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ANNOUNCEMENTS

FINAL PROJECT

Data analysis/explainer
Analyze dataset in depth & make a visual explainer

Deliverables
An article with multiple different interactive visualizations

Short video (2 min) demoing and explaining the project

Schedule
Project proposal:
Design Review and Feedback:
Final code and video:

Grading
Groups of up to 3 people, graded individually
Clearly report responsibilities of each member
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PURPOSE OF COLOR

To label ||"|||||§MIHII

To measure |I|||||l||l|| ii

To represent and imitate Hllll llllll Bl

To enliven and decorate IIIIII'III'II'Ill
“Above all, do no harm.” IIIIII 'l III IIIII

- Edward Tufte III“' Illllll
||||||l|ln|| J[

UL

Learning Objectives

1. Understand how people perceive color

2. Apply understanding of color perception
to visualization design
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WHAT COLOR IS THIS?
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WHAT COLOR IS THIS?

“Yellow”

WHAT COLOR IS THIS?




10/28/24

WHAT COLOR IS THIS?

WHAT COLOR IS THIS?
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WHAT COLOR IS THIS?

PERCEPTION OF COLOR

Cone Response

COLOR APPEARANCE
MODELS

Color Cognition Color Appearance Color Perception
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PHYSICIST’S VIEW :

Light as electromagnetic wave
Energy or “Relative power” across %
visible spectrum of wavelengths S

=
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Wavelength (nm)

A Field Guide to Digital Color, Maureen Stone
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PERCEPTION OF COLOR

WA I\
— e

Cone Response

COLOR APPEARANCE
MODELS

Color Cognition Color Appearance Color Perception
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Choroid

Sclera

Ciliary body

Simple Anatomy of the Retina, Helga Kolb

25

AS LIGHT ENTERS OUR RETINA

LMS (Long, Middle, Short) Cones Cone Response Curves
Sensitive to different wavelength

—

Spectral Sensitivity

o

400 700

A Field Guide to Digital Color, Maureen Stone
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CONE RESPONSE

LMS (Long, Middle, Short) Cones
Sensitive to different wavelength
Integration with input stimulus

Product » Response
1 Integrate

Cone Response Curves

Input Stimulus

Relative Power
e
/
\
4
N\ —
X
Spectral Sensitivity

o
o

400 700
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EFFECTS OF RETINAL ENCODING

Spectra that stimulate the same LMS
response are indistinguishable
(a.k.a. "metamers”)

Tri-stimulus response
Computer displays
Digital scanners
Digital cameras

Relative Power

Wavelength (nm)

32
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Missing cones

COLOR VISION DEFICIENCY

normal vision

red weak protanomaly

HEN HE - EEN N -
B 1 O HE

HEN EEEEE |EEm HER

HEN BEEE EEN EEEE

green blind deuteranopia

blue weak tritanomaly

1] HE -|(EEN Hl | -
| 1 O 1]

[H HEE |(EEN EEEEE

HEEE B NEER ||m B EER

36
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COLOR VISION SIMULATORS

Simulates color vision deficiencies
Browser plugins
Photoshop plugins, etc.

Cone Response

COLOR APPEARANCE
MODELS

Color Cognition Color Appearance Color Perception

12
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OPPONENT PROCESSING

LMS responses linearly combined to form:
Lightness
Red-green contrast
Yellow-blue contrast

41

OPPONENT PROCESSING

LMS responses linearly combined to form:
Lightness
Red-green contrast
Yellow-blue contrast

Experiments:
No reddish green color seen
No bluish-yellow color seen
Color after images

43
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45

46
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PERCEPTION OF COLOR

Cone Response

COLOR APPEARANCE
MODELS

Color Cognition Color Appearance Color Perception

10/28/24

MUNSELL ATLAS

Developed a perceptual color system based on his experience as
an artist (1905)

ourtesy Gretag-Macbeth

51

15
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HUE, VALUE, CHROMA

16

HUE, VALUE, CHROMA

52
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HUE, VALUE, CHROMA

54

HUE, VALUE, CHROMA

. - )
Chrom

55
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PSUEDO-PERCEPTUAL COLOR SPACE

Lightness

Colorfulness

&_J Hue

56

PERCEPTUAL BRIGHTNESS

coorruse [N
pmtill | | | | |
(Photoshop)

18



10/28/24

Color palette

Luminance Y

(CIE XYZ2)

PERCEPTUAL BRIGHTNESS

58

Color palette

Munsell Value
L* (CIE LAB)

PERCEPTUAL BRIGHTNESS

59

19



PERCEPTION OF COLOR

Cone Response

sark . Faiechi
COLOR APPEARANCE
MODELS

Color Cognition Color Appearance Color Perception

If we have a perceptually-uniform color space, can we
predict how we perceive colors?

“In order to use color effectively it is necessary to
recognize that it deceives continually.”

- Josef Albers, Interaction of Color

10/28/24

20
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SIMULTANEOUS CONTRAST

SIMULTANEOUS CONTRAST

21
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SIMULTANEOUS CONTRAST

Inner and outer thin rings are same purple

Donald MacLeod

69

SIMULTANEOUS CONTRAST

Inner and outer thin rings are same purple

Donald MacLeod

70

22
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CRISPENING

Perceived difference depends on background

From Fairchild, Color Appearance Models

23
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SPREADING

Adjacent colors blend

Spatial frequency
The paint chip problem
Small text, lines, glyphs
Image colors

Redrawn from Foundations of Vision, Brian Wandell

82

PERCEPTION OF COLOR

Cone Response

D.sairchi
COLOR APPEARANCE
MODELS

Color Cognition Color Appearance Color Perception

24



10/28/24

BASIC COLOR TERMS

Chance discovery by Brent Berlin and Paul Kay

85

BASIC COLOR TERMS

Chance discovery by Brent Berlin and Paul Kay

Initial study in 1969
Surveyed speakers from 20 languages
Literature from 69 languages

86

25
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WORLD COLOR SURVEY

87

WORLD COLOR SURVEY

88
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WORLD COLOR SURVEY

Naming information from 2616 speakers from
110 languages on 330 Munsell color chips

T T
| |
1 1
[ [
I i
| I

89

RESULTS FROM WCS (SOUTH PACIFIC)

Language #13 (Camsa)
Mutual info = 0.939 / Contribution = 0.487

L L L L L L
5Y 56Y 56 5BG 5B 5PB 5P 5RP

Language #24 (Chavacano)
Mutual info = 0.939 / Contribution = 0.513

90
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RESULTS FROM WCS (MEXICO)

Language #72 (Mixteco)
Mutual info = 0.842 / Contribution = 0.476

L L L L L L L L L L
BAI 5R 5YR 5Y 56Y 56 5BG 58 5PB 5P SRP

Language #38 (Tlapaneco)
Mutual info = 0.942 / Contribution = 0.524

91

UNIVERSAL (?) BASIC COLOR TERMS

Basic color terms recur across languages

[ ] White [ Red ] Pink
I Grey [ ] Yellow [l Brown
. Black . Green . Orange

I Blue I Purple

92

28
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EVOLUTION OF BASIC COLOR TERMS

Proposed universal evolution across languages

Yellow

‘White

Earfiest Evolution of color names Latest

93

NAMING AFFECTS COLOR PERCEPTION

Color name boundaries

Green Blue

94

29
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COLORS ACC

Color names if
you're a givl...

Maraschino N
Cayenne N
Maroon I
Plor I
Eagplant
Grape N
Orchid [N
Lavender [
Carnation | |
Strawberry N
Bubblegum [N
Magenta NN
Salmon I
Tangerine | |
Cantaloupe
Banana
Lemon
Honeydew
Lime N
Speing I
Clover N
Fern NN

Spindrift
Teal NN
Sky

Turquoise

ORDING TO XKCD

Color names if
you're a guy...

Red

Actual color names
if you're a guy ...

Actual color names
if you're a girl ...
red red

2

Purple magenta magenta
r \

w'pl‘c I e

biue I biue
- I |
pink

hot ik IS pink
‘ 1 Il
hot pink - I

L. — s imon
orange I orange

L

Pink

Orange

[
Yellow Y""“C

yollow
light green
lime green
neon green I
I
green
I

green NN
L

Green

aqua

Ble ‘ol I - o1
bl o bl
Doghouse Diaries ue lue

*We take no as an answer.”

99

Modeled by entropy
of p(name | color)

Bins in LAB space sized by saliency:
How much do people
agree on color name?

COLORS NAMING MODELS scer 20121

Model 3 million responses from XKCD survey

Blue / green
confusion

100

30


https://blog.xkcd.com/2010/05/03/color-survey-results/
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USING COLOR IN VISUALIZATION

101

COLORMAP DESIGN CONSIDERATIONS

Perceptually distinguishable colors

Value distance matches perceptual distance
Colors and concepts properly align
Aesthetically pleasing, intriguing

Respect color vision deficiencies

Should survive printing to black & white
Don't overwhelm people’s capability!

No v~ wN =

102

31
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Discrete (Binary, Categorical)

Symbol Legend

. Alpha . Beta . Gamma . Delta ‘ Epsilon

Continuous (Sequential, Diverging, Cyclic)

Gradient Legend

0 10 20 30 40 50 60 70

Discretized Continuous

Discrete Gradient

—-60

103

DISCRETE/CATEGORICAL COLOR

104

32
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GRAY’'S ANATOMY

Superficial dissection of the right side of
the neck, showing the carotid and
subclavian arteries

http://www.bartleby.com/107/illus520.html

105

UNITED

STATES
FREQUENCY

ALLOCATIONS
THE RADIO SPECTRUM

TENE:

| kR
lillns B

FEERONNOE;

106

33


http://www.cybergeography.org/atlas/us_spectrum_map.pdf
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- AERONAUTICAL
NoBlLE

AERONAUTICAL
NOBLE SATELLITE

AERONAUTICAL
RADIONAVIGATION

| R

RADIO SERVICES COLOR LEGEND

[ v
B o

LAND MOBLE
SATELLTE

[ wermercas

[ woossron

D 'RADIODETERMINATION
i

[ woaconon

] woncomnsveure

[
[ s

BROADCASTING
SATELLTE

[ i

MARTIE
RADONAVIGATION

l:l METEOROLOGICAL
DS

l:l RADIONAVIGATION
SATELLTE
- SPACE OPERATION

.-

ACTIVITY CODE

Bl oo

- SATELLITE
[ e

- FIXED SATELLTE - MOBILE SKTELLITE

STANDARD FREQUENCY
ANDTINE SIGHAL

STANARD FREQUENCY
ANDTIVE SIGNAL SATELLITE

[ R

Hz

107

STATES
FREQUENCY
ALLOCATIONS

THE RADIO SPECTRUM

UNTED [, ISSUES

1. Too many colors (33 colors)
2. Hard to remember mapping
3. Colors not distinctive

4. Poor grouping; similar bands with
dissimilar colors

5. Labels cause clutter
6. Color surround effects

7. Color interactions; adjacent colors
don't look good next to each other

34
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PALLETTE DESIGN & COLOR NAMES

Minimize overlap and ambiguity of color names

Color Name Distance Salience

1 0.00 0.20 A7
0.00 80
10.00 67

1000 66

0.00 47

10.00 37

0.00 58

0.00 67

0.00 18

0.20 0.00 25

Tableau-10 Average 0.97 .52

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

114

PALLETTE DESIGN & COLOR NAMES

Minimize overlap and ambiguity of color names

Color Name Distance Salience Name
1 0.00 0.07 0.35 30 blue 50.5%
| 0.00 0.84 21 red27.8%
- 017 .34 green 36.8%
[ 0.00 0.71 0.32 55 purple 67.3%
0.07 10.00 0.36 20 6
0.00 39
0.35 0.71 0.36 1 0.00 0.42 .13 blue 15.7

0.84 1 0.00 0.85 .16 pink 29.4
0.17 0.00 .12 green21.7%
0.32 0.42 0.85 0.00 .30 purple 23.9%
Excel-10 Average 0.87 .27

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

115
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CONTINUOUS/QUANTITATIVE COLOR

130

RAINBOW COLOR MAPS

-8 =

36
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BE WARY OF NAIVE RAINBOWS?

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

M wn =

Low luminance colors (blue) hide high frequencies

132

BUT, RAINBOWS HELP WITH INFERENCE?

Experiment 1 Experiment 2

Choropleths Smooth maps Discrete heatmaps Scalar fields

- PR
- g B
; - -

[

purple-pink [ . teal-beige

r

T . turbo
Reda et al. 2021: Color Nameability Predicts Inference Accuracy in Spatial Visualizations

Rainbows found ineffective for value comparison [Liu 2018]

... but color name salience found to improve performance on task of
distinguishing distributions [Reda 2021]

Task matters!

133

37
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DISCRETIZED CONTINUOUS COLOR

141

STEPS RATHER THAN GRADIENTS?

3 |v) lear more >

sequential v

learn more >
ﬁ ﬂ H H ﬁ ﬁ ﬁ 1
multihue single hue

[ colorblindsafe [ print friendly

| photocopy-able learn more >
229,245,249 (+) RGB() CMYK () HEX
153,216, 201 - P contexi
1,05 | [ ]
L cities | |
(] borders !
(+) solid color D
O terrain
p— s e www.colorbrewer?2.org
142

38


http://www.colorbrewer2.org/
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® ~ADJUSTED DEATH RATES BY HSA, 1888-92 HEART DISEASE

1CD-0 Categories 300-308,
402, 404-429

SOURCE: COG/NCHS

143

CLASSING CONTINUOUS/QUANT. DATA

Age-adjusted 0.015

{U.5, rate = 205.0)

Rate par Comparative c .

100,000 mortality ratio g 0.010 1 ,

population (HSA to U.S.) o '

a !

253.8 - 328.6 1.24 - 1.60 08_ 0.005 - i

236,8-253.7 1.16-1.24 !

215.2-236.7 1.05-1.16 .

an ¢ - . 0.0- )

199.9-215.1 0.98-1.05 [T S
1795-1998 0.88-0.98 1'50 260 2'50 3(')0

0.81-0.88
0.55-0.81

166.7-179.4 (B8
112.4 - 166.6

Distribution of HSA rates
per 100,000 population

Age-adjusted mortality rates for the United States

Common option: break into 5 to 7 quantiles

144
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1. Equal interval (arithmetic progression)

2. Quantiles (recommended)

3. Standard deviations

4. Clustering (Jenks' natural breaks / 1D K-Means)
Minimize within group variance
Maximize between group variance

CLASSING CONTINUOUS/QUANT. DATA

145

Sequential color scale
Ramp in luminance, possibly also hue
Typically higher values map to darker colors

Diverging color scale
Useful when data has a meaningful “midpoint”

Use neutral color (e.g., grey) for midpoint
Use saturated colors for endpoints

Limit number of steps in color to 3-9 (why?)

DISCRETE CONTINUOUS COLOR ENCODING

[T
[ [ T
[ [ T

146
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SUMMARY

Color perception
Perceptually uniform color spaces better account for how we see color and luminance

Beware of simultaneous contrast, crispening, spreading

Color naming
Use colors that are easily distinguished by name

Color palettes
Use small number of hues (about 6)
Avoid rainbow palette except in special cases
Steal well designed palettes (e.g. ColorBrewer)
Consider sequential and diverging scales for quantitative data

159

41



