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Everything you know
about colour is wrong

] Guy Davidson




#tinclude <C++>

includecpp.org



Agenda

Identify colours

Apprehend intensity and colour
CIE1931 linear colour space

SRGB non-linear colour space
Transfer function

Misapplication of colour management
Linear algebra

Uses of colour for C++

Proposed API
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Subjectivity




Subjectivity

(and context)




How do we eliminate

subjectivity?




How do we eliminate

subjectivity?

Consider only objective criteria
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Human vision

is logarithmic




Human vision

is logarithmic
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Mechanical "vision"

is linear
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The useful stuff is at

the bottom
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The useful stuff is at

the bottom







Invaginations of

cell membranes »Outer segment

membranous disks
where photopigments
exist as transmembrane ¥,
proteins

_.-- Connecting cilium

Inner segment

But what
about colour?

Nucleus

Synaptic terminal
that forms a synapse

with aneuron "~ !

\ . Cone cell




Normalized cone response (linear energy)
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Wavelength (nm)




The CIE 1931

colour spaces

Take a standard human
Put them in a standard environment

Measure how they perceive electromagnetic waves, via
matching the colours of lights (mixes of primaries)

Build a function that maps electromagnetic wavelengths
to human perception, giving 3 values (X, Y, Z)

Add some mathematical constraints (values > 0,Y =
relative luminance from 0 to 100)



Normalized cone response (linear energy)

400 450 500 550 600 650 700
Wavelength (nm)




_ * Humans separate colour from brightness

“ Normalise:
x=X/X+Y+2)
y=Y/X+Y+2)

Chromaticity 2=2/ (X+Y+2)=(1-x-y)

= xyY colour space
x and y are colour
Y is relative luminance




The CIE 1931
colour space

chromaticity
diagram.
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= Small change in a value has the same effect in

perceived colour
Pe rce ptu d | = XYZ values are not perceptually uniform
un |fO 'Mm |ty = Inefficient, like storing sound volume in raw values

rather than in dB. 100dB = 1072100




= 1996: Microsoft + HP

= IEC 61966-2-1:1999

= Default colour space where NO COLOUR SPACE
INFORMATION is provided




SRGB

0.6400 0.3000 0.1500 0.3127
0.3300 0.6000 0.0600 0.3290
Y 0.2126 0.7152 0.0722 1.0000

<
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Transfer Function

—0.96924364 +1.8759675 +40.04155506
+0.05563008 —0.20397696 +1.05697151

YDpes
Zpes

Gﬁneal-

’ Riinear “ ’+3,24ﬂ96994 —1.53T38318 —{},49361D7I3j| |iXDE-,5 “
Blinaar

12.92u =2 u < 0.0031308
T(uj B 1/ 211 % 11
1.055u' 24 — 0.055 = # otherwise
w 2B
S o = ) u < 0.04045
- w) = 2.4 ==
u+0.055 200u+11 5 :
( TO5S ) -—( oTH ) otherwise
X pes 0.41239080 0.35758434 0.18048079 | [ Riineer
Ypes | = | 0.21263901 0.71516868 0.07219232 | | Gunear

Zpes 0.01933082 0.11919478 0.95053215 | | Bijpenr



= if (C_srgb <= 0.04045)
C_lin = C_srgb / 12.92;

else
C_lin = pow((C_srgb + 0.055) / 1.055, 2.4);

Implementation
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12.92 333

v ) = w+0.055 ) 24 _ (200u+11
(%) =

12
5 =
T ) otherwise

= C_lin_1 = pow(C_srgb, 2.2);
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1) 12.02 323
v (u 2.4
u+0.055 200u+11 '\ 5 .
( 1.055 ) ( 211 ) otherwise

= C_lin_2 = pow(C_srgb, 2.233333333);

Implementation

1.0 0.010

038 / 0.008

0.7 /
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Absolute Difference C_linear C lin 2




v — Bu u < 0.04045

12.92 333

1
v () = 2.4 L
u+0.055 _(200u+11\ .

( 1.055 ) _( 211 ) otherwise

= C_lin_3 =0.012522878 * C_srgb +
0.682171111 * C_srgb * C_srgb +

|mp|ementati0n 0.305306011 * C_srgb * C_srgb * C_srgb;
08 / 0.008
0.7 /
06 / 0.006
05 /
04 /
o e
01 /
_/

0o

Absolute Difference  ——C_linear ——C_lin 3




12.92u = u < 0.0031308
(w) = s

1.055u1/24 — 0.055 = 2wl

500 otherwise

= if (C_lin <= 0.0031308)
Implementation C_srgb = C_lin * 12.92;

else
C_srgb = 1.055 * pow(C_lin, 1.0 / 2.4) - 0.055;




u _ 2 u < 0.04045

12.932 323

—1 .
7)) =90 2 _ [ 200u411
L.055 o 211

1
) ®  otherwise

" C_srgb_1 = pow(C_lin, 0.4545454545);

Implementation

10 0.010
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Absolute Difference
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= C_srgb_2 = max(1.055 * pow(C_lin,0.416666667) - 0.055, 0);

Implementation

1.0 0.010

- /
0.8 0.008

07

06 / 0.006
05 /

03

0.2 /

01 /

0o

Absolute Difference  ——C_srgbh ——C sxgb 2




g = 2u u < 0.04045

_1( } 12.92 333 .
T oo\ = 2.4 12
(u—l—ﬂ.l}ﬁﬁ) _ (m+11) 5 otherwise

L.055 211

= C_srgb_3 =0.585122381 * sqrt(C_lin) +
0.783140355 * sqgrt(sqrt(C_lin)) -

| M plementation 0.368262736 * sqrt(sqrt(sqrt(C_lin)));
08 / 0.008
0.7 /
06 / 0.006
o _—
04 / 0.004
0.3 /
0.2 / 0.002
01 /

Absolute Difference  ——C_srgbh ——C sxgb 3



Summary

Brightness perception is logarithmic

XYZ defines absolute perceptual colours

The xyY colourspaceis linear

Linear interpolation is valid on linear colourspaces
sRGB is defined relative to xyY

The transfer function is non-linear and expensive

sRGB is non-linear

Linear interpolation is invalid on sRGB
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x+y)/2

(Nx+Vy)/2<V(x+7)/2)
=x=9,y=16

(N9 +16) /2=3.5
V((9 + 16) / 2) = 3.535

Interpolation

template <class T> constexpr std::midpoint(T a, T
b) noexcept;

constexpr float std::lerp(float a, float b, float t) noexcept;



Interpolation




P

28 28 28 34 34 34 34 34 38 38 38 38
) 69 71 71 73 73 73 75 75 77 77 79 79 &
5 188 169 118 112 112 113 114 115 117
138 139 148 141 142 143 144 145 :
168 169 178 171 172 173 174 175 17
198 199 200 201 202 283 2084 205 .
228 229 238 231 232 233 234 235 .

8660666 66 13 13 13 13 13
2 42 42 46 46 46 53 53 56
83 85 85 Bb 86 93 95 95
117 118 119 126 122 125 126
147 148 149 156 152 155 156
177 178 179 18 182 185 186
287 2088 289 216 211 212 213 214 215 216
237 238 239 249 241 242 : y 245 246
Max error 6
Total error 127
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= https://www.libsdl.org

8-bit colour type
* sRGB mode

“ No documentation



https://www.libsdl.org

https://www.sfml-dev.org

8-bit colour type
sRGB mode
Operator overloading on colours

No documentation



https://www.sfml-dev.org

= https://github.com/ocornut/imgui

Alpha blending is wrong by default

Dear ImGui

sRGB and linear colour are interchangeable internally
= 32-bit colour API

“ No documentation



https://github.com/ocornut/imgui

= No mention of gamma correction
= 8-bit sRGB used like linear colours

“ No documentation




https://unity.com

No documentation on the colour space

If sSRGB, lerp and operators are incorrect

If linear, constants and HSVtoRGB are incorrect

If both, toggle is a runtime choice, default unspecified



https://unity.com

= https://godotengine.org

* No documentation on the colour space

= If sRGB, lerp, blending and grey are incorrect

= If linear, constructors and converters are incorrect
= Grey is incorrect

= Lighten/darkenimply something different to what is

being done


https://godotengine.org

https://www.ogre3d.org

No documentation on the colour space
If sSRGB, operators are incorrect

If linear, converters are incorrect



https://www.ogre3d.org




CRYENGINE

https://www.cryengine.com

Color_tpl<T> (T = float or T = std::uint8_t)
float*, std::uint8_t*
vec3/vecd

float 1, float g, float b, float a



https://www.cryengine.com

Color_tpl<T> has arithmetic operators which can never
be correct for T=std::uint8_t

CRYENGINE

Other operators will quantise when T=std::uint8_t

Color_tpl<std::uint8_t> can never store linear colours

No documentation




If sRGB:

Arithmetic operators are incorrect

srgb2rgb is lossy for Color_tpl<std::uint8_t>

CRYENGINE

ScaleCol is probably incorrect

lerpFloat will give unexpected results

Grey is probably incorrect




= If linear:
CRYE N G | N E = Color_tpl<T> provides incorrect packing operators

= To/fromHSV is incorrect




* Luminance calculationis incorrect one way or the other

CRYENGINE = No canonical representation

* Some documentation is wrong rather than absent




= https://www.qt.io

= QColor

= gcolorspace

" qrgb



https://www.qt.io

= https://uk.mathworks.com/products/matlab.html
MatlLab ! :

= Luminance calculationis incorrect (assumes NTSC)



https://uk.mathworks.com/products/matlab.html

= https://opencv.org

= Luminance calculationis incorrect (assumes NTSC)



https://opencv.org

SVG and CSS “ https://observablehq.com/@mootari/color-blending-
is-broken




= https://github.com/alacritty/alacritty

= Subpixel fonts are rendered incorrectly



https://github.com/alacritty/alacritty

= https://www.msys2.0rg

= Subpixel fonts are rendered incorrectly



https://www.msys2.org

WindOWS COﬂSOle * Subpixel fonts are rendered incorrectly




M iCFOSOﬂ te rminal * Works correctly in cleartype mode!




https://www.unrealengine.com/en-US

Linear by default
FColor

FLinearColor
Appropriate operators

WITH DOCUMENTATION!!!



https://www.unrealengine.com/en-US

“ Linux and X-Windows

Miscellaneous - OpenCGL

= Linux Nvidia bug







= https://wg21.link/P1385



https://wg21.link/P1385

Provide linear algebra vocabulary types
Parameterise orthogonal aspects of implementation
Defaults for the 90%, customisable for power users

Element access, matrix arithmetic, fundamental
operations

Mixed precision and mixed representation expressions



“The branch of mathematics concerning linear

equations and linear functions, and their I_
representation through matrices and vector spaces” I n ea r

ajxX; +aX, +...+ax,=b A‘gebra for

Geometry

Linear regression b e gl n n e rS

Simultaneous equations




Vector

* [a;,a5,83 ... a,]

* [a;,a5,a3 ... a,] + [by, by, b3 ... b,]
= [a;+b;,a,+b,,a3+b; ... a,tb,]

“= b*[a;,a,a;3... a,]
= [ba;,bay, ba; ... ba,]

" [a-ls ay, a3] . [bI!bZ! bS]
= a;b;+abytazb,




Matrix

* [ahaz,a13 .
[a21,822,823 -
[8.31,8.32,8.33

* [ai,a12,813 -
[a21,802,823 ---
[a31,832, 833 ---

a; n]
aZn]
a'3n]

ajn]  [11,b12, 013 byl
agnl] T [021, 022,023 ... Doy ]

agn] [031,032,033 ... bg,]

[a;;,+b,a121tby 0,83 Thys.. @, tby, ]
= [ag, by, a1 bg3, 803 Thgs... a5, by, ]
[az;tD3;,a3,1 030,835 TD33... Az, Tbg,]



“ b*[a;,a1p,213..-315] [baj;,bajg, bajs... ba]

I\/I atrix [3.21, dg2, 823 - - a'Zn] = [baZInbazz, ba.23 ba'Zn]

[a31,832,833 -.- Q3]  [bagz;,bagy, bags... bag,]




https://wg21.link/P1673

Add BLAS to the standard library as a C++ API
First introduced in 1979

C++23



https://wg21.link/P1673

= 0.25 +0.125f = 0.375

I\/I |Xed = complex<float>{0.1,0.1} + complex<double>{0.2,0.2}
e p rese ntatl on * vector<double, 3> * matrix<float, 3, 3>




= Multiplication

Alternative o)
d |go rlth ms " Strassen — O(n2-807)




[ 4
















= std::fmt
= Drawing software

* Graphics proposal




Requirements

XYZ support

Conversion between XYZ-derived colour spaces
Compile-time user-defined colour spaces
Runtime data-defined colour spaces

Allow ICC profile implementation

Strongly typed

High performance without storage or speed overhead



= struct basic_color_space

Cu rre nt Statu S = struct generic_RGB_space :basic_color_space

= struct XYZ_space :basic_color_space




= struct basic_color model

= struct XYZ model: basic_color model

{

Current status float X = 0.f;
floatY = 0.f;

float Z = O.f;
%




= template<typename V1, typename V2, typename V3>

struct RGB_model : basic_color_model

{
typename Vl::typer = typename Vl1::type();
typename V2::type g = typename V2::type();
typename V3::type b = typename V3::type();

Current status

using R_value =V1;
using G_value =V2;
using B_value =V3;

%



= template<typename VA>
struct alpha_model

{
typename VA::type a = typename VA::type();

Current status

using A_value =VA;




_ " template<typename cspace,
typename cmodel,
typename calpha>

struct basic_color : cmodel, calpha

{
Current status using space_type = cspace;

using model_type = cmodel,;
using alpha_type = calpha;
using cmodel::cmodel;

using calpha::calpha;



= struct sRGB uint8:
basic_color<sRGB_space,

Current status RGB_uint8_model,

no_alpha>




= struct sRGB float:
basic_color<sRGB_space,

Current status RGB_ float_model,

no_alpha>




= struct sSRGBA_uint8:
basic_color<sRGB_space,

Current status RGB_uint8_model,

uint8_alpha>




= struct sRGBA _float:
basic_color<sRGB_space,

Current status RGB_ float_model,

float_alpha>




= struct linear sRGB float:
basic_color<linear_sRGB_space,

Current status RGB_ float_model,

no_alpha>




= struct linear sRGBA float:
basic_color<linear_sRGB_space,

Current status RGB_ float_model,

float_alpha>




= struct XYZ:
basic_color<XYZ space,

Current status XYZ_model,

no_alpha>




* template <typename T1, typename T2>
constexpr void

C urre ﬂt Stat US alpha_convert(const alpha_model<T1>&in,
alpha model<T2>& out);




* template <typename T1, typename Ul, typenameV1,
typename T2, typename U2, typename V2>
constexpr void
Current status
model_convert(const RGB_model<T1,Ul,V1>&in,
RGB_model<T2,U2,V2>& out);




_ " template <typename space_l, typename model_1,
typename gamma_1,typename alpha_1,

typename space_2, typename model_2,
typename gamma_2,typename alpha_2>

constexpr void

Cu rre nt Stat us color_convert(co.nst basic_color<

generic_RGB_space<space_l,gamma_l>,

model_1,alpha_1>&in,

basic_color<

generic_RGB_space<space_2,gamma_2>,
model_2, alpha_2>& out);



_ * template <typename space, typename model,

typename trans,
typename alpha_l, typename alpha_2>
constexpr void
color_convert(const basic_color<
CU rre ﬂt Stat US generic_RGB_space<space,trans>,
model, alpha_1>&1in,
basic_color<
XYZ_space,
XYZ_model,alpha_2>& out);




_ * template <typename space, typename model,

typename trans,

typename alpha_l, typename alpha_2>
constexpr void
color_convert(const basic_color<
Current status XYZ_space,
XYZ_model,alpha_1>&in,
basic_color<
generic_RGB_space<space,trans>,
model, alpha_2>& out);




= template <typename destination,
typename source,
typename...T>
Current status ypenan
constexpr destination
convert(const source& in, T&&...args);




Summary

Identify colours

Apprehend intensity and colour
CIE1931 linear colour space

SRGB non-linear colour space
Transfer function

Misapplication of colour management
Linear algebra

Uses of colour for C++

Proposed API




Everything you knew
about colour was wrong

] Guy Davidson




