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	light and the eye 
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Sight is the sense organ of radiant power — of energy in time. It evolved in relation to solar radiation and the materials that absorb, reflect or refract it. Its sense domain is light, but its capabilities are fundamental to our forms of awareness, our concepts about the world, and our behavior. Since ancient times the eye has been an icon for our visual sense and vision or seeing a metaphor for thought. 
The eye is an attractive study for two reasons. It is self contained, which means that all the pieces of the puzzle can be found within a single organ. It is also essentially a mechanism, with parts that resemble a camera lens, a shutter, and a CMOS image sensor. 
The true organ of vision is not the eye but the brain. The tissue encapsulated by the eye is actually an outpost of brain neurons that scans the world and interprets the basic luminance, color, contrast and movement in an optical image. The rest of the brain does the work of visualizing and conceptualizing the world that seems transparently present before us. 
Tasks performed by eye, including image recoding and enhancement, are described in the pages on the structure of vision. This page explains the optical structure of the eye, the responses of our photoreceptor cells, and the specific ways the eye is adapted to report the natural world. 
Most of this page concerns the trichromatic foundations of colorimetry and its unmistakable icon, the chromaticity diagram. Much of the discussion is irrelevant to artists and may only reinforce the misconception that color experience can be explained with three "primary" colors. 
  


light: the spectrum we can see
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The nuclear fusion occuring within the sun produces a massive flow of radiation into space. Scientists describe this radiation both as waves in an electromagnetic field and as tiny quantum packets of energy (photons).
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	The distance between the peaks in one cycle of an electromagnetic wave is its wavelength. The number of wave peaks within a standard distance (one centimeter) is the wavenumber, the reciprocal of wavelength. Waves increase in frequency (decrease in wavelength) as the radiation increases in energy; "short" wavelength, high frequency light has roughly twice the power of "long" wavelength, low frequency light. Wavelength also changes in relation to the refractive index of medium that the light is passing through; wavelength numbers are usually given for the refractive index of air at the earth's surface. Wavenumber is constant across transmission media. 
Defining Light. Light is the electromagnetic radiation that stimulates the eye. This stimulation depends on both wavelength and intensity. Photometric standards for the visible wavelengths in daylight are 390 to 750 or 380 to 830 nanometers (billionths of a meter). In fact, under normal viewing conditions in solar or artificial light, the eye responds almost entirely to wavelengths between 400 to 700 nm. Yet it is possible to see wavelengths near 900 nm if the light is bright enough or viewed in total darkness. Although the limits of vision are ambiguous, it is clear our eyes sample only a small part of the sun's total radiant energy.  
The invisible radiation at higher energies (at wavelengths shorter than 380 nanometers) is called ultraviolet and includes xrays and gamma rays. Lower energy radiation (at wavelengths longer than 800 nm) is called infrared or heat; at still lower frequencies (longer wavelengths) are microwaves, television and radio waves. 
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the visible electromagnetic spectrum
spectrum colors as produced by a diffraction grating (IR = infrared, UV = ultraviolet); for a discussion of spectral color reproduction on a computer monitor, see the Rendering Spectra page by Andrew Young
 
The figure shows the visible spectrum on a wavelength scale, roughly as it appears in sunlight reflected from a diffraction grating (such as a compact disc), which produces an equal spacing of light wavelengths. (A rainbow or glass prism produces an equal spacing of frequencies, which compresses the "blue" end of the spectrum.) Notice the very gradual falloff in luminosity at the near infrared (IR) end of the spectrum, and the relatively sharper falloff toward ultraviolet (UV). 
Within the spectrum, the spectral hues do not have clear boundaries, but appear to shade continuously from one hue to the next across color bands of unequal width. It is easier to locate the center of these color categories than the edges; the approximate location of basic color terms (including cyan or blue green) is shown in the figure. Note the fairly sharp transitions from "blue" to "cyan" and from "green" to "yellow," and the narrow span of "cyan" and "yellow" (which often appears white in a rainbow).  
I've used quotation marks to refer to spectral colors because light itself has no color. Each single wavelength of the spectrum, seen by itself at sufficient brightness in a dark surround, creates the perception of a recognizable hue; yet the apparent color of the same light wavelengths can change depending on the context in which the light is viewed. For example, long wavelength or "red" light can, in the right setting, appear red, scarlet, crimson, pink, maroon, brown, gray or even black! 
This color relativity occurs because color is a complex sensation, not an objective feature of the physical world. For this reason I put color names in quotes whenever they are used to describe a range of light wavelengths. In all diagrams on color vision, spectrum colors are only symbolic of the different wavelengths of light. 
Variations of Light. At the earth's surface, the absorbing effects of the atmosphere contribute to the limits of light perception. Noon daylight at the earth's surface provides as much long wavelength (heat) radiation as the visible spectrum, so the gradual falloff in perceptible "red" light is due largely to our lack of visual sensitivity in longer wavelengths. 
The sharper boundary at the ultraviolet end of the spectrum occurs for two reasons: (1) the ozone layer and lower atmosphere significantly filter short wavelength radiation below 450 nm and completely block radiation below 320 nm; and (2) wavelengths below 500 nm are blocked from reaching the retina by a transparent yellow color in the adult lens and a pigment layer on the retina. Removal of the lens in a cataract operation causes a significant increase in UV light sensitivity, called aphakic vision, and vision damage from the UV exposure.  
Radiation from the sun that does get through the atmosphere and is visible to our eyes can be described in three ways: 
• Sunlight refers to the light coming directly from the sun — the image of the sun's disk, a shaft of sunlight into a darkened room. The solar color changes significantly across the day and depends on the angle of the sun above the horizon, altitude of the viewer above sea level, weather, season, geographical location and atmospheric pollution. The sun itself is so brilliant that it overwhelms our color vision, making color judgments unreliable, but if the noon sun were dimmed sufficiently, its color would appear a pale greenish yellow (not the deep yellow of schoolroom paintings). We can see this color as the positive afterimage of sunlight reflected off a car windshield. 
• Skylight refers to the blue light emanating from the sky as viewed from a location in complete shade. It results from the scattering of short wavelength light by air molecules. This scattering is slightly stronger from the northern sky, opposite the generally southern direction of sunlight. The illuminance contribution of skylight is significant: though much dimmer than the sun's disk, the visible area of the sky is approximately 100,000 times larger, which is why daylight shadows are clearly illuminated and we can read a summer novel in deep shade. 
• Daylight is the combined light of sun and sky, for example as reflected from a white sheet of paper illuminated outdoors. Significant color shifts occur in daylight across place, time and season, but it is unchanged by scattered clouds or overcast: these only dim the light and diffuse it.  
Variations in natural light can be described with a spectral power distribution, which shows the relative intensity of the light radiation at each wavelength (or frequency). As shown below, noon north sky light is quite blue. Noon sunlight is strongest in the "green" wavelengths, while noon daylight has a slight blue bias. The sun's color changes significantly across the sky, appearing a greenish white around noon and a deep red orange around sunset. These changes in light color are discussed in the section on the origin of warm/cool. 
 
[image: image14.png]north sky light
200008

noon dayight
500K

noon sunlight 5500k

sunset sky + suniight
< 4000K

400 500 500 700
‘wavelength (in nanometers)




color range of solar light
CIE estimates of the relative spectral power distribution of daylight phases across the visible spectrum, normalized to equal power at 560 nm
(Wyszecki & Stiles, 1982)
 
When the sun is lower in the sky, sunlight must pass sideways through a much longer and denser section of the earth's atmosphere, which scatters most of the "blue" and "green" wavelengths to produce a yellowish or reddish color. This lends morning or late afternoon light a perceptible yellow or red bias, climaxing in the deep oranges of sunrise or sunset. Sunlight is also reddened by dust storms, volcanic eruptions or large fires. 
Morning light has a softer, rosier color, in part because the cooler night air has a higher relative humidity that produces morning fogs or mists, and in part because the drop in temperature abates daytime winds and convection currents, allowing dust and smoke to settle out of the atmosphere. At sunset, the blue color of the sky becomes significantly less bright and takes on a beautiful cerulean or greenish color, especially near the horizon. 
The eye is also adapted to see across illumination levels from 100,000 lux (noon daylight) to 0.001 lux (starry night), which makes us functional day or night. Moonlight is the same color as daylight, though much reduced in intensity. 
These natural light variations of color and luminance are the forms and span of radiant energy that our eyes are adapted to report.
  


design of the eye
 

The eye is a marvel of biological adaptation. In large part this adaptation is designed to separate visual tasks into three independent levels of structure: the optical eye, the photopigment and photoreceptor cells, and the retinal network.
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wavelengths of light

	
	Eye. At the largest scale, the eye is essentially an optical camera (top diagram at right), equipped with a lens to focus light onto a photosensitive surface in its dark interior, in the same way a camera focuses light onto film.  
The camera analogy primarily applies to the eye's front end: the lens and its transparent covering, the cornea, act as a compound lens to focus the image. The cornea's optical shape is maintained by gentle internal pressure from the aqueous humor between the cornea and lens. The cornea does most of the work in focusing light, as we discover when we swim underwater without a face mask. (Light is refracted by the change in density between air and the cornea; immersing the eye in water nullifies this light bending difference.) Because it is essential to vision, the cornea is protected by the bony brow, nose and cheek ridges nearby, and the eye's extreme sensitivity to touch. 
The lens is a flexible, transparent body, with a naturally rounded shape that is stretched taut and flat along its front surface, like a trampoline canvas in its frame, by the constant tension of zonule fibers around its circumference. This tension flattens the lens for midrange and distance vision. To focus on nearby objects (closer than 5 meters), the ciliary muscles encircling the lens contract to close the opening spanned by the zonule fibers, which slackens the tension around the lens and allows it to resume its rounded shape, shortening the focal length. As people grow older, the lens hardens and does not return to its rounded shape when the ciliary muscles contract, producing the age related farsightedness called presbyopia.  
The aperture into the eye or pupil is fringed by a light sensitive iris, which acts like a shutter to expand or contract the pupil opening from a minimum diameter of 2mm up to a maximum of 5mm (in the elderly) to 8mm (in young adults). This can reduce the amount of light entering the eye by up to 95%. However, this represents a tiny fraction of the total range of illmination the eye can handle. The major changes in luminosity adaptation occur in the retina and brain across a span of several minutes; the iris makes prompt, momentary adjustments to minor changes in light intensity within the same light environment. 
The rest of the eye is wrapped in a tough external coating of translucent white sclera, which attaches by tendons to muscles that rotate the eye within the recessed bony eye socket. The rounded shape is maintained by internal pressure from the transparent, jellylike vitreous humor. (Excessive intraocular pressure can cause glaucoma or damage to the optic nerve.) The inner surfaces of both the iris and the choroid inside the sclera are covered with a pigmented, black membrane that (1) prevents unfocused light from shining through the white of the eye, and (2) prevents light that enters the pupil from reflecting off the inside of the eye. This pigment is lacking in albinos, causing light that is tinged the red of retinal blood to reflect back out through the pupil.  
Retina. The optics of the eye serve one purpose: to focus an image on the light sensitive retina, a paper thin layer of nerve tissue covering most of the inner surface of the eye (middle diagram at right, above). With a surface area the size of a silver dollar, and a total volume no larger than a pea, the retina is nothing like photographic film. It is actually an incredibly compact and powerful computer, a dense network of 200 million layered and highly specialized nerve cells. About half of these are photoreceptor cells that capture the light information; the other half are cells that extensively process and filter the photoreceptor outputs before sending them on to the brain. The retina is also woven throughout with tiny blood vessels that nourish the continuously active retinal tissue and give it the red color we sometimes see staring back at us in flash photographs. 
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three levels of structure in the eye

	
	The visual center of the eye is marked by a slight depression in the retina less than 2mm wide, the fovea centralis (the Latin fovea means "small pit"). The fovea is slightly displaced from the visual axis (the focal point behind the lens) away from the nasal side of each eye, which locates the fovea under the image of relatively close, centrally fixated objects. The fovea specializes in the perception of contrasty edges at an extremely high level of detail. The foveal cones are much thinner and longer than cones outside the fovea, which makes possible an extremely close packing of cones in the fovea and eases somewhat the need for precise focusing in depth (front to back). 
The foveal pit is created by thinning and spreading apart the synoptic bodies and retinal support cells (nerves and blood vessels) that form a blanket of tissue over the photoreceptor cells. This enhances image clarity and partly shields the fovea from extraneous light scattered sideways inside the eye. 
The foveal photoreceptors are connected to specialized secondary cells — with "colorful" names such as midget ganglion and parasol cell — that group neighboring cells into center/surround receptive fields that sharpen edges and contrast based on the relative proportions of stimulation received by all the cells in a group. Finally, these cells transform the three types of photoreceptor outputs into contrasting opponent channels of color and light information. 
These processing tasks occur in the retina, rather than in the brain, because the transformed color impulses more efficiently utilize the available optic nerve connections, with much less "noise" or error, than the raw cone outputs.
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back of the eye (fundus)

	
	Prereceptoral Filtering. Several parts of the eye act as color filters to block short wavelength ("blue") light from reaching the retina. The most important of these are the cornea, lens, and macular pigment (right). 
The cornea is nearly transparent to light except at very short wavelengths, where it filters some light. The lens, which is colorless at birth, gradually yellows and darkens with age; this discoloration becomes significant by adulthood, when it filters out at least 25% of incoming light at wavelengths below 450 nm and 50% or more at wavelengths below 430 nm. The lens of an 80 year old filters out approximately twice as much short wavelength light as the lens of a 20 year old. 
Finally, the fovea is veiled by a small patch of yellow macular pigment, which appears as a slight darkening of healthy retinal tissue (image above, right). The macular pigment filters out 25% or more of light between 430 nm to 500 nm. 
Prereceptoral filtering varies significantly across individuals and has the largest effect under intense light (small pupil size and high photopigment bleaching). Combined and on average, these ocular media screen out half or more of incident light at wavelengths below 490 nm and nearly all light below 400 nm. This filtering of "blue" light serves two purposes. It reduces chromatic aberration in the foveal image, and it shields retinal cells from the damaging effects of near ultraviolet radiation.  
Photoreceptor Cells. Vision begins at the third level of scale, the photoreceptor cells. There are two basic types (diagram above): the roughly 100 million rods adapted for dim light and night vision, and the 6 million or so cones that create daylight luminance, contrast and color. 
Both have essentially the same structure. The cell body (including the nucleus and metabolic processes) supports an outer segment containing around 1000 membrane disks or folds stacked one on top of another; each layer contains up to 10,000 light sensitive photopigment molecules. The inner segment continually produces new photopigment molecules and passes them into the outer segment. In cones, the disks slowly migrate through to the end of the outer segment, where they are metabolically broken apart. At the opposite end of the cell, electrical impulses created when light strikes the photopigments are sent from the synoptic body to the retina's neural network. 
All photoreceptor cells are arranged with the light sensitive outer segments resting against the inner choroid. A dense black pigment prevents light from reflecting back into the receptors, and the smooth surface provides even alignment of the receptor tips where an image can be precisely focused. This is why the irregular and relatively thick layer of retinal blood vessels and nerves is woven over the cones rather than underneath them; we don't see the shadows cast by this tissue layer because it never moves, and constant stimuli are completely filtered from images by the brain. (The reason we see motes in our eyes is because these float in the vitreous humor.) 
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prereceptoral filtering
in an adult eye

	
	The distribution of photoreceptor cells varies considerably from the center to edge of the retina (diagram at right). The fovea contains a "central bouquet" of just two types of cones (L and M, described below); some S cones appear in the foveal periphery but rods are excluded entirely. This allows a tight packing of anywhere from 160,000 to 250,000 cones per square millimeter — an average cell spacing of about 2.5 to 2 microns that equals the eye's maximum possible optical resolution.  
The elongated shape of the cone outer segment is aligned to the direction of incoming light; it acts like an optical fiber to conduct light (especially long wavelength light) along its length. As a result the foveal photoreceptors are over four times more sensitive to light arriving from the center of the pupil opening rather than the outer edge (the Stiles Crawford effect). This mutes the effect of sideways light scattering inside the eye or between cones and any "blue" chromatic aberration in the image. 
Outside the fovea, the L and M cones are mixed with a larger proportion of S cones to provide accurate color in areas visually larger than the full moon; here color and lightness contrasts, rather than edges, determine the perception of shapes. All the cones become fatter and less densely packed, and the spacing between them increases, along the sides of the eye. This reduces optical resolution and light sensitivity where the curved surface of the retina makes it impossible for the lens to provide a crisply focused image. The cells respond instead to light, color, contrast and movement; our mind supplies the shapes and space. 
The rods form a dense, diffuse ring of cells at about 20° perimetric angle around the fovea, providing dim light vision that is very sensitive to lightness contrasts but cannot resolve detail. The density of rods remains relatively high over more than half the eye's interior surface, and is slightly higher on the nasal side of each eye to provide enhanced peripheral vision in dim light. Rods are also more sensitive to light incident from the sides. 
Both types of receptors are absent in the small area of the eye known as the blind spot. This opening through the retina allows access for blood vessels and exit for the optic nerve. 
The eye's light receptors are easily the most complex sensory cells we have. The rods and cones are fitted with a small ionic "pump" that continuously expels ions of sodium (Na+) inside the cell as it brings ions of potassium (K+) from outside. The resulting imbalance produces a small, steady electric current across the cell body. The action of light can increase or decrease this baseline electric potential. In other words, the rods and cones produce a continuous visual signal even at rest, unlike other sensors which are active only when stimulated.  
Photopigment Molecules. In the outer segment of the photoreceptor cells is the fourth and smallest level of scale, the photopigment molecules. These are the actual agent of vision, the start of the process that turns light into color. 
In each rod or cone, the outer segment (see figure) is basically a cylindrical wrapper around a single membrane that is folded back and forth into layers, which separate into hundreds of stacked disks. The cylindrical wrapper is perpendicular to the back of the eye so that each photon must pass lengthwise through this stack of disks, which increases the probability that it will strike one of the 10 million or so photopigment molecules each cell contains. 
The photopigments strongly absorb light, which gives them a characteristic dark, opaque color — visual purple. The absorbed light causes these molecules to undergo a complex chain of reactions, beginning with a photoisomerization that changes the shape of the molecule, then a bleaching that breaks the molecule down into other substances. Bleached photopigment is a transparent yellow, which allows light to pass deeper into the outer segment and strike the photopigment molecules below. 
Each molecule is looped several times through tiny fat pads in a single disk of the outer segment, which gently grip the photopigment; intertwined with the photopigment is a chromophore molecule (11-cis retinal). When the chromophore is struck by a photon it instantly snaps or uncoils, rupturing the bond with the chromophore and initiating an enzyme reaction that alters the sodium ion (Na+) permeability of the cone outer membrane. This changes the electric charge along the surface of the cell and the baseline output from the cone to the retinal ganglion cells. As the number of snapping photopigments within the inner segment increases, the change in nerve output from the receptor cell also increases. This is the fundamental mechanism of sight: light strikes the chromophore, which ruptures the photopigment, which changes the electric charge of the cell, which alters its baseline synaptic activity, which changes the pattern of activity in the retina. 
After photopigment molecules are bleached by the enzyme reaction, new pigment is regenerated from the bleached components. Less than 1% of the total amount of bleached photopigment in a cone is regenerated each second; yet surprisingly, even during daylight, less than 50% of the photopigment is bleached at any time. 
At the fovea, human vision performs near the theoretical limits for an optical system. A person with normal eyesight under daylight illumination can distinguish the separate lines in a grating of black and white lines 1mm apart viewed from a distance of 7 meters. The finest camera of similar aperture and focal length cannot do any better. 
Outside the fovea, the eye gets by with crude optics and a yellowed, chromatically aberrated and fuzzy image. These shortcomings are compensated for by the complex structure of the visual field, by continual, exploratory eye movements, and by extensive image enhancement and cognitive interpretation (including memory) applied of the flow of images from the eye. Vision requires two eyes and two thirds of our brain to function as effectively as it does.
  


three plus one light receptors
 

The photoreceptor cells of the retina are the foundation of visual experience. Understanding their function and measuring their light sensitivity has been the holy grail of vision research. Current models can predict color naming and a variety of color difference and color appearance judgments using the techniques of colorimetry. 
Our understanding of these cells is largely indirect or inferential, based on reasonable but somewhat arbitrary assumptions and on convergent evidence from very diverse research evidence, including the visual capabilities of monkeys and colorblind (dichromat) humans.
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distribution of receptors
across the retina
left eye shown; the cones are concentrated in the fovea, which is ringed by a dense concentration of rods

	
	Cone Photopigment. The human photoreceptors respond to light through a chemical change in photopigment molecules, proteins formed as a long necklace of amino acids. 
The three types of cone photopigments (and rhodopsin, the photopigment in rods) are variations on the primitive opsin molecule that is the common ancestor of all animal photopigments. Each photopigment evolved by substituting or adding amino acids within the basic opsin structure. The exact sequence of amino acids determines the specific wavelengths of light that cause the photopigment molecule to photoisomerize and bleach. 
As the figure shows, there is a large number of differences between rhodopsin (not shown) and the S photopigment, a similarly large number of differences between the S and M photopigments. The M and L photopigments are nearly identical. 
 
[image: image20.png]



three types of photopigment molecules
colored circles show the changes in molecular structure from previous molecule (S is compared to rhodopsin [not shown], M to S, and L to M)
 
Cones are categorized into three types according to the photopigment they contain and the wavelength of light that produces their maximum response: 
• long wavelength or "red" cones (symbolized L for "long", which are actually most sensitive to "greenish yellow" wavelengths around 565 nm) 
• medium wavelength or "green" cones (M for "medium", most sensitive to "green" wavelengths at around 540 nm) 
• short wavelength or "blue" cones (S for "short", most sensitive to "blue violet" wavelengths at around 445 nm). 
The idea that our perception of millions of colors depends on just three distinct color receptors is called the three color or trichromatic theory of color vision, first proposed in the 18th century. This is the basis of modern colorimetry, the prediction of color appearances and perceived color differences from the physical measurement of lights or surfaces.  
Cone Sensitivity to Light. The absorption of a single light particle or photon can cause the photoisomerization of a photopigment molecule. But this effect depends on the wavelength (energy) of the light. Because of its specific amino acid structure, each photopigment is most likely to react to light at a specific wavelength. Other wavelengths (or wavenumbers) can also cause the photopigment to react, but this is less likely to happen and so requires on average a larger number of photons (greater light intensity) to occur. 
This varying relationship between pigment photosensitivity and light wavelengths can be summarized as a relative sensitivity curve across the spectrum for each type of photopigment or cone. As the curve gets higher, the probability increases that the photopigment will be bleached or the photoreceptor cell will respond at that wavelength. 
It is difficult to measure cone responses directly and over the past 150 years there have been many efforts to define them by indirect methods. The curves published in color texts are based on different types of measurements and use different assumptions, and the response curves can be displayed in different ways. Within the past few decades, however, thanks to a variety of new techniques (including genetic analysis of the molecular variation in human photopigments), a reasonably accurate picture has emerged. Let's look at six types of presentation using recent estimates of cone fundamentals by Stockman & Sharpe (2000).  
(1) The photopigment absorption curves describe the probability of photopigment isomerization by light at each wavelength. These curves have been measured as the light absorbed by intact single cones illuminated by a thin beam of monochromatic (single wavelength) light, as electrode recordings of single cones in monkey retinas, and as the light absorbed by a solution of genetically manufactured photopigment molecules. The wavelength of maximum sensitivity is assigned a value of 1.0 and the sensitivity of all other wavelengths is expressed as a proportion of that. 
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cone photopigment absorption curves
curves normalized to equal peak absorbance (1.0) on a linear vertical scale; curves estimated from 10° color matching functions by Stockman & Sharpe (2000)
 
We immediately see that the L and M curves have a similar peak and span within the spectrum, and both differ significantly from the location of the S cone curve. This is as we would expect from the molecular differences between the photopigment molecules. 
The photoisomerization curves should describe color vision if each type of cone contains only one kind of photopigment and if the intensity of the photoreceptor response is proportional to the quantity of photoisomerized pigment. In fact, these curves do not correspond to human color matching responses, especially for the L cones. So we have to shift attention to the cone responses.  
(2) The cone fundamentals show the individual cone sensitivities as they respond in the retinal layer. These curves can be obtained by direct measurement of the electrical output of single cones exposed to monochromatic light, but the most accurate data come from color matching functions derived experimentally from color matching experiments using both normal trichromats and genetically screened dichromats ("colorblind" subjects who lack the L, M or S cones). Adjustments must be made to compensate for the prereceptoral filtering of short wavelength light by the lens and macular pigment, which substantially affects the measured response of the S cone. 
Because the cones are unequally distributed across the retina, it matters where on the retina a color stimulus is imaged. All the cone fundamentals presented here are based on a 10° or wide field presentation of color areas that extends well outside the fovea. Wide field curves are commonly used in industrial colorimetry. The earliest standard curves in the color literature were based on a 2° or foveal presentation of color differences, primarily because it was not technically feasible to produce bright and homogeneous color stimuli across large visual areas. 
A common textbook presentation of the cone response sensitivities is as normalized cone fundamentals, in which the peak response of the three cones is set equal to 1.0 on a linear vertical scale. This produces the three similar (but not identical) curves shown below. 
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normalized cone sensitivity functions
the Stockman & Sharpe (2000) 10° quantal cone fundamentals, normalized to equal peak values on a linear vertical scale
 
This presentation is in some respects misleading, because distorts the functional relationships among light, cone frequencies and visual sensitivity. However the diagram best reveals the shape differences in cone profiles (the L cone has a noticeably broader or wider curve than the S and M cones), and suggests human spectral sensitivity is split into short and long wavelength ("blue" and "yellow") peaks, with the minimal sensitivity or balance point located between 475 nm (S vs. M) and 485 nm (S vs. L). This format also allows direct comparison with the photopigment absorption curves (above). 
The normalized sensitivity curves also have a specific technical role, to model the changes in cone sensitivities that occur in each type of cone during chromatic adaptation.  
(3) A problem with the normalized cone fundamentals is that they emphasize the overall "peak" shape of the curves; as a result they do not adequately display the "tails" or extreme low values. The solution is to use a log normalized cone fundamentals; each unit of the log vertical scale is 10 times smaller than the unit before, which "zooms in" on the very low sensitivities. 
 
[image: image23.png]1.0

o4

o001

0.001

ormniized log cone sangitivivies

0.0001

400

ML

500 600
‘wavelength (nanometers)

700




log normalized cone sensitivity functions
the Stockman & Sharpe (2000) 10° quantal cone fundamentals, normalized to equal peak values on a log vertical scale
 
The cone fundamentals are most often tablulated in log normalized form. It is easy to convert these curves into any other format.  
(4) The previous three formats all imply that photopigments or cone types play an equal role, or have equal weight, in defining color sensations. In fact, this is not true. The cone fundamentals can be weighted to more accurately reflect their relative importance in color vision as a whole; this primarily shifts the peaks up or down. 
The log population weighted cone fundamentals (below) represent the unequal population counts of the three types of cones in the retina, by scaling the peaks of each cone type to represent the total number of that type of cone relative to the combined total number of L and M cones in the retina. (The L and M cones define the eye's overall photopic sensitivity.) 
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log population weighted cone sensitivity functions
the Stockman & Sharpe (2000) 10° quantal cone sensitivity functions on a log vertical scale; area of 50% or more optical density of macular pigment and adult lens from Stockman, Sharpe & Fach (1999)
 
This diagram again uses a logarithmic sensitivity scale. The diagram shows five things: 
• Each type of cone responds to a wide range of light wavelengths; in fact, the response ranges of the L and M cones cover the visible spectrum, although the sensitivity of the M cone is very low in the near infrared. 
• Taking into account both their individual sensitivities and proportional numbers in the retina, the cones have unequal response probabilities, as judged by the total area under each cone curve: the M cones have 85% of the total response probability of the L cones, and the S cones only 45%. 
• The response curves largely overlap one another — in particular the L and M curves — and this overlap significantly limits the chromaticity range or maximum possible saturation in "yellow" through "green" wavelengths. 
• The S cone responds to only half the spectrum, from "yellow green" to "blue violet"; perception of monochromatic "yellow green" to "red" hues depends on the balance between L and M outputs. 
• Short wavelength light is filtered by the yellowing of the macular pigment and the adult lens, depressing the short wavelength "tail" in photopigment response at wavelengths below 490 nm and eliminating response to wavelengths below 380 nm. 
• Because of a small negative skewness, the median of the cumulative sensitivity for each cone is slightly lower than its peak sensitivity: 50% of the L cone's sensitivity covers wavelengths below 559 nm, and 50% is in higher wavelengths; the medians are 535 nm and 447 nm for the M and S cones. 
Cone fundamentals seem to imply that cone sensitivities are fixed. They are not: cone sensitivity depends on light intensity, and the curves above describe the average response under daylight levels of "white" light illumination. All sensitivities change as part of light adaptation, and the relative sensitivities change to provide chromatic adaptation. Normally invisible ultraviolet or infrared radiation well outside the 400 nm to 700 nm range can become visible if the light intensity is high enough and the light is viewed in darkness.  
(5) The log scale is useful to show the very low values of cone fundamentals, in the "tails" of the curve, but it gives an unfamiliar view of the overall shape of the population weighted curves. The population weighted cone fundamentals on a linear scale, shown below, are much easier to interpret. 
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population weighted cone sensitivity functions
the Stockman & Sharpe (2000) 10° quantal cone fundamentals on a linear vertical scale, scaled to reflect L, M and S cone proportions in the retina
 
This is probably the most accurate picture of the proportional cone responses in relation to each other, to different wavelengths of light, and to our overall light sensivity. 
• The large differences in the height of the curves (the probability that a cone of each type will respond to light) show the unequal proportions of L, M and S cones in the retina. Roughly 63% of the color receptors are long wavelength L cones, 31% are middle wavelength M cones, and 6% short wavelength S cones. Thus, a single photon is about 13 times more likely to strike an L rather than a S cone. 
• If we take into account both the population numbers and the total response probability (the area under each sensitivity curve), then the relative visual weights of the L, M and S cones in the retina become 68%, 28% and 3% respectively. Thus the L and M cones provide almost all information sent to the brain; the L cones account for the majority outputs at nearly all wavelengths. (This is largely because the fovea contains half the total number of L and M cones in the retina, which indicates the importance of foveal vision.) 
• The irregular or "dented" contour of the L and M cones (and their photopigments) results from averaging the sensitivity curves across genetic variations in the L or M photopigments. 
• Cones respond primarily to light near the wavelength of maximum sensitivity (the three white lines in the spectrum band). A single photon at a cone's peak sensitivity has the same visual impact as 10,000 or more photons at the "tails" or low sensitivity parts of the curve. 
• Our eyes are most sensitive to wavelengths around the "yellow green" middle of the spectrum, between the L and M peaks: greens are the brightest colors in a prism spectrum. 
• The sensitivities of the L and M cones are well contrasted through the "red" to "yellow green" parts of the spectrum, but become very similar through the "blue green" to "blue violet" parts of the spectrum. The S cones break the tie in short wavelengths.  
(6) Finally, the least common presentation of cone sensitivities is probably as equal area cone fundamentals. In this type of display, the height of each sensitivity curve is scaled up or down so that the area under the curve (equivalent to the total response sensitivity) is equal to an arbitrary value; the curves are then presented on a linear vertical scale. This produces the three very dissimilar curves shown below. 
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equal area cone sensitivity functions
the Stockman & Sharpe (2000) 10° cone fundamentals, rescaled to equal a cumulative value of 100 on a linear vertical scale
 
If the curves were exactly the same shape, their peak values would be equal. The relative elevations of the three cone curves indicates that the L cone has a somewhat broader response sensitivity, and the S cone a much narrower sensitivity, than the M cone. 
The rescaling to equal area is the precise way to show that all three cone types have equal importance in color perception, but the differences in peak elevations imply that the S cone outputs must be heavily weighted far out of proportion to their numbers in the retina. This turns out to be true. In addition, the proportionally small overlap between the S cone curve and the L and M curves implies that short wavelength ("blue violet") light should appear the most chromatic or saturated, and "yellow" wavelengths the least saturated. This is also true. 
This equal area presentation of cone fundamentals should not be confused with the most commonly used model of visual sensitivity based on equal area weighting: the curves of standard colormatching functions and their associated chromaticity diagram. These are superficially similar to cone fundamentals but have a completely different interpretation.  
Light Sensitivity. The separate L, M and S cone fundamentals do not directly answer a more basic question: what is the eye's overall sensitivity to light intensity? How much radiant energy must a light emit before we can see it? The answer depends on the wavelength of the light, but it also depends on the total intensity or energy of the illumination as it changes from daylight to night.  
Daylight Sensitivity. At illumination levels above 10 lux, corresponding to daylight levels from twilight up to noon daylight, the cones primarily define the luminance or brightness of a light or surface. This is called photopic vision, and it functions at any light level in which we see two or more different hues.  
A problem arises when we try to measure light sensitivity directly for individual wavelengths. In the method of heterochromatic brightness matching, the brightness of a monochromatic (single wavelength) light is adjusted until it visually matches the brightness of a "white" light standard; the spectral intensity is then used to compute light sensitivity. Unfortunately, hue purity interferes with judgments of brightness, making saturated lights appear brighter than a "white" light of equal energy. 
Various methods have been tried to get around the problem. The most reliable is flicker photometry, which cancels the chromatic component in a monochromatic light by flickering it on and off so rapidly that it appears to fuse into a steady, colorless, half bright stimulus, which is then compared to the "white" light standard. The diagram shows results from six different measurement techniques, listed in the key in descending order of reliability, to show the extent of the problems. 
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a passel of photopic sensitivity functions
luminous efficiency measured using six different techniques (from Wyszecki & Stiles, 1982)
 
Given the difficulty of getting a consistent measurement of light sensitivity, the international standards body for color measurement methods, the Commission Internationale de l'Eclairage (or CIE) cut the Gordion knot and adopted a photopic sensitivity function [denoted V(λ), which means "a curve of the luminous efficiency value V at each wavelength λ"], based on early (up to 1924) sets of diverse 2° color matching functions weighted to reproduce, at the corresponding wavelengths, the apparent brightness of the three rgb primary lights used in the color matching studies. This standard curve includes the response of the S cone, locates the main light sensitivity in the "green" center of the spectrum between 500 nm to 610 nm, and places the peak photopic sensitivity at 555 nm — though as you see, this peak is difficult to pin down. 
The V(λ) luminosity function equivalently represents the relative luminous efficacy of radiant energy, the light stimulating power of equal watts at each wavelength. In this guise it is the basis of modern photometry as deployed in photographic light meters and digital camera image sensors. An electronic sensor measures the energy of radiation within small sections of the visible spectrum, but weights each section by its luminous efficacy; the total across the spectrum matches to a good approximation the light's luminance or apparent brightness to the human eye when the light is viewed in isolation. Here is the curve on a log vertical scale, with its partner the scoptopic sensitivity function [denoted V'(λ) and discussed in the next section]. 
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photopic & scoptopic sensitivity functions
CIE 1951 scotopic luminous efficiency and CIE 1964 wide field (10°) photopic luminous efficiency, relative to peak photopic sensitivity on log vertical scale; relative peak sensitivities from Kaiser & Boynton (1996)
 
Unfortunately, photopic sensitivity has remained a moving target. All measurements include the prereceptoral filtering in brightness judgments, which creates uncertainty in assessing response to "blue" and "violet" wavelengths. Subsequent research showed that the CIE 1924 curve underestimated photopic sensitivity in the "blue" wavelengths (the function approximates an "old" observer with an abnormally high macular pigment density), and the curve was corrected twice — by Judd (1951) and Vos (1978). This modified Judd-Vos luminosity function is usually denoted VM(λ) — M for modified.  
Meanwhile doubt arose as to whether the S cones contribute at all to brightness perception, which meant the photopic function could be more accurately defined by a weighted combination of just the L and M cone sensitivity curves. Paradoxically, more realistic corrections for macular density have increased even further the estimated photopic sensitivity to short wavelength light, despite exclusion of the S cone. 
The diagram below presents an updated 2° luminosity function [denoted V*(λ)] and a 10° luminosity function, normalized on a linear scale, for comparison with both the modified Judd-Vos curve and the 1951 scotopic curve. The newer curves are based on a weighted sum of the Stockman & Sharpe L and M cone fundamentals that best fit flicker photometric data for 40 viewers. These curves put the peak photopic sensitivity at 545 nm, but with a flattened peak due to the averaged values of variant L photopigments. 
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photopic & scoptopic luminosity functions
CIE 1951 scotopic function and photopic functions based on the 2° and 10° quantal cone fundamentals of Sharpe, Stockman, Jagla & Jägle (2005), all curves normalized to equal peak sensitivity on a linear vertical scale
 
These curves show that short wavelength or "blue" light has a greater luminous efficiency under scotopic than photopic vision. They show that differences among the photopic curves are confined almost entirely to the short wavelengths, and that there is a greater "blue" response in wide field than foveal color perception. Finally, they show that long wavelength or "red" light strongly stimulates the photopic function but the scotopic very little. This is why submariners and astronomers dark adapt under red light: it keeps the foveal cones functional (for detail vision) while dark adapting the rods. Both cones and rods respond near the maximum to "green" wavelengths, regardless of luminance. This is why emergency response vehicles are now painted a light yellow green instead of the traditional red — the yellow green is much easier to see, especially in dim light.  
Dark Sensitivity. The diagram also shows the CIE 1951 scotopic sensitivity function [denoted V'(λ)] which describes human light sensitivity under dark adaptation at illuminances below 0.1 lux. This is approximately the amount of light available under a full moon at night.  
At these very low illuminance levels the cones cannot respond to light and the rods completely define our visual experience. There are four oddities in rod based or scotopic vision: 
• Peak sensitivity is around 505 nm or "blue green"; as light around sunset is strongly shifted toward red, the rods can start to dark adapt while there is still light. 
• All rods contain the same photopigment, rhodopsin, so rods lack the photopigment variety necessary for color vision. We become functionally colorblind except for isolated points of higher luminance, such as distant traffic lights or the planet Mars, that are bright enough to stimulate the cones. 
• There are roughly 100 million rods in the human retina, yet they are completely absent from the fovea at the center of the visual field where daylight visual resolution is highest. We cannot read even large print text under scotopic vision, or recognize very small objects, because the fovea shuts down. 
• Like the cones, the rods are more widely spaced and larger in diameter toward the edges of the retina, but they also form a densely packed ring around the fovea, at a 20° visual angle on all sides. This is why we can see very faint stars or lights at night if we look about 20° to either side of their location.  
The rods can also affect color perception under moderately low illumination by mixing with or tinting the color responses of the still active cones. This mesopic vision typically appears in illuminances from 0.1 to 10 lux, for example during the twenty minutes or so between twilight and darkness for a viewer outdoors and away from artificial lights. 
In mesopic vision the rod and cone outputs are pooled in shared nerve pathways, combining the scotopic and photopic curves and shifting the darkening hues toward bluish green. Greens and blues appear more intense and reds become dark and gray. This Purkinje shift (named for the Bohemian scientist who described it in 1825) is easiest to see in large areas of color extending outside the visual field of the rodless fovea. It is quite noticeable if you look at a familiar, brightly colored art print, hawaiian shirt or flower bed in fading twilight as your eyes become adapted to the dark. 
There are about 16 rods for every cone in the eye, but there are only about 1 million separate nerve pathways from each eye to the brain. This means that the average pathway must carry information from 6 cones and 100 rods! This pooling of so many rod outputs in a single signal considerably reduces scotopic visual resolution and means, despite their huge numbers, that rod visual acuity is only about 1/20th that of the cones. 
In daylight illumination the rods become saturated because nearly all the rod photopigment is bleached by daylight, which reduces the rod sensitivity range; the remaining rod outputs are nearly constant and therefore disappear (as the cone outputs do in a ganzfeld effect). Any variations in the rod outputs are shouted down by the cone luminosity information traveling along the same nerve pathways. 
Even so, rods remain active in daylight, even under very bright levels of illuminance. They can affect color appearance by a process called rod intrusion, which desaturates colors, especially at long ("red") wavelengths, in large field or peripheral vision, and under moderate to low levels of illumination.
The Color & Vision Research Laboratories at UC San Diego provide a comprehensive online library of data relating to photopigments, cone fundamentals, colorimetry and visual responses.
  


trichromatic mixtures
 

The cone sensitivity curves show the probability that individual L, M or S cones will respond to light at different wavelengths. But they do not offer a very clear picture of how the cones work together to define brightness and color. 
Any diagram that shows how the L, M and S cones combine to create color perceptions must define a specific geometry of color. That is, the combinations of cone outputs must be interpreted to represent either perceived differences between two different colors or the proportion of primary colors in a single color mixtures. Let's look at how that is done.  
Principle of Univariance. A cone responds to light anywhere within its span of sensitivity. But it can only respond through a change in its baseline activity — signaling more or less. The cone output will signal "more" as the light becomes more intense, or as the light wavelengths move closer to its peak sensitivity, but changes at all wavelengths and all levels of light intensity produce the same relative response — either more or less. This is the principle of univariance. 
The result is that a single type of cone cannot distinguish color from luminance. Alternating between equally bright "blue" and "green" wavelengths, or flickering a single "green" wavelength of light between bright and dim, will produce identical changes in any single cone output. The L, M or S cones by themselves are functionally colorblind.  
Trilinear Color Specification. If individual cones can't signal which specific light wavelengths stimulated them, or whether a change in stimulation reflects a change in color or in brightness, then how is it possible to see different colors and different brightnesses? By limiting the visual system in two ways: 
• the cone sensitivity curves must overlap across the spectrum: any wavelength of light that stimulates one type of cone must also stimulate at least one other type of cone; and 
• cone responses must be independent: the response curve or outputs of one type of cone are not changed by the outputs from other cones.  
When these conditions apply, the outputs from all three types of cone can be combined to "triangulate" the mixture of wavelengths in the light, and every color can be defined by an additive recipe of the three cone outputs, called a trilinear color specification. 
 
	

	
	For single wavelength (monochromatic) spectral hues, these values can be read directly from the normalized cone fundamentals (as a diagram or a table of values) at each wavelength. For example, the L, M and S cone responses to monochromatic "green" light at 500 nm (diagram right) yield: L = 0.44, M = 0.64 and S = 0.09. For lights comprising many different wavelengths, the values must be read at every wavelength and then summed to give total L, M and S responses. For example, an equal energy white, which has exactly equal radiance at each wavelength, produces summed values of L = 121.62, M = 103.36 and S = 55.02. 
Next, these tristimulus values — color specified as the mixture proportions of three "primaries" or color fundamentals — must be combined to create color measurements that represent our subjective color experience: specifically, that correspond to the colormaking attributes of brightness, hue and hue purity. The first of these is easy: brightness is just the total stimulation produced in all three cones: 
brightness (B) = L + M + S 
while chromaticity (combined hue and hue purity) is the relative proportion of the color's brightness (V) that is separately contributed by each of the three cone types: 
chromaticity (C) = L/B, M/B, S/B. 
These brightness adjusted specifications are called chromaticity values. Using the values in the example (right), the "green" wavelength is: 
brightness (B) =

 0.64 + 0.44 + 0.09

=

 1.17
chromaticity (C) =

 0.64/1.17, 0.44/1.17, 0.09/1.17

=

 0.54, 0.38, 0.08
and the equal energy "white" light described above is: 
brightness (B) =

 121.62 + 103.36 + 55.02

=

 280.0
chromaticity (C) =

 121.62/280, 103.36/280, 55.02/280

=

 0.43, 0.37, 0.20.

Clearly, we would get different tristimulus values, and derived brightness and chromaticity values, if we used a different set of receptor "primaries" — the photopigment absorptions, or the equal area or population weighted cone fundamentals, for example. The trilinear specification is inherently arbitrary, because it depends on which three "primaries" we choose. But it is also unambiguous: we get a precise specification for every perceptually unique color under explicit assumptions about trichromatic vision. 
We don't yet know if this trilinear specification is valid — that is, whether it accurately describes the perceived brightness and chromaticity differences between actual green and white lights. For example, the brightness value is not linked to any quantity of radiance or light intensity. However, the experimental procedure of color matching, which is based on "primary" lights of specific color and luminance, does get us to this valid color specification and yields an empirical set of perceptual tristimulus values. 
In fact, the cone fundamentals discussed above were estimated mathematically from empirical color matching data, so the cone fundamentals can be used to illustrate basic perceptual facts of color vision that arise from the physiology of our receptor cells.  
Trilinear Mixing Triangle. Once we have these trilinear values, what do we do with them? The obvious answer is to show them as a triangle, called a trilinear mixing triangle or a Maxwell triangle, after its inventor, the 19th century physicist James Clerk Maxwell. 
These triangles are an essential tool of modern color research, and quite a lot of fussing and finessing has gone into defining triangles that correspond to a specific theory of color perception. 
Presented below is the simplest physiological or cone based diagram consistent with an equilateral mixing triangle, created as follows: (1) color response is defined by the 10° cone fundamentals; (2) the fundamentals are weighted so that the area under each curve matches the population frequency of each type of cone; (3) the mixture of L and M cones is defined by their difference, L–M; (4) the S cones are given a weight of 2, to balance the combined L and M cones; and (5) both the L-M and S values are normalized on (divided by) the total brightness, defined as L+M+S. (The widely used MacLeod-Boynton diagram is formatted in rectangular rather than triangular coordinates and normalized on the L+M values only.)  
The resulting map of cone mixtures (below), called a chromaticity diagram, offers many insights about color vision and is worth patient study. 
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a trilinear mixing triangle and chromaticity diagram
any possible combination of three cone outputs can be represented as a unique point within the triangle; the range of physically possible colors is contained inside the spectrum locus
 
Each corner of the triangle represents the pure or "primary" L, M or S outputs without any contribution from the other two cones. The sides of the triangle represent mixtures of just two cone outputs, with no contribution from the third. The mixture proportions for each cone are shown along the triangle sides. Mixture intervals are equal, which means individual cones are assumed to have equal potency or "voting strength" in any color mixture; L cones predominate because of their majority proportion in the photoreceptor population. 
• Trilinear mixing triangles do not represent differences in brightness or lightness between colors, only differences in chromaticity (hue and hue purity). For this reason the "horse shoe" spread of colors represented inside the triangle is called a chromaticity diagram. Chromaticity is the "color" in color, separate from the color's lightness or brightness. 
• By definition the trilinear mixtures sum to 100% (total brightness), so a mixture of 40% L and 30% M (color a) must also contain 30% S. Therefore two chromaticity values uniquely specify every color in a chromaticity diagram. 
• The point where all three primaries contribute in proportions equal to their perceptual weight is the white point. Because there are about 63% L, 31% M and 6% S cones in the retina, the white point is located very close to the L+M mixing line, and somewhat closer to the L corner. 
• The chromaticities of monochromatic (single wavelength) lights define the spectrum locus, the trace of the most intense colors physically possible. The line of "red" and "blue" mixtures between 400 nm and 700 nm, which includes magenta and purple, is called the purple line. 
• All mixtures of two real colors of light (such as colors a and b) define a straight mixing line across the chromaticity space. All colors produced by the mixture must lie along that line.  
• The hue purity or chroma of a color is defined as the length of the mixing line between the color and the white point. It is obvious that monochromatic hues do not have equal hue purity: spectral "yellow" appears rather pale or whitish because it is quite close to the white point, but spectral "red" or "blue" have a very high chroma because they are far away. 
• All mixtures outside the spectrum locus and purple line are cone proportions that cannot be produced by any physical light or surface. They are physically impossible or unrealizable colors. This gray area is larger than the chromaticity area: the majority of unique combinations of cone outputs cannot be produced by any physical stimulus. 
This has nothing to do with the purity of light: it is due to the overlap in cone fundamentals across the spectrum (especially between the L and M cones), and to the random, side by side mixture of L, M and S cones within the retina. As a result any single wavelength of light that stimulates one cone must also stimulate one or both remaining cones. We are physiologically prevented from seeing a "pure" cone output, and therefore we never see a pure primary color. 
• Very large color differences can be produced by very small differences in cone outputs. For example, the change from "white" to pure "yellow" occurs with a change in L and S cone outputs of less than 5%; all green mixtures are produced by changes of less than 20% in the L and M cone outputs. 
• A color appearance does not reveal the cone proportions that created it. In every green color the M cone outputs are less than 50% of the total; all possible colors contain at least 20% L outputs; most of the possible cone output combinations result in various flavors of blue.  
• Finally, chromaticity diagrams are highly sensitive to assumptions made about how cones combine or are weighted in perception. Below is the change in the chromaticity diagram that occurs if cone fundamentals for the foveal image area (2° wide) are used instead, weighted so that the area under each curve matches the foveal cone populations (which include less than 1% S cones). 
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reading trilinear color values
from cone fundamentals or
color matching functions
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10° (wide field) and 2° (foveal) chromaticity diagrams 
 
This produces a substantial reduction in the "blue" response range and shifts the white point almost onto the L-M border. At right are two other examples: the CIE Yxy chromaticity diagram that has long been a standard in colorimetry but does not describe color perceptions accurately (for example, it makes "green" the most saturated spectral hue); and the CIELUV chromaticity diagram, which has been manipulated to depict, as accurately as feasible, the relative saturation of spectral hues and perceived difference between any two similar colors. 
No matter how you represent it, color perception defined by cone fundamentals is highly irregular and imbalanced — not at all like the color wheels artists use!
  


constraints on color vision
 

To conclude this page, let's consider how our visual capabilities are adapted to perception of radiant energy in the world. By comparing our visual capabilities to those of other animals, we can understand how we benefit from three cones, rather than two or four, and why our cones are tuned to specific wavelengths and not others. 
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variety in chromaticity diagrams
(top) CIE xy diagram, with the xyz primaries rotated to match a maxwell triangle; (bottom) CIELUV, with a primary triangle added for comparison only

	
	Standard Assumptions. An assumption made in most studies of animal vision is that photopigment absorption curves conform to a common shape, for example Dartnall's standard shape (right), when plotted on a wavenumber (frequency) scale around the pigment's peak value. This common shape arises from the basic opsin molecule structure. Variations in the amino acids only shift the wavenumber of peak sensitivity up or down the spectrum; they do not change the relative shape of the curve. It is also assumed that each type of photoreceptor cell contains only one kind of photopigment, and that the principle of univariance describes the photoreceptor response to light. 
These three assumptions allow a basic understanding of animal visual systems without painstaking measurement of photopigment or cone response curves. Dartnall's standard shape does not adequately describe human color vision, especially the L photopigment absorptance, but idealized curves are adequate to illustrate the important constraints on color vision.  
Monochromatic Vision. The rudimentary form of vision requires a single receptor cell (V). For maximum sensitivity this receptor should respond to wavelengths somewhere in the 300 nm to 1000 nm area of the spectrum where solar radiance at the earth's surface is most intense. 
This kind of visual system, which is common in lower vertebrates, codes light along a single luminosity dimension that can only distinguish light from dark. Monochromatic vision can include a mechanism for light adaptation that allows the eye to function across large changes in overall illumination, and it can detect movement, shapes, surface textures and depth. But it cannot easily distinguish between the emitted brightness of lights and the reflected lightness of surfaces, or objects from near or similarly reflecting backgrounds. It also cannot perceive color: changes in hue — from "green" toward either "red" or "blue" — will appear as luminance changes from light to dark. Nevertheless, all vertebrates have at least this basic visual capability, which suggests that luminance variations are the dominant visual information available from the environment.  
Humans experience monochromatic vision at night, under scotopic or dark adapted vision when only a single type of photoreceptor (the rods) is active, and under monochromatic illumination such as the red light lamps used by astronomers. 
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dartnall's standard shape
expressed on a wavelength scale at a peak value of 505 nm
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a single cone visual system
response curve of human rods with maximum sensitivity at 505 nm
 
As only one receptor is involved, the key constraint has to do with the receptor sensitivity peak and breadth within the span of solar radiation. For purely technical reasons the peak solar radiation seems to shift in a range between roughly 500 nm to 900 nm, depending on whether the radiation is summed within wavelengths or frequencies and is measured as energy or photon counts, and the noon sunlight curve is rather flat throughout this range. So the solar peak is a poor criterion for comparison. Instead we can consider a "window" of atmospheric transparency or minimum light filtering as measured at the earth's surface, which provides a stable frame of reference.
 
	

	
	The major causes of light absorption or scattering in our atmosphere are air molecules (including the ozone layer), dust or smoke, and water vapor. As the diagrams at right show, there is an especially close correspondence between the human visual span and the wavelengths of minimum water absorptance, including liquid and water vapor. Human light sensitivity is located on the "uphill" side of this lowest point, away from UV radiation and toward the infrared side of the light window. All vertebrates have inherited visual pigments that evolved in fishes, which may explain why our pigments are tuned to these wavelengths.  
A second possible constraint is the range of chemical variation in photopigments, for example as expressed in all known visual pigments. The figure below shows the wavelengths of maximum sensitivity for all four human photopigments in relation to animal photopigments with the lowest and highest peak sensitivities — from 350 nm (in some birds and insects) to 630 nm (in some fish). This puts the outer boundaries of animal light sensitivity between 300 nm to 800 nm. Human vision is in the middle of the range that most other animals have found useful. 
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human visual pigments within span of known
animal visual pigments 
 
A third constraint has to do with the span of visual pigment sensitivity, because the sensitivity curves must overlap to create the "triangulation" of color. For Darntnall's standard shape at 50% absorptance, this implies a spacing (peak to peak) of roughly 100 nm: including the "tail" responses at either end, a three cone system could cover a wavelength span of about 400 nm. 
The fourth and last constraint is more subtle but equally important: avoiding useless or harmful radiation. 
• At wavelengths below 500 nm (near UV), electromagnetic energy becomes potent enough to destroy photopigment molecules and, within a decade or so, to yellow the eye's lens. Many birds and insects have receptors for UV (ultraviolet) wavelengths, but they have relatively short life spans and die before UV damage becomes significant. Large mammals, in contrast, live longer and accumulate a greater exposure to UV radiation, so their eyes must adapt to filter out or compensate for the damaging effects of UV light. In humans these adaptations include the continual regeneration of receptor cells, and the prereceptoral filtering by the lens and macular pigment. 
• At the other extreme, wavelengths above 800 nm are heat, which is less informative about daylight object attributes: it is dimmer than shorter wavelengths, is heavily absorbed by liquid water or water vapor, and lacks the nuanced spectral variations that can be interpreted as color. In mammals, the visual system's heat sensitivity would have to be shielded from the animal's own body heat at wavelengths longer than 1400 nm, and the very long photopigment molecules (or artificial dyes) necessary to absorb radiation in wavelengths between 800 nm to 1400 nm are known to oxidize or decompose readily. These complications make long wavelength energy more trouble than it is worth. 
On balance, then, it seems that animal vision is limited at the wavelength extremes as much as it is anchored by a radiance peak or an inherited range of photopigment possibilities.  
Dichromatic Vision How do animals utilize this limited span of light? Many mammals are equipped with a two cone photopic visual system: one cone shifted into the "yellow green" wavelengths, the other shifted toward the "blue" end of the spectrum, with substantial overlap between the two sensitivity curves in the "green" middle. These Y and B cones make up what John Mollon calls the old color system. They enable the eye to distinguish between light radiating in the long versus short wavelengths. 
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(from Segelstein, 1981)
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	Now variations in wavelength patterns can be distinguished from overall luminance, which means hue can be perceived separate from lightness. The efficient way to do this is to sum or combine the two cone responses to determine a brightness quantity, but to subtract or difference the cone outputs to define a hue contrast (right). The sum L+M in effect creates a "supercone" that has the same univariant response to hue as a single cone, but is twice as sensitive to light; the difference L-M cone creates a categorical contrast between a positive and negative output, each associated with an exclusive part of the spectrum. 
This is called an opponent coding of the two cone outputs. It is difficult to overstate the importance of contrast responses in color vision, beginning with the opponent dimensions important to hue sensation but including many other contrast mechanisms discussed in a later page.  
Primates have retained the backbone of this mammalian vision as the y/b opponent function and the warm/cool color contrast mediated by it. The "white" point of this function, where the Y and B outputs are perceptually equal, is around 495 nm ("cyan"). This is the most general chromatic contrast in color perception, and it appears to have a strong influence on the development and use of color terms in almost all languages. 
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a two cone visual system
the human y/b opponent (contrast) function with peak sensitivities at 445 and 560 nm, a white point at 495 nm and macular masking of "blue" response
 
What constrains the placement of two peak sensitivities? J. Lythgoe and J. Partridge demonstrated that a two cone visual system adapted to the green leaves, twigs and brown soil litter of forest habitats gets the greatest chromatic contrast when the peak sensitivities are located between 420 nm to 450 nm (B) and 510 nm to 580 nm (Y). These ranges include the peak sensitivities of the primate y/b opponent function shown above, and primates evolved in forest habitats.  
Metamerism & Colorblindness. There are two important limitations to a visual system based on two partly overlapping sensitivity curves. The first is that very different distributions of light wavelengths will be perceived as the same "white" or achromatic color. This is the problem of metamerism. Dissimilar spectral distributions that produce the same color perception are called metamers. A two cone system is especially susceptible to metameric confusions. 
Metamers occur whenever the two cones are stimulated in the same relative proportions. The most glaring examples include colors perceived as white, when the cone stimulations are 50:50. As the spectral reflectance curves below illustrate, this can occur in reflectance patterns that appear as dissimilar as gray, green or magenta in trichromatic vision. 
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metamers for white (or gray) in a two cone visual system
spectral reflectance curves for gray (top), magenta (middle) or green (bottom) would appear indistinguishable in a two cone visual system
 
Parallel problems occur whenever surface color differences produce similar proportional responses in the cones — for example, between greens and reds, or purples and blues — or when the illuminant (color of the illumination) changes color without changing proportional cone responses. These greatly expand the possible metameric confusions. 
These problems characterize human dichromatic vision or colorblindness in which typically either the L or M cones are absent. These folks see an unusually large number of material metamers in the everyday world, and large color differences often appear to them quite subtle. Dichromats are easily confused by yellows and browns, or by blue greens and purples, especially across surfaces of similar lightness. Yellow loses its characteristic lightness, and they commonly see an achromatic or "white" color in the spectrum located at the "cyan" balance point between 490 nm to 500 nm. 
The second problem is that perception of saturation or hue intensity cannot be easily disentangled from lightness. There are only two possible combinations of two cone outputs: adding them together to define brightness, or contrasting them to define hue. There is no third combination to define saturation. 
Despite that, some studies show that dichromats can see saturation differences, especially at the spectrum ends, but with only half the acuity of trichromats. For all other colors the visual system may use lightness contrasts as chroma information, by comparing the lightness of a surface to the lightness of the brightest surface. A mechanism called lightness induction does this in human trichromatic vision to represent neutral surface colors as dark (gray) rather than dimly lit (white), and in "deep red" to "yellow green" surface reflectances, where S cone response is effectively zero, to create unsaturated color zones in which colors can appear dark (brown) rather than dimly lit (orange). 
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separating luminance from hue responses in two cones
defined as the sum and difference of their outputs

	
	There is one problem that a two cone system can tackle effectively: chromatic adaptation to the shifts in daylight phases of natural light, from the slightly blue, cool light of noon to the ruddy, warm light of sunset. These changes in lighting significantly shift the apparent hue of surface colors: around sunset a white surface will appear yellow or orange. Monochromats cannot adjust to these changes and must grapple with changing lightness relations in surfaces. In dichromats the separate cone sensitivities can be adjusted to increase the B response to compensate for the reduced "blue" light, and decrease the Y response to compensate for the increased "red" light (right), restoring the white point to its accustomed location.  
Trichromatic Vision. Finally, all primates — monkeys, apes and humans — acquired a second set of contrasting receptor cells: the L and M cones, which evolved from a genetic alteration in the mammalian Y cone. 
There is only a small difference between the L and M cones in molecular structure and overlapping spectral absorbance curves, but it is enough to create what Mollon calls the new color system. This defines hue contrasts between middle wavelength ("green") light and long wavelength ("red") light. These cells are also linked in a contrast or opponent relationship that defines the r/g opponent function. 
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a second two cone visual system
the human r/g opponent (contrast) function with peak sensitivities at 530 and 610 nm, a white point at 575 nm and macular masking of "blue" response
 
The main benefit of trichromacy is that it creates a unique combination of cone responses for each spectral wavelength and unambiguous hue perception. This enhances object recognition when surfaces are similar in lightness or are randomly shadowed, as under foliage. It also substantially improves the ability to separate the color of light from the color of surfaces, because illuminant metamerism is also reduced; color constancy is greatly improved. 
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	A second important trichromatic benefit is that it reduces metameric colors to various flavors of gray around the white point and into dull blues and purples (diagram at right). As a result the number of physical metameric matches is radically reduced, as anyone who has tried to match household paint colors has found out. In fact, excluding trivial variations, there are no possible surface metamers under a constant "white" illuminant for any color at moderate to high saturation. This in effect makes color saturation a perceptual cue that hue is identical with surface reflectance. 
Near grays, besides generating a very large number of metameric surface colors, are also most susceptible to color change by subtractive mixture with the illuminant color — change the emission profile of the light, and the surface color changes as well. Metamers that appear identical under noon daylight often scatter into visually different colors under late afternoon light (or interior incandescent light) as the white point shifts from blue to yellow, and this chromaticity scatter is typically elongated in the red to green direction discriminated by the r/g contrast (diagram at right). This is a particular problem for automotive manufacturers, who must choose different plastic, fabric and paint materials to get a color match and identical color changes across different phases of natural light. 
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	What explains the location of the r/g opponent balance or "white" point at around 575 nm ("yellow")? This is the approximate spectral direction of both the chromaticity shifts in natural daylight and the approximate hue of the prereceptoral filters. As a result, changes in the angle of sunlight from morning to late afternoon, and the gradual darkening of the lens across age, produce no perceptible change the r/g contrast and hence no color change that cannot be handled by adaptation of the y/b balance. By the time sunlight acquires a golden or deep yellow appearance it has begun to shift off the y/b axis toward red: the r/g balance then registers a change and surface colors show the tint of the light. 
Another intriguing explanation for this "yellow" balance point appears in the reflectance curves of 1270 color samples from the Munsell Book of Color. The curves at right show 10 colors of identical saturation and value, equally spaced around the hue circle. All the curves seem to inflect in a small region centered on 575 nm; which means comparative information about the reflectance curves is minimal at that point. 
This r/g balance point is insensitive to chromaticity for the same reason that a lever is not imbalanced by weight placed over the fulcrum. Placing the "yellow" balance point at an area of minimal reflectance information makes color vision maximally sensitive to relative "green" and "red" changes in surface colors, and permits hue resolution into the "red" end of the spectrum, where the S cones provide no response, as the relative proportion of L and M response.  
Why Not 4 or More Cones? The final query is: why don't we have four or more cones? Why stop with only three?
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reflectance curves for standard Munsell hue samples at constant lightness and saturation
from Kuehni (2003)

	
	We can exclude the possibility that the obstacle is evolution of new photopigments. Molecular genetics has identified 10 variations in the human L and M photopigments, which create two clusters of similar peak responses around 530 nm and 555 nm (right). Males are also split roughly 50/50 by a single amino acid polymorphism (serine for alanine) that shifts the peak sensitivity in 5 of these variants, including the normal male L photopigment, by about 4 nm. Finally, it is genetically possible for about 50% of females to express a fourth "red" photopigment; and some individuals carry genes for only one type of L and M photopigment while others carry multiple (different) versions. These many combinations can significantly affect trichromatic responses or cause colorblindness. However it is still assumed that cones contain only one kind of photopigment or that cones with chemically similar photopigments output to common nerve pathways. Thus, cones and nerve pathways are the fundamental units of trichromatic vision, not the photopigments. 
There are twelve unique ways to sum or contrast three cone outputs to define hue: our vision uses six contrasts, plus a single luminance sum. This requires a unique nerve pathway for seven different signals; similar outputs in a four cone system would require at least 15 contrast and luminance pathways. 
There are roughly one million nerve tracts from the eye to the brain, and each tract carries information from roughly six cones and 100 rods. This suggests nerve pathways are a resource that must be conserved. A four channel chromatic system would, at minimum, double this load, grossly decreasing the granularity in the retinal information or requiring an increase in neural processing in the retina and bandwidth in the optic nerve. 
Evolution could arrive at a more complex visual system, but it would require modifying a visual cortex specialized to receive and interpret the three cone outputs; adding a fourth cone would mean reengineering the brain as well. These costs far outweigh any adaptive advantage that four cones could produce.  
Why 3 Badly Spaced Cones? Evolutionary considerations lead to a more basic question: is color really what our visual system is adapted to perceive? From a design perspective, the most interesting question is not why we have three rather than four cones, but why the three cone fundamentals are so unevenly spaced along the spectrum and unequally represented (63% L, 31% M and 6% S) in the retina. Our acuity to differences in color (hue and saturation) would substantially improve, and our visible spectrum would significantly expand, if the cone sensitivity curves were more evenly spaced and the retinal cone proportions were better balanced.
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multiple L and M photopigments identified in the human retina
curves from Backhaus, Kliegl & Werner (1998); peak wavelengths from Merbs & Nathans (1992); lines connect serine/alanine polymorphisms
 

	
	The answer appears in an important optical problem that arises when a large eye is made sensitive to a wide span of the spectrum: chromatic aberration. When light passes through a lens, "blue" wavelengths are refracted (bent) more strongly than "red" wavelengths, causing the "blue" image to focus at a point in front of the "red" image (diagram at right). This causes overlapping, fuzzy colored fringes in a focused image, especially around the edges of intricate light and dark patterns, such as branches and leaves seen against the sky (right). Chromatic aberration seriously degrades visual acuity, as does a related optical problem, spherical aberration, caused by a round shape in the cornea. 
Manufactured optical instruments solve this problem with a sandwich of lenses, the simplest consisting of a convex and concave doublet, one cancelling the chromatic aberration of the other. Animal lenses are always convex (bulging), and an achromatic doublet requires a rather long focal length (proportionally much longer than the diameter of an eye), so the doublet solution is not feasible in a large eye. However, "red" wavelengths require less optical bending to come into focus, which means "yellow" light demands less precise optics, especially when the aperture of the eye is small relative to its focal length.  
Evolution tackled this problem not with complex lenses but with several new adaptations, some of them unique, that substantially reduce the effects of "blue" and "violet" wavelengths in the fovea and the eye as a whole: 
• A cornea that is more spherical at its center than around its circumference, reducing spherical aberration at the edges. 
• A cornea, lens and eye diameter (focal length) that produce the most precise image in the "yellow" wavelengths, where optical demands are less extreme. 
• The prereceptoral filtering in the lens and macular pigment, and in the yellow tint of bleached photopigment, which combine to filter out more than half the "blue" and "violet" light below 470 nm. 
• A strong directional sensitivity to light incident on the fovea (the Stiles Crawford effect), created by the uniform alignment of photopigment in the outer segment discs; this causes the photopigment to react less strongly to light coming from the side, which is predominantly scattered "blue" wavelengths. 
• An overwhelming population (roughly 94%) of L and M receptors, and a close spacing between their sensitivity peaks, which limits the requirement for precise focusing to the "yellow green" wavelengths. 
• A sparse representation by S receptors in the eye (6% of total), which substantially reduces their contribution to spatial contrast, and the nearly complete elimination of S cones from the fovea, where sharp focus is critical. 
• Separation of luminosity (contrast) information and color information into separate neural channels, to minimize the impact of color on contrast quality. 
• Neural filtering of signals by the L and M cones within in the fovea that suppresses color information in detailed, contrasty textures. 
• Neural filtering higher in the visual system to eliminate chromatic aberration from conscious visual experience, and which can (after a period of adjustment) even eliminate blurring that is artificially induced by distorting prisms or eyeglasses. 
These many adaptations enable the fovea to be extremely effective at edge discrimination, even in strong contrasts of light and dark; they also enhance image clarity when the eyes are stereoscopically combined, greatly improving depth perception. 
Minimizing chromatic aberration has profound benefits for modern humans, as it makes possible the crisp pattern recognition we require to read text, or the acute depth perception necessary to aim weapons or catch a prey. But what about early primates? They were small bodied tree dwellers, who had to "read" the outlines of tree limbs intertwined in space and judge how far to leap to "catch" the branch of escape or the bough of dangling food. You can see this capability in the amazing fearlessness with which all primates scramble and leap across large distances between tree limbs high above the ground, where a single misjudgment can cause crippling injury or death. Those are stakes that evolution can latch onto. 
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	There is a minor downside to a strong selective pressure toward visual acuity and lack of selective pressure toward color discrimination: colorblindness. Because the genes for both the L and M photopigments are located next to each other on the X chromosome, the lack of duplicate opsin genes in XY males causes frequent variations in the L and M photopigments that make them chemically similar or identical — and can make the 25 nm separation between them disappear. The result is various forms of dichromacy that affect about 5% of the population, nearly all of them males. 
This "red green colorblindness" is caused either by missing L cones (protanopia, in 2% of males) or M cones (deuteranopia, in 6% of males). (Lack of S cones or tritanopia occurs in less than 0.01% of the population.) These conditions can be diagnosed using very simple perceptual tests, such as the Ishihara color disks. Remarkably, many men do not discover (are not told) that they are colorblind until their teenage years, which strongly suggests yet again that hue discrimination is inessential for daily living. (For more on color vision deficiencies, see this page.) 
Edge detection and depth perception based on patterns in light and dark has taken evolutionary priority over any problems involving hue discrimination, and it is on these visual stimuli that culture, social consensus and communication really depend. We find this imperative carried into our art and documents — etchings, woodcuts, monochrome wash and charcoal or pen drawings, printed text, fabric patterns and vegetable weaves — all art that appeals entirely to the eye's monochrome perception of pattern and line. Nor is this a matter of simple drawings from simple tools. Even with all our printing and reproduction technologies, text and engineering drawings still exclude varied colors to increase the legibility and interpretability of the document. 
As we say: "to see" means "to understand", and to understand means to see clearly, not colorfully. 

The most recommended general textbook on color vision is Foundations of Vision by Michael Wandell (Sinauer, 1995). But the shortest and most informative account is probably C.L. Hardin's Color for Philosophers: Unweaving the Rainbow (Hackett, 1988). I'm especially partial to the overview of experimental methods and evidence in Human Color Vision (2nd ed.) by Peter Kaiser and Robert Boynton (Optical Society of America, 1994). Peter Kaiser has a lucid web site on The Joys of Vision. Color Vision: Perspectives from Different Disciplines (de Grutyer, 1998), edited by Werner Backhaus, Reinhold Kliegl & John Werner contains a variety of interesting chapters, including a study of Monet's aging eyes. The old and new color subsystems are described in John Mollon's chapter "Seeing Color" in Color: Art and Science, edited by Trevor Lamb and Janine Bourriau (Cambridge University Press, 1995.) To remedy the misunderstanding that visual processes are well understood or uncontroversial, see for example James Fulton's web site on the Processes of Animal Vision. 
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