE 10.14 Cones Respond to More Than 
Specific Colors.
The inner circles denote the cones’ color preferences, either 
red or green. (Blue-sensitive cones were not tested but are 
indicated by solid blue dots.) The proportion of red or green in 
the outer circle indicates how much the cone is specialized for 
that color, versus its ability to detect all wavelengths (indicated 
in white).

FIGURE 10.15 Receptive Fields of Color-Opponent Ganglion Cells.
The cones in the center and the cones in the periphery respond to colors that are complementary to each other. The center cones excite 
the ganglion cell, and the cones in the periphery inhibit it.

R+

G−

G+

R−

Y+

B− Y−

B+

Soure: Based on the findings of De Valois et al. (1966).

FPO

Source: Figure 1a from Sabesan, R., Schmidt, B. P., Tuten, W. S., & Roorda, A. 
(2016). The elementary representation of spatial and color vision in the human 
retina. Science Advances, 2, e1600797-e1600797.
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100,000. They usually have an inherited lack of cones; limited to rod vision, they 
see in shades of gray, they are very light sensitive, and they have poor visual acuity. 
More typically a person is partly color-blind, due to a defect in one of the cone sys-
tems rather than a lack of cones.

There are two major types of retinal color blindness. A person who is red-green 
color-blind sees these two colors but is unable to distinguish between them (this is 
either protanopia with absence of red receptors, or deuteranopia with absence of 
green receptors). We know something about what color-blind people experience by 
noting which colors color-blind people confuse and from studying a few rare indi-
viduals who are color-blind in only one eye. When a red-green color-blind colleague 
of one of the authors was describing his experience of color, he explained that green 
grass appeared to be the same color as peanut butter! We’re not sure what peanut 
butter actually looked like to him, but he said that he found grass and trees “very 
beautiful.” People in the much rarer second color-blind group do not perceive blue 
(tritanopia, due to a defect on Chromosome 7), so their world appears in variations 
of red and green. Many partly color-blind individuals are unaware that they see the 
world differently from the rest of us. Color vision deficiencies can be detected by hav-
ing the subject match or sort colored objects or with a test like the one illustrated in 
Figure 10.16.

Red-green color-blind individuals show a deficiency in either the red end 
of the spectrum or in the green portion; this suggests that the person lacks 
either the appropriate cone or the photochemical. Acuity is normal in both 

groups, so there cannot be a lack of cones. Some are unusually sensitive to green light, and the rest 
are sensitive to red light; this suggests that in one case the normally red-sensitive cones are filled with 

FIGURE 10.16 A Test for  
Color Blindness.
This is one of the plates from the Ishihara 
test for color blindness. Most people see 
the number 74; the person with color 
deficiency sees the number 21.

IN THE NEWS

BEING A COLOR-BLIND SPORTS FAN
Having color vision deficiency is not easy, and 
nowhere is it more problematic than in fast-paced 
team sports like football. It can be hard enough to 
keep track of the action as 22 men run around the 
field executing complicated plays, but it is much 
more difficult if you can’t tell the two teams apart.

NFL teams typically use different uniform colors 
and styles to distinguish between the home and 
visiting teams, but in 2015 a new fad in uniform 
design called Color Rush made this task much 
more difficult. In Color Rush the jerseys, pants, 
and socks are all the same vibrant color (or color 
accent). For most of us it was easy to distinguish 
between the fluorescent orange uniforms worn by 
the Buffalo Bills and the fluorescent green uniforms 
of the New York Jets in their November 2015 game. 
But for someone with red-green color blindness, 
the orange Bills uniforms looked exactly like the 
green Jets uniforms. See http://goo.gl/CsFzqk for 
what this looked like to a colorblind individual. 
Because of this confusion, the NFL instituted a new 

policy requiring that one team wear white uniforms 
instead of the Color Rush jerseys. This is not just a 
problem with sports but is true in advertisements, 
TV shows, and other forms of media like safety 
signs. For this reason, most commercial image 
editing software products have tools to simulate 
color blindness, so that color issues can be detected 
during the production process.

THOUGHT QUESTIONS

1. How do cone deficiencies impact the 
perceptions of humans?

2. What steps can be taken to ensure that all 
people, including people who experience 
color blindness, can clearly perceive 
information in sporting events and 
advertisements?

For more information, visit edge.sagepub.com/
garrett5e and select the Chapter 10 study resources.

What is it like to 
be color-blind?
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Chapter 10: Vision and Visual Perception 289

1 cm

FIGURE 10.17 Deoxyglucose Autoradiograph Showing Retinotopic  
Mapping in Visual Cortex.
Monkeys were given radioactive 2-deoxyglucose and then shown the design in (a). They were 
sacrificed, and a section of their visual cortical tissue was placed on photographic film. The 
exposed film showed a pattern of activation (b) that matched the design.

(a) (b)

Source: From “Deoxyglucose Analysis of Retinotopic Organization in Primate Striate Cortex,” by R. B. H. Tootell  
et al.,” Science, 218, pp. 902–904. Reprinted with permission from AAAS.

green-sensitive photochemical and in the other the normally green-sensitive cones are filled with red-sensitive  
chemical. The In the News feature offers one example of the kind of difficulties this deficiency can pose 
for an individual.

CONCEPT CHECK

Take a Minute to Check Your Knowledge and Understanding

 • Summarize the three color vision theories described here.
 • What is the benefit of the color-opposed concentric circle receptor fields?
 • What causes color blindness?

Form Vision
Just as the auditory cortex is organized as a map of the cochlea, the visual cortex contains a map of  
the retina. Russell De Valois and his colleagues demonstrated this point when they presented the image 
in Figure 10.17a to monkeys that had been injected with radioactive 2-deoxyglucose. The animals were 
sacrificed and their brains 
placed on photographic film. 
Because the more active neu-
rons absorbed more radioac-
tive glucose, they exposed the 
film more darkly in the auto-
radiograph in Figure 10.17b; 
this produced an image of the 
stimulus that appears to be 
wrapped around the monkey’s 
occipital lobe (Tootell et al., 
1982).

This result tells us that, 
just as there is a tonotopic 
map of the basilar membrane 
in the auditory cortex, we have 
a retinotopic map in the visual 
cortex, meaning that adjacent 
retinal receptors activate adja-
cent cells in the visual cortex. 
However, this does not tell us 
how we see images; transmit-
ting an object’s image to the 
cortex like a television picture 
does not amount to percep-
tion of the object. Object perception is a two-stage affair. In this section we will discuss form vision, the 
detection of an object’s boundaries and features (such as texture). We will discuss the second compo-
nent, object recognition, a bit later. The story that unfolds here is about more than perception; it provides 
a model for understanding how the brain processes information in general. It is also a story that begins 
not in the cortex but in the retina itself.

Contrast Enhancement and Edge Detection
Detecting an object’s boundaries is the first step in form vision. The nervous system often exaggerates espe-
cially important sensory information. In the case of boundaries, the retina uses lateral inhibition, where each 
neuron’s activity inhibits the activity of its neighbors and in turn they inhibit its activity, to enhance the con-
trast in brightness that defines an object’s edge. To demonstrate this enhancement for yourself, look at the 
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Part III: Interacting With the World290

APPLICATION

Neural Bases of Visual Illusions

As you have been learning in this chapter, visual 
signals are processed at multiple levels; the Mach 
band illusion, for example, occurs at the retinal level, 
whereas other features of the visual world are not 
processed until the cortex. Illusions are more than 
entertaining novelties; they also can tell us how the 
visual mechanism converts retinal stimulation into 
a meaningful visual experience. This includes how 
we distinguish the edges or boundaries of objects, 
separate objects from each other, and make sense 
of the contents of an image. Look at the Kanizsa 
triangle (a) for instance. The white triangle you see 
is an illusion, created when the cortical area V2 “fills 
in” the triangle’s boundaries that are suggested by 
the missing portions of the circles and the actual 
triangle (von der Heyde, Peterhans, & Baumgartner, 
1984). Further up the visual processing pathway, 
the medial temporal lobe (MT) is responsible 
for extracting motion information. The middle 

image (b), called the Fraser-Wilcox or peripheral 
drift illusion, fools your brain into thinking the 
circles are rotating even though you obviously 
are looking at a printed page. This is because the 
MT interprets the rapid high-contrast alternations 
between the yellow and blue, which are processed 
by the same ganglion cells, as being in motion. 
Finally, the cortex is responsible for combining 
features from the two processing streams into a 
singular experience. In the last image in the figure 
(c), how many legs does the elephant have? Is there 
anything odd about them? It may take a bit of study 
to see why the elephant is clearly an impossible 
animal—understanding what you’re seeing here 
requires the contribution of your frontal lobes 
(Shepard, 1990). If you want to see more visual 
illusions, especially moving ones, check out the 
Illusion of the Year website listed at the end of the 
chapter.

(a) (b) (c)

Hermann grid illusion in Figure 10.18a and the Mach band illusion in Figure 10.18b. The Hermann grid is the 
more dramatic of the two illusions, but the simplicity of the Mach band graphic makes it easier to explain, so 
we will focus on it. Each bar in the Mach band image is consistent in brightness across its width, but it looks 
a bit darker on the left and a bit lighter on the right than it does in the middle. (If you don’t see a difference at 
the edges, you may notice that the bars seem slightly curved. This is because the illusion suggests subtle shad-
owing on the left side of each bar.) An illusion is not simply an error of perception, but an exaggeration of a 
normal perceptual process, which makes illusions very useful in studying perception. See the Application for 
more on visual illusions.

Figure 10.19 will help you understand how your retinas produce the illusion using lateral inhibition. In this 
case, the inhibition is delivered by horizontal cells to nearby synapses of receptors with bipolar cells. The critical 
point in the illustration is at ganglion cells 7 and 8. Ganglion cell 7 is inhibited less than ganglion cells 1 to 6; this is 
because the receptors to its right are receiving very little stimulation and producing low levels of inhibition. This 
lesser inhibition of ganglion cell 7 creates a sensation of a lighter band to the left of the border, as indicated at the 
bottom of the illustration. Similarly, ganglion cell 8 is inhibited more than its neighbors to the right, because the 
receptors to its left are receiving greater stimulation and producing more inhibition. As a result, the bar appears 
darker to the right of the border.

Deceptions of the 
senses are the truths of 
perception.

—Johannes Purkinje

“

”

Copyright ©2018 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.

Draf
t P

roo
f - 

Do n
ot 

co
py

, p
os

t, o
r d

ist
rib

ute



Chapter 10: Vision and Visual Perception 291

Actually, this description is more appropriate for the eye of the horseshoe crab, where lateral inhibition was 
originally confirmed by electrical recording; in fact, the graph in Figure 10.18d was based on data from the horse-
shoe crab’s eye (Ratliff & Hartline, 1959). The principle is the same in the mammalian eye, but each ganglion 
cell’s receptive field is made up of several receptors arranged in circles, like the color-coded circular fields we saw 
earlier (Kuffler, 1953). Light in the center of the field has the opposite effect on the ganglion cell from light in the 
surround. In on-center cells, light in the center increases firing, and light in the off surround reduces firing below 
the resting levels. Other ganglion cells have an off center and an on surround. Figure 10.20 illustrates these two 
types of ganglion cells.

These ganglion cells are good at detecting spots of light or darkness, but their contribution to vision is as 
light–dark contrast detectors (Hubel, 1982). Look at the illustrations in Figure 10.21. Light falling across the 
entire field will have little or no effect on the ganglion cell’s firing rate, because the excitation and inhibition can-
cel each other out (Figure 10.21a). Light that falls only on the off surround will suppress firing in the ganglion cell 
(Figure 10.21b). But the ganglion cell’s firing will be at its maximum when the stimulus falls on all of the on center 
and only a part of the off surround, as in Figure 10.21c. Figure 10.21d represents what happens in an off-center 
ganglion cell when its receptors are stimulated by an object that is darker than the background (or by a shadow). 
Because the dark image falls across the entire off center but only part of the on surround, the cell’s activity is high. 
We are so accustomed to thinking of vision in terms of light stimulation that we neglect the importance of dark 
stimulation. The fact is that off ganglion cells outnumber on cells two to one in the human retina, and for good 
reason. When researchers analyzed photos taken in several settings ranging from the streets of Philadelphia to 
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FIGURE 10.18 Demonstration of Lateral Inhibition.
(a) In the Hermann grid illusion, lateral inhibition causes you to see small, grayish blotches at the intersections of the large squares. 
(b) The Mach band illusion is another example. Each band is consistent in brightness across its width, as shown in the graph of 
light intensity in (c). But where the bands meet, you experience a slight enhancement in brightness at the edge of the lighter band 
and a decrease in brightness at the edge of the darker band (e.g., at points B and C). This effect is represented graphically in (d). 
Exaggeration of brightness contrast at edges helps us see the boundaries of objects.

Sources: (a) Based on Hermann (1870). (b) From Mach Bands: Quantitative Studies on Neural Networks in the Retina (fig. 3.25, p. 107), by F. Ratcliff, 
1965. San Francisco: Holden-Day. Copyright  Holden-Day Inc.
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FIGURE 10.19 The Neural Basis of the Mach Band Illusion.
The bar at the top represents the middle two bands from Figure 10.18b. Red arrows indicate excitation, 
and gray arrows indicate inhibition. All ganglion cells are activated, but ganglion cell 7 is activated most; 
like 1 through 6, it receives more stimulation from the brighter stimulus, but it receives less inhibition 
from the receptors to the right. Likewise, ganglion cell 8 receives minimal stimulation, plus it receives 
more inhibition from the receptors to the left than do cells 9 through 15. As a result, the light bar 
appears lighter at its border with the dark bar, which in turn appears darker at its border. (Cells between 
the receptors and ganglion cells have been omitted for simplicity. Also, you would see some gradation 
of contrasts, because the inhibitory connections extend farther than the adjacent cell.)

the plains of Africa, they found that dark-on-light contrasts were 10%–20% more numerous than light contrasts 
(Ratliff, Borghuis, Kao, Sterling, & Balasubramanian, 2010). When they created a mathematical model of the 
ideal system for processing these scenes, it predicted the smaller and more numerous off cells found in the retina. 
We will see the significance of this light–dark contrast mechanism in the next section.

Hubel and Wiesel’s Theory
Cells in the lateral geniculate nucleus have circular receptive fields just like the ganglion cells from which they 
receive their input. The receptive fields of visual neurons in the cortex, however, turn out to be surprisingly 
different. David Hubel and Torsten Wiesel (1959) were probing the visual cortex of anesthetized cats as they 
projected visual stimuli on a screen in front of a cat. Their electrode was connected to an auditory amplifier so 
they could listen for indications of active cells. One day, they were manipulating a glass slide with a black dot 
on it in the projector and getting only vague and inconsistent responses

when suddenly over the audio monitor the cell went off like a machine gun. After some fussing 
and fiddling we found out what was happening. The response had nothing to do with the black 
dot. As the glass slide was inserted its edge was casting onto the retina a faint but sharp shadow, a 
straight dark line on a light background. (Hubel, 1982, p. 517)

Hubel and Wiesel then began exploring the receptive fields of these cortical cells by projecting bars of 
light on the screen. They found that an actively responding cell would decrease its responding when the stim-
ulus was moved to another location or rotated to a slightly different angle. Figure 10.22 shows the changes in 
response in one cell as the orientation of the stimulus was varied. Hubel and Wiesel called these cortical cells 
simple cells. Simple cells respond to a line or an edge that is at a specific orientation and at a specific place on 
the retina.

How do we 
detect objects’ 
boundaries?
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Chapter 10: Vision and Visual Perception 293

FIGURE 10.20 Effect of Light on Center and 
Surround of Receptive Field.
The receptive fields and ganglion cells are shown in cross 
section. The connecting cells between the receptors and the 
ganglion cells have been omitted for simplicity.

Light produces
excitation

Light produces inhibition

“Off-center”
ganglion cell

“On-center”
ganglion cell

Receptors

FIGURE 10.21 Effects of a Border on an 
On-Center and an Off-Center Ganglion Cell.
The receptors shown in (a)–(c) are connected to an on-
center ganglion cell, and those in (d) are connected to 
an off-center cell. The vertical marks on the blue bars 
indicate neural responses; the yellow line underneath 
indicates when the light was on, and the dark line 
indicates presence of the dark image. Notice that the 
greatest activity occurs in the ganglion cell when the 
(appropriate) stimulus falls on all of the center but less 
than the entire surround.

(a)

(b)

(c)

(d)

FPO

How can we explain the surprising shift in specialization in these cortical cells? Imagine several contrast-
detecting circular fields arranged in a straight line, like those in Figure 10.23. (Notice that the fields overlap 
each other; by now you shouldn’t be surprised that receptors would share their output with multiple ganglion 
cells.) Then, connect the outputs of their ganglion cells to a single cell in the cortex—one of Hubel and Wiesel’s 
simple cells. You now have a mechanism for detecting not just spots of light–dark contrast but a contrasting 
edge, such as in the border of an object that is lighter or darker than its background. Fields with on centers 
would detect a light edge, like the one in the figure, and a series of circular fields with off centers would detect 
a dark edge.

In other layers of the cortex, Hubel and Wiesel found complex cells, which continue to respond when a 
line or an edge moves to a different location, as long as it is not too far from the original site. They explained 
the complex cell’s ability to continue responding in essentially the same way they explained the sensitivity of 
simple cells. They assumed that complex cells receive input from several simple cells that have the same ori-
entation sensitivity but whose fields are adjacent to each other on the retina. This arrangement is illustrated 
in Figure 10.24. Notice that as the edge moves horizontally, different simple cells will take over, but the same 
complex cell will continue responding. However, if the edge rotates to a different orientation, this complex cell 
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Part III: Interacting With the World294

FIGURE 10.22 Responses to Lines at 
Different Orientations in a Simple Cell 
Specialized for Vertical Lines.
The vertical hatch marks represent neural responses, 
and the yellow line underneath indicates when the 
stimulus occurred. Notice that the response was 
greatest when the line was closest to the cell’s 
“preferred” orientation (vertical) and least when the 
orientation was most discrepant. In the last example, 
the response was diminished because the stimulus 
failed to cover the cell’s entire field (indicated by the 
stimulus being off-center of the crosshair).

FIGURE 10.23 Hubel and Wiesel’s Explanation for 
Responses of Simple Cells.
When the edge is in this position, the ganglion cell for each 
of the circular fields increases its firing. (The fields shown 
here have on centers.) The ganglion cells are connected to 
the same simple cell, which also increases firing, indicating 
that an edge has been detected. This particular arrangement 
would be specialized for a vertical light edge.

Ganglion
cells

Simple
cell

Receptive fields
in retina

will stop responding, and another complex cell specific for that orientation will take over. Connecting several 
simple cells to a single complex cell enables the complex cell not only to keep track of an edge as it moves but 
also to detect movement.

The feasibility of this kind of arrangement has received support from an interesting source—artificial 
neural networks. Lau, Stanley, and Dan (2002) trained a network so that its output “neurons” gave the same 
responses to bar-shaped stimuli as those recorded from complex cells in cats. Then they examined the hid-
den processing layer and found that those “neurons” had rearranged their connections to approximate sim-
ple cells, complete with “on” and “off ” regions in their receptive fields as well as directional sensitivity. In an 
earlier study, a neural network was trained to recognize curved visual objects (Lehky & Sejnowski, 1990). 
Its “neurons” spontaneously developed sensitivity to bars or edges of light even though they had never been 
exposed to such stimuli, suggesting that the Hubel-Wiesel model is a very versatile one.

But so far, Hubel and Wiesel had seen only the beginnings of the intricate neural organization that 
makes visual perception possible. They lowered electrodes perpendicularly through a monkey’s striate 
cortex; as the electrode passed through simple and complex cells, the cells’ preferred width and length 
changed, but they had the same orientation (Hubel & Wiesel, 1974). As the researchers moved the elec-
trode slightly to the side, the preferred orientation of those cells shifted slightly but systematically in a 
clockwise or counterclockwise direction; over a distance of 0.5–1.0 mm, the orientation would progress 
through the complete circle. A complete 360-degree “set” of preferred orientations tends to be organized 

Source: From “Receptive Fields of Single Neurons in the Cat’s 
Striate Cortex,” by D. H. Hubel and T. N. Wiesel, 1959, Journal of 
Physiology, 148, pp. 574–591, Fig 3. © 1959 by The Physiology 
Society. Reprinted with permission from John Wiley & Sons, Inc.
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Chapter 10: Vision and Visual Perception 295

around a common point, forming what are called orientation pinwheels or whorls (Figure 10.25a and 
b; Yacoub, Harel, & Ugurbil, 2008). This arrangement is repeated in the adjacent cortex, with the input 
coming from an adjacent part of the retina. This sort of organization is typical of the cortex’s efficiency in 
processing and transmitting information. Connections mostly run up and down in columns, with much 
shorter lateral connections. In addition, similar functions are clustered together, increasing communica-
tion speed and reducing energy requirements.

Hubel and Wiesel shared the Nobel Prize for their work in 1981. However, their model has limitations—
some would say problems. For one thing, it accounts for the detection of boundaries, but it is questionable 
whether edge detection cells can also handle the surface details that give depth and character to an image.

Spatial Frequency Theory
Although some cortical cells respond best to edges (Albrecht, De Valois, & Thorell, 1980; De Valois, 
Thorell, & Albrecht, 1985; von der Heydt, Peterhans, & Dürsteler, 1992), other cells apparently are not so 
limited. Think of an edge as an abrupt or high-frequency change in brightness. The more gradual changes 
in brightness across the surface of an object are low-frequency changes. According to De Valois, some 
complex cells are “tuned” to respond to the high frequencies found in an object’s border, while others 
are tuned to low frequencies, for example, in the slow transition from light to shadow that gives depth to 
the features of a face (De Valois et al., 1985). Some cells respond better to “gratings” of alternating light 
and dark bars—which contain a particular combination of spatial frequencies—than they do to lines and 
edges. According to spatial frequency theory, visual cortical cells do a Fourier frequency analysis of the 
luminosity variations in a scene (see Chapter 9 to review Fourier analysis). According to this view, dif-
ferent visual cortical cells have a variety of sensitivities, not just those required to detect edges (Albrecht  
et al., 1980; De Valois et al., 1985).

A few photographs should help you understand what we mean by spatial frequencies, as well as the 
importance of low frequencies. The picture in Figure 10.26a was prepared by having a computer average 
the amount of light over large areas in a photograph; the result was a number of high-frequency transitions, 
and the image is not very meaningful. In Figure 10.26b, the computer filtered out the high frequencies, 

FIGURE 10.24 Hubel and 
Wiesel’s Explanation for 
Responses of Complex Cells.
A complex cell receives input from 
several simple cells, each of which 
serves a group of circular fields (as 
in Figure 10.23). As a result, the 
complex cell continues to respond 
as the illuminated edge moves to 
the left or to the right. (Ganglion 
cells have been eliminated for 
simplicity.)

Complex
cells

Simple
cells

Receptive fields

  Figures  
Brought  
to Life
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Part III: Interacting With the World296

producing more gradual changes between light and dark (low frequencies). It seems paradoxical that blur-
ring an image would make it more recognizable, but blurring eliminates the sharp boundaries. You can 
get the same effect from Figure 10.26a by looking at it from a distance or by squinting. In Figure 10.26c, 
the Spanish artist Salvadore Dali incorporated the illusion in one of his more famous paintings. A real-life 
example in Figure 10.27 suggests what our visual world might be like if we were limited to high frequencies 
or low frequencies.

So far, we have dealt only with the simplest aspects of visual perception. But we also are able to recognize 
an object as an object, assign it color under varied lighting conditions, and detect its movement. Attempting 
to explain these capabilities will provide challenge enough for the rest of this chapter.

CONCEPT CHECK

Take a Minute to Check Your Knowledge and Understanding

 • Explain how the opponent arrangement of a ganglion cell’s field enhances brightness contrast.
 • How did Hubel and Wiesel explain our ability to detect an edge, the orientation of an edge or a line, 

and an edge or a line that changed its location?
 • How do Hubel and Wiesel’s theory and the spatial frequency theory differ?

180 0

90

Preferred Orientation Angle

(a) (b)FIGURE 10.25  
Orientations in Primary 
Visual Cortex.
(a) Preferred angle of a bar of 
light rotates around a fixed spot, 
forming what is called an orientation 
“pinwheel.” (b) Orientation 
expressed as an angular graph.  
The colors are added to visualize the 
changes in orientation angle.

FIGURE 10.26 Illustration of High and Low Frequencies in a Visual Scene.
(a) An image limited to abrupt changes in brightness (high spatial frequencies) is not as meaningful as (b) one that has both high- and 
low-frequency information. The image in (b) is the same image as (a), except that the edges have been blurred. (c) Salvadore Dali’s 
1976 painting Gala Contemplating the Mediterranean Sea Which at Twenty Meters Becomes a Portrait of Abraham Lincoln. Look closely 
and you will see (a) rather than Dali’s wife Gala; squint your eyes and you will see (b).

Sources: (a) and (b) From “Masking in Visual Recognition: Effects of Two-Dimensional Filtered Noise,” by L. D. Harmon and B. Julesz, Science, 180, pp. 1194–1197. 
Reprinted with permission from AAAS. (c)  2010 Salvador Dalí, Gala-Salvador Dalí Foundation/Artists Rights Society (ARS), New York.

Is spatial 
frequency 
theory a better 
explanation?

(a) (c)(b)
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Chapter 10: Vision and Visual Perception 297

The Perception of Objects, Color, and Movement
One of the more interesting characteristics of the visual system is how it dissects an image into its vari-
ous components and analyzes them in different parts of the brain. The separation begins in the retina and 
increases as visual information flows through all four lobes of the brain, with locations along the way carry-
ing out analyses of color, movement, and other features of the visual scene. Thus, we will see how visual pro-
cessing is, as mentioned earlier, both modular and hierarchical. Modular processing refers to the segregation 
of the various components of processing into separate locations. Hierarchical processing means that lower 
levels of the nervous system analyze their information and pass the results on to the next higher level for 
further analysis.

Some neuroscientists reject the modular notion, arguing that any visual function is instead distributed, 
meaning that it occurs across a relatively wide area of the brain. One study found evidence that sensitivity 
to faces, for example, is scattered over a large area in the temporal lobe (Haxby et al., 2001). Research has 
not resolved the modular-distributed controversy, leaving researchers to quarrel over the interpretation 
of studies that seem to support one view or the other (J. D. Cohen & Tong, 2001). Vision may well involve 
a mix of modular and distributed functioning, rather like the arrangement we saw for language. With  
this thought in mind, we will consider what is known about the pathways and functional locations in the 
visual system.

The Two Pathways of Visual Analysis
Most visual information follows two routes from the retina through the brain, which make up the parvocel-
lular system and the magnocellular system (Livingstone & Hubel, 1988; P. H. Schiller & Logothetis, 1990). 
Parvocellular ganglion cells are smaller than magnocellular cells, account for the large majority of gan-
glion cells, and are most numerous in the fovea. They have circular receptive fields that are small and color 
opponent, which suits them for the specialties of the parvocellular system, the discrimination of fine detail 
and color. Magnocellular ganglion cells have large circular receptive fields that are brightness opponent and 
respond rapidly but only briefly to stimulation. As a result, the magnocellular system is specialized for bright-
ness contrast and for movement.

What do the 
parvocellular 
and 
magnocellular 
systems do?

FIGURE 10.27 The Role of High and Low Frequencies in Vision.
(a) The original photo; (b) the same photo with low frequencies removed; (c) the photo with high frequencies removed. Notice how 
high-frequency changes in contrast define borders and fine details, while low frequencies reveal distinguishing characteristics 
through shadow and texture.

Source: © Bob Garrett.

(a) (c)(b)
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Part III: Interacting With the World298

We see evidence of differences in the two systems in our everyday lives. The simplest example is that 
at dusk our sensitivity to light increases, but we lose our ability to see color and detail. You cannot read 
a newspaper under such conditions or color coordinate tomorrow’s outfit, because the high-resolution, 
color-sensitive parvocellular system is nearly nonfunctional. The magnocellular system’s sensitivity to 
movement is most obvious in your peripheral vision. Hold your arms outstretched to the side while you 
look straight ahead, and move your hands slowly forward while wriggling your fingers. When you just 
notice your fingers moving, stop. Notice that you can barely see your fingers but you are very sensitive to 
their movement. Figure 10.28 is a striking demonstration of another capability of the magnocellular sys-
tem, depth perception. Notice that you see considerable depth in (a); this is because the bicycle differs from 
the background in brightness, so the image stimulates primarily the magnocellular system. The bicycle in 
(b) looks “flat”; the image has color contrast but little brightness contrast, so it stimulates the magnocel-
lular system minimally.

Both pathways travel to the lateral geniculate nucleus and then to the primary visual cortex, which is also 
known as V1. Although the two systems are highly interconnected, the parvocellular system dominates the 
ventral stream, which flows from the visual cortex into the temporal lobes, and the magnocellular system 
dominates the dorsal stream from the visual cortex to the parietal lobes (Figure 10.29). Like the two audi-
tory pathways, the ventral stream is often referred to as involved with the “what” of visual processing, and the 
dorsal stream with the “where.” Most of the research on this topic has been done with monkeys, but the two 
pathways have been confirmed with PET scans in humans (Ungerleider & Haxby, 1994).

Beyond V1, the ventral stream passes through V2 and into V4, which is mostly concerned with color per-
ception. It then projects to the inferior temporal cortex, which is the lower boundary of the temporal lobe; this 
area shows a remarkable specialization for object recognition, which we will examine shortly.

Magnocellular neurons arrive in V1 in areas that are responsive to orientation, movement, and retinal 
disparity (Poggio & Poggio, 1984). The dorsal stream then proceeds through V2 to V5, also known as MT 
because it is on the middle temporal gyrus in the monkey; neurons there have strong directional sensi-
tivity, which contributes to the perception of movement. The dorsal stream travels then to the posterior 
parietal cortex, the area just behind the somatosensory cortex; its role is primarily to locate objects in 
space, but the behavioral implications of its functions are far more important than that simple statement 
suggests.

Source: From “Segregation of Form, Color, Movement, and Depth: Anatomy, Physiology, and Perception,” by M. Livingstone and D. Hubel,” Science, 240, pp. 
740–749. Copyright 1988, Reprinted with permission from American Association for the Advancement of Science (AAAS).

FIGURE 10.28  
Color Contrast and 
Brightness Contrast 
Stimulate Different Visual 
Systems.
Image (a) has considerable 
brightness contrast, so it mostly 
stimulates the magnocellular 
system, giving an appearance  
of depth. Image (b) consists 
of color contrast, which 
provides little stimulation to the 
magnocellular system.

What are the 
functions of 
the ventral and 
dorsal streams?

(a) (b)
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Chapter 10: Vision and Visual Perception 299

Movement perception is a good example of how modular and distributed processing work together. 
V5/MT and a nearby area that receives input from MT, known as MST (for medial superior temporal area), 
appear to be the most important areas for perceiving movement. They receive most of their input from the 
magnocellular pathway, including complex cells that are sensitive to movement; they also respond when the 
motion is only implied in a photograph of an athlete in action or a picture of a cup falling off a table (reviewed 
in Culham, He, Dukelow, & Verstraten, 2001). At the same time, there are many other areas that are special-
ized for particular kinds of movement. Viewing movement of the human body or its parts activates dorsal 
stream areas adjacent to V5/MT and MST, in the parietal and frontal lobes, and in the ventral stream in the 
temporal lobes (Vaina, Solomon, Chowdhury, Sinha, & Belliveau, 2001; Wheaton, Thompson, Syngeniotis, 
Abbott, & Puce, 2004).

Images move across your retinas every time you move your eyes, but you don’t see the world moving 
around you. (Imagine trying to read, otherwise.) This is because the activity of movement-sensitive cells in 
MT and MST is suppressed during eye movements (Thiele, Henning, Kubischik, & Hoffmann, 2002). These 
cells are sensitive to movement in a particular direction, and some of them reverse their preferred direction 
of movement as the head moves, which allows them to continue responding to real movement of objects. 
The brain’s visual movement areas are close to an area that analyzes input from the vestibular organs, which 
monitor body motion (Thier, Haarmeier, Chakraborty, Lindner, & Tikhonov, 2001); you are already indirectly 
familiar with this fact if you get motion sickness in a moving car when you read or when you watch roadside 
objects too closely.

The functions of the ventral and dorsal streams are best illustrated by a comparison of patients with dam-
age in the two areas. People with damage in the temporal cortex (ventral stream) have trouble visually identi-
fying objects, but they can walk toward or around the objects and reach for them accurately (Kosslyn, Ganis, &  
Thompson, 2001). People with damage to the dorsal stream have the opposite problem. They can identify 
objects, but they have trouble orienting their gaze to objects, reaching accurately, and shaping their hands to 
grasp an object using visual cues (Ungerleider & Mishkin, 1982). So the dorsal stream is also a “how” area that 
is important for action.

From the parietal and temporal lobes, the dorsal and ventral streams both proceed into the prefrontal cortex. 
One function of the prefrontal cortex is to manage this information in memory while it is being used to carry 

FIGURE 10.29 The Ventral “What” and Dorsal “Where” Streams of Visual Processing.

Posterior
parietal cortex

Ventral stream

Dorsal stream

V1

V4 (on ventral surface)

V5/MT

V2

V3

Inferior temporal cortex
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Part III: Interacting With the World300

out the functions that depend on the two pathways (Courtney, Ungerleider, Keil, & Haxby, 1997; F. A. Wilson,  
Ó Scalaidhe, & Goldman-Rakic, 1993). As one example, we will see in Chapter 11 that the prefrontal cortex  
integrates information about the body and about objects around it during the planning of movements.

Disorders of Visual Perception
Because the visual system is somewhat modular, damage to a processing area can impair one aspect of visual 
perception while all others remain normal. This kind of deficit is often called an agnosia, which means “lack of 
knowledge.” Because the disorders provide a special opportunity for understanding the neural basis of higher-
order visual perception, we will orient our discussion of the perception of objects, color, movement, and spa-
tial location around disorders of those abilities.

Object and Face Agnosia
Object agnosia is the impaired ability to recognize objects. In Chapter 3, we described Oliver Sacks’s (1990) 
agnosic patient who patted parking meters on the head, thinking they were children; he was also surprised 
when carved knobs on furniture failed to return his friendly greeting. Dr. P. was intellectually intact; he con-
tinued to perform successfully as a professor of music, and he could carry on lively conversations on many 
topics. Patients with object agnosia are able to see an object, describe it in detail, and identify it by touch. But 
they are unable to identify an object by sight or even to recognize an object from a picture that they have just 
drawn from memory (Gurd & Marshall, 1992; Zeki, 1992).

Object agnosia is caused by damage to the inferior temporal cortex (see Figure 10.29); this part of 
the ventral stream is where information about edges, spatial frequencies, texture, and so on is reassem-
bled to form perceptions of objects. Cells have been located there in monkeys and humans that respond 
selectively to geometric figures, houses, animals, hands, faces, or body parts (Figure 10.30a; Desimone, 

(a)

(b)
0° 30° 60° 80° 100° 180° No eyes

1 1 1 2 3 3 4 4 5 6

FIGURE 10.30 Stimuli Used to Produce Responses in Hand- and Face-Sensitive Cells in Monkeys.
(a) The stimuli are ranked in order of increasing ability to evoke a response in a hand-sensitive cell. (b) The spikes recorded from a face-
sensitive cell indicate the degree of response from the stimulus shown below.

Sources: (a) From “Visual Properties of Neurons in Inferotemporal Cortex of the Macaque,” by C. G. Gross et al., 1972, Journal of Neurophysiology, 35. Reprinted 
with permission. (b) From “Stimulus-Selective Properties of Inferior Temporal Neurons in the Macaque,” by R. Desimone et al., p. 2057. in Journal of Neuroscience, 
4, 1984.
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Chapter 10: Vision and Visual Perception 301

Albright, Gross, & Bruce, 1984; Downing, Jiang, Shuman, & Kanwisher, 2001; 
Gross, Rocha-Miranda, & Bender, 1972; Kreiman, Koch, & Fried, 2000; Sáry, 
Vogels, & Orban, 1993). Some of these cells require very specific characteris-
tics of a stimulus, such as a face viewed in profile; others continue to respond 
in spite of changes in rotation, size, and color (Figure 10.30b; Miyashita, 1993; 
Tanaka, 1996; Vogels, 1999). The latter group of cells likely receive their input 
from cells with narrower sensitivities (Tanaka, 1996), like those in V1 that 
detect edges. The inferior temporal cortex also has a columnar organization 
reminiscent of what we saw in V1; a column of object-responsive cells might 
respond to variations on a star-like shape, for example, and a column adjacent 
to one that responds to a frontal view of a face is activated by a face in profile 
(Tanaka, 2003).

Like Dr. P., many object agnosic patients also suffer from prosopagnosia, an 
impaired ability to visually recognize familiar faces. The problem is not memory, 
because they can identify individuals by other characteristics like their speech 
or mannerisms. Nor is their visual acuity impaired; they often have no difficulty 
recognizing facial expressions, gender, and age (Tranel, Damasio, & Damasio, 
1988). However, they are unable to recognize the faces of friends and family mem-
bers or even their own image in a mirror (Benton, 1980; A. R. Damasio, 1985). 
Prosopagnosia has a variety of causes, including stroke, carbon monoxide poi-
soning, and Alzheimer’s disease. Damage usually impairs the ability to recognize 
both objects and faces, but the occasional case is reported of a patient with prosop-
agnosia alone (Benton, 1980) or of object agnosia with spared face identification 
(Behrmann, Moscovitch, & Winocur, 1994).

While some processing of face information occurs in the inferior temporal 
cortex, recognizing individual faces requires additional structures. In humans, a 
part of the fusiform gyrus on the underside of the temporal lobe is so important 
to face recognition that it is referred to as the fusiform face area (FFA). This area 
starts assisting us in recognizing caregiver faces at about two years of age (Bushnell, 2001) but can be devel-
opmentally delayed in individuals with autism (Scherf, Behrmann, Minshew, & Luna, 2008). Damage that 
results in prosopagnosia is usually in the right hemisphere (Figure 10.31; Bouvier & Engel, 2006; Gauthier, 
Skudlarski, Gore, & Anderson, 2000; Gauthier, Tarr, Anderson, Skudlarski, & Gore, 1999), but face processing 
is a cooperative effort involving both sides of the brain. Facelike images produce activity in the left fusiform 
gyrus that strengthens as the resemblance to a face increases; about two seconds later, the right fusiform gyrus 
increases its activity only when the image is of a human face (Meng, Cherian, Singal, & Sinha, 2012). Another 
area that has been implicated in face recognition is the medial temporal lobe, which is important in memory 
and seems to be involved in decision making between familiar and unfamiliar faces, even when features are 
shared between those two groups of faces (Quian Quiroga, Kraskov, Mormann, Fried, & Koch, 2014).

Until recently, researchers thought the only way prosopagnosia occurred was through brain damage. 
Then medical student Martina Grueter began to recognize the symptoms in her husband’s behavior and made 
congenital prosopagnosia the subject of her MD thesis (Grueter, 2007). An estimated 2.5% of the population 
has symptoms of the disorder without any history of brain damage (Kennerknecht et al., 2006); thus, they 
make errors in recognizing familiar faces, and they learn new faces slowly (Grüter, Grüter, & Carbon, 2008). 
Afflicted individuals include noted primatologist Jane Goodall, actor Brad Pitt, and Oliver Sacks, the neurolo-
gist who studied Dr. P. Face recognition ability has a heritability of about 39% (Zhu et al., 2010), so its defi-
ciency in the absence of brain damage has a genetic origin. The defect, though, does not appear to be in the 
fusiform face area; fMRI shows that the FFA responds just as much to faces in prosopagnosics as it does in 
normal individuals. Instead, connections of the FFA to more anterior temporal and frontal cortex areas are 
diminished (Avidan & Behrmann, 2009), suggesting that face recognition is a distributed function, despite 
modularity of its components.

These capabilities might be “hardwired” at birth to some extent, but they also are amenable to learn-
ing. When researchers showed monkeys pictures of the faces of lab workers, neurons in the inferior tempo-
ral cortex increased their firing rates according to the monkeys’ familiarity with the workers (M. P. Young & 
Yamane, 1992). Isabel Gauthier and her colleagues (1999) trained humans to identify faces, using pictures of 
fictitious creatures they called “greebles” to ensure initial unfamiliarity. The fMRI scans in Figure 10.32 show 

FIGURE 10.31 Location of 
Brain Damage in Patients With 
Prosopagnosia.
The color of the area indicates how often 
damage was observed there in patients 
with prosopagnosia.

Source: From “Behavioral Deficits and Cortical 
Damage Loci in Cerebral Achromatopsia,” by S. E. 
Bouvier and S. A. Engel, 2006, Cerebral Cortex, 16,  
pp. 183–191, by permission of Oxford University 
Press.
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Part III: Interacting With the World302

that pictures of human faces activated the FFA but 
greebles did so only after the person had learned to 
recognize individual creatures.

Prosopagnosics do respond emotionally to pho-
tographs of familiar faces they do not recognize, as 
indicated by EEG evoked potentials and skin con-
ductance response (Bauer, 1984; Renault, Signoret, 
Debruille, Breton, & Bolger, 1989; Tranel & Damasio, 
1985). This “hidden perception” is not without prec-
edent. Patients blinded by damage to V1 show a 
surprising ability to track the movement of objects 
and discriminate colors, all the while claiming to be 
guessing (Zeki, 1992). Cortically blind individuals 
also can identify emotions expressed in faces they do 
not otherwise see (Tamietto et al., 2009), and they can 
avoid obstacles while walking. This ability to respond 
to visual stimuli that are not consciously seen is called 
blindsight. Imaging studies have found that blindsight 
depends on pathways passing through the superior 
colliculus directly to extrastriate areas, bypassing V1 
(reviewed in de Gelder & Tamietto, 2007; Tamietto  
et al., 2010).

A nearby area in the inferior temporal cortex has 
an intriguingly similar “object” recognition function; 
the visual word form area (VWFA) responds to writ-
ten words as a whole. Its importance in reading was 
demonstrated in a patient whose VWFA was dis-
connected from adjacent language areas by surgery 
intended to remove tissue that was causing epileptic 
seizures (Gaillard et al., 2006). Before surgery, the 
patient could recognize familiar words of any length 
in less than a second; following surgery, the time had 
almost doubled for three-letter words and increased 
by an additional 100 milliseconds for each additional 
letter, indicating that he was deciphering words letter 
by letter. Performance in identifying faces, tools, and 

houses was unaffected. The VWFA is typically underactivated in adult dyslexics during reading (McCandliss 
& Noble, 2003), but, consistent with what we saw in Chapter 9, the authors suggest that this is not the cause 
of the dyslexia but the result of phonological deficits that interfere with learning rapid word recognition. It is 
clear that the VWFA could not have evolved as a dedicated whole-word detector, because written language is 
a relatively recent invention; still, it serves that function so precisely that two words evoke activity in different 
subareas, even when the words differ by just one letter (Glezer, Jiang, & Riesenhuber, 2009). What is intrigu-
ing about the VWFA is that, for whatever reason, the area has evolved special capabilities that suit it for learn-
ing to identify words as if they are unique visual “objects.”

Color Agnosia
Let’s return to Jonathan I., whose plight was described at the beginning of the chapter. Jonathan’s problem 
was color agnosia, which is the loss of the ability to perceive colors due to brain damage. But before we can 
discuss this disorder, we need to revisit the distinction between wavelength and color. As one of the authors 
walked past a colleague’s slightly open office door, he was astonished to see that his colleague’s face was a 
distinct green! Opening the door to investigate, he understood why: The light from the colleague’s desk lamp 
was reflecting off a bright green brochure he was reading. Immediately his face appeared normal again. This 
ability to recognize the so-called natural color of an object despite the illuminating wavelength is called color 
constancy. An example of this can be seen in Figure 10.33. Although both eyes are the same color gray, the 
colored shading pushes the brain’s interpretation of color in the opponent direction. If not for color con-
stancy, objects would seem to change colors as the sun shifted its position through the day or as we went 

I was having a wonderful 
conversation with a 
woman at a party, but 
then I went to get us 
some drinks. When I 
returned, I had forgotten 
what she looked like, 
and I was unable to 
find her the rest of the 
evening.

—A young man with 
prosopagnosia

“

”
How is color 
coding different 
from wavelength 
coding?

FIGURE 10.32 Activity in the Fusiform Face Area While 
Viewing Faces and “Greebles.”
Viewing faces activated a part of the fusiform gyrus (indicated by the 
white squares) both in “greeble novices” and in “greeble experts,” who 
had learned to distinguish individual greebles from each other. Viewing 
greebles activated the area only in greeble experts. (Red indicates more 
activation than yellow.)

Source: From “Activation of the Middle Fusiform ‘Face Area’ Increases With Expertise in 
Recognizing Novel Objects,” by I. Gauthier et al., Nature Neuroscience, 2, pp. 568–573.  
 1999 Nature Publishing Group.

Greeble 

examples

Faces
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Greeble
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Chapter 10: Vision and Visual Perception 303

indoors into artificial (or colored) light. Imagine having to survive by identify-
ing ripe fruit if the colors kept changing.

When the author reinterpreted his colleague’s skin color, it was not 
because he understood that his friend’s face was bathed in green light; it 
occurred automatically as soon as his eyes took in the whole scene. Monkeys, 
who do not understand the principles of color vision, apparently have the 
same experience. When Zeki (1983) illuminated red, white, green, and blue 
patches with red light, each patch set off firing in V1 cells that preferred long-
wavelength (red) light, regardless of its actual color; however, cells in V4 
responded only when the patch’s actual color matched the cell’s color “prefer-
ence.” Zeki concluded that cells in V1 are wavelength coded, whereas cells in 
V4 are color coded. Schein and Desimone (1990) suggested how V4 cells pro-
vide color constancy. They have large circular receptive fields that are color 
opposed; so if, for example, a green light falling on the center increases the 
cell’s firing rate, green light falling simultaneously in the surround reduces 
or eliminates the increase. In other words, the cells “subtract out” the color of 
any general illumination. It is our V4 cells that allow us to see our friend’s face 
as normal pink rather than as the color that it might reflect.

We have no brain scan to tell us where Jonathan I.’s damage was located, 
but we know that cortical color blindness, or cerebral achromatopsia, occurs 
when people have lesions between V1 and the fusiform face area (Heywood & 
Kentridge, 2003; Witthoft et al., 2013); this is where V4 is located, but it is unclear whether the deficiency can 
be attributed to V4 malfunction. Unlike Jonathan I., many patients are unaware their color vision is impaired, 
just as we saw in Chapter 9 with Wernicke’s aphasia.

Movement Agnosia
Although movement is detected by neurons in V1 and beyond, area V5/MT is the place where that informa-
tion is integrated; MT (for middle temporal area) also helps direct reaching movements and eye movements 
when tracking objects (Born & Badley, 2005; Whitney et al., 2007). A 43-year-old woman known in the litera-
ture as LM suffered a stroke that caused bilateral damage in the general area of MT; the result was movement 
agnosia, an impaired ability to detect movement (Vaina, 1998; Zihl, von Cramon, & Mai, 1983). Although 
her vision was otherwise normal, she could distinguish between moving and stationary objects only in her 
peripheral view, she had difficulty making visually guided eye and finger movements, and she had trouble 
detecting the movement of people if there were more than two people in the room. She was often surprised 
to notice that an object had changed position (Zihl et al., 1983). You might think that perceiving a change 
in position would be the same thing as perceiving movement, but she had no sense of the object traveling 
through the intermediate positions. When she poured coffee, she could not tell that the liquid was rising in the 
cup, so she would keep pouring until the cup overflowed! When she tried to cross a street, a car would seem 
far away, but then suddenly very near.

Later analyses indicated that LM’s most severe impairment was in her ability to detect radial movement 
(Vaina, 1998). We experience radial movement when the image of an approaching car expands outwardly, or 
radially. Radial movement also tells us that we are approaching an object when we walk or drive, because all 
the environmental objects around the central point appear to move outward; this effect provides information 
about our heading and is important for personal navigation. A patient with impaired perception of radial move-
ment could not catch a ball that was thrown to him, and he frequently bumped into people in his wheelchair. 
Scans done while subjects perform a task involving radial movement or heading detection implicate the  
MST area (for medial superior temporal area, where it is located), which receives its input from MT (Peuskens, 
Sunaert, Dupont, Van Hecke, & Orban, 2001; Vaina).

Neglect and the Role of Attention in Vision
The posterior parietal cortex combines input from the visual, auditory, and somatosensory areas to  
help the individual locate objects in space and to orient the body in the environment. Damage impairs 
abilities such as reaching for objects, but it also often produces neglect, in which the patient ignores visual, 
touch, and auditory stimulation on the side opposite the injury. The term neglect seems particularly appro-
priate in patients who ignore food on the left side of the plate, shave only the right side of the face, or fail 
to dress the left side of the body. The manifestations are largely, but not entirely, visual, and they are more 

FIGURE 10.33 Color Constancy.
In both images, all the eyes are gray. However, 
our cortex corrects for the right-sided tint; it tells 
us what color eye would produce the sensation 
we’re experiencing, if it were seen through a blue 
or red glass. Punch a small circle in a piece of 
paper so that you see only the eye and verify it 
yourself! The suggestion of the colored earring 
enhances the effect, but doesn’t produce it, as 
you can see if you cover the earring.
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Part III: Interacting With the World304

likely to occur on the left side of the body, following right-hemisphere damage. (Because the symptoms 
affect one side of space, the term hemispatial neglect is often used.)

Neglect is not due to any defect in visual processing, but rather it is due to a deficit in attention; it illustrates 
the fact that to the extent attention is impaired, so is visual functioning. Two patients with this condition, caused 
by right parietal tumors, were asked to report whether words and pictures presented simultaneously in the left 
and right visual fields were the same or different. They said that the task was “silly” because there was no stimu-
lus in the left field to compare, yet they were able to answer with a high level of accuracy (Volpe, LeDoux, & 
Gazzaniga, 1979). Their performance is superior to that of blindsighted individuals, which supports the conten-
tion that neglect is a deficit in attention rather than in vision.

Patients’ drawings and paintings help us understand what they are experiencing. When asked to  
copy drawings, they will neglect one side while completing the other side in detail, like the example in 
Figure 10.34. The two portraits in Figure 10.35 were painted by Anton Raderscheidt two and nine months 
after a stroke that damaged his right parietal area. Notice that the first painting has very little detail and the 
left half of the image is missing. In the later painting, he was using the whole canvas, and the portrait looks 
more normal; but notice that the left side is still much less developed than the right, with the eyeglasses and 
face melting into ambiguity (Jung, 1974).

FIGURE 10.35 Self-Portraits 
Demonstrating Left Visual 
Field Neglect.
A self-portrait done two months after 
the artist’s stroke, which affected 
the right parietal area, is incomplete, 
especially on the left side of the 
canvas. (b) One done nine months after 
the stroke is more complete but still 
shows less attention to detail on the 
left side.

Model Model Patient’s copyPatient’s copy

1
2
3

4
567

8
9
10

1112

FIGURE 10.34 Drawings Copied by a Left-Field Neglect Patient.

Source: From Brain, Mind, and Behavior (2nd ed.; p. 300), by F. E. Bloom and A. Lazerson.  1988 W. H. Freeman & Co.

I knew the word 
“neglect” was a sort 
of medical term for 
whatever was wrong 
but the word bothered 
me because you only 
neglect something that 
is actually there, don’t 
you? If it’s not there, how 
can you neglect it?

—P. P., a neglect patient

“

”
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Chapter 10: Vision and Visual Perception 305

RESEARCH SPOTLIGHT

When Binding Goes Too Far
Before his accident, Jonathan I. saw a “tumult” 
of changing colors whenever he listened to 
music. For other people with synesthesia, letters 
may have colors, days of the week may have 
personalities, visual motion might produce 
sounds, or words might have tastes. Synesthesia 
is a condition in which stimulation in one sense 
triggers an experience in another sense or a 
concept evokes an unrelated sensory experience. 
Over 60 varieties of synesthesia have been 
documented, and most synesthetes report more 
than one form (Brang & Ramachandran, 2011). 
Synesthesia was thought to be rare, based on the 
number of people who came forward to report 
these experiences, but when Julia Simner and her 
colleagues (2006) tested 1,700 non-self-referred 
individuals, almost 5% showed characteristics 
of synesthesia. A third of those were projectors, 
who experience the unrelated color or sound or 
taste, and the rest were associators, who have 
a persistent mental association between, for 
example, a word and a color but don’t report that 
they see the color. Synesthesia is a neurological 
phenomenon; fMRI studies show that area V4 is 
active when grapheme/color synesthetes view 
letters and numbers and when auditory word/color 
synesthetes listen to spoken words (see figure; 
Hubbard, Arman, Ramachandran, & Boynton, 2005; 
Nunn et al., 2002).

There are two competing hypotheses as to why 
synesthetes “overbind” sensory information: Either 
there is excess connectivity among  
the involved brain areas, or there is inadequate 
inhibition in otherwise normal pathways.  
Studies favor the connectivity hypothesis; a 
diffusion tensor imaging MRI study (suited for 
imaging white matter) indicated more  
pronounced connections in grapheme/color 
synesthetes in the inferior temporal, parietal, and 

frontal cortex—all areas involved in  
processing and integrating visual information 
(Rouw & Scholte, 2007). Also, genetic studies 
suggest synesthesia runs in families, and 
at least four of the five chromosomal 
areas implicated contain genes for axon 
guidance and cortical development (Asher 
et al., 2009; Thomson et al., 2011).

By all rights, synesthesia could be considered 
a developmental brain disorder, but other 
than being a bit of a distraction it is relatively 
benign and, like Jonathan I., many synesthetes 
enjoy their enriched sensory experience. 
Besides, they often have no idea they are 
different from others. Julian Asher, who led 
the genetic study described above, discovered 
his synesthesia when, as a child attending 
the symphony with his parents, he remarked, 

“Oh, they turned the lights off so you could 
see the colors” (“Seeing Color,” 2000).

Synesthete Control

V4

Spoken words activate left-hemisphere area V4 in a 
synesthete but not in a control. Why do you think this activity 
occurred mostly in the left hemisphere?

Source: From “Functional Magnetic Resonance Imaging of Synesthesia: 
Activation of V4/V8 by Spoken Words,” by J. A. Nunn et al., 2002, Nature 
Neuroscience, 5, pp. 371–375.

The Problem of Final Integration
We have seen how the brain combines information about some aspects of an object, but many researchers 
wonder where all the information about the object is brought together; how the brain combines informa-
tion from different areas into a unitary whole is known as the binding problem. Imagine watching a person 
walking across your field of view; the person is moving, shifting orientation, and changing appearance as 
the lighting increases and decreases under a canopy of trees. At the same time, you are walking toward the 
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Part III: Interacting With the World306

person, but your brain copes easily with the changing size of the person’s image and the apparent move-
ment of environmental objects toward you. It seems logical that a single center at the end of the visual 
pathway would combine all the information about shape, color, texture, and movement, constantly updat-
ing your perception of this image as the same person. In other words, the result would be a complete and 
dynamic awareness. Presumably, damage to that area would produce symptoms that are similar to blind-
sight but that affect all stimuli.

It has been suggested that our ultimate understanding of an object occurs in a part of the superior 
temporal gyrus that receives input from both neural streams (Baizer, Ungerleider, & Desimone, 1991) or 
in the part of the parietal cortex where damage causes neglect (Driver & Mattingley, 1998). Other inves-
tigators suspect frontal areas where both streams converge. But these ideas are highly speculative, and 
there is no convincing evidence for a master area where all perceptual information comes together to 
produce awareness (Crick, 1994; Zeki, 1992). The variety of hypothesized awareness centers suggests 
another possibility, that visual awareness is distributed throughout the network of 32 areas of cortex con-
cerned with vision and their 305 interconnecting pathways (Van Essen, Anderson, & Felleman, 1992). 
This thinking is exemplified on a small scale in the interaction between V5/MT and V1. After a stimulus 
occurs, activity continues back and forth between these areas for a few hundred milliseconds, and dis-
rupting this interchange eliminates awareness of movement (reviewed in McKeefry, Gouws, Burton, & 
Morland, 2009).

Actually, the brain’s task is a balancing act between combining relevant information and segregat-
ing inconsequential information, as the accompanying Research Spotlight on synesthesia shows. We will 
spend more time examining how the brain sorts out and uses information when we talk about conscious-
ness in Chapter 15.

CONCEPT CHECK

Take a Minute to Check Your Knowledge and Understanding

 • Explain why higher-order processing is required to recognize the natural color of objects; how does it 
work?

 • Draw a diagram of the brain, add lines showing the two major visual pathways, and label the various 
areas; for the higher-order processing areas, include their functions.

In Perspective
Very few subjects in the field of behavioral neuroscience can match the interest that researchers have 
bestowed on vision. As a result, we know more about the neuroanatomy and functioning of vision than any 
other neural system. Still, many challenges remain in the field of vision research.

Researchers’ fascination with vision goes beyond the problems of vision itself. Our understanding of 
the networks of neurons and structures in the visual system provides a basis for developing theories to 
explain other functions as well, including the integration of complex information into a singular aware-
ness. Whatever directions future research might take, you can be sure that vision will continue to be one of 
the most important topics.

CHAPTER SUMMARY

Light and the Visual Apparatus

 • The human eye is adapted to the part of the electromagnetic 
spectrum that is reflected from objects with minimal distor-
tion. Wavelength is related to the color of light but is not 
synonymous with it.

 • The retina contains rods, which are specialized for bright-
ness discrimination, and cones, which are specialized for 
detail vision and discrimination of colors. The cells of the 
retina are highly interconnected to carry out some process-
ing at that level.
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Chapter 10: Vision and Visual Perception 307

 • The optic nerves project to the two hemispheres so that 
information from the right visual field goes to the left visual 
cortex, and vice versa.

Color Vision

 • There are three types of cones, each containing a chemical 
with peak sensitivity to a different segment of the electro-
magnetic spectrum.

 • Connections of the cones to ganglion cells provide for comple-
mentary colors and for perception of yellow as a unique color.

 • The most common cause of partial color blindness is the lack 
of one of the photochemicals.

Form Vision

 • Form vision begins with contrast enhancement at edges by 
ganglion cells with light-opponent circular fields.

 • These ganglion cells contribute to cortical mechanisms that 
detect edges (Hubel and Wiesel’s theory) or that perform a 
Fourier analysis of a scene (spatial frequency theory).

The Perception of Objects,  
Color, and Movement

 • Most visual information follows two somewhat separate 
paths through the brain, which are part of the magnocel-
lular and parvocellular systems.

 • Structures along the way are specialized for different func-
tions, including color, movement, object perception, and 
face perception.

 • We do not know how or where the components of vision are 
combined to form the perception of a unified object. One 
suggestion is that this is a distributed function. 

STUDY RESOURCES

FOR FURTHER THOUGHT

 • Red and green are complementary colors and blue and 
yellow are complementary because their receptors have 
opponent connections to their ganglion cells. How would 
you explain the fact that bluish green and reddish yellow 
(orange) are also complementary?

 • Considering what you know about the retina, how would 
you need to direct your gaze to read a book or to find a very 
faint star?

 • Explain why the visual system analyzes an object’s edges, 
texture, and color and then detects the object, instead of the 
other way around.

 • Are Hubel and Wiesel’s theory and the spatial frequency 
theory opposed or complementary theories?

 • Cones in the bird retina detect blue, green, red, and ultravio-
let. Can you imagine what they might gain from detecting 
ultraviolet reflections from objects in their environment? 
Then check http://en.wikipedia.org/wiki/Bird_vision (see 
the section “Ultraviolet Sensitivity”); you might be surprised 
by some of the benefits!

 • How could you design traffic signs, uniforms, and safety 
equipment to make them recognizable to individuals with 
color vision deficiencies?

TEST YOUR UNDERSTANDING

1. Summarize the trichromatic and Hurvich-Jameson theories, 
indicating what facts about color vision each accounts for.

2. Compare the specialized sensitivities of simple and complex 
visual cortical cells; describe the interconnections among 
ganglion cells, simple cells, and complex cells that account for 
their specializations (according to Hubel and Wiesel).

3. The visual system appears to be more or less hierarchical and 
modular. What does this mean? (Use examples to illustrate.)

Select the best answer:

 1. The receptive field of a cell in the visual system is the part of 
the ____ from which the cell receives its input.

a. external world b. retina
c. temporal lobe d. cortex

 2. Mixing red and green lights produces a sensation of yellow 
because red-sensitive and green-sensitive cones

a. excite yellow/blue ganglion cells.
b. have opposite effects at yellow/blue ganglion cells.
c. excite red/green ganglion cells.
d. have opposite effects at red/green ganglion cells.

 3. If our experience of color were entirely due to the wavelength 
of light reflected from an object, we would not experience

a. complementary. b. the color yellow.
c. primary colors. d. color constancy.

 4. The parvocellular system is specialized for

a. fine detail and movement.
b. color and fine detail.
c. color and movement.
d. movement and brightness contrast.

 5. What would be the effect on vision if there was a problem 
with your horizontal cells?

a. Impaired color vision
b. Detection of shapes in a complex background
c. Impaired edge detection in the Mach band illusion
d. Impaired night vision, but intact day vision
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 6. Cutting the optic nerve between the right eye and the chiasm 
would cause a loss of vision in

a. the left visual field.
b. the right visual field.
c. half of each visual field.
d. neither field, due to filling in.

 7. People with red-green color blindness

a. cannot see either red or green.
b. see red and green as black.
c. confuse red and green because they lack either “red” 

or “green” cones.
d. confuse red and green because they lack one of the 

photopigments.

 8. A light edge has enhanced apparent brightness next to a dark edge 
because the neurons stimulated by the light edge are inhibited

a. less by their “dark” neighbors.
b. more by their “dark” neighbors.
c. less by their “light” neighbors.
d. more by their “light” neighbors.

 9. The ability of complex visual cortical cells to track an edge as 
it changes position appears to be due to

a. input from receptors with similar fields.
b. input from ganglion cells with similar fields.
c. input from simple cells with similar fields.
d. input from other complex cells.

10. According to the spatial frequency theory of visual process-
ing, edges are detected by

a. line-detecting cells in the visual cortex.
b. edge detectors located in the visual cortex.
c. cells that respond to low spatial frequencies.
d. cells that respond to high spatial frequencies.

11. The circles represent the receptive field of a ganglion cell; 
the rectangle represents light. Unlike the illustrations in this 

chapter, the receptive field has an off center. In which situa-
tion will the ganglion cell’s rate of firing be greatest?

12. Studies of object, color, and movement agnosias indicate 
that

a. the visual system is unstable and malfunctions with 
no apparent cause.

b. components of the visual image are processed 
separately.

c. color, object identification, and movement informa-
tion are integrated in one place.

d. all functions are processed in one place but the results 
are distributed to other parts of the brain.

13. Movement perception is the primary function in visual area

a. V1. b. V2.
c. V4. d. V5.

14. A person who has trouble identifying objects visually prob-
ably has damage in the

a. temporal lobe. b. parietal lobe.
c. occipital lobe. d. frontal lobe.

ON THE WEB

The following websites are coordinated with this chapter’s  
content. You can access these websites from the SAGE edge  
Student Resources site; select this chapter and then click on 
Web Resources. (Bold items are links.)

 1. Webvision is essentially an online text covering numerous 
topics in vision. Photoreceptors, a part of that site, details 
the structure of rods and cones with high magnification 
images; some animations are also available.

 2. Each year, there is a contest for the best visual Illusion of the 
Year. On this website, you can see all of the entrants for this 
year’s contest, as well as prior years’ entries.

 3. Videos show the Argus II implantable retina; the surgery to 
implant the Argus (not for the squeamish); an Alpha IMS 

recipient describing what he sees; a blind man who “sees” 
using BrainPort, which transmits a video image to an array 
of electrodes on his tongue; and Corey Haas, whose improved 
vision allows him to live a normal life after gene therapy.

 4. Causes of Color is a well-designed site with numerous 
exhibits on color in the real world and sections on color 
vision.

 5. Colorblindness has very helpful information and illustra-
tions, and the third page has an interactive demonstration 
of seven forms of color blindness. Neitzvision features 
color-blindness demonstrations and the research of Jay and 
Maureen Neitz, including a recent study in which inserting a 
human gene for the long-wave receptor turned dichromatic 
(red-green color-blind) monkeys into trichromats.

(a)

(c) (d)

(b)

Answers:

1. b, 2. a, 3. d, 4. b, 5. c, 6. c, 7. d, 8. a, 9. c, 10. d, 11. b, 12. b, 13. d, 14. a.
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 6. The Colblindor website demonstrates different types of 
color blindness and lets you drag and drop your own images 
to see how they would look to a person with each of those 
color deficiencies.

 7. Akiyoshi Kitaoka’s Color Constancy website has many 
interesting examples of how prevailing colors of light in an 
image affect our perception of individual colors. In addi-
tion, she has some rather interesting examples of illusions of 
motion.

 8. Faceblind is the website of prosopagnosia research centers 
at Dartmouth, Harvard, and University College, London. 

Prosopagnosia, at Wikipedia, features a rotating brain that 
provides a 3-D view of the fusiform face area’s location.

 9. Blindsight: Seeing Without Knowing It is a Scientific 
American article with a fascinating video of a man using 
blindsight to walk down a hallway filled with obstacles.

10. Hearing Motion is a video about motion synesthesia 
research, and Exactly Like Breathing is a collection of inter-
views of synesthetes. Synesthesia is a Wikipedia article writ-
ten by two researchers, and Neurophilosophy has an article 
on the genetics of synesthesia and another on tactile- 
emotion synesthesia.

FOR FURTHER READING

1. “The Case of the Colorblind Painter,” by Oliver Sacks (in 
Sacks’s An Anthropologist on Mars, 1995, Vintage Books), is a 
compelling narrative of the case of Jonathan I.

2. “Visual Object Recognition: Do We (Finally) Know More Now 
Than We Did 20 Years Ago?” by Isabel Gauthier and Michael 
Tarr (Annual Review of Vision Science, 2016, 2, 377–396) 
updates research on how we continue to recognize an object 
in spite of changes in orientation, lighting, and the like; “The 
Functional Neuroanatomy of Human Face Perception,” by 
Kalanit Grill-Spector, Kevin Weiner, Kendrick Kay, and Jesse 
Gomez (Annual Review of Vision Science, to be published 
October 2017), reviews recent research on the ventral face 

network; and “Neuronal Mechanisms of Visual Attention,” 
by John Maunsell (Annual Review of Vision Science, 2015, 1, 
373–391), marshals recent research to provide a clearer under-
standing of how representations in the visual system change as 
attention shifts from one target to another.

3. Vision and Art, by Margaret Livingstone (2014, Harry N. 
Abrams, Publisher), explores how great painters use the sci-
ence of vision to fool the brain with Mona Lisa’s mysterious 
smile and Monet’s swaying Poppy Field.

4. Seeing Through Illusions, by Richard Gregory (2009, Oxford 
University Press), explains how illusions tell us not only how 
the brain works but also about its evolutionary past.
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edge.sagepub.com/garrett5e

SAGE edge offers a robust online environment featuring an impressive array of free tools and resources for review, 
study, and further exploration, keeping both instructors and students on the cutting edge of teaching and learning. 

10.1  Describe the functions of structures within the eye.  Transplanting Photoreceptors
 Strangers in the Mirror

10.2  Illustrate the processing pathways of visual 
information from the eye up to cortical brain areas.

 How We See Color

10.3  Compare the major theories of color processing.  Neuroscience of Color Vision

10.4  Contrast the major theories of form processing.  Teaching a Computer to Understand Pictures

10.5  Discuss how visual information is segregated and 
reconstructed in the visual system.

 Optical Illusions Spotlight How the Brain Works

10.6  Identify how action potentials and synaptic 
transmission can produce a variety of visual 
experiences.

 Light and Neuronal Activity

10.7  Predict how damage to specific portions of the visual 
system will impact a person’s visual perceptions.

 Recognition of Biological Motion in Children With Autism
 New Glasses for Color-Deficient Individuals
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PRACTICE AND  
APPLY WHAT  
YOU’VE LEARNED

CHECK YOUR COMPREHENSION  
ON THE STUDY SITE WITH

• Mobile-friendly quizzes that give you opportunities 
for self-guided assessment and practice

edge.sagepub.com/garrett5e
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