CSEs12 :: 6 Feb 2014

Color

Jeffrey Heer University of Washington



Color in Visualization

|dentity, Group, Layer, Highlight
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Purpose of Color

o label
0 measure

‘o represent and imitate

"0 enliven and decorate

“Above all do no harm.”
- Edward Tufte




Topics

Perception of Color
Light, Visual system, Mental models

Color in Information Visualization

Nominal, Ordinal & Quantitative color encoding

Guidelines tor color palette design




Perception of Color




What color is this?




What color is this?

“Yellow”



What color is this?




What color is this?




What color is this?




What color is this?




Perception of Color

“Yellow”
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Physicist’s view

Light as electromagnetic wave

Wavelength
Energy or

“Relative luminance”

o
=
o
Q.
o
=
©
0
o

500
Wavelength (nm)

A Field Guide to Digital Color, A K. Peters




Emissive vs. reflective light

@

Additive Subtractive
(digital displays) (print, e-paper)
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Choroid

Retina

Optic nerve

Ciliary body

Simple Anatomy of the Retina, Helga Kolb



As light enters our retina...

LMS (Long, Middle, Short) Cones

Sensitive to different wavelength

Cone Response Curves

—

Spectral Sensitivity

A Field Guide to Digital Color, Maureen Stone
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As light enters our retina...

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

Integration with input stimulus

Input Stimulus Cone Response Curves Response

-
—

Relative Power
Spectral Sensitivity

|

700 SML
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A Field Guide to Digital Color, Maureen Stone
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Effects of retina encoding

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

“Tri-stimulus”
Computer displays
Digital scanners
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Digital cameras




CIE XYZ color space

Standardized in 1931 to mathematically
represent tri-stimulus response.

“Standard observer” response curves

Stimulus CIE Standard Observer CIE XYZ




CIE XYZ color space

Colin Ware



CIE chromaticity diagram

Colorfulness vs. Brightness
x = X/(X+Y+Z)
y = Y/(X+Y+Z)

Colin Ware
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CIE chromaticity diagram
S

C.I.E.
CHROMATICITY
DIAGRAM

Spectrum locus

Purple line
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a straight line.
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Courtesy of PhotoResearch, Inc.



CIE chromaticity diagram

Spectrum locus
Purple line

Mixture of two
lights appears as
a straight line.

c. l. E.
CHROMATICITY
DIAGRAM

Courtesy of PhotoResearch, Inc.
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CIE chromaticity diagram
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C.I.E.
CHROMATICITY
DIAGRAM

Spectrum locus

Purple line

Mixture of two
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a straight line.
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CIE chromaticity diagram
s

C.I.E.
CHROMATICITY
DIAGRAM

Spectrum locus

Purple line
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Display gamuts

Typically defined by:
3 Colorants

Convex region




Display gamuts

Deviations from SRGB

o (o . L LCD
sRGB specification B == gl oacions




Color blindness

Missing one or more retina cones or rods

Protanope Deuteranope Luminance



VisCheck

Simulates color vision deficiencies

Web service or Photoshop plug-in
Robert Dougherty and Alex Wade
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Primary colors?

To paint “all colors”:

L eonardo da Vinci, circa 1500 described in his

notebooks a list of simple colors...

Yellow
Blue

Green

Red




Opponent processing

| MS are combined to create:

_ightness

Red-green contrast

Yellow-blue contrast

Fairchild
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Opponent processing

| MS are combined to create:

_ightness o

Red-green contrast

Yellow-blue contrast /




Opponent processing

| MS are combined to create:

_ightness o

Red-green contrast

Yellow-blue contrast

Experiments: i

No reddish green, no bluish yellow o

Color after images










CIE LAB and LUV color spaces

Standardized in 1976 to mathematically represent
opponent processing theory.

Non-linear transformation of CIE XYZ




Axes of CIE LAB

Correspond to opponent signals
L* = Luminance
a* = Red-green contrast

b* = Yellow-blue contrast

Scaling of axes to represent “color distance”
JND = Just noticeable difference (~2.3 units)




Perception of Color

“Yellow”
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Albert Munsell

Developed the first perceptual color system

based on his experience as an artist (1905).




Chroma

Hue, Value,




Hue, Value, Chroma




Hue, Value, Chroma




Hue, Value, Chroma




Munsell color system

Derceptually-based
Drecisely reference a color

ntuitive dimensions

_ook-up table (LUT)
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Munsell color system
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Perceptual brightness

Color palette -.DDD




Perceptual brightness

0 .

S )

Color palette

HSL Lightness
(Photoshop)




Perceptual brightness

Color palette -.I:ll:”j
evs [T T




Perceptual brightness

Color palette -.l:lDD
Munsell Value .DDDDD




Perceptual brightness

Color palette -.l:lDD
rEis [ N




Mark Fairchild

iform color space
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Color Appearance

It we had a perceptually-unitorm color space, can
we predict how we perceive colors?




Simultaneous Contrast

The inner and outer thin rings are in tfact the
same physical purple.

Donald MaclLeod










Simultaneous Contrast

Josef Albers



Simultaneous Contrast

Josef Albers




Chromatic Adaptation




Chromatic Adaptation




Bezold effect

Color appearance depends adjacent colors




Crispening

Perceived difterence depends on background

Color Appearance Models, Fairchild



Spreading

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

Image colors

Adjacent colors blend

Foundations of Vision, Brian Wandell



Color Appearance

It we had a perceptually-unitorm color space, can
we predict how we perceive colors?

Chromatic adaptation
Luminance adaptation
Simultaneous contrast

Spatial effects

Viewing angle




iICAM

iICAM models (2002)

Chromatic adaptation

Appearance scales
Color difference
Crispening
Spreading

HDR tone mapping
(see also CIECAMO2)

Mark Fairchild
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Colors according to XKCD...

Color names if Color names if
you're a girl... you're a guy...

Maraschino Red
Cayenne
Maroon Purple
Plom
Eggplant
Grape
Orchid
Lavender
Carnation
Strawberry
Bubblegum
Magenta
Salmon
T&'-g@fi'\e ¢
Cantaloupe
Banana
Lemon
Honeydew
Lime
Spring
Clover
Fem
Moss
Flora |
Sea Foam |
Spindrift
Tea I
sky I Deghouse Diaries

Turquoise ‘We take no a5 an answaer.”




Basic color terms

Chance discovery by Brent Berlin and Paul Kay.




Basic color terms

Chance discovery by Brent Berlin and Paul Kay.

Tahitl. French Polynesia
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Basic Color Terms

Chance discovery by Brent Berlin and Paul Kay.

Initial study in 1969

. Surveyed speakers from 20 languages

. Literature from 69 languages




World color survey




World color survey




World color survey

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




Results from WCS




Results from WCS




Universal (?) Basic Color Terms

Basic color terms recur across languages.

B White Red ] Pink
Grey N Yellow Brown

Black Green ] Orange

Blue Purple




Evolution of Basic Color Terms

Proposed universal evolution across languages.




Rainbow color ramp

We associate and group colors together, often
using the name we assign to the colors.

| |
400nm 700nm




Rainbow color ramp

We associate and group colors together, often
using the name we assign to the colors.

|
400nm




Rainbow color ramp

We associate and group colors together, often
using the name we assign to the colors.

|
400nm S00nm 600nm 700nm




Naming affects color perception

Color name boundaries

Green | Blue




COIOI' naming mOdeIS [Chuang et al., Heer & Stone]

Model 3 million responses tfrom XKCD survey

Bins in LAB space

sized by saliency:

How much do people

agree on color name?

Modeled by entropy

of p(name [ color)
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Perception of Color

“Yellow”
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Colorin
Data Visualization




Hints for the colorist

Use only a few colors (~6 ideal)
Colors should be distinctive and named
Strive for color harmony (natural colors?)

Use cultural conventions; appreciate symbolism

Beware of bad interactions (red/blue etc.)
Get it right in black and white
Respect the color blind




Categorical Color




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)



Molecular models

Organic Chemistry Molecular Model Set
http://www.indigo.com/models/gphmodel/62003.html



Resistor color codes

4-Band-Code
e——————
S0kt 5%

l

m 3rdBAND | MULTIPLIER TOLERANCE
0 0 1Q

100 * 1%

Electronix Express/RSR 1-800-972-2225
htp://www.elexp.com In NJ 732-381-8020




Allocation of the radio spectrum

UNITED

STATES
FREQUENCY

ALLOCATIONS

THE RADIO SPECTRUM

S

il Zh.-n } ---»_ A [ i R JIRE
L e e = e - = ¢

n' | =9
i ‘ ‘ n . Eﬁr Eﬁik'
; o0 H
J | u u un - -
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RADIO SERVICES COLOR LEGEND

AERONAUTICAL
I = Rp—

AERONAITICAL -wnmz

LAND MOBLE
SATELLITE

MARITME MOSILE

WARITIME MOSILE
SATELLITE

WARITME
RADIONAYIGATION

NETEOROLOGICAL




Palette Design + Color Names

Minimize overlap and ambiguity of color names.

Color Name Distance Salience

- 0.00 0.20 A7
0.00 .90

- 0.00 67

10.00 66

0.00 47

1 0.00 37

0.00 58

0.00 67
0.00 18

0.20 0.00 29
Tableau-10 Average 0.97 52

Name

blue 62 9%
orange 93.99
green /9.8%
red 50.4%
purple 51.4%
brown 54.0%
pink 71.7%
grey /9.4%
yellow 31.2%
blue 25 4%

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




Palette Design + Color Names

Minimize overlap and ambiguity of color names.

Color Name Distance Salience Name
- 0.00 0.07 0.35 30 blue 50.5%

1 0.00 0.84 21 red27.8%
- 017 34 green 36.8%
1 0.00 0.71 0.32 55 purple 67.3%

0.07 0.00 0.36 20 blue 36.6%
- .39 orange 51.9%

0.35 0.71 0.36 - 0.00 0.42 .13 blue 15.7%
0.84 - 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
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Quantitative Color




Default rainbow maps

bbldonaoow




Avoid rainbow color maps!

8
5
o
2
0
-2
-4
-6
-8

People segment colors into classes

Hues are not naturally ordered

Different lightness emphasizes certain scalar values
Low luminance colors (blue) hide high frequencies

NS



Singularity in Phase (M. Berry)

Phase is periodic = Hue circle which is also periodic

100



AGE-ADJUSTED DEATH RATES BY HSA, 1988-92

ICO-9 Categores 390-308,

402, 404

4

-

i
o

HEART DISEASE
WHITE MALE

Ago-adjusted
U.S, rate = 20504

Comparativo

Hato por

100,000 montality ratio
(HSA to US)

pogulation
253.8.-328.0 1.24 - 160
- 124

>-1.16

1.0%

23682537

of MSA ratos

sopulation

101



Classing quantitative data

Ageo-adjusted
(U5, rate = 205.0)

Rate par Comparative
100.000 mortality ratio
population

2538 . 3286

c
Q
=
—
o
Q
o
—
o

200 250 300

Distribution of HSA rates
per 100,000 population

Age-adjusted mortality rates for the United States.




Classing quantitative data

—
°

Equal interval (arithmetic progression)
Quantiles (recommended)

Standard deviation

Classification [Jenks’ “natural breaks”]
Equal area

Minimal length boundaries

B A T o

Minimal gaps




ColorBrewer: Color advice for maps

how to use | updates | credits

Qi
jii

multihue single hue
E?:}AUF TPEREA sy 0w P!Cfa‘j‘!& [ N ran it -.'3"57
a ‘ : z rec

A L At ) ol | ! .
)1:_\1'.-'4:.-1.&;;'_ ool dipitm dnsinr k|

|| colorblind safe || peint friendly
|| photocopy-able




Quantitative color encoding

Sequential color scale

Constrain hue, vary luminance/saturation

Map higher values 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

_ HEE
Limit number of steps in color to 3-9 ' EEE




Sequential color scheme

Sequentlal Scheme “
One Hue

Percentof 50 10 653

kbor force

employed in
Sy ices S50 to 59
1960

401048
331039
26

18




Sequential color scheme

Sequentlal Scheme
Hue Transition

P f
it i e

employed in

agnculture 56 t0 57
1960

421048

311039

2010 26

Mt 18

107



Design of sequential color scales

Hue-Lightness (Recommended)
Higher values mapped to darker colors

ColorBrewer schemes have 3-9 steps

Hue Transition
Two hues

Neighboring hues interpolate better

Couple with change in lightness




Design of sequential data scales

C 10

Y 00
K 00

Sequential Scheme

-FITTFE
-IIEIIFI

http://www.personal.psu.edu/faculty/c/a/cab38/ColorSch/Schemes.html
109




ing color scheme

TOPCISOMERASE 11+ (TOPA)

CYCLINB - (OCNSY)

NA AEPUCATION LIENJN’ FACTOR COC4T HOMOLOG - (MCM2)
NCHROMOSOME MUNTENANCE DEFICIENT 3- (NCA)
VN;U“'INMWD‘*"!(' UOTIITY RECEPTOR RIAMM - (MUMR)
PUCATION FACTCR C.97-KD SUBUNIT- (RFCa,

UCLEAR AUTOANTIGENIC SPERM PROTEN - (NASP)

NA METHYLTRANSF IRASGE - (DAMTY)

LPHACATEMNN RELATED PAOTEN - (CTNNALY)

N1'IG!I:M6 EENTIFIZO &Y NONOCLONAL ANTIBCOY KMGT - (M NET)

MAN COCH-RAELATED PROTEN MSCDOH - (COCIN)

NA REPUCATION LICENSING FACTOR COCAT HOMOLOG - (MCM2),
ST N0

NA AEPUCATION LICENSING FACTOR NCME PI0GMOM - (MOMG
ONO SAPIENS HPVIEE 1 PROTEIN BINDING PROTEN - (HSURG12Y)
JMANMITOTIC CENTRONERE-ASSOTATED MONESIN - (MIMCAK)
ST HGYY

ST NGO

5T M1

TRYPTOPHANYL - TRNA SYNTHETASE - (WARS)

HOMO SAPEINS PHOSPHOUFID SCRAMDLASE - (PLSCRY)

EST Mi2542

NTERFERON-INDUCED 17 %D PROTEN - (F117)

ESY WS4

ST Thas

LEVONE AMNOPEPTIDASE - (LNPEP)

NTERFERON GANMMA INOUCED PROTEN 10 INPID)
COMPLEMENT FACTORD PRECURSOR - (B
NTERFTRON-INDUC D LEUCINE 21IPPER PROTON - (PR35
HOMO SAPENS MANA EXPRESSED N OSTEQRLAST - (GSIaN
LYSYL CIDASE - (LOX)
EST AMOSSO2S
PROTEIN KINAZE C ZETA - (PRXCI)
EST AANOOOW
HOMO SAPENS MANA EXPRESSED N OSTECRLALT - (G000
TRANSCRIPTIONAL REGULATOR STAF.50 « (HSSTAPSD)
EST TTi1082

ST AAMDGINT
Z-F QUGOADENYLATE SYNTHETASE T - (OAS1)
MICROTUBLLAN AGGREGATE PRIOTEN P&« (HUNCAMAPE),
SIGNAL TRANMSCUCER AND ACTIVATCR OF TRANSCRIPTION 1:ALPHMABETA - (8TATY)

SIGNAL TRANSDUCERN AND ACTIVATOR OF TRANSCRIPTION 1 ALPHABETA - (STATY)
l YM'GTGH

OUGOADENYLATE SYNTHETASE £ - (OAS1)
wwuue»' C3 PRECURSOR + (C)
ESTS SMLAR TONNDA AECEPTOR GLUTAMATE-DINCENG CHAN
Nwwmg«.:m:m:»cmz PROTEN CLONE - (1416
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Diverging color scheme

Diverging Scheme

Difference between
pemr=ntof country mbor forcs
ermployed in Services, 1980
and
percantof total European ksbor
force in Services, 1980

Lamer
1510 16 - propotion
in senvices

6to14
Froportion
1103 similkrio
Eurcpe
overll

7 to-14

Smalier

21 to 29 proportion
in senvices
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Diverging color scheme

Hue Transition

Carefully handle midpoint

Critical class

- Low, Average, High

- ‘Average’ should be gray
Critical breakpoint

- Defining value e.g. O

- Positive & negative should use different hues

Extremes saturated, middle desaturated




Diverging color scheme

o 100 90 20 30
M 10 90 100
100 @0

W o0 00 00

Diverging
Scheme

EEEEEEENE
EIIIIIIIIIIIIS
EEEEEEEEEEEN

JENEEEERRE

http://www.personal.psu.edu/faculty/c/a/cab38/ColorSch/Schemes.html




Hints for the colorist

Use only a few colors (~6 ideal)
Colors should be distinctive and named
Strive for color harmony (natural colors?)

Use cultural conventions; appreciate symbolism

Beware of bad interactions (red/blue etc.)
Get it right in black and white
Respect the color blind




