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Basics Of ColorBasics Of Color
Elements of color:Elements of color:
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Basics of ColorBasics of Color
PhysicsPhysics

•• IlluminationIllumination
–– Electromagnetic spectraElectromagnetic spectra

•• ReflectionReflection
–– Material propertiesMaterial properties
–– Surface geometry andSurface geometry and microgeometry microgeometry (i.e., polished (i.e., polished

versus matte versus brushed)versus matte versus brushed)

PerceptionPerception
•• Physiology and neurophysiologyPhysiology and neurophysiology
•• Perceptual psychologyPerceptual psychology
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Electromagnetic SpectrumElectromagnetic Spectrum
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Light SourcesLight Sources
Common light sources differ in the kind ofCommon light sources differ in the kind of

spectrum they emit:spectrum they emit:
•• Continuous spectrumContinuous spectrum

–– Energy is emitted at all wavelengthsEnergy is emitted at all wavelengths
 Blackbody radiationBlackbody radiation
 Tungsten light bulbsTungsten light bulbs
 Certain fluorescent lightsCertain fluorescent lights
 SunlightSunlight
 Electrical arcsElectrical arcs

•• Line spectrumLine spectrum
–– Energy is emitted at certain discrete frequenciesEnergy is emitted at certain discrete frequencies

© © Wolfgang Wolfgang HeidrichHeidrich

Blackbody RadiationBlackbody Radiation
Black bodyBlack body
•• Dark material, so that reflection can be neglectedDark material, so that reflection can be neglected
•• Spectrum of emitted light changes with temperatureSpectrum of emitted light changes with temperature

–– This is the origin of the term This is the origin of the term ““color temperaturecolor temperature””
 E.g. when setting a white point for yourE.g. when setting a white point for your

monitormonitor
–– Cold: mostly infraredCold: mostly infrared
–– Hot: Hot: redishredish
–– Very hot: bluishVery hot: bluish

•• Demo:Demo:

http://www.mhhe.com/physsci/astronomy/applets/Blackbody/frame.html
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White LightWhite Light
•• Sun or light bulbs emit all frequencies within theSun or light bulbs emit all frequencies within the

visible range to produce what we perceive as thevisible range to produce what we perceive as the
"white light"white light””

•• But the exact tone depends on the emittedBut the exact tone depends on the emitted
spectrumspectrum
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Sunlight SpectrumSunlight Spectrum
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ContinuousContinuous
SpectrumSpectrum
Example:Example:
•• SunlightSunlight
•• Various Various ““daylightdaylight””

lampslamps
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Line SpectrumLine Spectrum
Examples:Examples:
•• IonizedIonized

gasesgases
•• LasersLasers
•• SomeSome

fluorescentfluorescent
lampslamps
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White Light and ColorWhite Light and Color
•• When white light is incident upon an object, someWhen white light is incident upon an object, some

frequencies are reflected and some are absorbedfrequencies are reflected and some are absorbed
by the objectby the object

–– But generally, the wavelength of reflectedBut generally, the wavelength of reflected
photons remains the samephotons remains the same

–– Exceptions: Exceptions: fluorescensefluorescense, , phosphorescensephosphorescense……
•• Combination of frequencies present in the reflectedCombination of frequencies present in the reflected

light that determines what we perceive as the colorlight that determines what we perceive as the color
of the objectof the object
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Physiology of VisionPhysiology of Vision
The retinaThe retina
•• RodsRods

–– B/w, edgesB/w, edges
•• CoConesnes

–– CoColor!lor!
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Physiology of VisionPhysiology of Vision
 Center of retina is densely packed region Center of retina is densely packed region

called the called the foveafovea..
•• Cones much denser here than the Cones much denser here than the peripheryperiphery
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HueHue
Hue (or simply, "color") is dominant wavelength/frequencyHue (or simply, "color") is dominant wavelength/frequency

•• Integration of energy for all visible wavelengths is proportional toIntegration of energy for all visible wavelengths is proportional to
intensity of colorintensity of color
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Saturation or Purity of LightSaturation or Purity of Light
How washed out or how pure the color of theHow washed out or how pure the color of the

light appearslight appears
•• Contribution of dominant light Contribution of dominant light vsvs. other frequencies. other frequencies

producing white lightproducing white light
•• Saturation: how far is color from greySaturation: how far is color from grey

–– Pink is less saturated than red, sky blue is lessPink is less saturated than red, sky blue is less
saturated than royal bluesaturated than royal blue
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Intensity Intensity vsvs. Brightness. Brightness

Intensity : physical termIntensity : physical term
•• MeasuredMeasured radiant energy emitted per unit of time, radiant energy emitted per unit of time,

per unit solid angle, and per unit projected area ofper unit solid angle, and per unit projected area of
the source (related to the luminance of the source)the source (related to the luminance of the source)

Lightness/brightness: Lightness/brightness: perceivedperceived intensity of intensity of
lightlight

•• NonlinearNonlinear
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Perceptual Perceptual vsvs. Colorimetric Terms. Colorimetric Terms
PerceptualPerceptual

•• HueHue

•• SaturationSaturation

•• LightnessLightness
–– Reflecting objectsReflecting objects

•• BrightnessBrightness
–– Light sourcesLight sources

ColorimetricColorimetric

•• Dominant wavelengthDominant wavelength

•• Excitation purityExcitation purity

•• LuminanceLuminance

•• LuminanceLuminance
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Color/Lightness ConstancyColor/Lightness Constancy
Color perception also depends onColor perception also depends on

surroundingsurrounding
•• Colors in close proximityColors in close proximity

•• Illumination under which the scene is viewedIllumination under which the scene is viewed
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Adaptation, Surrounding ColorAdaptation, Surrounding Color
Color perception is also affected byColor perception is also affected by
•• Adaptation (move from sunlight to dark room)Adaptation (move from sunlight to dark room)
•• Surrounding color/intensity:Surrounding color/intensity:

–– Simultaneous contrast effectSimultaneous contrast effect
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Color/Lightness ConstancyColor/Lightness Constancy

© © Wolfgang Wolfgang HeidrichHeidrich

Color/Lightness ConstancyColor/Lightness Constancy
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Color/Lightness ConstancyColor/Lightness Constancy
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Color/Lightness ConstancyColor/Lightness Constancy
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Color/Lightness ConstancyColor/Lightness Constancy
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Color/Lightness ConstancyColor/Lightness Constancy
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ColorColor
ConstancyConstancy

•• Automatic Automatic ““whitewhite
balancebalance”” from change in from change in
illuminationillumination

•• Vast amount ofVast amount of
processing behind theprocessing behind the
scenes!scenes!

•• Colorimetry vsColorimetry vs..
perceptionperception
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Tristimulus Tristimulus Theory ofTheory of
Color VisionColor Vision
•• Although light sources can have extremely complexAlthough light sources can have extremely complex

spectra, it was empirically determined that colorsspectra, it was empirically determined that colors
could be described by only 3 could be described by only 3 primariesprimaries

•• Colors that look the same but have different spectraColors that look the same but have different spectra
are called are called metamersmetamers

•• Metamer Metamer demo:demo:
http://www.http://www.cscs.brown..brown.eduedu//exploratoriesexploratories//freeSoftwarefreeSoftware/catalogs/color_theory.html/catalogs/color_theory.html
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Color Matching ExperimentsColor Matching Experiments

Idea: perceptually based measurementIdea: perceptually based measurement
•• shine given wavelength (shine given wavelength (λλ) on a screen) on a screen
•• User must control three pure lights producing three otherUser must control three pure lights producing three other

wavelengths (say R=700 nm, G=546 nm, and B=438 nm)wavelengths (say R=700 nm, G=546 nm, and B=438 nm)
•• Adjust intensity of RGB until colors are identicalAdjust intensity of RGB until colors are identical

PerformedPerformed
in the 1930sin the 1930s
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Color Matching ExperimentColor Matching Experiment
ResultsResults
•• It was found that any color S(It was found that any color S(λλ) could be matched) could be matched

with three suitable primaries A(with three suitable primaries A(λλ), B(), B(λλ), and C(), and C(λλ))
–– Used monochromatic light at 438, 546, and 700Used monochromatic light at 438, 546, and 700

nanometersnanometers
••  Also found the space is linear, I.e. if Also found the space is linear, I.e. if

thenthen

andand
! 

R(") # S(")

! 

R(") + M(") # S(") + M(")

! 

k " R(#) $ k " S(#)
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Negative LobesNegative Lobes
Actually:Actually:
•• Exact target matchExact target match

possible sometimespossible sometimes
requires requires ““negative lightnegative light””

•• Some red has to be added to target color to permitSome red has to be added to target color to permit
exact match using exact match using ““knobsknobs”” on RGB intensity output on RGB intensity output

•• Equivalent mathematically to removing red from RGBEquivalent mathematically to removing red from RGB
outputoutput

© © Wolfgang Wolfgang HeidrichHeidrich

NotationNotation
DonDon’’t confuse:t confuse:
•• Primaries: the spectra of the three different lightPrimaries: the spectra of the three different light

sources: sources: RR, , GG, , BB
–– For the matching experiments, these wereFor the matching experiments, these were

monochromaticmonochromatic (I.e. single wavelength) light! (I.e. single wavelength) light!
–– Primaries for displays usually have a widerPrimaries for displays usually have a wider

spectrumspectrum
•• Coefficients Coefficients R, G, BR, G, B

–– Specify how much of Specify how much of RR, , GG, , BB  is in a given coloris in a given color
•• Color matching functions: r(Color matching functions: r(λλ)), g (, g (λλ)), b (, b (λλ))

–– Specify how much of Specify how much of RR, , GG, , BB is needed to is needed to
produce a color that is a produce a color that is a metamer metamer for purefor pure
monochromatic light of wavelength monochromatic light of wavelength λλ © © Wolfgang Wolfgang HeidrichHeidrich

Negative LobesNegative Lobes
So:So:
•• CanCan’’t generate t generate allall other wavelengths with  other wavelengths with anyany set of  three  set of  three positivepositive

monochromatic lights!monochromatic lights!
Solution:Solution:
•• Convert to new synthetic Convert to new synthetic ““primariesprimaries”” to make the color matching to make the color matching

easyeasy

Note:Note:
•• R, G, B R, G, B are the same monochromatic primaries as beforeare the same monochromatic primaries as before
•• The corresponding matching functions x(The corresponding matching functions x(λλ), y(), y(λλ), z(), z(λλ))  are noware now

positive everywherepositive everywhere
•• But the primaries contain But the primaries contain ““negativenegative”” light contributions, and are light contributions, and are

therefore not physically realizabletherefore not physically realizable
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Matching Functions -Matching Functions -
CIE Color SpaceCIE Color Space
•• CIE defined three CIE defined three ““imaginaryimaginary”” lights X, Y, and Z, lights X, Y, and Z,

any wavelength any wavelength λλ can be matched perceptually can be matched perceptually
by positive combinationsby positive combinations
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Matching Functions -Matching Functions -
Measured Measured vsvs. CIE Color Spaces. CIE Color Spaces

Measured basisMeasured basis
•• Monochromatic lightsMonochromatic lights

•• Physical observationsPhysical observations

•• Negative lobesNegative lobes

Transformed basisTransformed basis
•• ““imaginaryimaginary”” lights lights

•• All positive, unit area matchingAll positive, unit area matching
functionsfunctions

•• Y is luminance, no hueY is luminance, no hue

•• X,Z no luminanceX,Z no luminance
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NotationNotation
DonDon’’t confuse:t confuse:
•• Synthetic primaries Synthetic primaries XX, , YY, , ZZ

–– Contain negative frequenciesContain negative frequencies
–– Do not correspond to visible colorsDo not correspond to visible colors

•• Color matching functions x(Color matching functions x(λλ), y(), y(λλ), z(), z(λλ))
–– Are non-negative everywhereAre non-negative everywhere

•• Coefficients Coefficients X, Y, ZX, Y, Z
•• Normalized Normalized chromaticity valueschromaticity values

! 

x =
X

X +Y + Z
,y =

Y

X +Y + Z
,z =

Z

X +Y + Z
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CIE Gamut and CIE Gamut and λλ Chromaticity Chromaticity
DiagramDiagram
3D gamut3D gamut

Chromaticity diagramChromaticity diagram
•• Hue only, no intensityHue only, no intensity
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Facts about the CIEFacts about the CIE
““HorseshoeHorseshoe”” Diagram Diagram
•• All visible colors lie inside the horseshoeAll visible colors lie inside the horseshoe

–– Result from color matching experimentsResult from color matching experiments
•• Spectral (monochromatic) colors lie around theSpectral (monochromatic) colors lie around the

borderborder
–– The straight line between blue and red containsThe straight line between blue and red contains

the purple tonesthe purple tones
•• Colors combine linearly (I.e. along lines), since theColors combine linearly (I.e. along lines), since the

xyxy-plane is a plane from a linear space-plane is a plane from a linear space
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Facts about the CIEFacts about the CIE
““HorseshoeHorseshoe”” Diagram (cont.) Diagram (cont.)
A point C can be chosen as a white pointA point C can be chosen as a white point

corresponding to an illuminantcorresponding to an illuminant
•• Usually this point is of the curve swept out by theUsually this point is of the curve swept out by the

black body radiation spectra for differentblack body radiation spectra for different
temperaturestemperatures

•• Relative to C, two colors are called complementaryRelative to C, two colors are called complementary
if they are located along a line segment through C,if they are located along a line segment through C,
but on opposite sides (I.e C is an affine combinationbut on opposite sides (I.e C is an affine combination
of the two colors)of the two colors)

•• The dominant wavelength of the color is found byThe dominant wavelength of the color is found by
extending the line from C through the color to theextending the line from C through the color to the
edge of the diagramedge of the diagram

•• Some colors (I.e. purples) do not have a dominantSome colors (I.e. purples) do not have a dominant
wavelength, but their complementary color doeswavelength, but their complementary color does © © Wolfgang Wolfgang HeidrichHeidrich

CIECIE
DiagramDiagram
•• BlackbodyBlackbody

curvecurve
•• Illumination:Illumination:

–– CandleCandle
2000K2000K

–– Light bulbLight bulb
3000K (A)3000K (A)

–– Sunset/Sunset/
sunrisesunrise
3200K3200K

–– Day lightDay light
6500K (D)6500K (D)

–– OvercastOvercast
day 7000Kday 7000K

–– LightningLightning
>20,000K>20,000K
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Color Interpolation,Color Interpolation,
Dominant & Opponent WavelengthDominant & Opponent Wavelength

Complementary wavelengthComplementary wavelength
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RGB Color Space (Color Cube)RGB Color Space (Color Cube)

Define colors with (r, g, b) amountsDefine colors with (r, g, b) amounts
of red, green, and blueof red, green, and blue
•• Used by OpenGLUsed by OpenGL

•• Hardware-centricHardware-centric

•• Describes the colors that can beDescribes the colors that can be
generated with specific RGB lightgenerated with specific RGB light
sourcessources

RGB color cube sits within CIERGB color cube sits within CIE
color spacecolor space
•• Subset of perceivable colorsSubset of perceivable colors

•• Scaled, rotated, sheared cubeScaled, rotated, sheared cube
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Device Color Device Color GamutsGamuts
Use CIE chromaticity diagram to compare theUse CIE chromaticity diagram to compare the

gamuts gamuts of various devicesof various devices
•• X, Y, and Z are hypothetical light sources, not used inX, Y, and Z are hypothetical light sources, not used in

practice as device primariespractice as device primaries
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Gamut MappingGamut Mapping
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Additive Additive vsvs. Subtractive Colors. Subtractive Colors
Additive: lightAdditive: light
•• Monitors, Monitors, LCDsLCDs
•• RGB modelRGB model

Subtractive: pigmentSubtractive: pigment
•• PrintersPrinters
•• CMY(K) modelCMY(K) model
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HSV Color SpaceHSV Color Space
More intuitive color space for peopleMore intuitive color space for people

•• H = HueH = Hue

•• S = SaturationS = Saturation

•• V = ValueV = Value

–– Or brightness BOr brightness B

–– Or intensity IOr intensity I

–– Or lightness LOr lightness L

Value
Saturation

Hue
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MonitorsMonitors
Monitors have nonlinear response to inputMonitors have nonlinear response to input
•• Characterize by Characterize by gammagamma

–– displayedIntensity displayedIntensity = = aaγγ  ((maxIntensitymaxIntensity))
Gamma correctionGamma correction
•• displayedIntensity displayedIntensity =             (=             (maxIntensitymaxIntensity))

                             = a (                             = a (maxIntensitymaxIntensity))

Gamma for CRTs:Gamma for CRTs:
•• Around 2.4Around 2.4
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