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1. Look at the picture of cones and rods.  Do cones look like you expected?  Why?  Have you seen an image of cones and rods before? If so where?
2. Is the sensitivity range of our eyes as phenomenal as the range for our ears? What are you basing this answer on?
3. What is scotopic vision?
4. What is photopic vision?
5. Sit in a dark room (no more light than moonlight) for 5+ minutes and then make some observations. Are you able to see detail of objects around you, can you identify colors, are you comfortable functioning at this level of light? Do your observations match the article, why or why not?
6. Now try reading normal size text.  Are you able to do this after sitting in the room for 5+ minutes?
7. Why do questions 4 and 5 ask you to sit for 5+ minutes before making your final observations? Be very specific in your answer.
8. Does the sensitivity of our three types of cones appear to be equally spaced across the visible spectrum?  Explain?  Does this fit with the description in lab about the fovea not containing blue cones?  Why?
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9. Consider primary colors of light and primary paint colors.  The colors on the right are demonstrating subtractive color combinations which are used in art.  For example, red and green make black.  However, when considering how light combines, additive combinations, you can see that red and green make yellow!
Use page three to fill in the following table to see how this works:
	Color / substance
	Absorbs
	Reflects

	Blue paint
	
	

	Yellow paint
	
	

	Yellow and Blue paint mixed
	
	

	
	
	

	Yellow and Blue light
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Structure of the Retina

Uit entering the retina first passes
ough outer layers, consisting of nerve
dngs and connecting cels, before
ing the receptor cells, where an im-
ge s formed and detected by photosen-
molecules. There are two types of
ceptor cells, called "rods" and “cones”
cause of the rod or cone shapes of the
s of these cells (Fig, 25-A).
Receptor cells are not connected di-
10 nerve fibers. Between the recep-
br cells and the nerve fibers is a layer of
polar” cells. One end of these cels in-
15 electrically with receptor cells
kross small gaps, or “"synapses”; the
gher end interacts across synapses with
e fbers (Fig. 25-B). I i the complex-
iy of this elecurical network that gives

e receptor ends of rods and cones.

25-A A scanning electron micrograph

Intensity Range: Scotopic and
Photopic Vision

The eye i able to adapt o an enormously.
wide range of light intensities, For exam-
ple, you can read a book in bright sunlight
or look at the stars at night. The intensity.
of sarlight reaching your eyes is only
about 10°¢ W/m?, but light reflected from
a book in direct sunlight has an intensity
at the eye on the order of 10 Wi So
given time to adapt o different lighting
conditions, the eye is effective over a
range of intensities varying by a factor of
at least 107, Actually the entire range of
ity is much greater than this. Ex-
periments on the threshold of vision for
the dark-adapted eye have shown a sensi-
tivity to light much weaker than starlight.
Light can be decected when as few as 100

sensi

Cone.

Bipolar cell

Neuron

Fig.25-B Typical connection of foveal
cones with nerve fibers through bipolar
cells.

The Retina and Color Sensitivity

photons* enter the eye in an interval of
0,001 5. When the eye is exposed to a
scene in bright sunlight, in an interval of
0,001 s the eye receives on the order of
107 photons—roughly 0% times the
number at the threshold of vision.

Part of the eyes adaptation between
light and dark involves the size of the
‘pupilbut the pupil diameter can vary only.
from about 2 mm to about 6 mm. This
means that the area of the pupil can vary.
only by a factor of 3* = 9. This accounts
for only a small part of the eye's abilty to
adape. Most of it comes from the way the
retina responds to vastly different intensi-
des.

The eye possesses a dual system for
detecting light over two intensity ranges.
Light-adapted vision, called photopic vi-
sion, utiizes only cones. Dark-adapted vi-
sion, aalled scotopic vision, utilizes only
rods. Pure scotopic vision occurs in light
of intensity less than about 10~ Wim? (a
licle less bright than 2 moonlic night). The
cones are then completely inoperative,
and light is detected solely through ab-
sorption of photons by the rhodopsin
molecules, located at the ends of the rod
cells. With scotopic vision there is no
color sense; although the eye is sensitive
to various frequencies, these are sensed
not as colors but s shades of gray,as ina

“Only about 5 of these 100 photons are actu-
ally absorbed by receptors in the retina. Ab-
sorption of a single photon by a phot
molecule is endugh 10 produce an ele
spanse in the receptor cell, but the cireuitry of
the bipolar layer needs about five photons to
‘produce i nerve impulse. This mechanism ap-
‘parently prevents the retina from responding o
the few thermal photons thatare present.

Continued.
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black and white photograph. Visual acuicy,
the abilicy to see fine decails, is very fim-
ited under scotopic conditions. For ex-
ample, it s impossible to read fine print
under these conditions.

The Visible Spectrum

Although “visible light" constitutes only.
that part of the electromagnetic spec-
trum with vacuum wavelengths between
about 400 nm to 700 nm, the retina is ac-
wally somewhat sensitive to ultraviolec
light, with wavelengths shorter than
400 nm. These shorter wavelengths are
not normally sensed because most such
light s absorbed by other parts of the eye
before reaching the retina. The cornea
absorbs wavelengths below 300 nm, and
the lens absorbs almost al light of wave-
length below 400 nm. The lens thus pro-
tects the retina from the potentialy dam-
aging UV light from 300 nm to 400 nm.*

Spectral Sensitivity

For scoptic vision, the eye's sensitivity to
various frequencies s not the same as for
photopic vision (shown at the beginning
of Chapter 23) Fig.25-C shows both sco-
topic and photopic sensitivities in a single
graph. Notice that under photopic condi-
tions the eye has maximum sensitiv-

“In time the leas itself may be damaged by the

absorption of UV light. (This often occurs in
older individuals who have spenta lfctime ex-
posed to sunlight, especially in tropical areas
‘where sunlight s most intense. ot in the Arctic
zone where much sunlight is reflected from
snow and fce.) As the damage increases, the
lens gradually becomes opaque. This s called a
“cataract.” A person with a cataract may have
the lens surgically removed. It is then found
that the eye has considerable seasitivity 1o ul-
travioletlight. Some people have even reported
secing X-rays.

ity to yellow-green light, but under sco-
topic conditions the eye has maximum
sensitivity to the blue-green part of the
spectrum (though of course it s not
sensed as blue-green) and is completely.
blind to the red end of the spectrum. This
is known as the Purkinje effect and can be
‘observed in a garden at night, where red
flowers may appear black and blue flow-
ers appear white or gray.

Rhodopsin molecules have been chem-
ically extracted from rod cells. When ex-
posed to light of various wavelengths,
these molecules absorb some wave-
lengths more readily than others. The
“absorption spectrum.” which shows the
relative amount of each wavelength ab-
sorbed, is nearly identical to the eye's
scotopic sensitivity curve. Thus it is the
rhodopsin molecule that is responsible
for the eye’s spectral sensitivity under
scotopic conditions.

After absorbing light in the retina,
rhodopsin is regenerated in a complex
chemical process involving vitamin A and
requiring about 5 minutes for half of a
large sample of molecules to be regener-

Scotopic

Relative sensitivity

ated. After about 30 minutes the e
ation is nearly complete. Appare
time required for the eye’s adzpu
the dark, after exposure to brgit
related to this regeneration t
severe deficiency in viamin A
vent it and result in night blindnes
eis much more dificult to ex
photosensitive molecules from co
than it is to extract the pho
rhodopsin molecule from rod ce
ever, beginning in the 1960s d

monkey, or goldfish recinas
quency of the light was varied,
fraction of light absorbed was
as a function of frequency. n il e
periments three distinct kinds
‘were identified, each with its
tion spectrum. Approximate ab
curves for human cones are
25D, Each of these curves cove
spectral range, with maximum

at 450 nm 540

Fig.25-C  Spectral sensitivity of the eye for photopic (ight-adapted) and scotop

adapted) vision.
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50 nm. These maxima correspond to
. green, and yellow light respectively.

“This spectrometry work verifies a the-
ry proposed by Thomas Young in 1802.
Yaung believed that human perception of
or comes from three distinct color re-
teptors in the human eye, sensitive re-
pecively to blue, green, and red light:*
0d that all color sensations were combi-

theory, which is
wry successful in accounting for color-
| mxing phenomena. Any spectral color.
an be matched when the right combina-
ton of blue, green, and red light—the
“pimary colors"—are mixed (Fig. 25-E).
for example, you see yellow when your
4 and green cones are equally stimu-
ked and your blue cones are not stimu-
bed. You can accomplish chis either by

“Auough the third pigment peaks in the yel-
o, rather than red. it does extend far enough
0 the red 1o account for detcction of
.

looking at monochromatic yellow light or
by looking at a combination of green light
and red light In either case, the percep-
don s yellow.

You should not confuse the primary
colors of light with the primary paint col-
ors used by an artist who mixes paints.
The primary paint colors are yellow,cyan
(a brillant shade of blue),and magenta (a
purplish red). Paint pigmens create color
by absorbing or subtracting out other
colors in the light that lluminates them.
For example, when blue paint is illumi-
nated by white light,the pigment absorbs.
the red end of the spectrum and reflects
the blue end. Yellow paint iluminated by
‘white light absorbs the blue part of the
light and reflects red and green light
equally.If you mix yellow and blue pains,
You get green painc, since the yellow pig-
ment absorbs the blue light and the blue
pigment absorbs the red light. On the
other hand, if you mix yellow light and
blue light, you get white light!
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g, 25-D Absorption of liht by the three types of cones in the retina of the human eye.

Green

Blue

Fig.25-E  Colors produced by the addi-
tion of the primary colors of red, bue, and

green

Continued.
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Color blindness occurs when one or
more of the cones are missing, or, more.
commonly, when the absorption spectra
of the red and green cones are somewhat
different from those shown in Fig, 25-D.
“Red-green” color blindness is about 10
times more common in men than in
‘women, occurring in about 6% of all
males. Other kinds of color blindness are
more rare. Only about one person in
30,000 is completely biind to colors.
Those who are red-green color blind can
distinguish bright primary colors but have
difficulty with certain shades of color.

Although the idea of three  distinct
kinds of color receptors now seems to be
well established, it seems certin that
color perception does not consist merely
of receptor cells sending one of three
messages (blue, green, or red) along the
optic nerve directly to the brain. There is
an abundance of color phenomena that is
impossible to explain in this way. For ex-
ample, Land has performed a series of ex-
periments that dramaticaly llustrate how
the human eye is able to maintain a con-
stant decermination of the color of an ob-
ject, independent of the frequency of the

illuminating light and also therefore id
pendent of the frequency of the Ig
flected by the object. Apparenty ¢
is able to compare the light ref
from various objects in the vsal i
and to somehow determine from t
data the “true” color of each object )
is just one indication of the process

visual information that takes plce
‘within the retina in the network of reg
tors, bipolar cels, and nerve fibers an
the visual cortex of the brain.





