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Today’s lesson

« All about colour spaces....
« All flavours, all species, all types
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Alternative colour spaces

* In general, the XYZ colour
space is not suitable for
computing colours or
encoding colours.

« Many XYZ pairs do not
match viewable colours

* In most cases, alternative
colour spaces are used

« Reasons for alternate colour
spaces:

— Physical constraints: |/O
devices have different
characteristics, and one
might want to couple these
to process colour directly

— Efficient encoding: some

colour spaces were
developed for efficient
encoding and transmission
(NTSC, PAL)

Perceptual uniformity: make
the colour space so that
colour distances are
perceptually sound

Intuitive usage: RGB is
device oriented, and far
from being easy to use
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Transforming colour spaces

« Typically, the colour spaces — For simple, linear, additive
are characterized by their trichromatic displays the
bounding volumes in colour transformation from XYZ to
space their colour values can be

— Called gamut of colours the usually given by a 3x3
space can represent matrix
— They usually do not cover — This due to Grassman’s law

all colours: for example,

— nversion i Il n
CRT screens can only add vai(:h ersion is usually done
the phospor colours. |' f |
«  Gamut mapping: converting ?&;eartrans ormation to

one gamut to another .
* some non-linear

processing to minimize
perceptual errors
(e.g. gamma correction)
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Transforming colour spaces

White point
* To convert, one must know . P

— Device primary colours e 520

— White point of the device 0.8

 These are usually described in X,y gno®

1931 CIE Chromaticity
Diagram

chromaticity coordinates. s, 360 Uniaue zfenow
* On the device, the primary colours 06 g;b ‘

are usually represented as points 5004

between 0 and 1 in 3D space

(1,0,0), (0,1,0) (0,0,1). Y o4

*  Why do | need the white point?

— Simple: remember the CIE
coordinates were projections.

— So they do not contain luminance! Uniql?éz__;_,
blue

T Unigue red plots
about here

— So we have no idea of their mutual  apout 480 The comers of this triangle is

strength here a?proximaltez where the plhos'phors
. . . i ' it t

— BUT if one knows the white point on o | 440 bt b
the CIE, one knows the proportions 0 0.2 0.4 0.6 0.8
of luminances (and know (1,1,1)) X

— Table shows an example:
ITU-R BT 709 colour space R G B White
(HDTV)

x 0.6400 0.3000 0.1500 0.3127
y 03300 0.6000 0.0600 0.3290

Bauhaus-Universitit Weimar May 17 Charles A. Wiithrich 5
Fakultat Medien




Transforming colour spaces

Now, if one on top of this knows
the luminance of the white point,
one knows it all.

If we know the xy coordinates of

the points RGB we can compute
z=1-x-y

Thus, we can have the XYZ of

RGB! (Xr,Yr:Zr): (Xa:Ya:Za) -

(Xg,Y8:ZB),

...and of the white: (Xy,Yw:Zw)-
Which gives following equations
Xw = xgSr+x65¢6 +xBSp,

Yw =Yr SR +Y6Sc + Y8 SB,

Zw = zr SR+ 26 S6 + 28 SB.
where the S, are scaling factors
and unknown.

This gives:|X XRSR  XGSG XBSB
Y| = |YrSkR YcSc YBSB
Z ZRSR 268G ZBSB

The problem is that often the
luminance of white is not
known, but the CIE chromaticity
coordinates

In this case, one adds up the
luminances of the single
phosphor components (if one
has it) to obtain the white light
one.

Bauhaus-Universitit Weimar

May 17
Fakultat Medien

Charles A. Wiithrich



sRGB colour space

« On atypical display, such as  ...and the following linearization
CRT, plasma, LED and DLP, transformation, which minimizes
the phosphors are RGB. quantization errors in digital

«  Since they may be different, the app“catl'%?sslél e ooss ko

. . . 4 0. > 0. ,
basic colors are in general RrGB = {12‘921e 3 <0,0031308:
different

) 'I;]herefore, tgecggls no S.uchh ] 1.055G"/24-0.055 G >0.0031308,
thing as an space: they ROBET 12,026 G < 0.0031308;
are device dependent!

1.055B'/24 —0.055 B >0.0031308,

* You have therefore to convert to BraB =19 15 975 B < 0.0031308,
a standardized set of primaries. this is called gamma encoding

* The Space SRGB is exactly this « Thisis NOT gamma correction!
standardization: It can be parametrized as:

— It assumes luminance as 80cd/ (14+f)R'—f t<R<1
2 Ruonlinear = . ) -
m ! {sR 0<R<r;

— It uses a matrix computation

0.4124  0.3576  0.1805| |R

{(1+f)GYf t<G<I1,
X Gnonlinear -

Y| = 0.2126 0.7152 0.0722) |G

VA Bnonlinear = {

sG 0<G<r,

(1+/)B"—f t<B<]1,

0.0193 0.1192  0.9505| |B B 0<B<t
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RGB Colour spaces

 |nthe

f Color space XYZ to RGB matrix RGB to XYZ matrix Non-linear transform
course o
. . ) I L7 = 1/24=042
. 3.2405 15371 —0.4985 04124 03576  0.1805 _ i
time many sRGB ~09693 18760  0.0416 02126 07152 0.0722 ro= (1)70;2
5 = Z.74
0.0 ~0.2040  1.0572 00193 01192  0.950
standards L uiosa el B o . 51— 00031308
have been e
[ 20414 05649 -03447] [ 05767  0.1856  0.1882] . 2% 2
developed , Adobe RGB 09693  1.8760  0.0416 02974 06273 0.0753 f = NA
. (1998) | 00134 —0.118¢ 10154 | 00270 00707 09911 S .
depending = NA
i o . y = 045
on their 32405 ~1.5371 -0.4985 04124 03576 0.1805 ‘; i 0; o
aoplication: HDTV (HD-CIF) ~0.9693  1.8760  0.0416 02126 07152  0.0722 S uk
s - .
PP . 00ss6  -02040 10572 | 00193 oa92  o0ssos]
— Print —
[ 19100 —0.5325 —0.2882] [ 06069  0.1735  0.2003] ; - 33;9
— Screen NTSC (1953)/ ~0.9847 19992 -0.0283 02989 05866  0.1145 S e
ITU-R BT.601-4 | 00583 -0.1184 08976 | 00000 00661  Li62] T
— Draw o= 0018
Y = 045
— Net [ 3.0629 13932 -04758] [ 04306 03415  0.1783] ‘r' - :)3;9
PAL/SECAM ~09693 18760  0.0416 02220 07066  0.0713 gk
00679 ~0.2289  1.06%4 00202 01296  0.9391 e
- -t 0 = 0018
. L. .y = 045
3.5054 17395 —0.5440 03936 03652  0.1916 ; " 3; 0
SMPTE-C 10691 19778  0.0352 02124 07010  0.0865 ek
0.0563 ~0.1970  1.0502 00187 01119 0.9582 * '
- 4t 0 = 0018
14625 —0.1845 -02734] [ 07164  0.1010  0.1468] ; - :’:
Wide Gamut ~05228 14479 0.0681 02587 07247  0.0166 ;o= N"\'
s - AL
| 00346 -0.09s8  12875] | 00000 00512 07740] N’\
- A
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RGB Colour spaces

* Here the corresponding colour space gamuts:
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RGB Colour spaces

« Converting
modifies colours:

sRGB (original)

NTSC

SMPTE-C

Adobe RGB

PAL
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CMY and CMYK

CMY and CMYK are used for
printers:

— Cyan

— Magenta

— Yellow
These are subtractive colours:
printers deposit pigments
subctracting light.

Inherently device dependent: ink
has pigments

Usually, K (=black) is added,
because C+Y+M is never real black

Modern printers use many more
primary colours, but we focus on 4
colour ones

Here,

C=I-R
M=1-G
Y=1-B.

If one has K, then
K=Min(C,M,Y)
C=I-R
M=1-G
Y=1-B.
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Luminance-Chrominance

RGB is useful especially for hardware
devices and transmission efficiency
For intuition, it is easier to work with

— one luminance channel

— Two chrominance channels
Luminance represents how light or dark
(similar to Y channel)

— Note that this can be used at the same

tome for B/W transmission

Chrominance determine chromatic
content

Similar to visual system:

— Rods sense luminance

— Cones sample colour, in two colour-
opposing axes:
* Reddish-greenish
*  Blueish-yellowish
— Because of this, colour spatial resolution
(pixel) is only on the area of 4 cones

— ltis therefore possible to transmit colour at

a lower resolution without a major quality
decrease

RGB subsampling

Factor 16 Factor &

Factor 32

Factor 2

Factor 4

Factor 16 Factor &

Factor 32

Chrominance subsampling
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CIE Yxy and YUV

« The CIE Yxy can be seen as a
colour space itself
— Y carries luminance
— Although xy do not match the
eye sensors (color wise), nor do
they map perceptual distances
well
« As an alternative, the Cie
proposed the space YUV:
— Keep the Y of XYZ and Yxy
— Map the other two coordinates
so they are uniform:
2x
U= \
6y—x+1.5
3y
V= .
6y—x+1.5

CIE corrected later to improve uniformity
into the CIE Yu'v’ space:

nice about these spaces: since they are
defined from Yxy, they are device
independent
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Broadcasting

« For broadcasting, luminance-
chrominance systems are well

suited

« Chrominance can be
subsampled, as seen a few
slides ago

« Typical subsamplings are done
for both chroma components:

4:4:4

Luminance
Color 1

Color 2

il

 Here, a:b:c means:

a: luminance sampling WRT a
sampling rate of 3.375 MHz

b: chrominance horizontal factor
with respect to a

c: either the same as b, or 0 when
the vertical resolution is subsampled

at a factor of 2
caveat! CONSTANT 2!

e So04:2:2 means

luminance sampled at 13.5 MHz,
horizontal chrominance subsampled
at factor 2,

vertical not subsampled
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Charles A. Wiithrich

14



Broadcast colour spaces: PAL and NTSC

« We saw that broadcasting NTSC uses instead the Y'I'Q’

converts the RGB signal into a coordinates, defined as
composite one for analog I'=-027(B'—Y")+0.74(R' - Y'),
* In PAL,. we saw before how _ Iis orange-blue
R,G,B’ IS Obtalned from XYZ _ Q’: purple_green
* From this, the luminance Y’ is « They lead to the transformation
subt.racted from R’ and B’ to v 0299 0587 01141 TR
obtain the chroma components =1 0596 —0275 —03211 |
U'=0.492111(B'-Y’), o 0.212 —0.523  0.311] | B

V' =0.877283(R' - Y').

Quite recently, these standards

this leads to the fO||OWIng. , have been replaced by SMPTE-C
transforms for the transmission and the HDTV standards

variables Y'U'V': — similar transformation matrices

Y’ 0.299 0.587 0.114 7 [R7T - notyet stable (see HD+)
U'| = |-0.147141 —0.288869  0.436010| |G’
v/ 0.614975 —0.514965 —0.100010| |B’
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HSL space

* Until now we introduced colour » Perpendicular to the lightness axis
spaces defined for the hardware or is a circular plane which defines
transmission. color

« Their main flaw is usability, since it — Saturation: distance of the point on
is difficult to understand how their the circular plane to the lightness

axis

variables work
. — Hue: angle between predetermined
*  Aspace that overcomes this is the reference colour and colour we are

Hue, Saturation and Lightness interested in.
space (HSL)
« HSL comes in a few variants:
— HIS (intensity)
— HSV (value)
» These spaces are defined on the
basis of an abstract RGB space
which is supposed to be normalized

* Rotate RGB so that the diagonal
forms the lightness axis
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HSI and HSV spaces

* For HSI: by using the intermediate

variables
Vmin :min(R,G,B)
R—-G
1 —— +(R—B)
-1 2
h= ——cos
360 V/(R—G)?+(R—B)(G—B)
we obtain
R+G+B
[=——F—,
3
SZI_V_min,
Vi
( ..B G
H=1{p ifl—ggg/\s>0,
1 /
\undeﬁned if $=0.

For HSV, the minimum and
maximum of the RGB triplets are
computed:

Vmin = min (R, G,B),

Vmax = max (R,G,B).

Then HSV are derived:

Vmax — Vmin
§ = Ymax — Vmin

Vmax
V - vl-nax.
( G—B
60— lfR - Vmax,
Vmax — Vmin
B—R
Vmax — Vmin
R_
60 (4+ ) if B = vpax.
. Vmax — Vmin

Notice that H is in angle degrees,
and that when R=G=B we have a
gray value, and H is undefined.
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LMS cone excitation space

« Although the CIE XYZ functions are « Remember:

closely related to a linear transform — L=long wavelength,
of the LMS cone signals, they are — M=middle wavelength
not exact, and an approximation is — S=short wavelength
needed « Conversion from XYZ to LMS is
* A widely used approximation is the simply given through the transforms:
-Poi -Estevez con
::"“gt Po'nte[ Stﬁ. i cone gin L 0.3897  0.6890 —0.0787] [X
undamentals, which are usea | M| =[-02298 1.1834 0.0464| |Y
colour appearance models S 0.0000  0.0000  1.0000| |z
von Kries the inverse of which is
2 1.0
g L X 1.9102 —1.1121 0.2019| (L
308 I\S’I Y| = 0.3710 0.6291 0.0000| |M
g . Z 0.0000 0.0000 1.0000| | S
&
0.4
0.2 -
0.0 . . .
400 450 500 550 600 650 700

Wavelength (nm)
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Colour opponent spaces

« Characterized through « This perceptual uniformity is useful
— One achromatic variable because it allows to compute colour
— Two channels representing colour differences by simply computing
opponency Euclidean distance in the space
— Usually red-green opponency+tblue- ~ «  Finally, we will introduce the Laf
yellow opponency space
* We will examine two of these « This last space was designed by
spaces. applying principal component
— CIE L*a*b* (CIELAB) analysis to a set of pictures,
— CIE L*u*v* (CIELUV) encoded first in the LMS space

— Both standardized in 1976

« These spaces are interesting
because they use a non-linear
compression to achieve perceptual
uniformity
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CIE 1976 L*a*b*

* Input to CIE L*a*b* are .
—  (X)Y,2), the stimulus tristimulus
values

— Tristimulus values of a diffuse white
reflecting surface lit by a known
iluminant (X,,,Y,.Z,,)

« Equations calculate

— the lightness L* of a colour

— Two opponent chromatic channels,
a* and b*

L*] {0 116 0 —16] |1 \X/X0)

a* 500 —500 0 0 chgfzf"%
b* 0 200 —200 O L] .

where the function f is defined as

Jr for r > 0.008856,
f(r)= 16
7.787r+ m for r S 0.008856.

The inverse is

( 3
L* a* 16
)L >7.999
i (116+500+116> L7 >7.999,
1 L* a*
= il if L* < 7.9996,
| 7.787 (116+500) s
(L, 16V if L* > 7.9996
y—y, { \116 " 116 Sl
1 L
e T if L* <7.9996,
'(L* b 16 \°
— 4 —) if L* > 7.9996,
z=z, {\116_ 200" 116
_ - if 1* < 7.9996.
| 7.787 (116 200) HESS o2?

What is interesting of CIELAB is that
it is almost perceptually linear, so
one can compute Euclidean
distances between colours:
E=Empfindung

b= (AL + (a0 + (07)?]
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CIE 1976 L*u*v*

VT X¥15v+32

Input to CIE L*u*v* are like CIELAB:

—  (X)Y,2), the stimulus tristimulus
values

— Tristimulus values of a diffuse white
reflecting surface lit by a known

iluminant (X,,,Y,.Z,,)
Here
1/3
Y Y
116 (—) —16 — > 0.008856
903.3 — — < 0.008856
Y, Y, —
W =13L*(d —u),
v =13L*(V —V)).
where
- 4X . 4X,
YT XF15v 432 T X 157,437,
/ 9Y / 9YII

" T X 115Y, 137,

Also CIELUV is perceptually more
or less linear, which means that one
can calculate distances

AE;, = [(AL + (&Y (4]

where the A represent differences in
the respective components
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Colour metrics example: E*_,

Lossless: PPM Compressed: JPG

Difference E,: CIELAB works well on small differences

Bauhaus-Universitit Weimar May 17 Charles A. Wiithrich 22
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Lop space

For Laf, a set of natural images
was used

Then converted into LMS space

And finally principal component
analysis was done: rotating the data
so that the first component captures
most of the variance

Then axes are rotated to coincide
with first principal component
Same is done for

— 2nd principal component

— 3rd principal component
What results is a 3x3 transformation
matrix
In the first axis, one has luminance
Second and third axes are yellow-
blue and red-green components

- 1 —
— 0 0
i 1
0 — 0
Ve 1
0 0 —
! V2.

logL
logM
log S
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L*C*h_,, space

« This space can be seen as CIELAB Colour difference can be specified

expressed in polar coordinates by calculating rectangular hue
instead of rectangular difference:

 Conversion from CIELAB is done as . . " L 21172
follows: ab = [(AE )" = (ALg,)" — (ACg) ]

X r*

Loy =17, o= (ALY + (AC)* + (MM,
* oy %2 *2
ab a*” +b*7, Inverse to CIELAB: L*=L",

b* * K
hyp = tan ! (—) a” = C" cos (hap)

a*

— C* defines chroma
H,, defines a hue (angle)

« Space is easier to understand for

users Cab
 If Lightness fixed, then colour can h,,
be expressed /

yellowness

— along red-green and yellow-blue -a* greenness a* redness
axes, or

— As hue-chroma pair

-b* blueness
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Colour Difference Metrics: CMC (l:c)

CIELAB and CIELUYV are not as
perceptually uniform as needed

In 1984 the Colour Measurement
Committee of the Society of Dyers and
Colourists developed the CMC colour
difference metric.

Elaboration of CIELAB color difference,
derived from LCH color space
It uses a finer resolution for desaturated
colours, to which we are more sensitive
Colour difference is given as a ratio I.c,
where

— | scale factor for lightness

— ¢ scale factor for chroma
To determine the perceptability of the
difference between two colors, one sets
[=c=1

— Sometimes a ratio 2:1 is used
To compute differences, one computes:

(C)*

F=\ @) +1900

Following values define an ellypsoid in
LCH colour space

0.040975L*
S =

— forl*>1
11001765 ©rL >16
0.511 for L* < 16,

_ 0.0638C*

~ 1+0.0131C*
Su=Sc(ft+1—f).

where L* =0.5(L} +L3)

and similarly C and H are averages.

Finally def. the colour difference AEqyc,
which measures perceived difference:

c +0.638,

LY —Lx
Ci—-C
ACcmc = lc Sc 2
Hf —H}
AHcype = ISH 2

{0.36+0.4 lcos(35+H)| if H<164°VH > 345°

0.56+0.2 [cos(168 +H)| if 164° < H < 345°. AEcvc = \/ ALZ o +AC o+ AHZ,

Bauhaus-Universitit Weimar
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Colour Difference Metrics: CIE 1994

CIE 1994 is improvement of
CIE L*a*b* colour difference

It specifies a set of
experimental conditions
under which the formula is
valid

— D65 illumination of color
patches set side by side

— Each patch covers at least
40
— llluminance at 1000 lux.
Also derives from CIE LCH,
and is parametrized by
weights k ks and kg usually
set to 1.

Computes first
Sp=1,
Sc =1+0.045./C;C;
Sy =1+0.015,/C;C;

.30 ..
Then 1 2
ci -G
ACoy = -1 2
Hf — H*
AHoy = ———=.
94 ki Sn

from which the metric AE*y,

AE94—\/ 54 T ACE,

It works well, except for
saturated blue and near
neutral colors

2
AH94o
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Colour Difference Metrics: CIEDE2000

Additional improvement for
where CIE94 did not work well

Derived from CIELAB

Given two colors, one computes
for each

=/ @)+

and the average of the two C*_,

Then _
=05(1-
d ( \j (Cr)" +257

From this value, L' =L*,

one computes ad=(1+g)a",
for each Y = b,

color

One computes additional
intermediate values:

(€)'
((:*/)7 +257°

_/_ 2
Ry = —Rc¢ sin (606xp (— (h 25275) )) '

T =1-0.17 cos (X' —30) +0.24 cos (24')
+0.32 cos (3h' +6) —0.20 cos (4h' — 63)
from which

Rc =

0.015 (I — 50)?
S =1+ ( )

\/20+ (I’ — 50)°
Sc=1+0.045C,
Sy =1+0.015C'T.

Bauhaus-Universitit Weimar
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Colour Difference Metrics

: CIEDE2000

 Now we can finally compute the
colour difference metric:

L —-L;
ALc1E00 = kLS,
Cr-C?
ACciE00 = 2
kc SC, ,
h, —h
2sm< L 5 2) CiCé
AH, =
CIEOO kH SH y

AEcigo0 = \/ AL 500 + ACE 1500 + AHZ 500 + R ACc1E00 AHCIEN
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Colour Difference Metrics: comparison

original sharpened
CIE e(ab) CIE E(uv)
CMC(1,1) CMC(2,1)
CIE 94 CIE 2000
17 Charles A. Wiithrich 29
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Colour Order Systems

These are a conceptual
system of organized colour
perception

Munsell color system:

Value | Munsell Color System

Q

Chroma

Yellow-Red

Red-Purple Yellow

Green-Yellow

Purple-Blue Blue

Blue-Green

Natural color system:

— Blackness (darkness)
— Chromaticity (saturation)
— % of red, yellow, green, blue

OSA colour system

Bauhaus-Universitit Weimar May 17
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Applications

« This knowledge can be used
for:

— Color matching and transfer
between images

— Principal component
analysis to match colour
spaces between images

— Converting colour images to
gray images

— Rendering into complex
colour spaces (not RGB)

— Simulating painting methods

— In image understanding,
classifying edges:
« Shadow edges
» Reflectance edges
— Understanding illuminance
features
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Thank you!

Thank you for your attention!
Web pages
http://www.uni-weimar.de/medien/cg
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