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Lecture 14:

Color
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Let’s choose a color…

Choosing the color Cyan in three different color pickers…



Stanford CS248A, Winter 2026Cannon Beach, OregonMission Peak, Bay Area

Color in the world is amazing!
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Image credit:  Jabin Botsford/The Washington Post/Getty Images (taken from CNN.com)
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Vietnam

A Good Dinner (Redwood City)
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Why do we need to be 
able to talk precisely 
about color?

Kayvon’s walls circa 2022
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Why do we need to be 
able to talk precisely 
about color?

Kayvon’s wall last night
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But… how we receive color can be surprising
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Watercolor illusion

Pinna & Tanca, JOV, 2008
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Watercolor illusion

Pinna & Tanca, JOV, 2008
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Watercolor illusion

Pinna & Tanca, JOV, 2008
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Which “X” is darker?



Stanford CS248A, Winter 2026

Which “X” is darker?
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How we receive color can be surprising
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How we receive color can be surprising is relative
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Stanford CS248A, Winter 2026

How we receive color can be surprising is relative
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How we receive color can be surprising is relative
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How we receive color can be surprising is relative
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What is color?
Color is a phenomenon of human perception; it is not a universal property of light  

Colors are the perceptual sensations that arise from seeing light of different spectral 
power distributions 

As you will learn, different wavelengths of light are not “colors”
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The physical basis of color 

(Review: what is light?)
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Electromagnetic radiation

Image credit: Licensed under CC BY-SA 3.0 via Commons  
https://commons.wikimedia.org/wiki/File:EM_spectrum.svg#/media/File:EM_spectrum.svg

Light is electromagnetic radiation (oscillating electromagnetic field) 
Perceived color is related to frequency of oscillation

Most light is not 
visible to human eye!
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Spectral power distribution (SPD)
The amount of light present at each wavelength 
Units:  

- Radiometric units / nanometer (e.g. watts / nm) 
- Can also be unit-less (see below) 

Note: SPD is often visualized in “relative units” scaled to maximum power wavelength 
when absolute units are not important (the diagrams in this lecture do this)
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Spectral power distribution of common light sources
Describes distribution of power (energy/time) by wavelength

Figure credit:



Stanford CS248A, Winter 2026

Daylight spectral power distributions vary

Blue sky Solar disk

[Brian W
andell]
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Measuring the spectral power distribution



Stanford CS248A, Winter 2026

Monochromator

Hegyi et al. "Introduction to Practical Biochemistry" 
http://elte.prompt.hu/sites/default/files/tananyagok/IntroductionToPracticalBiochemistry/ch04s07.html

A monochromator delivers light of a single wavelength from a light source with broad spectrum. 
Control which wavelength by angle of prism.
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Superposition (linearity) of spectral power distributions

Figure credit: Brian Wandell
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Absorption spectrum
Emission spectrum is intensity as a function of frequency 
Absorption spectrum is fraction absorbed as function of frequency

Q: What does an object with this absorption spectrum look like?
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Interaction of emission and reflection
Consider what happens when light gets reflected from a surface 
- ν — frequency of light (Greek “nu”) 
- Light source has emission spectrum f(ν) 
- Surface has reflection spectrum g(ν) 
- Resulting intensity is the product f(ν)g(ν)
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Measuring Light
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A simple model of a light detector
Produces a single value (a number) when photons land on it 
- Value depends only on number of photons detected 
- Each photon has a probability of being detected that depends on the wavelength 
- No way to distinguish between signals caused by light of different wavelengths: there is just a number 

This model holds for many detectors: 
- based on semiconductors (e.g., digital cameras) 
- based on visual photopigments (e.g., human eyes)
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Simple model of a light detector

Figure credit:  Steve Marschner
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Z
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Dimensionality reduction from ∞ to 1
At the detector: 
- SPD is a function of wavelength  (∞ - dimensional signal) 
- Detector output is a scalar value  (1 - dimensional signal) 



Tristimulus Theory of Color



Searching for a Linear Systems Basis for Colors: 
The Color Matching Experiment
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Maxwell's Crucial Color Matching Experiment

http://designblog.rietveldacademie.nl/?p=68422
Portrait: http://rsta.royalsocietypublishing.org/content/366/1871/1685
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Color Matching Experiment

Same idea as spinning top, fancier implementation (Maxwell did this too) 
Show test light spectrum on left 
Mix “primaries” on right until they match 
The primaries need not be RGB

Subject

Surround 
fieldTest light

Primary 
lights

Bipartite 
white 
screen

Surround field

Test light

Primary 
lights
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Example Experiment

Primary 
lightsTest light

Slide credit: Kotani, Durand, Freeman, Ng
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Example Experiment

p1     p2      p3  

Primary 
lightsTest light

p1 p2 p3

Slide credit: Kotani, Durand, Freeman, Ng
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Example Experiment

p1     p2      p3  

p1 p2 p3

Primary 
lightsTest light

Slide credit: Kotani, Durand, Freeman, Ng
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Example Experiment

p1     p2      p3  

The primary color 
amounts needed 
for a match 

Primary 
lightsTest light

p1 p2 p3

Primary color amounts 
needed for a match 

Slide credit: Kotani, Durand, Freeman, Ng
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Experiment 2: Out of Gamut

Primary 
lightsTest light

Slide credit: Kotani, Durand, Freeman, Ng
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Experiment 2: Out of Gamut

p1     p2      p3  

Primary 
lights

p1 p2 p3

Test light

Slide credit: Kotani, Durand, Freeman, Ng
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Experiment 2: Out of Gamut

p1     p2      p3  

Primary 
lights

p1 p2 p3

Test light

Slide credit: Kotani, Durand, Freeman, Ng
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Experiment 2: Out of Gamut

p1     p2      p3  p1     p2      p3  

We say a 
“negative” 
amount of p2 
was needed to 
make the match, 
because we 
added it to the 
test color’s side. 

The primary color 
amounts needed 
for a match: 

p1     p2      p3  
p1 p2 p3

Primary color amounts 
needed for a match 

p1 p2 p3p1 p2 p3

We say a “negative”  
amount of  was needed 
to make the match,  
because we added it to  
the test color’s side.

p2

Primary 
lightsTest light

+ Primary light

Slide credit: Kotani, Durand, Freeman, Ng
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The color matching experiment is linear

If matches

and matches

matchesthen

Brian W
andell
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What is the Dimensionality of Human Color Perception?
And how do we know?  

What is the definition of “dimension” here? 
- We can appeal to linear systems theory, where “dimension” equals the rank of a basis 

for the linear space.  

In the color matching experiment, empirically one finds: 
- For subjects with “normal” color vision, three primary colors are necessary and 

sufficient to match any test color. Four primaries work but are unnecessary; two are 
insufficient. 

- For red-green color-blind subjects, only two primary colors are necessary and sufficient 
to match any test color.
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CIE RGB Color Matching Experiment
Same setup as additive color matching before, but primaries are monochromatic light (single 
wavelength) of the following wavelengths defined by CIE RGB standard 

The test light is also a monochromatic light
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CIE RGB Color Matching Functions 

r̄(λ)

ḡ(λ)

b̄(λ)

Graph plots how much of each CIE RGB primary light must be combined to match a 
monochromatic light of wavelength given on x-axis

Careful: these are not response curves or primary spectra!
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Biological basis of color
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The eye

Image credit: Georgia Retina (http://www.garetina.com/about-the-eye)
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The eye’s photoreceptor cells: rods and cones

Rod cells Cone cells

Figure credit: http://ebooks.bfwpub.com/life.php Figure 45.18

▪ Rods are primary receptors under dark viewing 
conditions (scotopic conditions) 
-Approx. 120 million rods in human eye 
-Sense light intensity (shades of gray, not color) 

▪ Cones are primary receptors under high-light viewing 
conditions (photopic conditions, e.g., daylight) 
-Approx. 6-7 million cones in the human eye 
-There are three types of cones 
-Each of the three types of cone feature a different 

“spectral response”. This will be critical to color 
vision (more on this soon…)
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Photoreceptor Size and Distribution Vary Across Retina

Rodieck, p. 42

- No rods in fovea 
- Cones increase in 

size and spacing 
with eccentricity 
 

Cone

Cone

Cone

Rod

Rod
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Human retinal cone cell response functions (L, M, S types)
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Three types of cone cells: S, M, and L 
(corresponding to peak response at short, medium, and long wavelengths)
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Human retinal cone cell normalized response functions (L, M, S types)
Three types of cone cells: S, M, and L 
(corresponding to peak response at short, medium, and long wavelengths)
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On the Retina, Three Types of Cone Cells

Credit: http://depts.washington.edu/sabaolab/

Three types of cone cells: S, M, and L (corresponding to peak response at short, medium, 
and long wavelengths)

Research Article Vol. 11, No. 9 / 1 September 2020 / Biomedical Optics Express 5291

energy, tested in the range between 14.3⇥ 106 to 62.4⇥ 106 photons/µm2 for the late expansion
and 0.9⇥ 106 to 5.4⇥ 106 photons/µm2 for the early reduction.

The scaling of the ORG response – both the reduction and increase in OPL – with stimulus
energy has been demonstrated before using point-scan spectral domain and swept-source OCT.
The late response has been attributed to be the influx of water to maintain osmotic balance during
the phototransduction cascade [15]. Based on the latency and the magnitude of the stimulus
strength that characterize the rapid shrinkage, we earlier concluded that the reduction in OPL is
the optical manifestation of the early receptor potential observed previously in vitro, attributed
to charge movement across the outer segment disc membranes during photoisomerization
[47,58–60].

3.4. Optoretinography with AO

Similar experiments as Fig. 8 were repeated with the increased resolution o�ered by AO that
allowed discerning the ORG in individual cones, in response to the 660 nm stimulus. Figure
9(a) shows a cone photoreceptor image at 4.75 deg eccentricity obtained with AO-OCT. The
mean± standard deviation of the ORG in individual cones (n= 450 cones) is plotted in Fig. 9(c).
The ORG maximum amplitude and time course is variable across cones. The histogram of the
response amplitude averaged between 0.5 to 1.2 seconds was subjected to Gaussian mixture
model clustering analysis (Fig. 9(d)). Three clusters emerged from this analysis, where each cone

Fig. 9. Single cone optoretinograms (ORGs) with 660 nm stimulus acquired with AO. (a)
Cone photoreceptor image at 4.75 deg temporal eccentricity obtained at the COST layer
from a set of registered AO-OCT volumes. (b) Long-, Middle- and Short- (LMS) cones
marked as ‘red’, ‘green’ and ‘blue’, classified based on Gaussian mixture model clustering
of the ORG magnitude shown in (d). (c) The mean and standard deviation of the ORG in
individual L-, M- and S-cones. Solid lines and error bars denote the mean and± 1 std across
the population of cones. (d) A histogram showing the distribution of ORG magnitude. The
black dashed line denotes the sum of three Gaussians obtained from the clustering analysis.
The individual component Gaussians are shaded red, green, blue, denoting the LMS-cones
respectively. Volume rate was 15 Hz. Scale bar: 50 µm.

Sabesan Lab, UW. Pandiyan et al. 2020.

50μm
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Spectral response of cones
Three types of cones: S, M, and L cones 
(corresponding to peak response at short, medium, and long wavelengths)

wavelength (nm)
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Each cone has a different response curve
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Spectral response of cones (discrete form)
Three types of cones: S, M, and L cones (corresponding to peak response at short, 
medium, and long wavelengths)

wavelength (nm)
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Response functions for S, M, and L cones

rS(�)

rM (�)

rL(�)

S = rS · s
M = rM · s
L = rL · s
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Discrete form: written as vector dot products: 
(now using vector s to denote discrete representation of SPD               )

Matrix formulation:
2

4
S
M
L

3

5 =

2

4
rS
rM
rL

3

5

2

64s

3

75

<latexit sha1_base64="1o6PSyqM1n+v5KClQcoTxMfmTGA="></latexit><latexit sha1_base64="b/GOKbmahNaIWM+WKJxZTQEbAlI="></latexit><latexit sha1_base64="b/GOKbmahNaIWM+WKJxZTQEbAlI="></latexit>

�(�)



Stanford CS248A, Winter 2026

Example: spectral response of human cone cells
Goal: at each pixel, choose scalar R, G, B values for display to perceptually match the real world color

The scene
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Example: spectral response of human cone cells

Credit: Sabesan, http://depts.washington.edu/sabaolab/

Scene projected onto retina
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 Example: spectral response of human cone cells

Credit: Sabesan, http://depts.washington.edu/sabaolab/

Scene projected onto retina



Stanford CS248A, Winter 2026

Example: spectral response of human cone cells

L cone cell
Z

· d� = l
<latexit sha1_base64="qBh+qg25OZu2pHgTAjp3AS6f2xQ=">AAACI3icjVDLSgMxFM34rONr1KWbYBFclakIKiIU3Lis4LSFzlAymUwbmskMyR2hDAV/xY2/4saFFjcu/BfTx8JHBc8lcDjn3uTmhJngGlz33VpYXFpeWS2t2esbm1vbzs5uQ6e5osyjqUhVKySaCS6ZBxwEa2WKkSQUrBn2r8Z+844pzVN5C4OMBQnpSh5zSsBIHefC9rkEH/8qGqVzZBz5wlweEXyJRccpVyvuBPhvUkYz1DvOyI9SmidMAhVE63bVzSAoiAJOBRvafq5ZRmifdFnbUEkSpoNi8skhPjRKhONUmSMBT9SvEwVJtB4koelMCPT0T28szvPaOcRnQcFllgOTdPpQnAsMKR4nhiOuGAUxMIRQxc2umPaIIhRMrvb/QvCOK+cV9+akXGvcT9MooX10gI5QFZ2iGrpGdeQhih7QE3pBr9aj9WyNrLdp64I1S3APfYP18QmqBp/8</latexit><latexit sha1_base64="qBh+qg25OZu2pHgTAjp3AS6f2xQ=">AAACI3icjVDLSgMxFM34rONr1KWbYBFclakIKiIU3Lis4LSFzlAymUwbmskMyR2hDAV/xY2/4saFFjcu/BfTx8JHBc8lcDjn3uTmhJngGlz33VpYXFpeWS2t2esbm1vbzs5uQ6e5osyjqUhVKySaCS6ZBxwEa2WKkSQUrBn2r8Z+844pzVN5C4OMBQnpSh5zSsBIHefC9rkEH/8qGqVzZBz5wlweEXyJRccpVyvuBPhvUkYz1DvOyI9SmidMAhVE63bVzSAoiAJOBRvafq5ZRmifdFnbUEkSpoNi8skhPjRKhONUmSMBT9SvEwVJtB4koelMCPT0T28szvPaOcRnQcFllgOTdPpQnAsMKR4nhiOuGAUxMIRQxc2umPaIIhRMrvb/QvCOK+cV9+akXGvcT9MooX10gI5QFZ2iGrpGdeQhih7QE3pBr9aj9WyNrLdp64I1S3APfYP18QmqBp/8</latexit><latexit sha1_base64="qBh+qg25OZu2pHgTAjp3AS6f2xQ=">AAACI3icjVDLSgMxFM34rONr1KWbYBFclakIKiIU3Lis4LSFzlAymUwbmskMyR2hDAV/xY2/4saFFjcu/BfTx8JHBc8lcDjn3uTmhJngGlz33VpYXFpeWS2t2esbm1vbzs5uQ6e5osyjqUhVKySaCS6ZBxwEa2WKkSQUrBn2r8Z+844pzVN5C4OMBQnpSh5zSsBIHefC9rkEH/8qGqVzZBz5wlweEXyJRccpVyvuBPhvUkYz1DvOyI9SmidMAhVE63bVzSAoiAJOBRvafq5ZRmifdFnbUEkSpoNi8skhPjRKhONUmSMBT9SvEwVJtB4koelMCPT0T28szvPaOcRnQcFllgOTdPpQnAsMKR4nhiOuGAUxMIRQxc2umPaIIhRMrvb/QvCOK+cV9+akXGvcT9MooX10gI5QFZ2iGrpGdeQhih7QE3pBr9aj9WyNrLdp64I1S3APfYP18QmqBp/8</latexit>

rL(�)
<latexit sha1_base64="J9Nk+vWkG4jpQeQXdu2AGZ7aTdA=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBHqpqQiqLuCGwUXFYwtNKHcTCbt0MkkzEyEEvobblyouPVr3Pk3Th8LFQUPXDiccy73csJMcG1c98NZWFxaXlktrZXXNza3tis7u3c6zRVlHk1Fqjohaia4ZJ7hRrBOphgmoWDtcHgx8dv3TGmeylszyliQYF/ymFM0VvJV77rmCxuP8KhXqTbq7hTkb1KFOVq9yrsfpTRPmDRUoNbdhpuZoEBlOBVsXPZzzTKkQ+yzrqUSE6aDYvrzmBxaJSJxquxIQ6bq140CE61HSWiTCZqB/ulNxN+8bm7is6DgMssNk3R2KM4FMSmZFEAirhg1YmQJUsXtr4QOUCE1tqby/0rwjuvndffmpNq8mrdRgn04gBo04BSacAkt8IBCBg/wBM9O7jw6L87rLLrgzHf24Buct0+gd5D6</latexit><latexit sha1_base64="J9Nk+vWkG4jpQeQXdu2AGZ7aTdA=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBHqpqQiqLuCGwUXFYwtNKHcTCbt0MkkzEyEEvobblyouPVr3Pk3Th8LFQUPXDiccy73csJMcG1c98NZWFxaXlktrZXXNza3tis7u3c6zRVlHk1Fqjohaia4ZJ7hRrBOphgmoWDtcHgx8dv3TGmeylszyliQYF/ymFM0VvJV77rmCxuP8KhXqTbq7hTkb1KFOVq9yrsfpTRPmDRUoNbdhpuZoEBlOBVsXPZzzTKkQ+yzrqUSE6aDYvrzmBxaJSJxquxIQ6bq140CE61HSWiTCZqB/ulNxN+8bm7is6DgMssNk3R2KM4FMSmZFEAirhg1YmQJUsXtr4QOUCE1tqby/0rwjuvndffmpNq8mrdRgn04gBo04BSacAkt8IBCBg/wBM9O7jw6L87rLLrgzHf24Buct0+gd5D6</latexit><latexit sha1_base64="J9Nk+vWkG4jpQeQXdu2AGZ7aTdA=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBHqpqQiqLuCGwUXFYwtNKHcTCbt0MkkzEyEEvobblyouPVr3Pk3Th8LFQUPXDiccy73csJMcG1c98NZWFxaXlktrZXXNza3tis7u3c6zRVlHk1Fqjohaia4ZJ7hRrBOphgmoWDtcHgx8dv3TGmeylszyliQYF/ymFM0VvJV77rmCxuP8KhXqTbq7hTkb1KFOVq9yrsfpTRPmDRUoNbdhpuZoEBlOBVsXPZzzTKkQ+yzrqUSE6aDYvrzmBxaJSJxquxIQ6bq140CE61HSWiTCZqB/ulNxN+8bm7is6DgMssNk3R2KM4FMSmZFEAirhg1YmQJUsXtr4QOUCE1tqby/0rwjuvndffmpNq8mrdRgn04gBo04BSacAkt8IBCBg/wBM9O7jw6L87rLLrgzHf24Buct0+gd5D6</latexit>

s(x, y,�)
<latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="AFE+OsDDYbaS7lT6fDBuSsi0qFc=">AAAB6XicbZDNSgMxFIXv1L9aq1a3boJFqFBKxo26E9y4rODYQjuWTCbThmYyQ5JRh6Hv4caFii/kzrcx/Vlo64HA4ZxccvMFqeDaYPztlNbWNza3ytuVneru3n7toHqvk0xR5tFEJKobEM0El8wz3AjWTRUjcSBYJxhfT/vOI1OaJ/LO5CnzYzKUPOKUGBs96MZzM2/2hR0IyemgVsctPBNaNe7C1GGh9qD21Q8TmsVMGiqI1j0Xp8YviDKcCjap9DPNUkLHZMh61koSM+0Xs60n6MQmIYoSZY80aJb+nihIrHUeB/ZmTMxIL3fT8L+ul5nowi+4TDPDJJ0/FGUCmQRNEaCQK0aNyK0hVHG7K6Ijogg1FlTFQnCXv7xqvLPWZQvfYijDERxDA1w4hyu4gTZ4QEHBC7zBu/PkvDofc1olZ4HtEP7I+fwBlpWQRA==</latexit><latexit sha1_base64="5j57V2qBNvbW0zspMwN0e3SUZR0=">AAAB6XicjZDNSsNAFIVv/K21anXrZrAIFUpJ3ag7wY3LCsYW2lgmk5t26GQSZiZqCH0PNy5UfCF3vo3Tn4WKggcGDufM5V6+IBVcG9f9cJaWV1bX1ksb5c3K1vZOdbdyo5NMMfRYIhLVDahGwSV6hhuB3VQhjQOBnWB8Me07d6g0T+S1yVP0YzqUPOKMGhvd6vpDI2/0hR0I6dGgWms13ZnI36YGC7UH1fd+mLAsRmmYoFr3Wm5q/IIqw5nASbmfaUwpG9Mh9qyVNEbtF7OrJ+TQJiGJEmWfNGSWfp0oaKx1Hgf2Z0zNSP/spuFvXS8z0alfcJlmBiWbL4oyQUxCpghIyBUyI3JrKFPc3krYiCrKjAVV/h8E77h51nSvXCjBPhxAHVpwAudwCW3wgIGCR3iGF+feeXJe57SWnAW2Pfgm5+0TmtaQRw==</latexit><latexit sha1_base64="xx2IKLUsmm+U98jj5ucHaXQ6iLU=">AAAB9HicjVDLSgMxFL1TX7W+qi7dBItQoZSpG3VXcKO7Co4ttGPJZDJtaCYZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9nCDhTBvX/XAKC4tLyyvF1dLa+sbmVnl751rLVBHqEcml6gRYU84E9QwznHYSRXEccNoORmcTv31LlWZSXJksoX6MB4JFjGBjpRtdva9ltR63gRAf9suVRt2dAv1NKjBHq19+74WSpDEVhnCsdbfhJsbPsTKMcDou9VJNE0xGeEC7lgocU+3n06/H6MAqIYqksiMMmqpfEzmOtc7iwG7G2Az1T28i/uZ1UxOd+DkTSWqoILNDUcqRkWhSAQqZosTwzBJMFLO/IjLEChNjiyr9rwTvqH5ady/dSvNi3kYR9mAfqtCAY2jCObTAAwIKHuAJnp0759F5cV5nqwVnntmFb3DePgHhR5Gp</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit>

Credit: Sabesan, http://depts.washington.edu/sabaolab/
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Example: spectral response of human cone cells

M cone cell
Z

· d� = l
<latexit sha1_base64="qBh+qg25OZu2pHgTAjp3AS6f2xQ=">AAACI3icjVDLSgMxFM34rONr1KWbYBFclakIKiIU3Lis4LSFzlAymUwbmskMyR2hDAV/xY2/4saFFjcu/BfTx8JHBc8lcDjn3uTmhJngGlz33VpYXFpeWS2t2esbm1vbzs5uQ6e5osyjqUhVKySaCS6ZBxwEa2WKkSQUrBn2r8Z+844pzVN5C4OMBQnpSh5zSsBIHefC9rkEH/8qGqVzZBz5wlweEXyJRccpVyvuBPhvUkYz1DvOyI9SmidMAhVE63bVzSAoiAJOBRvafq5ZRmifdFnbUEkSpoNi8skhPjRKhONUmSMBT9SvEwVJtB4koelMCPT0T28szvPaOcRnQcFllgOTdPpQnAsMKR4nhiOuGAUxMIRQxc2umPaIIhRMrvb/QvCOK+cV9+akXGvcT9MooX10gI5QFZ2iGrpGdeQhih7QE3pBr9aj9WyNrLdp64I1S3APfYP18QmqBp/8</latexit><latexit sha1_base64="qBh+qg25OZu2pHgTAjp3AS6f2xQ=">AAACI3icjVDLSgMxFM34rONr1KWbYBFclakIKiIU3Lis4LSFzlAymUwbmskMyR2hDAV/xY2/4saFFjcu/BfTx8JHBc8lcDjn3uTmhJngGlz33VpYXFpeWS2t2esbm1vbzs5uQ6e5osyjqUhVKySaCS6ZBxwEa2WKkSQUrBn2r8Z+844pzVN5C4OMBQnpSh5zSsBIHefC9rkEH/8qGqVzZBz5wlweEXyJRccpVyvuBPhvUkYz1DvOyI9SmidMAhVE63bVzSAoiAJOBRvafq5ZRmifdFnbUEkSpoNi8skhPjRKhONUmSMBT9SvEwVJtB4koelMCPT0T28szvPaOcRnQcFllgOTdPpQnAsMKR4nhiOuGAUxMIRQxc2umPaIIhRMrvb/QvCOK+cV9+akXGvcT9MooX10gI5QFZ2iGrpGdeQhih7QE3pBr9aj9WyNrLdp64I1S3APfYP18QmqBp/8</latexit><latexit sha1_base64="qBh+qg25OZu2pHgTAjp3AS6f2xQ=">AAACI3icjVDLSgMxFM34rONr1KWbYBFclakIKiIU3Lis4LSFzlAymUwbmskMyR2hDAV/xY2/4saFFjcu/BfTx8JHBc8lcDjn3uTmhJngGlz33VpYXFpeWS2t2esbm1vbzs5uQ6e5osyjqUhVKySaCS6ZBxwEa2WKkSQUrBn2r8Z+844pzVN5C4OMBQnpSh5zSsBIHefC9rkEH/8qGqVzZBz5wlweEXyJRccpVyvuBPhvUkYz1DvOyI9SmidMAhVE63bVzSAoiAJOBRvafq5ZRmifdFnbUEkSpoNi8skhPjRKhONUmSMBT9SvEwVJtB4koelMCPT0T28szvPaOcRnQcFllgOTdPpQnAsMKR4nhiOuGAUxMIRQxc2umPaIIhRMrvb/QvCOK+cV9+akXGvcT9MooX10gI5QFZ2iGrpGdeQhih7QE3pBr9aj9WyNrLdp64I1S3APfYP18QmqBp/8</latexit>

rM (�)
<latexit sha1_base64="UTY5McFLZKusDK2VlfzmfhUCPBw=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBHqpqQiqLuCG10IFYwtNKHcTCbt0MkkzEyEEvobblyouPVr3Pk3Th8LFQUPXDiccy73csJMcG1c98NZWFxaXlktrZXXNza3tis7u3c6zRVlHk1Fqjohaia4ZJ7hRrBOphgmoWDtcHgx8dv3TGmeylszyliQYF/ymFM0VvJV77rmCxuP8KhXqTbq7hTkb1KFOVq9yrsfpTRPmDRUoNbdhpuZoEBlOBVsXPZzzTKkQ+yzrqUSE6aDYvrzmBxaJSJxquxIQ6bq140CE61HSWiTCZqB/ulNxN+8bm7is6DgMssNk3R2KM4FMSmZFEAirhg1YmQJUsXtr4QOUCE1tqby/0rwjuvndffmpNq8mrdRgn04gBo04BSacAkt8IBCBg/wBM9O7jw6L87rLLrgzHf24Buct0+iA5D7</latexit><latexit sha1_base64="UTY5McFLZKusDK2VlfzmfhUCPBw=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBHqpqQiqLuCG10IFYwtNKHcTCbt0MkkzEyEEvobblyouPVr3Pk3Th8LFQUPXDiccy73csJMcG1c98NZWFxaXlktrZXXNza3tis7u3c6zRVlHk1Fqjohaia4ZJ7hRrBOphgmoWDtcHgx8dv3TGmeylszyliQYF/ymFM0VvJV77rmCxuP8KhXqTbq7hTkb1KFOVq9yrsfpTRPmDRUoNbdhpuZoEBlOBVsXPZzzTKkQ+yzrqUSE6aDYvrzmBxaJSJxquxIQ6bq140CE61HSWiTCZqB/ulNxN+8bm7is6DgMssNk3R2KM4FMSmZFEAirhg1YmQJUsXtr4QOUCE1tqby/0rwjuvndffmpNq8mrdRgn04gBo04BSacAkt8IBCBg/wBM9O7jw6L87rLLrgzHf24Buct0+iA5D7</latexit><latexit sha1_base64="UTY5McFLZKusDK2VlfzmfhUCPBw=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBHqpqQiqLuCG10IFYwtNKHcTCbt0MkkzEyEEvobblyouPVr3Pk3Th8LFQUPXDiccy73csJMcG1c98NZWFxaXlktrZXXNza3tis7u3c6zRVlHk1Fqjohaia4ZJ7hRrBOphgmoWDtcHgx8dv3TGmeylszyliQYF/ymFM0VvJV77rmCxuP8KhXqTbq7hTkb1KFOVq9yrsfpTRPmDRUoNbdhpuZoEBlOBVsXPZzzTKkQ+yzrqUSE6aDYvrzmBxaJSJxquxIQ6bq140CE61HSWiTCZqB/ulNxN+8bm7is6DgMssNk3R2KM4FMSmZFEAirhg1YmQJUsXtr4QOUCE1tqby/0rwjuvndffmpNq8mrdRgn04gBo04BSacAkt8IBCBg/wBM9O7jw6L87rLLrgzHf24Buct0+iA5D7</latexit>

s(x, y,�)
<latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="AFE+OsDDYbaS7lT6fDBuSsi0qFc=">AAAB6XicbZDNSgMxFIXv1L9aq1a3boJFqFBKxo26E9y4rODYQjuWTCbThmYyQ5JRh6Hv4caFii/kzrcx/Vlo64HA4ZxccvMFqeDaYPztlNbWNza3ytuVneru3n7toHqvk0xR5tFEJKobEM0El8wz3AjWTRUjcSBYJxhfT/vOI1OaJ/LO5CnzYzKUPOKUGBs96MZzM2/2hR0IyemgVsctPBNaNe7C1GGh9qD21Q8TmsVMGiqI1j0Xp8YviDKcCjap9DPNUkLHZMh61koSM+0Xs60n6MQmIYoSZY80aJb+nihIrHUeB/ZmTMxIL3fT8L+ul5nowi+4TDPDJJ0/FGUCmQRNEaCQK0aNyK0hVHG7K6Ijogg1FlTFQnCXv7xqvLPWZQvfYijDERxDA1w4hyu4gTZ4QEHBC7zBu/PkvDofc1olZ4HtEP7I+fwBlpWQRA==</latexit><latexit sha1_base64="5j57V2qBNvbW0zspMwN0e3SUZR0=">AAAB6XicjZDNSsNAFIVv/K21anXrZrAIFUpJ3ag7wY3LCsYW2lgmk5t26GQSZiZqCH0PNy5UfCF3vo3Tn4WKggcGDufM5V6+IBVcG9f9cJaWV1bX1ksb5c3K1vZOdbdyo5NMMfRYIhLVDahGwSV6hhuB3VQhjQOBnWB8Me07d6g0T+S1yVP0YzqUPOKMGhvd6vpDI2/0hR0I6dGgWms13ZnI36YGC7UH1fd+mLAsRmmYoFr3Wm5q/IIqw5nASbmfaUwpG9Mh9qyVNEbtF7OrJ+TQJiGJEmWfNGSWfp0oaKx1Hgf2Z0zNSP/spuFvXS8z0alfcJlmBiWbL4oyQUxCpghIyBUyI3JrKFPc3krYiCrKjAVV/h8E77h51nSvXCjBPhxAHVpwAudwCW3wgIGCR3iGF+feeXJe57SWnAW2Pfgm5+0TmtaQRw==</latexit><latexit sha1_base64="xx2IKLUsmm+U98jj5ucHaXQ6iLU=">AAAB9HicjVDLSgMxFL1TX7W+qi7dBItQoZSpG3VXcKO7Co4ttGPJZDJtaCYZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9nCDhTBvX/XAKC4tLyyvF1dLa+sbmVnl751rLVBHqEcml6gRYU84E9QwznHYSRXEccNoORmcTv31LlWZSXJksoX6MB4JFjGBjpRtdva9ltR63gRAf9suVRt2dAv1NKjBHq19+74WSpDEVhnCsdbfhJsbPsTKMcDou9VJNE0xGeEC7lgocU+3n06/H6MAqIYqksiMMmqpfEzmOtc7iwG7G2Az1T28i/uZ1UxOd+DkTSWqoILNDUcqRkWhSAQqZosTwzBJMFLO/IjLEChNjiyr9rwTvqH5ady/dSvNi3kYR9mAfqtCAY2jCObTAAwIKHuAJnp0759F5cV5nqwVnntmFb3DePgHhR5Gp</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit><latexit sha1_base64="laXNGtDJIRUflUmUNF7YTWCT/K0=">AAAB9HicjVDLSgMxFL2pr1pfVZdugkWoUMpUBHVXcKO7Co4W2rFkMpk2NJMZkow6DP0PNy5U3Pox7vwb08dCRcEDFw7n3MO9HD8RXBvH+UCFufmFxaXicmlldW19o7y5daXjVFHm0ljEqu0TzQSXzDXcCNZOFCORL9i1Pzwd+9e3TGkey0uTJcyLSF/ykFNirHSjq/e1rNYVNhCQ/V650qg7E+C/SQVmaPXK790gpmnEpKGCaN1pOInxcqIMp4KNSt1Us4TQIemzjqWSREx7+eTrEd6zSoDDWNmRBk/Ur4mcRFpnkW83I2IG+qc3Fn/zOqkJj72cyyQ1TNLpoTAV2MR4XAEOuGLUiMwSQhW3v2I6IIpQY4sq/a8E96B+UncuDivN81kbRdiBXahCA46gCWfQAhcoKHiAJ3hGd+gRvaDX6WoBzTLb8A3o7RPih5Gt</latexit>

Credit: Sabesan, http://depts.washington.edu/sabaolab/
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Example: spectral response of human cone cells

S cone cell
Z

· d� = l
<latexit sha1_base64="qBh+qg25OZu2pHgTAjp3AS6f2xQ=">AAACI3icjVDLSgMxFM34rONr1KWbYBFclakIKiIU3Lis4LSFzlAymUwbmskMyR2hDAV/xY2/4saFFjcu/BfTx8JHBc8lcDjn3uTmhJngGlz33VpYXFpeWS2t2esbm1vbzs5uQ6e5osyjqUhVKySaCS6ZBxwEa2WKkSQUrBn2r8Z+844pzVN5C4OMBQnpSh5zSsBIHefC9rkEH/8qGqVzZBz5wlweEXyJRccpVyvuBPhvUkYz1DvOyI9SmidMAhVE63bVzSAoiAJOBRvafq5ZRmifdFnbUEkSpoNi8skhPjRKhONUmSMBT9SvEwVJtB4koelMCPT0T28szvPaOcRnQcFllgOTdPpQnAsMKR4nhiOuGAUxMIRQxc2umPaIIhRMrvb/QvCOK+cV9+akXGvcT9MooX10gI5QFZ2iGrpGdeQhih7QE3pBr9aj9WyNrLdp64I1S3APfYP18QmqBp/8</latexit><latexit sha1_base64="qBh+qg25OZu2pHgTAjp3AS6f2xQ=">AAACI3icjVDLSgMxFM34rONr1KWbYBFclakIKiIU3Lis4LSFzlAymUwbmskMyR2hDAV/xY2/4saFFjcu/BfTx8JHBc8lcDjn3uTmhJngGlz33VpYXFpeWS2t2esbm1vbzs5uQ6e5osyjqUhVKySaCS6ZBxwEa2WKkSQUrBn2r8Z+844pzVN5C4OMBQnpSh5zSsBIHefC9rkEH/8qGqVzZBz5wlweEXyJRccpVyvuBPhvUkYz1DvOyI9SmidMAhVE63bVzSAoiAJOBRvafq5ZRmifdFnbUEkSpoNi8skhPjRKhONUmSMBT9SvEwVJtB4koelMCPT0T28szvPaOcRnQcFllgOTdPpQnAsMKR4nhiOuGAUxMIRQxc2umPaIIhRMrvb/QvCOK+cV9+akXGvcT9MooX10gI5QFZ2iGrpGdeQhih7QE3pBr9aj9WyNrLdp64I1S3APfYP18QmqBp/8</latexit><latexit sha1_base64="qBh+qg25OZu2pHgTAjp3AS6f2xQ=">AAACI3icjVDLSgMxFM34rONr1KWbYBFclakIKiIU3Lis4LSFzlAymUwbmskMyR2hDAV/xY2/4saFFjcu/BfTx8JHBc8lcDjn3uTmhJngGlz33VpYXFpeWS2t2esbm1vbzs5uQ6e5osyjqUhVKySaCS6ZBxwEa2WKkSQUrBn2r8Z+844pzVN5C4OMBQnpSh5zSsBIHefC9rkEH/8qGqVzZBz5wlweEXyJRccpVyvuBPhvUkYz1DvOyI9SmidMAhVE63bVzSAoiAJOBRvafq5ZRmifdFnbUEkSpoNi8skhPjRKhONUmSMBT9SvEwVJtB4koelMCPT0T28szvPaOcRnQcFllgOTdPpQnAsMKR4nhiOuGAUxMIRQxc2umPaIIhRMrvb/QvCOK+cV9+akXGvcT9MooX10gI5QFZ2iGrpGdeQhih7QE3pBr9aj9WyNrLdp64I1S3APfYP18QmqBp/8</latexit>

rS(�)
<latexit sha1_base64="R03Dv5dE4mZjjFWfgFbGHXReD8w=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBHqpqQiqLuCG91VNLbQhHIzmbRDJ5MwMxFK6G+4caHi1q9x5984fSxUFDxw4XDOudzLCTPBtXHdD2dhcWl5ZbW0Vl7f2Nzaruzs3uk0V5R5NBWp6oSomeCSeYYbwTqZYpiEgrXD4cXEb98zpXkqb80oY0GCfcljTtFYyVe9m5ovbDzCo16l2qi7U5C/SRXmaPUq736U0jxh0lCBWncbbmaCApXhVLBx2c81y5AOsc+6lkpMmA6K6c9jcmiViMSpsiMNmapfNwpMtB4loU0maAb6pzcRf/O6uYnPgoLLLDdM0tmhOBfEpGRSAIm4YtSIkSVIFbe/EjpAhdTYmsr/K8E7rp/X3euTavNq3kYJ9uEAatCAU2jCJbTAAwoZPMATPDu58+i8OK+z6IIz39mDb3DePgGrS5EB</latexit><latexit sha1_base64="R03Dv5dE4mZjjFWfgFbGHXReD8w=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBHqpqQiqLuCG91VNLbQhHIzmbRDJ5MwMxFK6G+4caHi1q9x5984fSxUFDxw4XDOudzLCTPBtXHdD2dhcWl5ZbW0Vl7f2Nzaruzs3uk0V5R5NBWp6oSomeCSeYYbwTqZYpiEgrXD4cXEb98zpXkqb80oY0GCfcljTtFYyVe9m5ovbDzCo16l2qi7U5C/SRXmaPUq736U0jxh0lCBWncbbmaCApXhVLBx2c81y5AOsc+6lkpMmA6K6c9jcmiViMSpsiMNmapfNwpMtB4loU0maAb6pzcRf/O6uYnPgoLLLDdM0tmhOBfEpGRSAIm4YtSIkSVIFbe/EjpAhdTYmsr/K8E7rp/X3euTavNq3kYJ9uEAatCAU2jCJbTAAwoZPMATPDu58+i8OK+z6IIz39mDb3DePgGrS5EB</latexit><latexit sha1_base64="R03Dv5dE4mZjjFWfgFbGHXReD8w=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBHqpqQiqLuCG91VNLbQhHIzmbRDJ5MwMxFK6G+4caHi1q9x5984fSxUFDxw4XDOudzLCTPBtXHdD2dhcWl5ZbW0Vl7f2Nzaruzs3uk0V5R5NBWp6oSomeCSeYYbwTqZYpiEgrXD4cXEb98zpXkqb80oY0GCfcljTtFYyVe9m5ovbDzCo16l2qi7U5C/SRXmaPUq736U0jxh0lCBWncbbmaCApXhVLBx2c81y5AOsc+6lkpMmA6K6c9jcmiViMSpsiMNmapfNwpMtB4loU0maAb6pzcRf/O6uYnPgoLLLDdM0tmhOBfEpGRSAIm4YtSIkSVIFbe/EjpAhdTYmsr/K8E7rp/X3euTavNq3kYJ9uEAatCAU2jCJbTAAwoZPMATPDu58+i8OK+z6IIz39mDb3DePgGrS5EB</latexit>

s(x, y,�)
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Credit: Sabesan, http://depts.washington.edu/sabaolab/
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Dimensionality reduction from ∞ to 3
At each point on the human retina: 
- Spectral power distribution is a function of wavelength (∞ - dimensional signal) 
- 3 types of cones near that position produce three scalar values                                              

(3 - dimensional signal) 

What about 2D images? 
- The dimensionality reduction described above is happening at every 2D position in 

our visual field
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The human visual system  
Human eye does not directly measure the spectrum of incoming light 
- a.k.a. the brain does not receive “a spectrum” from the eye 

The eye measures three response values = (S, M, L). The result of integrating the incoming 
spectrum against response functions of S, M, L-cones

R =

Z

�
�(�)f(�)d�

Spectrum

cone responses 
(S, M, L) 

carried along 
optic nerve

Eye Brain
Focuses light on retina 

Cones measure light 
(photopic case)
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Metamerism
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Metamers
Metameters are two different spectra (∞-dim) that project to the same (S,M,L) (3-dim) 
response.  
- These will appear to have the same color to a human 

The existence of metamers is critical to color reproduction  
- It means a computer display does not have to reproduce the full spectrum of a real 

world scene for it to be perceived to look like the scene 
- It just needs to produce a metamer of the real spectrum  
- Example: display with pixels of only three colors can produce a metamer for the 

perceived color of a real-world scene
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Metamerism
Color matching is an important illusion that is understood quantitatively

Brian W
andell

Real world SPD SPD of display
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Metamerism is a big effect

Brian W
andell

These four different spectrum are metamers (they produce the same response)
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Color Reproduction
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Color reproduction problem
Goal: at each pixel, choose R, G, B values for display so that the output color matches the 
appearance of the target color in the real world. 

Display outputs spectrumTarget spectrum 
(what is seen in real world)

RsR(�) +GsG(�) +B sB(�)
<latexit sha1_base64="LVQIOiqJL9Q+qlLtKnelhba/mrM="></latexit><latexit sha1_base64="LVQIOiqJL9Q+qlLtKnelhba/mrM="></latexit><latexit sha1_base64="LVQIOiqJL9Q+qlLtKnelhba/mrM="></latexit>

�(�)
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Additive Color
- Given a set of primary lights, each with its own spectral 

distribution (e.g. R,G,B display pixels): 

- We can adjust the brightness of these lights and add them 
together to produce a linear subspace of spectral distribution: 

- The color is now described by the scalar values: 

sR(�), sG(�), sB(�)
<latexit sha1_base64="2TN4Zj751gDoyyKNGnIOmORk2Ec="></latexit><latexit sha1_base64="2TN4Zj751gDoyyKNGnIOmORk2Ec="></latexit><latexit sha1_base64="2TN4Zj751gDoyyKNGnIOmORk2Ec="></latexit>

RsR(�) +GsG(�) +B sB(�)
<latexit sha1_base64="LVQIOiqJL9Q+qlLtKnelhba/mrM="></latexit><latexit sha1_base64="LVQIOiqJL9Q+qlLtKnelhba/mrM="></latexit><latexit sha1_base64="LVQIOiqJL9Q+qlLtKnelhba/mrM="></latexit>

R, G, B
<latexit sha1_base64="QByaFQdX/vzs2ihQ1+egrnL8uh0=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KGVXBPVW9KDeqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6387C4tLyymphrbi+sbm1XdrZfdBxqgj1Scxj1QyxppxJ6htmOG0mimIRctoIB5djv/FElWaxvDfDhAYC9ySLGMHGSo93lXblyha66JTKbtWdAM0TLydlyFHvlL7a3ZikgkpDONa65bmJCTKsDCOcjortVNMEkwHu0ZalEguqg2xy8QgdWqWLoljZkgZN1N8TGRZaD0VoOwU2fT3rjcX/vFZqorMgYzJJDZVkuihKOTIxGr+PukxRYvjQEkwUs7ci0scKE2NDKtoQvNmX54l/XD2vurcn5dpNnkYB9uEAjsCDU6jBNdTBBwISnuEV3hztvDjvzse0dcHJZ/bgD5zPH5SVjxs=</latexit><latexit sha1_base64="QByaFQdX/vzs2ihQ1+egrnL8uh0=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KGVXBPVW9KDeqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6387C4tLyymphrbi+sbm1XdrZfdBxqgj1Scxj1QyxppxJ6htmOG0mimIRctoIB5djv/FElWaxvDfDhAYC9ySLGMHGSo93lXblyha66JTKbtWdAM0TLydlyFHvlL7a3ZikgkpDONa65bmJCTKsDCOcjortVNMEkwHu0ZalEguqg2xy8QgdWqWLoljZkgZN1N8TGRZaD0VoOwU2fT3rjcX/vFZqorMgYzJJDZVkuihKOTIxGr+PukxRYvjQEkwUs7ci0scKE2NDKtoQvNmX54l/XD2vurcn5dpNnkYB9uEAjsCDU6jBNdTBBwISnuEV3hztvDjvzse0dcHJZ/bgD5zPH5SVjxs=</latexit><latexit sha1_base64="QByaFQdX/vzs2ihQ1+egrnL8uh0=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KGVXBPVW9KDeqri22C4lm2bb0CS7JFmhLP0XXjyoePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6387C4tLyymphrbi+sbm1XdrZfdBxqgj1Scxj1QyxppxJ6htmOG0mimIRctoIB5djv/FElWaxvDfDhAYC9ySLGMHGSo93lXblyha66JTKbtWdAM0TLydlyFHvlL7a3ZikgkpDONa65bmJCTKsDCOcjortVNMEkwHu0ZalEguqg2xy8QgdWqWLoljZkgZN1N8TGRZaD0VoOwU2fT3rjcX/vFZqorMgYzJJDZVkuihKOTIxGr+PukxRYvjQEkwUs7ci0scKE2NDKtoQvNmX54l/XD2vurcn5dpNnkYB9uEAjsCDU6jBNdTBBwISnuEV3hztvDjvzse0dcHJZ/bgD5zPH5SVjxs=</latexit>
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Example RGB Emission Spectra ("Color Primaries") for Phone Display

RGB display pixels

RGB pixel spectra (iPhone 5)
Credit: Yurek, https://dot-color.com/tag/color-2/page/2/

https://www.m
acrum

ors.com
/roundup/iphone-5s/
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Recall: real LCD screen pixels (closeup)

iphonearena.com iphonearena.com

Notice R, G, B sub-pixel geometry.  
Effectively three lights at each (x,y) location.

iPhone 6S Galaxy S5

One pixel
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Color Reproduction Problem

Goal: at each pixel, choose R, G, B values for display so that the output color matches the 
appearance of the target color in the real world. 

Display outputs spectrum
Target real spectrum

RsR(�) +GsG(�) +B sB(�)
<latexit sha1_base64="LVQIOiqJL9Q+qlLtKnelhba/mrM="></latexit><latexit sha1_base64="LVQIOiqJL9Q+qlLtKnelhba/mrM="></latexit><latexit sha1_base64="LVQIOiqJL9Q+qlLtKnelhba/mrM="></latexit>

s(�)
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Pseudo-Geometric Interpretation
We are projecting a high dimensional vector (wavelength spectrum function) onto a low-
dimensional subspace (SML visual response) 
- Differences that are perpendicular to the basis vectors of the low-dimensional space 

are not detectable

Slide credit: Steve M
arschner
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Pseudo-Geometric Interpretation of Color Reproduction

Slide credit: Steve M
arschner

- The display can only produce a low-
dimensional subspace of all possible 
spectra (linear combinations of 
display primaries) 

- In color reproduction, for a given 
spectrum s (high dimensional), we 
want to choose a spectrum s’ in the 
display’s low-dimensional subspace, 
such that s’ and s project to the same 
response in the low-dimensional 
subspace of the eye’s SML response
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Color reproduction with matching functions 

r̄(λ)

ḡ(λ)

b̄(λ)

For any spectrum s, the perceived color is matched by the following formulas for scaling the CIE RGB primaries

RCIERGB =

Z

�
s(�)r̄(�) d�

GCIERGB =

Z

�
s(�)ḡ(�) d�

BCIERGB =

Z

�
s(�)b̄(�) d�

<latexit sha1_base64="wnhAn9lzt/JFUZULH/+lt/GLTj4="></latexit><latexit sha1_base64="wnhAn9lzt/JFUZULH/+lt/GLTj4="></latexit><latexit sha1_base64="wnhAn9lzt/JFUZULH/+lt/GLTj4="></latexit>

Careful: these graphs are color matching curves: 
they are not response curves or primary spectra!
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Color reproduction with matching functions 

r̄(λ)

ḡ(λ)

b̄(λ)

For any spectrum s, the perceived color is matched by the following formulas 
for scaling the CIE RGB primaries

Written as vector dot products:

Matrix formulation:

RCIERGB = s · r̄
GCIERGB = s · ḡ
BCIERGB = s · b̄
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ḡ
b̄

3

5

2

64s

3

75

<latexit sha1_base64="i3w7WH3g9UBStmq/ImISoWJHI08="></latexit><latexit sha1_base64="bOaYurRhVPYwsZ4MpOjj5r2TO+s="></latexit><latexit sha1_base64="bOaYurRhVPYwsZ4MpOjj5r2TO+s="></latexit>

Careful: these graphs are color matching curves: 
they are not response curves or primary spectra!
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r̄(λ)

ḡ(λ)

b̄(λ)

Negative red primary?
▪ There is no positive combination of red, blue, green lasers that yields color that appears the same 

to a human as monochromatic light of 500 nm (“blue-greenish” light) 

▪ But adding red primary to 500 nm target light 
yields light whose color can be matched by a 
combination of blue and green primaries.

Wait a minute: 
negative red?
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Color reproduction as linear algebra
Spectrum produced by display given values R,G,B:

sdisp(�) = RsR(�) +GsG(�) +B sB(�)
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Color reproduction as linear algebra
What color do we perceive when we look at the display?
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We want this displayed spectrum to be a metamer for the real-world target spectrum.
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Color reproduction as linear algebra
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Color perceived for real scene spectra, s

How do we reproduce the color of s? 
Set these lines equal and solve for R,G,B as a function of s!
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Color perceived for display spectra with values R,G,B 
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Color reproduction as linear algebra
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Solution:
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Color reproduction as linear algebra
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Solution (form #1):

1xNNx33xNNx31x3

1x33x3

RGB = (MSML MRGB)
�1MSML s
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Solution (form #2):

1x3 Nx3 3xN Nx3 1xN

Nx3
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Color reproduction as linear algebra
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Solution (form #3):

Nx3

This Nx3 matrix contains, as row vectors,  
“color matching functions” 

associated with the primary lights sR, sG, sB.
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Color reproduction issue: no negative light
R,G,B values must be positive 
- Display primaries can’t emit negative light 
- But solution formulas can certainly produce negative R,G,B values 

What do negative R,G,B values mean? 
- Display can’t physically reproduce the desired color  
- Desired color is outside the display’s “color gamut” (more on this later)
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Color Representation / Color Gamut
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Example: Color Gamut for sRGB and Apple P3

Wikipedia
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LMS Response Values for Each Wavelength

Brainard, Color and the Cone Mosaic, 2015.
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LMS Response Values for Each Wavelength
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LMS Response Values for Each Wavelength

Brainard, Color and the Cone Mosaic, 2015.
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LMS Responses Plotted as 3D Color Space
Visualization of "spectral locus" of human 
cone cells’ response to monochromatic 
light (light with energy in a single 
wavelength) as points in 3D space. 
This is a plot of the S, M, L response 
functions as a point in 3D space.  
Space of all possible responses are positive 
linear combinations of points on this 
curve.

S

M

L

M
arc Levoy
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LMS Responses Plotted as 3D Color Space

Dektar, Adam
s, Levoy  

https://graphics.stanford.edu/courses/cs178-10/applets/locus.htm
l

M

S

L

"Spectral locus"
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s

m

l

Color Gamut on Chromaticity Diagram (Maxwellian)

Human Gamut

RGB Display Gamut

(l, m, s) = (L, M, S)
L + M + S
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Color Gamut on Chromaticity Diagram (CIE 1931 xy)

Wikipedia
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(x, y) = (X, Y)
X + Y + Z
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Color Gamut on Chromaticity Diagram (CIE 1931 xy)

Wikipedia
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(x, y) = (X, Y)
X + Y + Z

Pure (saturated) spectral colors 
around the edge of the plot 

Less pure (desaturated) colors 
in the interior of the plot 

White at the centroid of 
the plot (1/3, 1/3) 
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Color Spaces
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Color spaces
Need three numbers to specify a color 
- But what three numbers? 
- A color space is an answer to this question 
- Same color has different coordinates in different color spaces. E.g. RGB, XYZ, Lab, HSV, … 

Common example: color space defined by a display 
- Define colors by what R, G, B scalar values will produce them on your monitor 

- Output spectra s = rR + gG + bB for some display primary spectra r, g, b 
- This a device dependent representation of color: if I choose R,G,B by looking at my display and 

send those values to you, you may not see the same color on your display (which might have 
different primaries, etc.) 

- Also leaves out some colors (limited gamut), e.g. vivid yellow 
- Because in file formats R, G, B usually constrained to be non-negative
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Standard color spaces
Standardized RGB (sRGB) 
- Makes a particular monitor’s primaries the RGB standard 
- Other color devices simulate that monitor by calibration 
- sRGB is usable as an interchange color space; widely adopted today
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The historical “stanard” color space: CIE XYZ
Imaginary set of standard color primaries X, Y, Z 

Designed such that 
- X, Y, Z span all observable colors  
- Matching functions are strictly positive 
- Y is luminance (brightness absent color) 

“Imaginary” because the spectrum of the X,Y,Z 
primaries corresponding to these color matching 
functions are negative at some wavelengths

For any spectrum                , can express spectrum as weighted 
combination of primaries. Weights (X,Y,Z) given by:

X = k

Z

�
�(�)x(�)d�

Y = k

Z

�
�(�)y(�)d�

Z = k

Z

�
�(�)z(�)d�

R =

Z

�
�(�)f(�)d�

 [Image credit: Wikipedia]

1931 CIE                      color-matching functionsx, y, z

Careful: these graphs are color matching curves, not spectra!
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Mathematically: just a change of basis

▪ Example: Converting from CIE RGB to CIE XYZ:
2

4
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Y
Z
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0.49 0.31 0.20

0.17687 0.81240 0.01063
0.00 0.01 0.99
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4
R
G
B

3

5

- Consider display with 3 primaries (primaries need not be monochromatic light) 
- Compute XYZ coords of light emitted by display when providing it (1,0,0), (0,1,0), (0,0,1) 
- Light generated by display is linear combination of these vectors (non-negative weights) 

▪ By definition, all observable monochromatic spectra are positive points in XYZ space, so can convert a color’s 
representation (in space defined by realizable primaries like RGB) to XYZ via a linear transform:

= RxX+RyY +RzZ

= GxX+GyY +GzZ

= BxX+ByY +BzZ

color of R primary ([1,0,0] on display)

color of G primary ([0,1,0] on display)

color of B primary ([0,1,0] on display)
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5 =
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Rx Gx Bx

Ry Gy By

Rz Gz Bz
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color in space 
of display primaries

XYZ representation
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Brightness
The color matching experiments measure how a human observer perceives color. The goal 
was to match the perceived color of one spectrum with a new spectrum (a metamer) formed 
via the combination of three primaries. 

We can also ask the question, given lights with two different colors but equal power, how 
bright do the lights look?



Stanford CS248A, Winter 2026

Luminance (brightness)
Product of radiance and the eye’s luminous efficiency 

https://upload.wikimedia.org/wikipedia/commons/a/a0/Luminosity.png

Dark adapted eye 
(scoptic): response 
mainly due to rods

Daytime adapted 
eye (photoptic): response 
mainly due to cones

Y (p,!) =

Z 1

0
L(p,!,�)V (�) d�

� (nm)

Y =

Z
�(�)V (�) d�

▪ How to measure the eye’s response curve              ?Y =

Z
�(�)V (�) d�

- Adjust power of monochromatic light source of wavelength      until it matches 
the brightness of reference 555 nm source (photopic case) 

- Notice: the sensitivity of photopic eye is maximized at ~ 555 nm

Y =

Z
�(�)V (�) d�

▪ Luminous efficiency is measure of how bright 
light at a given wavelength is perceived by a 
human (due to the eye’s response to light at 
that wavelength)

Maximum (phototopic) 
response: 555 nm
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LMS responses plotted as 3D color space
Visualization of "spectral locus" of human cone cells’ response to 
monochromatic light (light with energy in a single wavelength) as 
points in 3D space. 

This is a plot of the S, M, L response functions as a point in 3D space. 

S

M

L

1931 CIE                      color-matching functionsx, y, z

Now consider XYZ responses as curve in 3D space

Figure Credit: 
Katie Dektar
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Separating luminance, chromaticity
Luminance: Y 

Chromaticity: x, y, z, defined as 

- since x + y + z = 1, we only need to record two of the three 

- usually choose x and y, leading to (x, y, Y) coords
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Perceptually Organized  
Color Spaces
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HSV (hue-saturation-value)
Axes of space correspond to natural notions of “characteristics” of color
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Perceptual dimensions of color
Hue 
- the “kind” of color, regardless of attributes 
- colorimetric correlate: dominant wavelength 
- artist’s correlate: the chosen pigment color 

Saturation 
- the “colorfulness” 
- colorimetric correlate: purity 
- artist’s correlate: fraction of paint from the colored tube 

Lightness (or value) 
- the overall amount of light 
- colorimetric correlate: luminance 
- artist’s correlate: tints are lighter, shades are darker
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Munsell book of color

Swatch identified by three numbers: hue, value (lightness), and chroma (color purity)
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Perceptual non-uniformity
In the xy chromaticity diagram at left, MacAdam 
ellipses show regions of perceptually equivalent 
color (ellipses enlarged 10x) 

Must non-linearly warp the diagram to achieve 
uniform perceptual distances

W
ikipedia
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CIELAB Space (L*a*b*)
A commonly used color space that strives for 
perceptual uniformity 
- L* is lightness  
- a* and b* are color-opponent pairs  

- a* is red-green, and b* is blue-yellow  
- A gamma transform is used for warping 

because perceived brightness is proportional 
to scene intensityγ, where γ ≈ 1⁄3 
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Things to remember
Physics of Light 
- Spectral power distribution (SPD) 
- Superposition (linearity) 
Tristimulus theory of color 
- Spectral response of human cone cells (S, M, L) 
- Metamers - different SPDs with the same perceived color 
- Color reproduction mathematics  
- Color matching experiment, per-wavelength matching functions 
Color spaces 
- CIE RGB, XYZ, xy chromaticity, LAB, HSV 
- Gamut



Stanford CS248A, Winter 2026

Acknowledgements
Thanks and credit for slides to Ren Ng 
And to Steve Marschner, Brian Wandell, Marc Levoy, Katherine Breeden, Austin Roorda, 
Keenan Crane, James O’Brien


