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Primer on Final Project - Spring 2024

Today is just to get you thinking  
Project - reminder  

• Build something interesting to you 

• Teams of four - choose your team 

• 25% for 184, 40% for 284A 
Timeline: 4 weeks (tentative dates) 

• Feb 22 Teaming Mixer 

• Today Teaming Mixer (after lecture) 

• April 2  Proposals due 

• April 16  Milestone Due 

• April 30  Reports/Video Due 

• May 2-3  Final Presentations, In-Person
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Project Inspiration

Showcase winners in recent years:  

• 2023: https://cs184.eecs.berkeley.edu/sp23/docs/final_showcase  

• 2022: https://cs184.eecs.berkeley.edu/sp22/docs/final_showcase  

• 2021: https://cs184.eecs.berkeley.edu/sp21/docs/final_showcase  

• 2020: https://cs184.eecs.berkeley.edu/sp20/article/39/final-
project-showcase 

Ideas:  

• Message and links on Ed.  This year’s project spec will be up 
soon. 

https://cs184.eecs.berkeley.edu/sp23/docs/final_showcase
https://cs184.eecs.berkeley.edu/sp22/docs/final_showcase
https://cs184.eecs.berkeley.edu/sp21/docs/final_showcase
https://cs184.eecs.berkeley.edu/sp20/article/39/final-project-showcase
https://cs184.eecs.berkeley.edu/sp20/article/39/final-project-showcase
https://cs184.eecs.berkeley.edu/sp20/article/39/final-project-showcase


Color is Central to  
Our Human Experience







Wassily Kandinsky, Color Study. Squares with Concentric Circles, 1913 
Munich, The Städtische Galerie im Lenbachhaus



Mark Rothko 
No. 61. Rust and Blue 
1953,  
Museum of Contemporary Art, Los Angeles













Color-Blind Reactions to Perceiving New Colors

Enchroma, https://www.youtube.com/watch?v=-rMjUsG--zo

https://www.youtube.com/watch?v=-rMjUsG--zo


Color-Blind Reactions to Perceiving New Colors

Enchroma, https://www.youtube.com/watch?v=-rMjUsG--zo

https://www.youtube.com/watch?v=-rMjUsG--zo


Simulation of Color Blind Perception 
(Color Vision Deficiency)



Normal



Protan



Deutan



Tritan
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Simulation of Color Blind Perception

Normal Protan

Deutan Tritan
Created with Coblis —Color Blindness Simulator
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A Person With One Trichromatic Eye and One Deuteranopic Eye

Graham and Hsia, 1959. 
“A unilaterally dichromatic subject”.

Source: Munsell



Normal



Protan



Deutan



Tritan
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Simulation of Color Blind Perception 

Normal Protan

Deutan Tritan
Created with Coblis —Color Blindness Simulator



Chromatic Adaptation
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Studying Chromatic AdaptationChromatic Adaptation

Slide credit: Mark Fairchild
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Slide credit: Mark Fairchild
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A  C YA N  F I LT E R

Slide credit: Mark Fairchild
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Slide credit: Mark Fairchild
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Slide credit: Mark Fairchild
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Automatic White Balance - Examples

No white balance (all processed as “daylight”)
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Automatic White Balance - Examples

Automatic white balance applied (Lightroom implementation)
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Automatic White Balance - Examples

AWB + light manual editing



Ren NgCS184/284A

Automatic White Balance

In technical portion of today’s lecture, on color reproduction 
calculations, we will implicitly assume either that: 

• Auto white balance has been applied 

• Or that the viewing conditions of the color reproduction match 
the original scene 

- automatic white balanced output

- raw input of white object

- raw input
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Color Perception is  
Highly Adaptive
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Even simple 
judgments – such 
as lightness -  
depend on brain 
processing 
(Anderson and 
Winawer, Nature, 
2005)
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Simultaneous Contrast and Surround Effect

Hunt & Stevens

Surround Effect
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Surround Effects

Roberts (1996)

White’sWhite’s
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Surround Effects

Roberts (1996)

White’s
White’s



AfterImages: Perception Operates 
on “Opponent” Color Axes







Image Afterimage
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Adapt













Color Perception is  
Complex and Surprising



Ren NgCS184/284A

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



And Yet, We Understand Color 
Reproduction As a Quantitative Science



Notice R, G, B sub-pixel geometry.  
Effectively three lights at each (x,y) location.
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Recall: Real LCD Screen Pixels (Closeup)

iPhone 6S
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Color Reproduction Problem We Will Study

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

Display image of damselfly  
on computer screenReal world damselfly



What is Color?



Ren NgCS184/284A Slide credit: Mark Fairchild

What is Color?
Color Science

Why is Color?

Color Science
Sources of Optical Radiation: PHYSICS

Characterization of Objects: PHYSICS, CHEMISTRY
Perception: ANATOMY, PHYSIOLOGY, PSYCHOLOGY

Terminology

• Color is a phenomenon of human 
perception; it is not a universal 
property of light  

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



Physical Basis of Color



credit:  Science Media Group. 
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Isaac Newton's Experimentum Crucis

Isaac Newton performing his crucial prism experiment – the 'experimentum crucis' – in his Woolsthorpe Manor bedroom.  
Acrylic painting by Sascha Grusche (17 Dec 2015)

• Newton showed sunlight can be subdivided into a rainbow with a prism 
• Resulting light cannot be further subdivided with a second prism
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Electromagnetic radiation 

• Oscillations of different frequencies (wavelengths)

The Visible Spectrum of Light

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

Visible electromagnetic spectrum

https://commons.wikimedia.org/wiki/File:EM_spectrum.svg#/media/File:EM_spectrum.svg
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Monochromator
Hegyi et al. "Introduction to Practical Biochem

istry" 
http://elte.prom

pt.hu/sites/default/files/tananyagok/IntroductionToPracticalBiochem
istry/ch04s07.htm

l

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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Spectrometer
Hegyi et al. "Introduction to Practical Biochem

istry" 
http://elte.prom

pt.hu/sites/default/files/tananyagok/IntroductionToPracticalBiochem
istry/ch04s07.htm

l

For unknown light source, use a monochromator to isolate 
each wavelength of light for measurement

Detector
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Spectral Power Distribution (SPD)

Salient property in measuring light 

• The amount of light present at each wavelength 

• Units:  

• radiometric units / nanometer (e.g. watts / nm) 

• Can also be unit-less 

• Often use “relative units” scaled to maximum 
wavelength for comparison across wavelengths 
when absolute units are not important



Ren NgCS184/284A

Daylight Spectral Power Distributions Vary

Blue sky Solar disk

[Brian W
andell]
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Spectral Power Distribution of Light Sources

Describes distribution of energy by wavelength

Figure credit:
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Superposition (Linearity) of Spectral Power Distributions
[Brian W

andell]



Measuring Light
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A Simple Model of a Light Detector

Produces a scalar value (a number) when photons land on it 

• Value depends only on the 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 works for many detectors: 

• based on semiconductors (such as in a digital camera) 

• based on visual photopigments (such as in human eyes)
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A Simple Model of a Light Detector
Credit: M

arschner
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Mathematics of Light Detection

Same math carries over to spectral power distributions 

• Light entering the detector has its spectral power 
distribution, s(λ) 

• Detector has its spectral sensitivity or spectral 
response, r(λ)

measured signal

input spectrum

detector’s sensitivity
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If we think of s and r as discrete, sampled 
representations (vectors) rather than continuous 
functions, this integral operation is a dot product: 
 
 
We can also write this in matrix form:

Mathematics of Light Detection

X =
⇥

s
⇤
2

64r

3

75
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Dimensionality Reduction From ∞ to 1

At the detector: 
• SPD is a function of wavelength  (∞ - dimensional signal) 

• Detector result is a scalar value  (1 - dimensional signal) 
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Attendance Time

If you are seated in class, go to this form 
and sign in: 

• https://bit.ly/184attendance 

Notes: 

• Time-stamp will be taken when you 
submit form.  
Do it now, won’t count later. 

• Don’t tell friends outside class to fill it 
out now, because we will audit at 
some point in semester.  

• Failing audit will have large negative 
consequence. You don’t need to, 
because you have an alternative!



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
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Example Experiment

p1     p2      p3  

Primary 
lightsTest light

p1 p2 p3

Slide credit: Kotani, Durand, Freeman
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Example Experiment

p1     p2      p3  

p1 p2 p3

Primary 
lightsTest light

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

Primary 
lightsTest light

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

p1     p2      p3  

Primary 
lights

p1 p2 p3

Test light

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

p1     p2      p3  

Primary 
lights

p1 p2 p3

Test light

Slide credit: Kotani, Durand, Freeman
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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



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 colorblind subjects, only two primary colors 
are necessary and sufficient to match any test color.



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

Kayvon Fatahalian
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CIE RGB Color Matching Functions 

r̄(�)

ḡ(�)

b̄(�)

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!



Biological Basis of Color
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Anatomy of The Human Eye
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Retinal Photoreceptor Cells: Rods and Cones

Rod cells Cone cellsRods are primary receptors in 
very low light (“scotopic” 
conditions), e.g. dim moonlight 

• ~120 million rods in eye 

• Perceive only shades of 
gray, no color 

Cones are primary receptors in 
typical light levels (“photopic”) 

• ~6-7 million cones in eye 

• Three types of cones, each 
with different spectral 
sensitivity 

• Provide sensation of color
http://ebooks.bfwpub.com/life.php Figure 45.18

http://ebooks.bfwpub.com/life.php%20Figure%2045.18
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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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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 Human Cone Cells

Instead of one detector as before, now we have three detectors 
(S, M, L cone cells), each with a different spectral response curve 

rL(�)
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<latexit sha1_base64="XCKO9LSygpv9mtDU9sdmbxu1vkg=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EUPQgVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPXGpHd</latexit><latexit sha1_base64="XCKO9LSygpv9mtDU9sdmbxu1vkg=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EUPQgVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPXGpHd</latexit><latexit sha1_base64="XCKO9LSygpv9mtDU9sdmbxu1vkg=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EUPQgVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPXGpHd</latexit>

Brainard, Color and the Cone M
osaic, 2015.
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Example: Spectral Response of Human Cone Cells
Credit: Sabesan, http://depts.washington.edu/sabaolab/

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>
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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>



Ren NgCS184/284A

Example: Spectral Response of Human Cone Cells
Credit: Sabesan, http://depts.washington.edu/sabaolab/

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,�)
<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>



Ren NgCS184/284A

Spectral Response of Human Cone Cells

Instead of one detector as before, now we have three detectors 
(S, M, L cone cells), each with a different spectral response curve 

rL(�)
<latexit sha1_base64="DSBcDilXdsDN8Zn3/L3UUooJZvk=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EXBQwVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPVjpHc</latexit><latexit sha1_base64="DSBcDilXdsDN8Zn3/L3UUooJZvk=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EXBQwVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPVjpHc</latexit><latexit sha1_base64="DSBcDilXdsDN8Zn3/L3UUooJZvk=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EXBQwVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPVjpHc</latexit>

rS(�)
<latexit sha1_base64="qSOhER+8qJVFYltFzk2K/XXWQeM=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EVvFY0tNKFsNpt26WYTdjdCCQV/hRcPKl79Nd78N27aHrR1YGGYmcd7O0HKmdK2/W2V1tY3NrfK25Wd3b39g+rh0YNKMkmoSxKeyF6AFeVMUFczzWkvlRTHAafdYHxV+N1HKhVLxL2epNSP8VCwiBGsjeTJwV3d4yYe4sagWrOb9gxolTgLUms3nqBAZ1D98sKEZDEVmnCsVN+xU+3nWGpGOJ1WvEzRFJMxHtK+oQLHVPn57OYpOjNKiKJEmic0mqm/J3IcKzWJA5OMsR6pZa8Q//P6mY4u/JyJNNNUkPmiKONIJ6goAIVMUqL5xBBMJDO3IjLCEhNtaqqYEpzlL68S97x52bRvTRk3MEcZTuAU6uBAC9pwDR1wgUAKz/AKb1ZmvVjv1sc8WrIWM8fwB9bnD+BikeM=</latexit><latexit sha1_base64="qSOhER+8qJVFYltFzk2K/XXWQeM=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EVvFY0tNKFsNpt26WYTdjdCCQV/hRcPKl79Nd78N27aHrR1YGGYmcd7O0HKmdK2/W2V1tY3NrfK25Wd3b39g+rh0YNKMkmoSxKeyF6AFeVMUFczzWkvlRTHAafdYHxV+N1HKhVLxL2epNSP8VCwiBGsjeTJwV3d4yYe4sagWrOb9gxolTgLUms3nqBAZ1D98sKEZDEVmnCsVN+xU+3nWGpGOJ1WvEzRFJMxHtK+oQLHVPn57OYpOjNKiKJEmic0mqm/J3IcKzWJA5OMsR6pZa8Q//P6mY4u/JyJNNNUkPmiKONIJ6goAIVMUqL5xBBMJDO3IjLCEhNtaqqYEpzlL68S97x52bRvTRk3MEcZTuAU6uBAC9pwDR1wgUAKz/AKb1ZmvVjv1sc8WrIWM8fwB9bnD+BikeM=</latexit><latexit sha1_base64="qSOhER+8qJVFYltFzk2K/XXWQeM=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EVvFY0tNKFsNpt26WYTdjdCCQV/hRcPKl79Nd78N27aHrR1YGGYmcd7O0HKmdK2/W2V1tY3NrfK25Wd3b39g+rh0YNKMkmoSxKeyF6AFeVMUFczzWkvlRTHAafdYHxV+N1HKhVLxL2epNSP8VCwiBGsjeTJwV3d4yYe4sagWrOb9gxolTgLUms3nqBAZ1D98sKEZDEVmnCsVN+xU+3nWGpGOJ1WvEzRFJMxHtK+oQLHVPn57OYpOjNKiKJEmic0mqm/J3IcKzWJA5OMsR6pZa8Q//P6mY4u/JyJNNNUkPmiKONIJ6goAIVMUqL5xBBMJDO3IjLCEhNtaqqYEpzlL68S97x52bRvTRk3MEcZTuAU6uBAC9pwDR1wgUAKz/AKb1ZmvVjv1sc8WrIWM8fwB9bnD+BikeM=</latexit>

rM (�)
<latexit sha1_base64="XCKO9LSygpv9mtDU9sdmbxu1vkg=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EUPQgVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPXGpHd</latexit><latexit sha1_base64="XCKO9LSygpv9mtDU9sdmbxu1vkg=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EUPQgVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPXGpHd</latexit><latexit sha1_base64="XCKO9LSygpv9mtDU9sdmbxu1vkg=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EUPQgVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPXGpHd</latexit>

Brainard, Color and the Cone M
osaic, 2015.
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Spectral Response of Human Cone Cells

Instead of one detector as before, now we have three detectors 
(S, M, L cone cells), each with a different spectral response curve 

rL(�)
<latexit sha1_base64="DSBcDilXdsDN8Zn3/L3UUooJZvk=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EXBQwVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPVjpHc</latexit><latexit sha1_base64="DSBcDilXdsDN8Zn3/L3UUooJZvk=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EXBQwVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPVjpHc</latexit><latexit sha1_base64="DSBcDilXdsDN8Zn3/L3UUooJZvk=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EXBQwVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPVjpHc</latexit>

rS(�)
<latexit sha1_base64="qSOhER+8qJVFYltFzk2K/XXWQeM=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EVvFY0tNKFsNpt26WYTdjdCCQV/hRcPKl79Nd78N27aHrR1YGGYmcd7O0HKmdK2/W2V1tY3NrfK25Wd3b39g+rh0YNKMkmoSxKeyF6AFeVMUFczzWkvlRTHAafdYHxV+N1HKhVLxL2epNSP8VCwiBGsjeTJwV3d4yYe4sagWrOb9gxolTgLUms3nqBAZ1D98sKEZDEVmnCsVN+xU+3nWGpGOJ1WvEzRFJMxHtK+oQLHVPn57OYpOjNKiKJEmic0mqm/J3IcKzWJA5OMsR6pZa8Q//P6mY4u/JyJNNNUkPmiKONIJ6goAIVMUqL5xBBMJDO3IjLCEhNtaqqYEpzlL68S97x52bRvTRk3MEcZTuAU6uBAC9pwDR1wgUAKz/AKb1ZmvVjv1sc8WrIWM8fwB9bnD+BikeM=</latexit><latexit sha1_base64="qSOhER+8qJVFYltFzk2K/XXWQeM=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EVvFY0tNKFsNpt26WYTdjdCCQV/hRcPKl79Nd78N27aHrR1YGGYmcd7O0HKmdK2/W2V1tY3NrfK25Wd3b39g+rh0YNKMkmoSxKeyF6AFeVMUFczzWkvlRTHAafdYHxV+N1HKhVLxL2epNSP8VCwiBGsjeTJwV3d4yYe4sagWrOb9gxolTgLUms3nqBAZ1D98sKEZDEVmnCsVN+xU+3nWGpGOJ1WvEzRFJMxHtK+oQLHVPn57OYpOjNKiKJEmic0mqm/J3IcKzWJA5OMsR6pZa8Q//P6mY4u/JyJNNNUkPmiKONIJ6goAIVMUqL5xBBMJDO3IjLCEhNtaqqYEpzlL68S97x52bRvTRk3MEcZTuAU6uBAC9pwDR1wgUAKz/AKb1ZmvVjv1sc8WrIWM8fwB9bnD+BikeM=</latexit><latexit sha1_base64="qSOhER+8qJVFYltFzk2K/XXWQeM=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EVvFY0tNKFsNpt26WYTdjdCCQV/hRcPKl79Nd78N27aHrR1YGGYmcd7O0HKmdK2/W2V1tY3NrfK25Wd3b39g+rh0YNKMkmoSxKeyF6AFeVMUFczzWkvlRTHAafdYHxV+N1HKhVLxL2epNSP8VCwiBGsjeTJwV3d4yYe4sagWrOb9gxolTgLUms3nqBAZ1D98sKEZDEVmnCsVN+xU+3nWGpGOJ1WvEzRFJMxHtK+oQLHVPn57OYpOjNKiKJEmic0mqm/J3IcKzWJA5OMsR6pZa8Q//P6mY4u/JyJNNNUkPmiKONIJ6goAIVMUqL5xBBMJDO3IjLCEhNtaqqYEpzlL68S97x52bRvTRk3MEcZTuAU6uBAC9pwDR1wgUAKz/AKb1ZmvVjv1sc8WrIWM8fwB9bnD+BikeM=</latexit>

rM (�)
<latexit sha1_base64="XCKO9LSygpv9mtDU9sdmbxu1vkg=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EUPQgVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPXGpHd</latexit><latexit sha1_base64="XCKO9LSygpv9mtDU9sdmbxu1vkg=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EUPQgVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPXGpHd</latexit><latexit sha1_base64="XCKO9LSygpv9mtDU9sdmbxu1vkg=">AAAB8nicbVBNS8NAFHypX7V+VT16WSxCeymJl+qt4EUPQgVjC00om82mXbrZhN2NUELBX+HFg4pXf403/42btgdtHVgYZubx3k6Qcqa0bX9bpbX1jc2t8nZlZ3dv/6B6ePSgkkwS6pKEJ7IXYEU5E9TVTHPaSyXFccBpNxhfFX73kUrFEnGvJyn1YzwULGIEayN5cnBb97iJh7gxqNbspj0DWiXOgtTajSco0BlUv7wwIVlMhSYcK9V37FT7OZaaEU6nFS9TNMVkjIe0b6jAMVV+Prt5is6MEqIokeYJjWbq74kcx0pN4sAkY6xHatkrxP+8fqajCz9nIs00FWS+KMo40gkqCkAhk5RoPjEEE8nMrYiMsMREm5oqpgRn+curxD1vXjbtO1PGDcxRhhM4hTo40II2XEMHXCCQwjO8wpuVWS/Wu/Uxj5asxcwx/IH1+QPXGpHd</latexit>

Brainard, Color and the Cone M
osaic, 2015.

S = rS · s
M = rM · s
L = rL · s

<latexit sha1_base64="oSCRIM7qSd8zpcJPrPcfNAMIfI0="></latexit><latexit sha1_base64="oSCRIM7qSd8zpcJPrPcfNAMIfI0="></latexit><latexit sha1_base64="oSCRIM7qSd8zpcJPrPcfNAMIfI0="></latexit>

Written as vector dot products:

Matrix formulation:
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<latexit sha1_base64="1o6PSyqM1n+v5KClQcoTxMfmTGA="></latexit><latexit sha1_base64="b/GOKbmahNaIWM+WKJxZTQEbAlI="></latexit><latexit sha1_base64="b/GOKbmahNaIWM+WKJxZTQEbAlI="></latexit>
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Dimensionality Reduction From ∞ to 3

At each position on the human retina: 
• SPD 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 measure and brain does not receive information 
about each wavelength of light 

• Rather, the eye measures three response values only (S, M, L) at each 
position in visual field, and this is only spectral info available to brain 

• This is the result of integrating the incoming spectrum against 
response functions of S, M, L cones  

Kayvon Fatahalian



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  

• Don’t have to reproduce the full spectrum of a real 
world scene 

• Example: A metamer can reproduce the perceived 
color of a real-world scene on a display with pixels of 
only three colors
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Metamerism
Color matching is an important illusion that is understood 
quantitatively

Brian W
andell
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Metamerism is a Big Effect
Brian W

andell



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 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(�)
<latexit sha1_base64="d4GaUWH1wM1bJ2ypPOHpJ6cs7BY=">AAAB8XicbVBNSwMxFHzrZ12/qh69BItQL2UrgnoreNFbBdcWtkvJZrNtaDZZkqxQlv4MLx5UvPpvvPlvTNs9aOtAYJiZR96bKONMG8/7dlZW19Y3Nitb7vbO7t5+9eDwUctcEeoTyaXqRlhTzgT1DTOcdjNFcRpx2olGN1O/80SVZlI8mHFGwxQPBEsYwcZKga67PW7TMT7rV2tew5sBLZNmSWpQot2vfvViSfKUCkM41jpoepkJC6wMI5xO3F6uaYbJCA9oYKnAKdVhMVt5gk6tEqNEKvuEQTP190SBU63HaWSTKTZDvehNxf+8IDfJVVgwkeWGCjL/KMk5MhJN70cxU5QYPrYEE8XsrogMscLE2JZcW0Jz8eRl4p83rhve/UWtdVe2UYFjOIE6NOESWnALbfCBgIRneIU3xzgvzrvzMY+uOOXMEfyB8/kDft2QTQ==</latexit><latexit sha1_base64="d4GaUWH1wM1bJ2ypPOHpJ6cs7BY=">AAAB8XicbVBNSwMxFHzrZ12/qh69BItQL2UrgnoreNFbBdcWtkvJZrNtaDZZkqxQlv4MLx5UvPpvvPlvTNs9aOtAYJiZR96bKONMG8/7dlZW19Y3Nitb7vbO7t5+9eDwUctcEeoTyaXqRlhTzgT1DTOcdjNFcRpx2olGN1O/80SVZlI8mHFGwxQPBEsYwcZKga67PW7TMT7rV2tew5sBLZNmSWpQot2vfvViSfKUCkM41jpoepkJC6wMI5xO3F6uaYbJCA9oYKnAKdVhMVt5gk6tEqNEKvuEQTP190SBU63HaWSTKTZDvehNxf+8IDfJVVgwkeWGCjL/KMk5MhJN70cxU5QYPrYEE8XsrogMscLE2JZcW0Jz8eRl4p83rhve/UWtdVe2UYFjOIE6NOESWnALbfCBgIRneIU3xzgvzrvzMY+uOOXMEfyB8/kDft2QTQ==</latexit><latexit sha1_base64="d4GaUWH1wM1bJ2ypPOHpJ6cs7BY=">AAAB8XicbVBNSwMxFHzrZ12/qh69BItQL2UrgnoreNFbBdcWtkvJZrNtaDZZkqxQlv4MLx5UvPpvvPlvTNs9aOtAYJiZR96bKONMG8/7dlZW19Y3Nitb7vbO7t5+9eDwUctcEeoTyaXqRlhTzgT1DTOcdjNFcRpx2olGN1O/80SVZlI8mHFGwxQPBEsYwcZKga67PW7TMT7rV2tew5sBLZNmSWpQot2vfvViSfKUCkM41jpoepkJC6wMI5xO3F6uaYbJCA9oYKnAKdVhMVt5gk6tEqNEKvuEQTP190SBU63HaWSTKTZDvehNxf+8IDfJVVgwkeWGCjL/KMk5MhJN70cxU5QYPrYEE8XsrogMscLE2JZcW0Jz8eRl4p83rhve/UWtdVe2UYFjOIE6NOESWnALbfCBgIRneIU3xzgvzrvzMY+uOOXMEfyB8/kDft2QTQ==</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://w
w

w.m
acrum

ors.com
/roundup/iphone-5s/
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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(�)
<latexit sha1_base64="d4GaUWH1wM1bJ2ypPOHpJ6cs7BY=">AAAB8XicbVBNSwMxFHzrZ12/qh69BItQL2UrgnoreNFbBdcWtkvJZrNtaDZZkqxQlv4MLx5UvPpvvPlvTNs9aOtAYJiZR96bKONMG8/7dlZW19Y3Nitb7vbO7t5+9eDwUctcEeoTyaXqRlhTzgT1DTOcdjNFcRpx2olGN1O/80SVZlI8mHFGwxQPBEsYwcZKga67PW7TMT7rV2tew5sBLZNmSWpQot2vfvViSfKUCkM41jpoepkJC6wMI5xO3F6uaYbJCA9oYKnAKdVhMVt5gk6tEqNEKvuEQTP190SBU63HaWSTKTZDvehNxf+8IDfJVVgwkeWGCjL/KMk5MhJN70cxU5QYPrYEE8XsrogMscLE2JZcW0Jz8eRl4p83rhve/UWtdVe2UYFjOIE6NOESWnALbfCBgIRneIU3xzgvzrvzMY+uOOXMEfyB8/kDft2QTQ==</latexit><latexit sha1_base64="d4GaUWH1wM1bJ2ypPOHpJ6cs7BY=">AAAB8XicbVBNSwMxFHzrZ12/qh69BItQL2UrgnoreNFbBdcWtkvJZrNtaDZZkqxQlv4MLx5UvPpvvPlvTNs9aOtAYJiZR96bKONMG8/7dlZW19Y3Nitb7vbO7t5+9eDwUctcEeoTyaXqRlhTzgT1DTOcdjNFcRpx2olGN1O/80SVZlI8mHFGwxQPBEsYwcZKga67PW7TMT7rV2tew5sBLZNmSWpQot2vfvViSfKUCkM41jpoepkJC6wMI5xO3F6uaYbJCA9oYKnAKdVhMVt5gk6tEqNEKvuEQTP190SBU63HaWSTKTZDvehNxf+8IDfJVVgwkeWGCjL/KMk5MhJN70cxU5QYPrYEE8XsrogMscLE2JZcW0Jz8eRl4p83rhve/UWtdVe2UYFjOIE6NOESWnALbfCBgIRneIU3xzgvzrvzMY+uOOXMEfyB8/kDft2QTQ==</latexit><latexit sha1_base64="d4GaUWH1wM1bJ2ypPOHpJ6cs7BY=">AAAB8XicbVBNSwMxFHzrZ12/qh69BItQL2UrgnoreNFbBdcWtkvJZrNtaDZZkqxQlv4MLx5UvPpvvPlvTNs9aOtAYJiZR96bKONMG8/7dlZW19Y3Nitb7vbO7t5+9eDwUctcEeoTyaXqRlhTzgT1DTOcdjNFcRpx2olGN1O/80SVZlI8mHFGwxQPBEsYwcZKga67PW7TMT7rV2tew5sBLZNmSWpQot2vfvViSfKUCkM41jpoepkJC6wMI5xO3F6uaYbJCA9oYKnAKdVhMVt5gk6tEqNEKvuEQTP190SBU63HaWSTKTZDvehNxf+8IDfJVVgwkeWGCjL/KMk5MhJN70cxU5QYPrYEE8XsrogMscLE2JZcW0Jz8eRl4p83rhve/UWtdVe2UYFjOIE6NOESWnALbfCBgIRneIU3xzgvzrvzMY+uOOXMEfyB8/kDft2QTQ==</latexit>
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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 as Linear Algebra
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What R, G, B values?Input spectrum s
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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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Color Reproduction as Linear Algebra
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Solution (form #1):

Nx13xNNx33xN3x1

3x13x3

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

3x1 3xN Nx3 3xN Nx1

3xN
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Color Reproduction as Linear Algebra
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Solution (form #3):

3xN
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Color Matching Functions
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3xN

This 3xN matrix contains, as row vectors,  
“color matching functions” 

associated with the primary lights sR, sG, sB.

Recall the color matching functions from the matching experiment
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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 



Gamut
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Example: Color Gamut for sRGB and Apple P3

Wikipedia
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Comparing sRGB and Wide Gamut P3 Color Spaces

Interactive Color Space Comparison: 
https://webkit.org/blog-files/color-gamut/comparison.html 

• Needs a wide-gamut physical display 

• I can see differences clearly on my MacBook Pro, less so on LG display

https://webkit.org/blog-files/color-gamut/comparison.html
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LMS Response Values for Each Wavelength

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

Brainard, Color and the Cone M
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LMS Response Values for Each Wavelength

Brainard, Color and the Cone M
osaic, 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
D

ektar, Adam
s, Levoy  

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

M

S

L

"Spectral locus"

https://graphics.stanford.edu/courses/cs178-10/applets/locus.html
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Human Gamut

480
470

440

490

500

510

530550570

590

610

630
650

WRGB Display Gamut

Chromaticity Diagram (Maxwellian)
s

W

Perspective projection of spectral locus 
looking diagonally down at origin from (1,1,1)

(l, m, s) = (L, M, S)
L + M + S

s

ml
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Chromaticity Diagram (CIE 1931 xy)

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

sRGB is a common 
color space used 
throughout the 
internet

CIE RGB are the  
monochromatic 
primaries used for 
color matching  
tests described  
earlier



Color Representation
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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: display color space 

• Define a color by what R, G, B scalar values will produce it on your display 

• As before, s(λ) = r(λ)R + g(λ)G + b(λ)B for some spectra r, g, b 

• Device dependent (depends on primary spectra, gamma, …) 

• Therefore if I choose R,G,B by looking at my display and send it to you, 
you may not see the same color 

• 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 RGB standard 

• other color devices simulate that monitor by 
calibration 

• sRGB is usable as an interchange space; still widely 
used today, though other standards common now 

• gamut is still limited
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The Historical “Standard” 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 can only 
be realized with primaries 
that are negative at some 
wavelengths

CIE XYZ color matching functions
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Luminance (Lightness)

Integral of radiance scaled by 
the visual luminous efficiency 
 
 

Luminous efficiency          is a 
measure of how bright a light 
at a given wavelength is 
perceived by a human

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

Dark adapted 
eye (scotopic)

Daytime adapted 
eye (photopic)

Y (p,!) =

Z 1

0
L(p,!,�)V (�) d�

� (nm)

�v =

Z 1

0
�e(�)V (�) d�

Y =

Z
�(�)V (�) d�
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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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CIE 1931 xy Chromaticity Diagram
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) 



Perceptually Organized  
Color Spaces
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HSV Color Space (Hue-Saturation-Value)

Axes correspond to artistic characteristics of color
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HSV Color Space (Hue-Saturation-Value)

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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CIELAB (AKA L*a*b*)

A perceptually-organized color space that acts as a 
simple and useful color appearance model 
Features 

• Chromatic adaptation (white balance) 

• Predicts color appearance 

• Opponent color encoding  

• Formulas for hue, chroma, lightness 

• Perceptual uniformity (non-linear warping)
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CIELAB Definition
CIEXYZ --> CIELAB CIELAB --> CIEXYZ

are the CIEXYZ coordinates of the reference white point

W
ikipedia
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CIELAB Has Chromatic Adaptation (Reference White)

CIEXYZ --> CIELAB

are the CIEXYZ coordinates of the reference white point

Color in Practice, 10/6/2020 Maureen Stone, Tableau Research

5

Chroma (saturation)
Intensity, purity, distance from gray

Hue (color wheel)
Consistent order, different spacings

Value
Perceived lightness

25

Tristimulus space: range of whites Perceptual space: unique white

Lightness

White

Black

26

CIELAB

Lightness

L*

Yn =Reference White 
(100,0,0)

a*

b*

Black (0,0,0)

27

Luminance & L*
L* is a function of normalized luminance
Range 0 to100

L* = 116(Y/Yn)1/3-16

28

The L* Function

Combination power + linear functions
- Not 1/3 power
- Best fit is 1/2.43

L* ~ 100(Y/Yn)1/2.43

Similar issue in other non-linear lightness specifications

29

Munsell Atlas

Courtesy Gretag-Macbeth

30
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CIELAB As a Color Appearance Model

Hue, chroma, 
lightness 
 
Not L*, a*, b*

Color in Practice, 10/6/2020 Maureen Stone, Tableau Research

6

Chroma

Va
lu

e

For a given Hue

Colors with a dotted border cannot be displayed correctly on a CRT

Uniform differences

31

Color Vision Models

Physical World

Light
Energy
Spectral 

distribution 
functions 

F(l)

Visual System

Opponent 
Encoding
Separate 
lightness, 
chroma 

A,R-G,Y-B
CIE xyY

Cone
Response 
Encode as 

three values

L,M,S
CIE XYZ

Mental Models

Appearance 
Models

Adaptation
Background

Size …
CIECAM02
CIELAB*

Perceptual 
Models 
Hue,

Lightness,
Chroma 
Munsell
CIELAB

32

CIELAB
Hue, chroma, lightness
Not L* a* b*

Lightness

Hue

Colorfulness

L*

Arctan(a*,b*)

SqRt(a*2+b*2)

Reference White

33

CIELAB as Appearance Model

Meets minimum requirements
- Based on CIE XYZ
- Predicts hue, chroma and lightness
- “Wrong von Kries” chromatic adaptation (XYZ vs. LMS)

For more detail, wait for Marc Fairchild

34

Perception
Cone response
Lightness + color

Creation
RGB, HSV
CMY(K), BRY

Measurement
Tristimulus values (XYZ)
CIELAB (L*,a*,b*)
CIELUV (L*,u*,v*)
…

Encoding
sRGB
Adobe RGB
rec 709 (video)
…

35

Mantis Shrimp

36

Adapted from slide by M. Stone

Chroma
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CIEXYZ is Not Perceptually Uniform

• In the xy chromaticity 
diagram at left, 
MacAdam ellipses show 
regions of perceptually 
equivalent color (ellipses 
enlarged 10x)

W
ikipedia
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CIELAB Aims for Perceptual Uniformity

From Henrich et al. 2011 
https://iovs.arvojournals.org/article.aspx?articleid=2187751
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Perceptual Normalization Function Applies to L*, a*, b*

CIEXYZ --> CIELAB

are the CIEXYZ coordinates of the reference white point

Color in Practice, 10/6/2020 Maureen Stone, Tableau Research

5

Chroma (saturation)
Intensity, purity, distance from gray

Hue (color wheel)
Consistent order, different spacings

Value
Perceived lightness

25

Tristimulus space: range of whites Perceptual space: unique white

Lightness

White

Black

26

CIELAB

Lightness

L*

Yn =Reference White 
(100,0,0)

a*

b*

Black (0,0,0)

27

Luminance & L*
L* is a function of normalized luminance
Range 0 to100

L* = 116(Y/Yn)1/3-16

28

The L* Function

Combination power + linear functions
- Not 1/3 power
- Best fit is 1/2.43

L* ~ 100(Y/Yn)1/2.43

Similar issue in other non-linear lightness specifications

29

Munsell Atlas

Courtesy Gretag-Macbeth

30
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CIELAB Gives a Recommended Color Difference Metric

Other color spaces we looked at (RGB, CIEXYZ, HSV) are not perceptually 
uniform and are not recommended for color difference calculations 

• E.g. a pair of colors that look similar to a human observer may have 
R,G,B coordinates further apart than another pair of colors that look 
quite different 

• Try converting colors to CIELAB coordinates for applications that need 
to quantify differences in color appearance  

Distance between (L*, a*, b*) coordinates for two colors is a recommended 
color difference metric that is approximately perceptually uniform 

•   (“Delta E”) 

• Caveat:  is not perfect (e.g. large differences, and differences 
between highly saturated colors are inaccurate). CIEDE2000 is a more 
complex/accurate metric based on color appearance models

ΔE*ab = (L*2 − L*1 )
2

+ (a*2 − a*1 )
2

+ (b*2 − b*1 )
2

ΔE*ab



Additive vs Subtractive Color 
or 

Beam Colors vs Object Colors
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Additive Color

redgreen

blue

yellow

magentacyan

Slide courtesy K. Breeden
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Subtractive (Actually Multiplicative) Color

Shining white light on various colored pigments

Slide courtesy K. Breeden
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Beam Colors and Additive Color
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Object Colors - Multiplicative Color

Ideal surfaces that achieve to scatter all types of radiation over all directions,
absorbing none, are named white “Lambertian” surfaces after Johann Hein-
rich Lambert (1728–1777) a Swiss mathematician—or, really, universal sci-
entist.

Indeed, the definition of a “white” object is that it scatters all radiation (that,
a perfect mirror does too) over all directions (that, a perfect mirror does not).
Thus a white surface looks the same from wherever you are!

If it looks different it might be because its relation to the sources has
changed. For instance, it looks different in the sun from what it looks like
in the shadows.

Lambertian white surfaces are such materials as paper, foam on beer, milk
(oil droplets in water), snow, chalk, and so forth. That is to say, the definition
is not of a chemical nature.

The definition states that all incident radiation is scattered over all direc-
tions, independent of the nature of the incident beam. For the moment, I’ll
take a piece of chalk as the primordial instance. It is the most “object–like”
thing imaginable, in the sense that mirrors or glass are far less object–like.
They change appearance as you change your view point. Lambertian objects
never behave capriciously, they behave as generic materials “should”. No
doubt a Neanderthal would bet on that, I mean objects behaving as objects
should.

The “Seven Sisters”, Sus-
sex. Such white chalk cliffs
are the primordial objects.

The white objects simply scatter the incident radiation back at you. All of it,
I mean, the full spectrum. There are many objects that are Lambertian, but

do not scatter all wavelengths equally well. They absorb some. Such objects
appear “coloured”.

We describe this through comparison with a truly white object. For some
wavelength regions the coloured object will scatter less radiation than a white
object does. The ratio is called the “spectral reflectance factor”,* a number
between zero and one. I already gave an example for the sulphur and cinnabar
crystals.

The spectral reflectance factor is the physical causal factor in determining
“colour” as a visual quality (quale). It is only one factor, but it is the phys-
ical factor. The spectral reflectance function of various materials will be an
important item in this book.

Of course, there are numerous physical factors that need to be minded at
various times. However, this is pretty much a solid rock bottom start.

? ? ?

*An unfortunate term, for scattering is not (mirror–)reflection. This is often forgotten by
the pop–science authors. Look at their illustrations and you will often see the mirror reflection
law in action.
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A monochromatic yellow can be matched by a mixture of a monochromatic
red and a monochromatic green, the so-called Rayleigh match,* thus showing
that colours do not stand in a one-to-one relation with monochromatic parts.

There is no such a thing as a monochromatic purple. Mixtures of red
and blue monochromatic parts look purple, but they do not match any sin-
gle monochromatic part. Thus there are colours that are not in the spectrum,
thus “extra–spectral”.

Sulphur crystals (the element, bright yellow) and cinnabar (a deep red mer-
cury(II) sulphide) on Dolomite.

The belief in these misconceptions is still widespread. A philosopher can say
“colour is either seeing by wavelength or it is mental paint” (B p.87) and will
not be laughed out of the room. Perhaps hard to believe with Newton having
been kicking up daisies for centuries, but (perhaps sadly) true.

It is important to remember once and for all that

COLOUR HAS NOTHING TO DO WITH WAVELENGTH

Given the impact of the pop–science literature you may have to read this twice
over. Anyhow, remember it!

Spectral representations of radiant power are often quite useful in compu-
tations, but that is an entirely different matter. The spectrum of a good yellow

*It implies the Nagel–anomaloscope, you may want to Google it.

like sulphur is in no way like “100% at the wavelength of yellow and 0% any-
where else”. Rather, sulphur reflects about half of the physical spectrum, it
merely removes the short-wavelength range.

Indeed, if sulphur would only reflect “the yellow wavelength” (there is re-
ally no such a thing!) it would look black, because it would effectively reflect
nothing. You will be rightly surprised when I tell you that this misunderstand-
ing is not at all rare among academics.

Reflection (range 0–100%) spec-
tra of sulphur and cinnabar. The
wavelength range involves the in-
frared, the visual range is about 0.4–
0.75µm. Notice that these spectra
are roughly of an all-or-none type.
There are no signs of anything spe-
cial at some “yellow or red wave-
length” as many naive persons are
wont to think.

Although the spectrum is of no particular interest to vision, it is good to be fa-
miliar with it. The first colours that strike the eye are (obvious, broad regions)
red, green and (weaker) blue, separated by a marked narrow yellow band and
(for people who look closely) a thin turquoise band that separates blue from
green. (B p.82)

With some scrutiny you will be able to spot a few more colours when you
look for them. For instance, it is not hard to locate orange.

However, there are many colours that you will not be able to find, for in-
stance earth colours such as brown or olive, metallic colours such as gold or
copper, or strange colours such as “anthracite”. You can basically only find
colours “from the air”, not “from the earth” (see page 20), to use the ancient
notion (usually connected with Aristotle) of the four elements.
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Koenderink, Colour in the Wild. 2018
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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 (and DeltaE), HSV 

• Gamut
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