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How we see color



We have three types of cones (color receptors) in our 
eyes. 
They each have a different wavelength response 
function.  
Trichromacy - we only need three numbers to accurately 
reflect how our eyes respond to visible light.  

RGB in graphics is both a way of specifying
color and a way of viewing color. Graph-

ics algorithms manipulate RGB colors, and the images
produced by graphics algorithms are encoded as RGB
pixels and displayed on devices that render these pixels
by emitting RGB light. Colored images are also used to
specify color in graphics. These images may be captured
by cameras or scanners, interactively drawn using tools

such as Adobe PhotoShop, or algo-
rithmically generated. But, what do
all of these RGB values mean with
respect to color perception? How
does the RGB triple captured by a
digital camera relate to the RGB pix-
els displayed on a monitor? How
does the RGB triple selected with an
interactive color tool relate to the
RGB triple used to color an object in
a 3D rendering?

Most computer graphics texts and
tutorials provide a description of
human color vision and measure-
ment as defined by the CIE tristim-

ulus values, XYZ. Often missing, however, is an in-depth
discussion of the relationship between the different
applications of RGB and XYZ, and any discussion of color
models beyond trichromacy. The goal of this tutorial is
to provide a complete, concise analysis of RGB color
specification and its relationship to perceptual and phys-
ical specifications of color, and to introduce some mod-
els for color perception beyond tristimulus theory. 

Representing color as three numbers
That color can be represented by three numbers—

whether RGB or XYZ—is a direct result of the physiolo-
gy of human vision. Electromagnetic radiation whose
wavelength is in the visible range (370 to 730 nanome-
ters) is converted by photopigments in the retinal cones
into three signals, which correspond to the response of
the three types of cones. This response is a function of
wavelength and is described by the spectral sensitivity
curves for the cones, as Figure 1 shows. 

Colored light can be represented as a spectral distrib-
ution, which plots power as a function of wavelength.
(Other fields, such as signal processing, plot spectra as a
function of frequency, which is the inverse of wave-
length.) The cones convert this to three cone response
values (L, M, S)—that is, the cone sensitivities in the long,
medium, and short wavelength regions—defined by inte-
grating the product of the spectral sensitivity curves and
the incoming spectrum. Figure 2 shows this process.

Two important principles follow from this process:

■ Trichromacy: all spectra can be reduced to precisely
three values without loss of information with respect
to the visual system. 

■ Metamerism: any spectra that create the same trichro-
matic response are indistinguishable. 

This means that two different spectra will look the same
if they stimulate the same cone response. Figure 3 shows
two metameric spectra.

It’s important at this point to distinguish between the
perception of color and the creation of color. In practice,
both can be described by three values, but the discus-
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Since color is inherently three dimensional, 
we can match any color with three different 
colored lights, primaries. 

sion up to this point has only covered perception. To use
a digital color analogy, converting spectra to three cone
response values corresponds to using a camera to cre-
ate image pixels. We have not yet discussed how to dis-
play these pixels in a way that recreates the original
sensation of color. The bridge to creation is provided by
the color-matching experiments that underlie the CIE
standards for measuring and specifying color.

Color-matching experiments
Let’s construct a color-matching experiment as fol-

lows. Choose three primary lights different from each
other (such as red, green, and blue), which can vary in
intensity. Then, take a set of reference colors such as the
monochromatic colors of the spectrum, or colors gen-
erated by filtering a white light. An observer combines
and adjusts the primary colors to create a result that
matches the reference color. Figure 4 shows this
schematically. 

Once the match is made, a color can be defined by
describing the amount of each primary needed to match
it. These are called the tristimulus values for the color
and must be defined with respect to a specific set of pri-
mary lights and a specific observer. Anyone with the
same set of primary lights can recreate the color from
the tristimulus values, and it’s guaranteed to appear the
same to the specified observer. 

The analogy to color display systems—where RGB
values are used to create colors—should be clear. Color
is created by mixing the light emitted by the red, green,
and blue primaries (for example, the phosphors of a
CRT). RGB pixel values define the mixture, and hence
uniquely define the color. Given an identical display—
one whose phosphors produce the same spectra—the
same RGB value will produce the same color.

Tristimulus values would be of limited use if they only
applied to specific colors matched by a specific observ-
er. To create a more general result, we need to apply the
tristimulus values to a broader range of colors and
observers.

Color-matching experiments in the 1920s and 1930s
established that a large percentage of test subjects cre-
ated color matches that were similar enough to estab-
lish a model of a statistically derived standard observer.1

This doesn’t mean that there aren’t measurable differ-
ences, but that the deviation is small enough that the

standard is useful. Therefore, any color matching per-
formed by someone whose perception is normal can be
usefully applied by all other normal observers.

Expanding the tristimulus definition beyond specifi-
cally matched colors follows from the additive nature of
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2 Multiplying a spectrum times the cone response curves and integrating the result creates the basic color signal
to the brain. The height of the bars reflects the strength of the three signals. (Reprinted by permission from A K
Peters Ltd.)
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3 Two different spectra that create the same color,
illustrating the property of metamerism. The resulting
color is approximately that of the purple bar in the
upper corner. (Reprinted by permission from A K Peters
Ltd.)
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4 Color-matching experiment. An observer adjusts three primary lights to
match each sample color. (Reprinted by permission from A K Peters Ltd.)



How computers describe  
color



Since color is inherently three dimensional, we can 
match any color with three different coloured lights, 
primaries. 
This is how monitors work, 

http://en.wikipedia.org/wiki/RGB_color_space

(R, G, B) - Scales differ, some use [0, 1], some [0, 255], 
some [0, 255] in hexadecimal

+  a definition of what color  
R, G and B are



Colors in R
Colors for graphics devices are specified as hexadecimal sRGB 
color strings: "#E41A1C" 
my_red <- "#E41A1C" 

ggplot(diamonds) +  

 geom_point(aes(carat, price), color = my_red) 

!

There are also a set of named colors: 
colors() 

ggplot(diamonds) +  

 geom_point(aes(carat, price), color = colors()[18]) 



How we perceive color



Other colorspaces

There are lot’s of colorspaces (coordinate 
systems for describing color). 
CIE XYZ - is the standard but not very intuitive 
For graphics we want a colorspace that is: 
	 - based on perceptual dimensions 
	 - perceptually uniform (colors equidistant in 
the color space are perceptually equidistant)



Perception of color
We most naturally think about color in terms 
of three parameters. 
• Hue – the property of color corresponding 
to wavelength (think colors of the rainbow) 
• Chroma – is the color pure or dull 
• Luminance/Lightness – think a scale from 
white to black 
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Match variable type to color scale
Continuous/ordered: 
	 - vary chroma, luminance or both (ggplot2 default) 
	 - sequential or diverging? 
	 - hue as redundant coding  

Discrete: 
	 - equal impact, vary hue, hold chroma and luminance 
constant (ggplot default) 
!

Experiment! What’s the purpose? Is the purpose well 
served?

See also: http://colorbrewer2.org/

http://colorbrewer2.org/


Other guidelines

Use saturated color when color coding small 
symbols, less saturated for larger areas. 
Use luminance difference with background 
(and borders). 
Avoid value and red together. 
Beware colorblindness!  
http://colororacle.org/

http://colororacle.org/


scale_colour_xxx & scale_fill_xxx
ggplot2

continuous
gradient Sequential (2) color gradient
gradient2 Diverging (3) color gradient
gradientn n color gradient
distiller Gradient through brewer palette
grey Grey gradient

discrete
brewer Brewer palette
hue Hues with constant chroma and luminance
manual Specify hex/named colors



http://www.nytimes.com/interactive/2014/06/12/world/middleeast/the-iraq-isis-conflict-in-
maps-photos-and-video.html#baghdad-sect-map



http://www.nytimes.com/interactive/2014/03/17/world/asia/search-for-flight-370.html



http://www.nytimes.com/2014/05/07/science/earth/climate-change-report.html?hpw&rref=us



http://www.nytimes.com/interactive/2014/04/24/upshot/facebook-baseball-map.html

http://www.nytimes.com/interactive/2014/04/24/upshot/facebook-baseball-map.html

