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Announcements

Lab 3 due today

Project 2 checkpoint due on Tuesday

FAQS:
1. When will Project 1 be graded? Aiming for Tuesday!
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See his blog post for more detalls:
https://lamie-wong.com/post/color/
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Visible Light [Electromagnetic wave: longer

wavelength (A\) = less energy
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Visible light is A between 370nm —

/30nm.




Visible Light

Most colors are

combinations of spectral
(pure) colors

Relative Power

500
Wavelength (nm)

[£00Z 10]0Q |e}BIQ 03 8pINY p|ald V¥ "8U0}S UddINEN]



Visible Light

Most colors are
combinations of spectral
(pure) colors

Relative Power

Some wavelengths

are reflected,
others absorbed

[€00¢ 10|09 |e1b6IQ 01 8pINg pIdld ¥ "8U01S

0

10[0) 500
Wavelength (nm)

Called a spectral distribution 8




Visible Light

Most colors are

combinations of spectral

(pure) colors 5
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Metamers

Relative power

Relative power

400
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Reflectance spectrum of a point on a lemon
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Metamers

Different spectra,

but looks the same

to our eyes!

This is called a

metamer.
Why does this work?

Reflectance spectrum of a point on a lemon
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Photoreceptors on retina:
rods — low-light levels, little color vision

The Retina

cones — color vision!
short, middle, long ~ blue, green, red

Choroid

Cone Response Curves

—_—

Spectral Sensitivity

Ciliary body

[Helaa Kolb Simble Anatomv of the

o

400 700

14



The Retina

Sclera Choroid

Optic nerve

Ciliary body

[Helaa Kolb Simble Anatomv of the
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Tri-Stimulus Response

0.02

0.12

~|Light spectrum
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. |Cone sensitivity
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Seem familiar?



Tri-Stimulus Response

Sunlight hits lemon
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Image of lemon on screen
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Tri-Stimulus Response

Sunlight hits lemon

Both stimuli have same cone
response, but RGB is easier to
engineer!

ldea: Model all colors as triplets of RGB
Intensities (tri-stimulus response)

Image of lemon on screen
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CIEXYZ (1931) i

fixed wavelength

lamps
Take red, green, blue lamp,

record RGB tuples (r, g, b).

Normalize values to be
between O and 1.

(1, 1, 1) = white light

—
—
|
O
|
N—’

O) = pure red

...elcC.

How to visualize all colors?
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CIE XYZ (1931)

L

What about a 2D visualization?
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xy chromaticity diagram

1.0 =
N\

CIE XYZ (1931)

Project into a 2D plane to

separate colorfulness
from brightness.

Y
X+Yy+ 2z (blue) =1 x-axis = red, roughly|.
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Our screens

Not the same as the 1931 CIE
light bulbs!
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1.0 =
N\

Color Gamuts

Gamut = portion of color
space that can be
reproduced by display
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Gamut = portion of color
space that can be
reproduced by display

CSS rgb() uses the sRGB

gamut:
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Opponent Encoding
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CIE LAB Color Space

Axes correspond to opponent
signals:

L* = luminance
a* = red-green contrast
b* = yellow-blue contrast
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OKLAB Color Space

A
Oklab i1s modern version of Lightness
CIELAB that we recommend

In CSS: ¢

.1‘,-
oklch(65% 50% 0) '
Colorfulness
& ) Hue
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OKLAB Color Space

Rainbow In Oklab

“Angry rainbow” in sRGB

Notice that there

aren't bright “bands”:
perceptually uniform

But still be wary!

JND iIssues
Colorblind issues
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Simultaneous Contrast

Two colors side-by-side interact

and affect our perception

The inner and outer thin
rings are, in fact, the
same physical purple!

[pos|oe\ pleuod]
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. Two colors side-by-side Interact

Josef Albers
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. Two colors side-by-side Interact

Josef Albers
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o Two colors side-by-side interact

Josef Albers
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Modeling Color Perception

Low-Level Abstraction High-Level
Physical World Visual System Mental Models
n L “Teal”

Visible Cone Opponent  Perceptual Appearance Cognitive
Light Response Encoding Models Models Models
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What color is this?




What color is this?




What color is this?

tryclassbuzz.com:
color




Color Naming
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Task: Mark all the chips you would label as “red” “green” etc.




Color Naming

Language #72 (Mixteco)
Mutual info = 09492/ Contribution = 0.476

05T ' ' ' ' ' | | | e
aok HERAn O .
X I | ([ L LR N R
I | | [ [ [T LIARS
] || R N | | | | |

sof IHERC e o AENEERRERERERRERRR RN N

a0l = snn RN RN NANE NN D

o AN ERnnnn s N NEEREREE RN RN REENRRR N K
zouonnAEEen NI n R RN AN e NN N

1.5

BAV SR SYR aY aGY 5G S5BG 5B SFB SP SRFP

Language #¥98 (Tlapaneco)
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Language #19 (Camsa)
Mutual info = 0932 / Contribution = 0.437
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Language #2494 (Chavacano)
Mutual info = 0939 f Contribution = 0.513
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45



Your green

https://ismy.blue/



https://ismy.blue/

Color Naming Affects Perception

Green 5 Blue




Color Naming Affects Perception

Color Name Distance Salience Name

0.00 0.08 0.19 44 blue 61.5%

0.00 0.78 21 red21.1%
0.00 0.10 39 green 42.8%
0.00 0.80 0.31 42 purple 57.8%

0.00 0.21 24 blue 40.4%
10.00

28 orange 36.3%
0.19 0.80 0.21 0.00 0.58 16 Dblue 25.6%
0.78 0.00 0.76 10 pink 21.8%

0.08

[2L0Z IHD '8u01S pue JesH]

0.10 0.00 21 green 30.8%

0.31 0.58 0.76 25 purple 22.7%
Excel-10 Average 0.86 27

Default color palette for Excel: confusion!


http://vis.stanford.edu/color-names/analyzer/

Color Naming Affects Perception

Minimize overlap and ambiguity of colors

Color Name Distance Salience Name
0.00 0.19 47 blue 65.3%
0.00 87 orange 92.2%
0.00 0.70 70 green 81.3%

10.00 64
10.00 43
10.00 A7

0.00 47

10.00 74

0.70 ) 11
0.19 0.0C 2K
Tableau-10 Average 0.96 oY

Default color palette for Tableau: better!

red 79.3%
purple 52.5%
brown 60.5%
pink 60.3%
grey 83.7%
yvellow 20.1%
blue 27.2%

[2L0Z IHD '8u01sS pue JosaH]
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http://vis.stanford.edu/color-names/analyzer/

Putting it together:
Designhing colormaps




Discrete (binary, categorical)

Symbol Legend

‘ Alpha . Beta . Gamma . Delta . Epsilon Zeta

Continuous (sequential, diverging, cyclic)

Gradient Legend

10 20 30 40 50 60 70 80 90 100

o

In general, prefer this

Discretized Continuous| |sver continuous!

Discrete Gradient

-60
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Beware of naive rainbows!

. Some colors are less effective

Hues are not naturally ordered
People segment colors into
classes, perceptual banding
Naive rainbows are unfriendly
to color blind viewers

at high spatial frequencies
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Beware of naive rainbows! -n

N | - .
' |
I P 7

. - Svess a) |
Rainbow Palette . .
. |IDiverging Palette

- ‘ Borkin, Michelle, et al. "Evaluation of artery visualizations for heart disease diagnosis."

53



W
N

AGE-ADJUSTED DEATH RATES BY HSA, 18988-92

SOURCE: COC/KCHS

=

ICD-9 Categories 390-398,
402, 404-429

Proportion

0.015 1

0.005 4

. L} L)
150 200 250

Oistribution of HSA rates
par 100,000 population

300

HEART DISEASE
WHITE MALE

[ R

https://colorbrewer2.org/

Cynthia Brewer

Age-adjusted

{U.S, rate = 205.0)

Hate par
100,000
population

253.8-328.6

179.5-1998
166.7/-1/9.4
112.4-166.6

B
&

Comparative
mortality ratio
(HSA to U.S.)

1.24 .1.60
1.16-1.24
1.05-1.16
0.98-1.05
0.88 -0.98
0.81-0.88
0.55-0.81
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AGE-ADJUSTED DEATH RATES BY HSA, 18988-92
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Use quantiles instead

\ N

Cynthia Brewer
https://colorbrewer2.org/

150 200

.

Nes 390-398,
402, 404-427¢

SOURCE: CDC/KRCHS

250
Distribution of HSA rates
per 100,000 population

300 Age-adjusted

205.0)

(U.S. rata =

Hate par Comparative
100,000 mortality ratio
population (H5A to U.S)

253.8 - 328.6 - 1.24 - 1.60
236,8-253.7 [ 1.16-1.24
2152-236.7 | | 1.05-1.16
190.9 - 215.1 0.98-1.05
179.5-199.8 0.88 - 0.98
166.7-179.4 B8 0.81-0.88
112.4 - 166.6 0.55 - 0.81

Propornion

150 200 280 100
Oistribution of HSA rates
paer 100,000 gopulation
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Quantitative Color Encoding

Sequential Color Scale HEE
Ramp In luminance, possibly also hue.
Typically higher values map to darker L .

colors. HEE

BN
__HEN
BN

Diverging Color Scale

Useful when data has a meaningful “midpoint.”
Use neutral color (e.g., gray) for midpoint.

Use saturated colors for endpoints.

Limit number of steps in color to 3-7!
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Use Perceptually Uniform Color Schemes!

@ observablehq.com x @ +

G Platform ~ Solutions Resources -~ Pricing Sign in m

D3 > GALLERY

Color Schemes https://observablehg.com/@d3/color-schemes

Click any d3-scale-chromatic scheme below to copy it to the clipboard.

:  Scheme size continuous (2]
Sequential (Single-Hue)
Blues
Greens
Greys
Oranges
Purples
Reds

Sequential (Multi-Hue)

BuGn
BuPu
GnBu

OrRd

PuBuGn


https://observablehq.com/@d3/color-schemes

Takeaways

Use only a few colors (~5 ideally)
Colors should be distinctive and named.
Use/respect cultural conventions: appreciate symbolism.

Get it right in black and white.

Respect the color blind.

Take advantage of perceptual color spaces.
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