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REPORT ITU-R BT.2380-2

Television colorimetry elements

(2015-2017-2018)

Foreword

This Report covers a wide range of topics including ideal colorimetry and future predictions, and
some conclusions. It should be noted that over a period of time these predictions and conclusions may
have been overtaken by the passage of time, or other industry factors. Reference is also made to an
ideal camera, in this context a virtual camera.

Introduction

The intent of a television system is to give to the viewer the possibility of viewing scenes from a
distant time or place. It is important that it allows the maximum possible replication of the reproduced
image and the original scene, now referred to as High Dynamic Range (HDR). In many instances the
creative community may choose to create a certain “look” for the programme, a departure from the
ideal replication.

Using digital technologies, distortion of a video signal can be insignificant, but there remains the
potential sources of distortions. The display device, the emission transmission limitations are just
some of the areas where signal constraints may introduce distortions.

The transmission of colour information in existing systems is based on colorimetric principles.
The main contributor to improve the viewer’s experience is by controlling the viewing conditions.
This task is simply impossible, only recommendations can be made. .

The accumulated knowledge of visual perception mechanisms and characteristics, including colour
perception and display, serve as the basis for progress in image system fidelity.

The starting point for colorimetric calculations is the XYZ system adopted by the International
Commission on Illumination (CIE) in 1931. This is a coordinate system that describes spectral colour
perception using a defined colour space. As a means of specifying colorimetry, one of the drawbacks
of the system is that it does not take into account adaptation and observation conditions of the human
vision system. This system does not exhibit uniform ‘distances’ between the equally perceptible
colour differences across the colour space.

Two systems or diagrams, each with advantages, which had uniform spacing of perceived differences,
CIELUV and CIELAB systems, were adopted by the CIE in 1976. The CIELUV system uses a
MacAdam uniform colour scale, using experimental data for threshold colour differences. The
CIELAB system uses a cube root formula to derive colour coordinates.

CIELUV system has largely found use in television applications, and CIELAB system has largely
found use for multimedia and other applications.

One of the recent achievements of colorimetric science is the development of the CIECAMO2 colour
appearance model, which is consistent with experimental data on colour perception. It is now
recommended for colour management by the CIE. In this system, real colour perception mechanisms
are taken into account, including adaptation properties.

Some modifications of CIECAMO02, to enhance uniformity and to account for spatial and temporal
vision effects, are described in this Report.
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Television colorimetry and colorimetry of other electronic image systems are based on the use of
signals that can be associated with colour space coordinates within the system and coordinate-
dependent transmitted scene and reproduced images.

In the image systems used for different applications, the option of similarity of image colour obtained
in shooting and in reproduction environment is essential. The International Color Consortium (ICC)
has agreed general principles of colour rendering, according to which all colorimetric transformations
should be realized in a single colour space, not dependent on the device types used, and in this space
transformations for device matching should be applied.

Use of current colour perception models in television and related applications should form the basis
for the following:

— Increasing of the colour reproduction quality by close replication of the transmitted scene
visual colours and reproducible image colours.

— Further coding efficiency increase with video information compression taking into account
both current colour perception models and transmitted scene types information, and also
statistics of colour image composition, detail and other characteristics of transmitted scenes.

— Improvement of colour reproduction quality assessment methods by using better human
colour perception considerations.

— Optimal image quality management in the broadcast production chain.

The advent of new components in television systems, and improvements in system models, may result
in transformations of increasing complexity. This will become more practical with the evolution of
mathematical transforms.

An important task is the achievement of backwards compatibility of new systems with former
systems. It may be achieved in television and related applications when innovation is such that
systems operate according to former standards but include the option of new components giving
additional opportunities that are not compatible with the old systems. In some cases, the backwards
compatibility may limit quality and mean that certain quality levels never become available.

At the current stage of technical progress of image systems, enhancements of the colorimetry system
are already embodied in UHDTYV systems, in digital cinema, and ACES large screen digital imagery
systems. Improvements are towards a wider colour gamut, HDR and colour accuracy enhancement.
Some new applications such as using Free Scale-Gamut (FS-Gamut) and Free Scale-Log (FS-Log)
opto-electronic transfer function are now possible along with the proposed HDR systems.

In the sections of this Report, all these aspects, particularly, technical aspects correlated with
colorimetry characteristics of TV and, to some extent, with other image systems, colour rendering
quality aspects and aspects associated with the state-of-the-art of colour perception models, are
considered.

CHAPTER 1

General model of light-to-light television
and related imaging systems

Current television image systems can be represented as shown in Fig. 1.1. The generic end-to-end
system is shown as a serial connection of light-to-signal conversion (via the camera), the electrical
transmission path, and signal-to-light conversion (via the reproducing device). Figure 1 does not take
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account of the artistic adjustments that are made at the camera signal output, or later in the production
process.

In the electrical path of a television system, the transmitted signals are usually expressed as the
R, G, B primary signals or Y’ C'r C's luminance and colour difference signals. These signals can be
considered as coordinates of the three-dimensional colour space of the system.

OETF (opto-electron transfer function) conversion and EOTF (electro-optical transfer function)
conversion in the terminal devices may be represented as the transition from s s,S, using
non-constrained colour space coordinates (for example XYz ) to the constrained signals g, E,, E,
(for example R,G, B or Y’ C'r C's) on the transmission path, and as the transition from the signals
E,E, E, 10 s, s, s; coordinates of reproduced image colour space on the receiving side, which is
constrained by the characteristics of the display.

Figure 1.2 is a block diagram of a potential adaptive image system, providing colour reproduction,
independent of devices used (regarding any colorimetric transformations used in them). A principal
distinction of such a system compared to a non-adaptive system may be the use of a colour space in

the transmitting channel that is independent of the colorimetric transformations in devices used and
independent of viewing conditions.

For colour reproduction quality assessment, a uniform colour space may be used, in which visual
perception of object in the image is associated with the s, s,, s, coordinates of this colour space at

the transmitting side, and visual perception of reproduced image is associated with colour coordinates,
s;,s,, s, onthe reproduction side.

s,,S,, S, colour spaces coordinates, expressed with different degree of accuracy with respect to the

human vision, may be used. Colour spaces include those developed by the CIE: CIELUV, CIELAB,
and CIECAMO2. As a measure of colour reproduction quality in such a case, distances in the s ,S,,S,

space may be used with appropriate conversion.

ICC has defined profiles for multimedia applications, independent of the capture and reproduction
devices. For television, such approach is not in use: however, it may be desirable to develop systems
independent of viewing conditions for any point of the light-to-light video chain (transmission path).

For television applications, these principles are described in [1.3] to [1.8].

FIGURE 1.1
Block diagram of a non-adaptive system

Source OETF Transmission EOTF Reproduced

object T~ n) Path : L—] image
SlSZSS = E1E2E3 v s e ke

58,5, | E\E,E, = E\EsE} EIEE, = SIS38} B 51835

Report BT.2380-1-01
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FIGURE 1.2
Block diagram of a potential adaptive system

. . 5 Transmission
Source object(s) . mvgna‘! . Space— Path
conversion independent of c
transmission
S,S,85. L
a3 and viewing E\EE, = E\EE,

Light-to-electrical Reference colour

/

/ 815,85 = E\E,E, conditions

Viewing metadata
conditions about viewing

at the source conditions

of the image and about

[1.1]

[1.2]
[1.3]

[1.4]

[1.5]

[1.6]

[1.7]

[1.8]

Assembling of

the conversion
characteristics Conversion from Signal-to-light / Reproduced

used reference colour OITCISih image object(s)
space (o
e 58,5, = E,EE, 55,5

colour space

1T

Viewing conditions
at reproduction location

Report BT.2380-1-02

Bibliography for Chapter 1

P. Green, L. MacDonald Colour engineering. Achieving device independent colour. John Wiley and
Sons Ltd, 2003

Mark D. Fairchild Color Appearance Models, 3" edition, Addison-Wesley, 2013

Gofaizen O.V. The conception of image quality management in TV systems of future. “Pratzi of the
UNIIRT” (“Proceedings of the UNIIRT”), 1996. — Ne 2 (6). — C. 97

Ukraine. The Concept of Adaptive Colour Image Quality Control in Future TV Systems. Doc. 11A/51,
11C/39, 06.11.96.

Gofaizen O.V., Tepukhina A.V. Current Level of colorimetry and the problem of colour adaptive TV
and related systems development. “Pratzi of the UNIIRT” (“Proceedings of the UNIIRT”), 1(41). —
2005

Gofaizen O.V., Tepukhina A.V., Komarov M.M. Colour adaptive digital TV systems of future: The
principles of development and colorimetric fundamentals. Pratzi of the UNIIRT” (“Proceedings of
the UNIIRT”). — Ne 2(42) — 2005

Recommendation ITU-R BT.1691-1 (2009) — Adaptive image quality control in digital television
systems

Recommendation ITU-R BT.1692-1 (2009) — Optimization of the quality of colour reproduction in
digital television



Rep. ITU-R BT.2380-2 5

CHAPTER 2

Colorimetric characteristics of television and related systems

2.1 Introductory note

Colorimetric characteristics have a major role in video systems characteristics; they considerably
influence the overall quality of the transmitted and reproduced images. In this section information on
colorimetric characteristics of television, multimedia and other related systems is summarized. The
description of colour spaces for some image compression systems is also shown.

A complete colour space definition for digital video representation may include specification of the
following aspects:
~ The chromaticity coordinates X3 Yrs Zrs X1 Y1 261 Xg» Vg1 25 of the source colour primaries

R.G, B and coordinates XW ' yW 1 ZW of reference white point.

— The opto-electronic transfer characteristics of the source components (e.g. definition of
E., EL and E; as a function of g,  ana B8)-

— Matrix coefficients for transformation of the RGB components into luma and chroma

! ! ’
components (e.g., definition of components Eya ECB and ECR as a function of E/, EZ and
EL)
— Definition of scaling, offsets, and quantization for digital representation.

— A gamut boundary definition specifying the range of values over which effective
representations of colours can be achieved.

2.2 Relationship between tristimulus values in XYZ colour space and in RGB signal space

The correlations interrelating between cie-31 xyz colour space and RGB signal space of TV
system in accordance with SMPTE RP 177 [2.1] are represented in this subclause.

RGB signal space tristimulus values are normalized in such a way that reference white is
equi-primary signal (R=G=B:1).

For transformations the p matrix of primaries chromaticity coordinates and w vector of reference
white chromaticity coordinates are used.

e X Ko | o [%/Yu
P={Y: Yo VY&l w=| 1 (2.1)
ZR ZG ZB ZW/yW

The w vector normalization corresponds to reference white assignment with a unit luminance factor.

Signal space in television is normalized to the unit range of relative luminance change that
corresponds to change of R, G, B primary signal levels between the values 0 and 1. It corresponds
to such Xxyz space normalization that v coordinate, characterizing the image relative luminance
values, takes 0 values on black and 1 on white.

Relationship between cie xvyz colour space and rGB signal space is carried out as
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R X X R
G |=NPM-| Y |; Y [=NPM*| G |. (2.2)
B VA VA B
where the system primaries coordinates matrix is:
XR XG XB
NPM=|Y, Y. Y; (2.3)
Z, Z, Z,
It is calculated with use of formula:
NPM = P-diag(P*l.v_v) (2.4)

The second row of normalized system primaries coordinates matrix represents the vector of primaries
luminance factors, relative colour luminance coordinates being determined as

Y =Y,R+Y,G+Y,B 2.5)

Thus v,,Y,,Y, characterize primaries relative luminance. They are also named primaries luminance
factors and designated:
L =Y, Ls=Ys, Lg :YB.

It has been noted in [2.1] that as a result of calculations with the limited number of digits (because of
rounding) coefficients of the second row can turn out in the calculation of NnPMm matrix, to give a
sum that will differ from unity. In this case it is recommended to normalize the matrix columns so as
to obtain this sum equal to unity.

The examples of colour space conversion of standard-definition television (SDTV) and HDTV
signals from one colour space to another, based on formulas of direct conversion of R,G,B signals

to X,Y,Z values and of inverse conversion of X,Y,Z valuesto R,G, B signals, are presented in the
Report ITU-R BT.2250 [2.31].

2.3 Relationship between spectral reflectance of transmitted scene object and tristimulus
values in RGB signal space

Matrix NPM can be used to convert the vector of colour matching functions X(2),¥(1),Z(2)
depending on the wavelength A of the monochromatic radiation in CIE space to the vector of
7(1),g(%),b (%) primaries colour matching functions which, assuming that as primary colours of
this colour space the primaries of TV system are chosen, is the vector of spectral sensitivity
characteristics oz (1), 05 (), 05 (A) of the TV camera primary channels. If these characteristics
are implemented and the spectral distribution P(X) of the light source corresponds to the
standardized for TV system, undistorted colour rendering will be ensured.

The spectral characteristics of an ideal camera may be determined using the relationships
corresponding to equation (2.2):
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o (1)| | T(2) X()
og () |=| G(2) |=NPM- Y (2) . (2.6)
o (1)) [b(2) z(%)

For these characteristics relative levels of R,G,B primary signals normalized to the 0; 1 interval are
determined by the formula:

720

[ 1(2)P(1)ac (1)dn
C — 380

720

[ P(1)ac (1)dn
380

where C=R,G,B; o (A)=ag(A),06 (1), a5(1), T(X) — the spectral reflectance of transmitted
scene object.

The colorimetric characteristics of SDTV, HDTV and UHDTV systems in terms of CIE 1931
colorimetry in accordance with Recommendations ITU-R BT.601, ITU-R BT.709, ITU-R BT.1543,
ITU-R BT.1847 and ITU-R BT.2020 (see following sub-clauses) are defined by matrixes:

— for SDTV system:

, (2.7)

[0.64 0.29 0.15]
P=|0.33 0.60 0.06]: (2.8)
1003 0.11 0.79]

— for HDTV system:
0.64 0.30 0.15]
P=10.33 0.60 0.06 |; (2.9)
10.03 0.10 0.79]

— for UHDTYV system:
0.708 0.170 0.131
P=[0.292 0.797 0.046 |. (2.10)
10.000 0.033 0.823

Vector of reference white D65 normalized chromaticity coordinates is:

0.9505
w =| 1.0000

1.0891 . 2.11)

Tables E.1 to E.3 of Annex E show the values of the characteristics of ideal cameras SDTV, HDTV
and UHDTYV submitted in increments of 5 nm calculated according to equation (2.6).
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Using these formulas and data of Tables E.1-E.3 may facilitate the implementation of further research
and development in this direction. Figure 2.1 presents a comparison of characteristics of these three
TV systems.

FIGURE 2.1

Comparison of the spectral sensitivity characteristics of primary signal channels of SDTV, HDTYV,
UHDTY in terms of CIE 1931colorimetry

3 f T T T T T 5 15
| = -

350 400 450 500 550 600 650 700 750
A (nm)

Report BT.2380-2-01

2.4 Comparison colour rendering of through light-to-light TV path for colorimetric
parameters based on CIE-1931 and CIE-2006 colorimetry systems

There are currently two systems of colour coordinates, based on colour matching functions (CMFs)
adopted by CIE, which can be used for any application including television:

- CIE 1931 [2.32];
- CIE 2006 [2.33].

CIE 2006 system is more accurately expressing the spectral characteristics of human cone vision
compared to CIE 1931.

Practically, all colorimetric standards and existing colorimetric data are based on CIE 1931 system
including standards for TV applications. Therefore, it is difficult to imagine that in the next few years this
system will come out of use.

However, with the adoption of the CIE 2006 system and the wish to obtain more stringent colorimetric
assessment and thereby make more sophisticated technical solutions, including in the field of TV
applications, the transition to the use of this system can be considered as possible trend of TV colorimetry
progress.

Imperfection of CIE 1931 system was found by Sony Corporation [2.34] when comparing the CRT-based
displays and OLED-panels, and it was found that there may be noticeable colour shift.
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Considering the progress of TV systems, aimed to further empowering TV technology and improving the
quality of the image, it is possible to predict that the transition to the CIE 2006 system will be implemented
with time.

The comparison of the colour rendering of the through light-to-light path of UHDTV systems
considering the spectral characteristics of the ideal camera primary channels, calculated on the basis
of using CIE 1931 and CIE 2006 colorimetric systems, is presented in Annex F.

2.5 Colorimetric characteristics of digital standard definition and high definition
television systems

Colorimetric characteristics of standard definition and high definition digital television systems are
presented in Table 2.1, where:

L— relative luminance levels of g , s Components;
E'— gamma-corrected rRGB signals relative levels (E/, EL, EL );
E,— luminance signal,
Elr Elss ELns ELg — colour-difference signals, normalized to the interval -5 +05.

In Recommendation ITU-R BT.601-7 [2.4] 8-bit and 10-bit coded representation is used for digital
SDTV systems and decimal values of the quantized signals are:

— for gamma-corrected i, g g’ Signals:

R=int{(219E} +16) xD}/D (2.12)
G =int{(219E; +16) xD}/D (2.13)
B =int{(219E; +16) xD}/D (2.14)
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TABLE 2.1
Colorimetric characteristics of standard definition and high definition digital television systems
System Primaries and reference white Opto-electronic and electro-optic Coding equation
chromaticity coordinates conversion characteristics
SDTV 625/50/2:1
(ITU-R BT.601-7 [2.4], X y
item 3.6)
Red 0.640 0.330
Green 0.290 0.600 Opto-electronic conversion:
Blue 0.150 0.060 E’'=1.099L%* —0.099 for 0.018<L <1 ’ ’ ' ,
- E’'—4500L for O<L <0.018 E;, =0.299E} +0.587E} +0.114E/
White Des | 0.3127 | 0.3290 Electro—optic conversion: Ec, =(Br—E/)/1.402
525/60/2:1 , 1/0.45 , ' =
" ; L=[(E'+0.099)/1.099] " for 00812<E'<1 | E =(Ey-E;)/LT72
Red 0630 0340 L=E'/4.500 for O<E’'<0.0812
Green 0.310 0.595
Blue 0.155 0.070
White Des | 0.3127 | 0.3290
HDTYV 1080 lines Opto-electronic conversion: E; — 0.2126E/, + 0.7152E, + 0.0722E,
X y E’=1.099L°%% _0.099 for 0.018< L <1 = :(E' —E')/1.5748
(ITU-R BT.709 [2.5]) Red 0.640 0.330 E’ = 4.500L for 0 < L < 0.018 Cr R
720 lines Green 0300 | 0.600 E¢, =(E;—E{)/1.8556
(ITU-R BT.1543-1 [2.6], ’
ITU-R BT.1847-1 [2.7]) Blue 0.150 | 0.060
White D65 | 0.3127 | 0.3290
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— for luminance and colour-difference Y,CR,CB signals:

Y =int{(219E; +16) xD}/D (2.15)
C, = int{(224EgR +128) x D}/ D (2.16)
C, = int{(224EgB +128) x D}/ D (2.17)

where D takes either the value 1 or 4, corresponding to 8-bit and 10-bit quantization respectively. The
operator int( ) returns the value of 0 for fractional parts in the range of 0 to 0.4999 ... and +1 for

fractional parts in the range 0.5 t0 0.999 ..., i.e. it rounds up fractions above 0.5.

Recommendation ITU-R BT.601-7 specifies as well equations for derivation quantized luminance
and colour-difference signals via quantized gamma-corrected r g, g Signals.

In Recommendations ITU-R BT.709-6 [2.5], ITU-R BT.1543-1 [2.6] and ITU-R BT.1847-1 [2.7]
8-bit and 10-bit coded representation is used and decimal values of the quantized signals are:

— for gamma-corrected r g, g Signals:

Dy =int[ (219 E; +16)-2"" |; (2.18)
D, =int (219 E; +16)-2" 8] (2.19)
D, =int (219 E. +16)-2" } (2.20)
— for luminance and colour difference signals:
D, =int (219 E, +16)-2"" (2.21)
e = int| (224 Er, +128)-2"" | (2.22)
D(':B = int[ (224 E;, +128)-2"| (2.23)

where n denotes the number of the bit length of the quantized signal.
Derivation of luminance and colour-difference signals via quantized r, s, g Signals is realised using

equations:

~int[0.2126 D, +0.7152D), +0.0722D (2.2)
0.7874 0.7152 0.0722 224
Dy = int Dy, - D, - Dy |- =™t 2.25
or =1 |:[1.5748 R 15748 ° 15748 Bj 219 } (2.25)
0.2126 0.7152 0.9278 224 -
DL, =int || - D}, - D, D | =42t 2.26
e K 18556 ° 1855 C  1.8556 Bj 29 } (2.26)

2.6 Colorimetric characteristics of ultra-high definition digital television systems

Colorimetric characteristics of ultra-high definition digital television systems are presented in
Table 2.2. In Recommendation ITU-R BT.2020-1 [2.8] a newly proposed signal format for UHDTV
systems is specified. For UHDTYV systems 10-bit, 12-bit and 16-bit coded representation may be used,
and equations decimal values of the quantized signals are the same as for HDTV systems.
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TABLE 2.2
Colorimetric characteristics of UHDTV systems
Primaries and reference white Opto-electronic and electro—optic Coding equation
System . . . L
chromaticity coordinates conversion characteristics
UHDTV Opto-electronic conversion: Constant luminance Y.C..C/..:

X y
Red 0.708 | 0.292
Green 0.170 | 0.797
Blue 0.131 | 0.046
White Des | 0.3127 | 0.3290

. Jal®®—(a-1) for B<E<1
4.5E for 0<E<p

where E is voltage normalized by the reference
white level and proportional to the implicit light
intensity that would be detected with a reference
camera colour channel R, G, B;

E' is the resulting non-linear signal.

a=1.099 andp=0.018 for 10-bit system

a =1.0993 and = 0.0181 for 12-bit system

Y¢ =(0.2627 R+0.6780 G +0.0593 B)'

’
Cec

’
Cec

B'-Y/

¢ for -0.9702<B’'-Y!<0
1.9404
B'-Y/

¢ for 0<B'-Y’'<0,7908
1.5916
R —Y/

¢ for -0.8592<B’'-Y!/<0
1.7184
R —Y/

¢ for 0<B'-Y’'<0,4968
0.9936

Non-constant luminance Y'C.C/:

Y'=0.2627R"' +0.6780G' + 0.0593B'

! p—
B =

! —
R =

B'-Y'

1.8814
R'-Y’

1.4746
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2.7 Multimedia systems colorimetric characteristics

Opto-electronic and electro-optic conversions and multimedia systems colorimetric characteristics
specified in IEC 61966-2-1 [2.9], IEC 61966-2-2 [2.10], 61966-2-4 [2.11], and IEC 61966-2-5 [2.12],
are shown in Table 2.3.

2.8 Colorimetric characteristics of new video applications: Digital cinema systems and
LSDI systems

Technological progress has led to possibility of the practical implementation of a new level of video
applications, namely, the systems of production and reproduction of scenes with a number of pixels
close to 2000x4000 (4k) and 4000x8000 (8k), such as digital cinema (DC) systems [2.13-2.15], LSDI
system ACES [2.16] (which can be used for different applications as well as digital cinema) that are
by their functionality close to UHDTYV systems [2.8].

Among digital cinema systems there are two levels of systems standardized in the world:

— DC systems, characteristics of which were specified by version 1.0 of DCI specification
[2.14], which was replaced by DCI specification version 1.2 [2.15];

— DC systems, characteristics of which are specified in the SMPTE 2048-1.

In DCI specification [2.14] the use of CIE-31 tristimulus values X,Y,Z as primary colour source digital
cinema signals is specified. At the output of the scene capturing system the colour capturing signals
X,Y,Z that directly characterize tristimulus values are provided.

A more recent version of the standard for digital cinema system specifies the colour gamut that covers
the entire chromaticity diagram and thus provides the possibility of free choice of reproducible colour
gamut for reproduction system (FS-Gamut) but this feature is somewhat limited in use relative to the
first version of digital cinema. Source colour primary signals used in this system are not the CIE-31
tristimulus values X,Y,Z and therefore there is a limited colour gamut with increasing luminance.

SMPTE ST.2048-1 [2.13] defines 4k and 8k image formats primarily for DC content acquisition and
creation. These image formats may also be used for acquisition and creation of high quality content
for other DC applications. This standard specifies formats compatible with ITU-R BT.709-6 HDTV
formats and formats defined with tristimulus values and reference white of Free Scale-Gamut
(FS-Gamut), colour primary signals transmission Free Scale-Log (FS-Log) curve and VANC
(Vertical Ancillary Code) packet, which conveys the parameter values of user-defined colour space
and Log curve.

Default chromaticity coordinates of the primaries and reference white for FS-Gamut systems are
defined in the standard in compliance with Table 2.4.

SMPTE ST.2065-2 [2.16] specifies the Academy Color Encoding Specification (ACES) which
defines a digital colour image encoding appropriate for both photographed and computer-generated
images.

The colour space type shall be colorimetric: additive RGB. The ACES colour space type can also be
considered to be of the type input-device-dependent and as such has an associated reference image
capture device (RICD). The RGB primaries chromaticity values shall be those found in Table 2.6.
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TABLE 2.3
Multimedia systems colorimetric characteristics
Primaries and reference white Opto-electronic and electro-optic . .
Colour space - . . e Coding equation
chromaticity coordinates conversion characteristics
sSRGB Opto-electronic conversion: sYCC:
'AEC 615;6[62'29']1 X y E'=1.055-1Y*-0055 for 00031308<L<1 | Y.ce =0.299R..; +0.587G ., +0.114B .,
nnex :
Red 0640 | 0330 | | g'=1202-L for 0<L<0.0031308 | Chyoe = (Rlugs —Yeree )/1.402
Green 0.300 0.600 foti
where | _ R .. G.cw, B — tristimulus Chovee = (Bacs —Yirec) /1 779
Blue 0.150 | 0.060 values of srRGB colour space
White D65 0.3127 | 0.3290 E — R .G B —colour primary QU?ntIZGd smna! representation:
coordinates of sr'c's’ signal space n-bit representation:
Electro—optic conversion: Dy svece) = round(( -1)- Ys'vcc)
! 24 ! ’ n-—
L=[(E'+0.055)/1.055]  for 0.040449936 <E'<1 De, svoc(s) = fouNd [(( ~1). CRSYCC) V9 1]
L=E"/12.92 for 0<E’<0.040449936 ’ o
Quantized signal representation: De; svees = round [(( ) CBsYCC) +2 ]
8-bit representation:
Dg (s = round(255-E’)
where D, = Dy, Do) Do)
bg-sRGB Opto-electronic conversion: bg-sYCC -
PR [y ]| [t oo ot | Ve, ~0250R, 0y - 001Gy +0.114E
nnex . "= .92 or —0. <L|<o0. ,
Red 0.640 0.330 1.055- 1Y% ~0.055  for 0.0031308 < L <1.68 Crovee = (RSRGB svee )/ 1.402
Green 0.300 0.600 where | _ Roce s Guncn s Buson — tristimulus Cl;sYCC (BSIRGB svcc )/l 772
Blue 0.150 | 0.060 values
White D65 | 0.3127 | 0.3290 | | of sRGB colour space

E’ = RS’RGB ’ GS'RGB ’ BS’RGB - Colour prlmary
coordinates

of sr'c’B’ signal space
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TABLE 2.3 (continued)
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Colour space

Primaries and reference white
chromaticity coordinates

Opto-electronic and electro-optic
conversion characteristics

Coding equation

Electro-optic conversion:

Quantized signal representation:

[~(E'-0.055)/1.055]"" for ~ —0,75<E'<~-0.040449936 D.. —round((2" ~1).Y”
L= E'/12.92 for ~0.040449936 <|E' < 0.0404a0036 | 0o N (g ) SYCC) i
[(E'+0.055)/1.055]  for 0.040449936 < E' <1,25 (2” —1)-0,;SYCC
. . . D.. . =round|| ~—L "= 4 2™t
Quantized signal representation: Crbg-sYCC(n) 2
16-bit representation: - ( ) :
2"-1)-C;
_ ' n-9 n-3 _ \& 74 Vsvee 1
De gercaln) = round[EsRGB (255-2"7)+(3-2 )J D avccis) = roUNd [ . ]+ 2
where ) .
DC' bg-sRGB(n) = DR' bg-sRGB(n)’ DG’ bg-sRGB(n) * DB’ bg-sRGB(n)
Bit depth equals 10, 12 or 16
scRGB Opto-electronic conversion: scYCC:
IEC 61966-2-2 [2.10] X y E'=1.099-1°®-0.099  for 0.018<L<15 Yovee = 0.299R! . +0.587G. oop +0.114B!
Red 0.640 0.330 E'=45-1 oss for -0.018<1.<0.018 Cé seyee = (Rs,cRGB _Ysévcc )/1'402
Green 0.300 0.600 E= _1'099'|L| +0.099 for -0.5 S_ - S 0018 Céeevee = (BS,CRGB —Yevee )/1'772
Blue 0.150 | 0060 ||WNere L= Rice.Gurcn: Buren~ MSUMUIUS | 5 o 0ii e signal representation:
White D65 | 03127 | 0.3290 values of srGB colour spaceI _ 12-bit representation:
E’ = Rincs: Glnce: Blres — COIOUM PHIMAry Dy sycc(aniy) = FoUNd (1280- Y. +1024)
coordinates of sr'c’B’ signal space
Electro—optic conversion: D, sveeue) = Found [(1280 “Crevee ) + 2048}
[~(E’'—0.099)/1.099 ] for —0,7 <E’<-0.081 D¢, aveez) = found [(1280'Césvcc)+ gong
L= E'/45 for —0.081<|E’| <0.081 ®
[(E'+0.099)/1.009]°  for  0.081<E’<1,22
SCRGB-nl

Quantized signal representation:
16-bit representation:
D =round (8192 E’ +4096)

E'nl(16)
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TABLE 2.3 (continued)
Primaries and reference white Opto-electronic and electro-optic . .
Colour space - . P . -ro-op Coding equation
chromaticity coordinates conversion characteristics
scRGB-nl Quantization relationships using scRGB
Quantized signal representation: scRGB(16) | scRGB SCR'G'B’ | scRGB-nl
16-bit representation: NIA 06038 | -08.000 0
D as) = roUNd (8192 - E' +4096) 0 05 —0.7354 83
Wwhere 2048 -0.25 -0.5371 337
4096 0 0.0000 1024
DE’nI(lG) = DR’nI(lG)’ DG’nI(le)’ DB'nI(16) = 12288 1 1.0000 2304
-D D D 20480 2 1.3533 2756
-R SCRGB-nl(16) ! - G'scRGB-nl(16) ! "~ B'scRGB-nl(16) 28672 3 1.6125 3088
12-bit representation: 36864 4 1.8248 3360
D¢ 112y = round(1280- E’ +1024) 45056 5 2.0080 3594
where 53248 6 2.1708 3803
D -D. D, D, _ 61440 7 2.3184 3992
E'ni12) — TRIA2)? Tenl(12) T TR I(2) 65535 7.4999 2.3876 4080
= DR'scRGB—nI(lZ)’ DG’scRGB—nI(lZ)’ DB'scRGB—nI(lZ) N/A 7.5 2.3877 4080
N/A 7.5013 2.4000 4096
xvYCC Opto-electronic conversion: SYCCoo ;

IEC 61966-2-4 [2.11]

X y
Red 0.640 0.330
Green 0.300 0.600
Blue 0.150 0.060
White D65 | 0.3127 | 0.3290

0.45

E'=-1009-|L["°+0.099 for  L<-0.018
E'=45-L for ~0.018<L<0.018
E'=1099-1°-0099 for  L>0018

where L = Rirer » Gsrer - Bires — tristimulus
values of SRGB colour space

E’ = Riree: Gires - Bires — colour primary
coordinates of sR'G'B’ signal space
Electro-optic conversion:

~(E'-0.099)/1.099 % for E'<-0.081
[( )/1.099]
L= E'/45 for ~0.081<|E’|<0.081
E'+0.099)/1.009]°  for 0.081<E’
[( )/1.099]

Y., =0.299R ., +0.587G s, +0.114B -,
Cr,e 601 (RS,RGB sch )/ 1.402

Cl; 601 (BéRGB sch )/1 712
SYCCqq -

Yy =0.2126R!, +0.7152G o, +0.0722B -,
CI; 709 (R;RGB SYCC /1 5748

Ct 100 = (Bires — Yorce )/1.8556
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TABLE 2.3 (end)
Colour space Primaries and reference white Opto-electronic and electro-optic Codind equation
P chromaticity coordinates conversion characteristics geq
Quantized signal representation:
n-bit representation is specified:
Yrce = round[ (219-Y'+16)2"° |
De; wice(m = found[ (224-C +128)2"° |
De, wee(n = found| (224-C; +128)2"* |
v’,cr,,c, must be limited as follows:
Y’ e 157 219; 238/ 219
Ch.Ci < —15/ 224; 238/ 224
opYCC Opto-electronic conversion: Y' =0.299R’ _ +0587G' . +0.114B’
IEC 61966-2-5 [2.12] " » Lo o;,)RGB | 0pRGB | 0pRGB 0pRGB
Red 0.640 0.330 where L = R rqs:Gopror » Bopras — tristimulus CR’opRGB = (RopRGB _YopRGB)/ 1.402
Green 0210 | 0.710 | | Values of oprae colour space _ Carprcs = (Biros ~Yoses ) /1772
Blue 0.150 0.060 E’" = Ripres Gopros » Booras — COlOU primary Quantized signal representation:
White D65 | 03127 | 0.3290 coordinates of opr'c'm’ Signal space n-bit representation is specified:

Electro-optic conversion:
22
L=(E)

Quantized signal representation:
n-bit representation:

D, = round[(z” -1] E’J

E'op(n)
where
DE’op(n) = DR'op(n)’ DG'op(n)’ DB'op(n) =
= DR’opRGB(n)’ DG’opRGB(n)’ DB’opRGB(n)

Y, ree( = round [(2” —1).Y0'pRGB(n)]

Dc, opror(n) = found [(2” —1) -C! poroam * 2”’1]

Dc, wicem = found [(2” ~1)-C opronim + 2”‘1]
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TABLE 2.4
Specified chromaticity coordinates of DCDM and ACES systems
Primaries and Chromaticity
reference white
X y
R (Rgs) 0.73470 0.26530
DC G (Gy) 0.14000 0.86000
(FS-Gamut) B (B) 0.10000 —0.02985
W 0.31272 0.32903
R 0.73470 0.26530
G 0.00000 1.00000
ACES
B 0.00010 —0.07700
W 0.32168 0.33767

2.9 Colorimetric characteristics of new video applications: Video production systems in
multimedia environment

From the point of view of colorimetric characteristics, an important characteristic of the new image
applications, including digital graphics systems, digital photography, etc., used for video production,
is colour gamut. Graphical information from such image systems as Adobe [2.17] and Eastman Kodak
[2.18 to 2.21] with an extended range of colours, in particular, can be used as sources of video in
HDTYV and UHDTYV programme production, in accordance with Recommendations ITU-R BT.709-6
[2.5] and ITU-R BT.2020-1 [2.8].

In the Adobe system with an extended range of colours, and in Eastman Kodak system, the use of
primary colours coordinates different from those in the TV systems, is provided. Tristimulus values
of the primaries and reference white of RIMM-ROMM (Kodak), ROM (Kodak) and Wide Gamut
(Adobe) systems are presented in Table 2.5.

TABLE 2.5

Chromaticity coordinates of primaries and colour gamut
of Kodak and Adobe multimedia systems

R G B
System
X y X y X y
RIMM-ROMM 0.7347 0.2653 0.1596 0.8404 0.0366 0.0001
ROM 0.8730 0.1440 0.1750 0.9270 0.0850 0.0001
Wide Gamut 0.7347 0.2653 0.1152 0.8264 0.1566 0.0177

In this systems all or part of colour primaries are unreal, and on the basis of this the colour gamut
covers almost whole area of chromaticity diagram.
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2.10  Characteristics of colorimetry systems for digital video coding systems

Digital video coding system colorimetric characteristics specified in MPEG-2 Video [2.22]; MPEG-4
Visual [2.23]; MPEG-4/AVC [2.24]; MPEG-H HEVC [2.25] are shown in Tables 2.8, 2.9 and 2.10,
which combine according data from Tables 6-7, 6-8, 6-9 from MPEG-2 Video, Tables 6-8, 6-9, 6-10 from
MPEG-4 Visual, Tables E-8, E-9, E-10 from MPEG-4/AVC and Tables E-3, E-4, E-5 from MPEG-H
HEVC.

Primaries chromaticity and reference white coordinates for given parameter values of colour
primaries are shown it Table 2.6.

Opto-electronic conversion characteristics — transfer primaries channel characteristics for given
parameter values of transfer characteristics are shown in Table 2.7. The Table specifies:

L— image primaries tristimulus values, that are relative luminance levels, r c. B
image components;

V— relative levels of gamma-corrected signals r c,s — image components
! ! !
(Ex E.Ep);
E, — normalized luminance signal normalized to 0;1;

EI

!
PR, EPB — colour-difference signals normalized to —05; +0.5.

Luminance signals and colour-difference signals matrixes coefficients for given parameter values of
matrix_coefficients are shown in Table 2.8 with exception of cases when matrix_coefficients values
are equal to 0 and 8. Value 8 in MPEG-2 Video, MPEG-4/AVC and MPEG-H HEVC corresponds to
signal coding v, C,, C, processed by algorithms specified in these standards where C_, C, signals

are in terms of C, C,. Value 0 in IEC 61966-2-2, MPEG-4/AVC and MPEG-H HEVC corresponds to
RGB space signals E;, EZ, E;, coding processed by algorithms specified in these standards.
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TABLE 2.6

Colour primaries for digital video coding in MPEG-2 Video, MPEG-4 Visual, MPEG-4 AVC, and MPEG-H HEVC

Colour_primaries

Systems and standards

Primaries and reference white chromaticity coordinates

0 Forbidden (only MPEG-2 Video and MPEG-4 Visual)
Reserved (only MPEG-4 AVC and MPEG-4 Visual) For future use ITU-T/ISO/IEC
1 Recommendation ITU-R BT.709 [2.5] -
IEC 61966-2-1 [2.9] (SRGB or sYCC) (only MPEG-4 AVC Primary | X y
and MPEG-H HEVC) Red 0.640 0.330
IEC 61966-2-4 [2.11] Green 0.300 0.600
SMPTE RP 177 [2.1] (1993) Annex B Blue 0.150 0.060
White Des | 0.3127 0.3290
2 Unspecified Image characteristics are unknown or are determined by the application
3 Reserved For future use by ITU-T/ISO/IEC
4 Recommendation ITU-R BT.470 system M (historical) .
NTSC 1953 Recommendation for transmission standards for Primary X y
colour television (only MPEG-2 Video and MPEG-4 AVC and Red 0.67 0.33
MPEG-H HEVC) Green 0.21 0.71
US 47 CFR 73.682 (a) (20) [20] (only MPEG-2 Video and Blue 0.14 0.08
MPEG-4 AVC and MPEG-H HEVC) White C 0.310 0.316
5 Recommendation ITU-R BT.1700 [2.3] 625 PAL or 625 SECAM -
(only MPEG-2 Video and MPEG-4 AVC and MPEG-H HEVC) Primary X y
Recommendation ITU-R BT.601 [2.4] 625 (only MPEG-2 Video Red 0.64 033
and MPEG-4 AVC and MPEG-H HEVC) Green 0.29 0.60
Recommendation ITU-R BT.470 systems B, G (historical) Blue 0.15 0.06
White Des | 0.3127 0.3290
6 Recommendation ITU-R BT.1700 [2.3] NTSC (only MPEG-2 .
Video and MPEG-4 AVC and MPEG-H HEVC) Primary X y
SMPTE 170M [2.2] Red 0.630 0.340
Recommendation ITU-R BT.601 [2.4] 525 NTSC (only MPEG- Green 0.310 0.595
2 Video and MPEG-4 AVC and MPEG-H HEVC) Blue 0.155 0.070
White Des 0.3127 0.3290
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TABLE 2.6 (continued)

Colour_primaries Systems and standards Primaries and reference white chromaticity coordinates
7 SMPTE 240M [2.26] -
Primary X y
Red 0.630 0.340
Green 0.310 0.595
Blue 0.155 0.070
White Des 0.3127 0.3290
8 Reserved (only MPEG-2 Video) For future use by ITU-T | ISO/IEC
Generic film (col_our filters using standard illuminant C) Primary X y
(only MPEG-4 Visual, MPEG-4 AVC, and MPEG-H HEVC)
Red 0.681 0.319 (Wratten 25)
Green 0.243 0.692 (Wratten 58)
Blue 0.145 0.049 (Wratten 47)
White C 0.310 0.316
9 Reserved (only MPEG-2 Video and MPEG-4 Visual) For future use by ITU-T | ISO/IEC
Rec. ITU-R BT.2020 [2.8] (only MPEG-4 AVC and ,
MPEG-H HEVC) Primary X y
Rec. ITU-R BT.2100 [2.35] (only MPEG-4 AVC and Red 0.708 0.292
MPEG-H HEVC) Green 0.170 0.797
Blue 0.131 0.046
White Des 0.3127 0.3290
10 Reserved (only MPEG-2 Video and MPEG-4 Visuall For future use by ITU-T | ISO/IEC
SMPTE ST 428-1 CIE 1931 XYZ) (only MPEG-4 AVC and Primary X y
MPEG-H HEVC) X 1 0
Y 0 1
Z 0 0

White 1/3 1/3




22

Rep. ITU-R BT.2380-2

TABLE 2.6 (end)

Colour_primaries

Systems and standards

Primaries and reference white chromaticity coordinates

11 Reserved (Only MPEG-2 Video and MPEG-4 Visual) For future use by ISO/IEC
SMPTE RP 431-2 (only MPEG-4 AVC and MPEG-H HEVC) Primary X y
Red 0.680 0.320
Green 0.265 0.690
Blue 0.150 0.060
White 0.314 0.351
Reserved (Only MPEG-2 Video and MPEG-4 Visual) For future use by ISO/IEC
SMPTE EG 432-1 (only MPEG-4 AVC and MPEG-H HEVC) Primary X y
Red 0.680 0.320
12 Green 0.265 0.690
Blue 0.150 0.060
White 0.3127 0.3290
13-21 Reserved For future use by ITU-T | ISO/IEC
Reserved (Only MPEG-2 Video and MPEG-4 Visual) For future use by ITU-T | ISO/IEC
EBU Tech. 3213-E Primary X y
Red 0.630 0.340
22 Green 0.295 0.605
Blue 0.155 0.077
White 0.3127 0.3290
23-255 Reserved For future use by ISO/IEC
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TABLE 2.7

Transfer characteristics for digital video coding in MPEG-2 Video, MPEG-4 Visual, MPEG-4 AVC, MPEG HEVC V2

23

transfer_characteristic

Systems and standards

Transfer characteristic

0

Forbidden (only MPEG-2 Video and MPEG-4 Visual)

Reserved (only MPEG-4 AVC and MPEG-H HEVC)

For future use by ITU-T | ISO/IEC

1 Recommendation ITU-R BT.709 [2.5] V=alL*(a-1) for p<L<1
V =4.500L for 0<L<p
where L=R,G,B — colour primaries tristimulus values,
V =R',G',B" —colour primaries signals
2 Unspecified Image characteristics are unknown or are determined by the application
3 Reserved For future use by ITU-T | ISO/IEC
4 Recommendation ITU-R BT.470 system M (historical) Assumed displayed gamma 2.2
Recommendation ITU-R BT.1700 [2.3] 625 PAL or 625
SECAM
(only MPEG-4 AVC and MPEG-H HEVC)
US NTSC 1953 Recommendation for transmission standards
for colour television
US 47 CFR 73.682 (a) (20) [20]
5 Recommendation ITU-R BT.1700 [2.3] 625 PAL or 625 Assumed displayed gamma 2.8
SECAM (only MPEG-2 Video and MPEG-4 Visual and Note. This value conflicts with Recommendation ITU-R BT.1700 (2007
MPEG-4 AVC) revision) and accordingly to this Recommendation has to be changed to 2.2
Recommendation ITU-R BT.470 systems B, G (historical)
6 Recommendation ITU-R BT.1700 [2.3] NTSC

SMPTE 170M [2.2]

Recommendation ITU-R BT.601 [2.4] 525 or 625 (only MPEG-
2 Video and MPEG-4 AVC and MPEG-H HEVC)

uAvC

V=al®—(a-1) for pg<L<1
V =4.500L for 0<L<pg
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TABLE 2.7 (continued)

transfer_characteristic

Systems and standards

Transfer characteristic

7

SMPTE 240M [2.26]

V=alL’—(a-1) for p<L<1

V =4.0L for 0O<L<p
8 Linear transfer characteristic V=L
9 Logarithm transfer characteristic (100:1 range) V =1.0+Logy,(L)/2 for 0.01<L<1
V =0.0 for 0<L<0.01
10 Logarithm transfer characteristic (100-Sqrt(10) : 1 range) V =1.0+Log,(L)/25 for Sqrt(10)/1000<L <1
V=00 for 0<L< Sqrt(lO) /1000
11 IEC 61966-2-4 [2.11] V =al *—(a-1) for B<L
V =4.500L for —g<L<p
Ve-fa(-L) " ~(a-1)]  for L=<-p
12 Extended colour gamut system (historical) V=ali®-(a-1) for B<L.<1.33
V =4.500L, for —0.0045<L, <f
V=l a(-4L, )" ~(a-1)| /4 for -0,25<L <-0.0045
13 Reserved (only MPEG-2 Video and MPEG-4 Visual) For future use by ITU-T | ISO-IEC
IEC 61966-2-1 (SRGB or sYCC) (only MPEG-H HEVC) V=al'*—(a-1) for p<L<1
V =12.92L for 0<L<p
14 Reserved (only MPEG-2 Video and MPEG-4 Visual) For future use by ITU-T | ISO-IEC
Rec. ITU-R BT.2020 for 10 bit system (only MPEG-H HEVC) V =gl _(a - 1) for g<L<1
V =45L for 0<L<p
15 Reserved (only MPEG-2 Video and MPEG-4 Visual) For future use by ITU-T | ISO-IEC

Rec. ITU-R BT.2020 for 12 bit system (only MPEG-H HEVC)

V=al —(a-1) for p<L<1
V =45L for 0O<L<p
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TABLE 2.7 (end)

transfer_characteristic

Systems and standards

Transfer characteristic

16 Reserved (only MPEG-2 Video and MPEG-4 Visual For future use by ITU-T | ISO-IEC
AVC)
ésll\:\P/gir?(;rl\al(F)’Séé—olz 1I-(|)I,E\1/2C,)14 and 16 bit systems (MPEG- |, _ ((c1 +c,L2 ))/(1+ Lt )m for all values of L
Rec. ITU-R BT.2100 perceptual quantization (PQ) system | € =C; —C, +1=3424/4096 = 0.8359375
c, =32x2413/4096 =18.8515625
c, =32x2392/4096 =18.6875
m =128x 2523/4096 = 78.84375
n=0.25x2610/4096 = 0.1593017578125
for which L. equal to 1 for peak white is ordinarily intended to correspond
to a display luminance level of 10 000 candelas per square metre
17 Reserved (MPEG-2 Video and MPEG-4 Visual For future use by ITU-T | ISO-IEC
AVC)
SMPTE ST 428-1 (MPEG-4 AVC and MPEG-H HEVC) Vv :(48%/52_37)(12-@ for all values of L,
for which L. equal to 1 for peak white is ordinarily intended to correspond
to a display luminance level of 48 candelas per square metre
Reserved (MPEG-2 Video and MPEG-4 Visual and MPEG-4 AVC)) For future use by ITU-T | ISO-IEC
ARIB STD-B67 (MPEG-H HEVC) V=a-Ln(12L-b)+c for 112<L<1
Rec. ITU-R BT.2100 Hybrid Log Gamma (MPEG-H V =Sqrt(3)-L°° for 0<L<1/12
18 HEVC) a=0.17883277
b =0.28466892
¢ =0.55991073
19-255 Reserved For future use by ITU-T | ISO-IEC

1) For transfer_characteristic =1, 6, 11, 12, 14, 15 0=1.099 296 826 809 442...; 3-0.018 053 968 510 807....
2) For transfer_characteristic =13 a=1.055; $=0.31308
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TABLE 2.8

Matrix coefficients for video coding in MPEG-2 Video, MPEG-4 Visual, MPEG-4 AVC, MPEG HEVC

matrix_coefficients

Systems and standards

Matrix

0 Forbidden (MPEG-2 Video, MPEG-4 Visual)
SRGB (IEC 61966-2-1) (only MPEG-4 AVC, MPEG-H Typically referred as RGB. Also may be used for XYZ
HEVC)
1 Recommendation ITU-R BT.709 [2.5] E; =0.2126E; +0.7152E +0.0722E,
,IAE\/%Galr?dGEIi/II%éCgSE%CE)\/(g)“y MPEG-2 Video and MPEG-4 EL :(E; —E! )/1.5748
IEC 61966-2-4 XvYCCro9[2.11] (only MPEG-2 Video and Es = (Eg3 -E )/ 1.8556
MPEG-4 AVC and MPEG-H HEVC)
SMPTE RP 177 Annex B [2.1] (only MPEG-2 Video and
MPEG-4 AVC and MPEG-H HEVC)
Unspecified Image characteristics are unknown or determined by the application
Reserved For future use by ITU-T/ISO/IEC
US NTSC 1953 Recommendation for transmission standards for | E; = 0.30E; +0.59E; +0.11E;
e (5810
Ey, :(Eé -E )/1.78
5 Recommendation ITU-R BT.1700 [2.3] 625 PAL and 625 E; =0.299E;, +0.587E; +0.114E]

SECAM (only MPEG-2 Video and MPEG-4 AVC and
MPEG-H HEVC)

IEC 61966-2-4 xvYCCeo: (only MPEG-2 Video, MPEG-4 AVC,
MPEG-4 HEVC)

Recommendation ITU-R BT.470 systems B, G(historical)

Recommendation ITU-R BT.601 [2.4] 625 (only MPEG-2
Video and MPEG-4 AVC and MPEG-H HEVC)

E; =(Ej —E;)/L402
E;, =(E; —E)/L772
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TABLE 2.8 (continued)

matrix_coefficients

Systems and standards

Matrix

6 Recommendation ITU-R BT.1700 [2.3] NTSC E/ =0.299E; +0.587E +0.114E;
SMPTE 170M.NTSC [2.2] E, = (E4 —E})/1.402
Recommendation ITU-R BT.601 525 [2.4] (only MPEG-2 , , ,
Video, MPEG-4 AVC, MPEG-H HEVC)) E;, =(E; -Ey)/L772
7 SMPTE 240M (1999) [2.26] E, = 0.212E, +0.701E, +0.087E,
E.. = 0.500E, —0.445E, —0.055E,
El, =-0.116E} —0.384E/ +0.500E/,
8 (only MPEG-2, MPEG-4 AVC, MPEG-H HEVC) YCgCo
where Cg and Co may be referred as Cg and Cr respectively, where
for n bit video
Y, Cg and Cr are related to R, G and B as:
Y =round[0.5G+0.25(R+B)]
C, =round[ 0.5G -0.25(R+B)]+2""
C, =round[ 0.5(R-B)]+2"*
9 Rec. ITU-R BT.2020 non-constant luminance system (only Y'=0.2627R' +0.6780G" + 0.0593B'

MPEG-4 AVC, MPEG-H HEVC)

o B
1.8814
o _R-Y

R 1.4746
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TABLE 2.8 (end)

matrix_coefficients Systems and standards Matrix

10 Rec. ITU-R BT.2020 constant luminance system (only MPEG-

4 AVC, MPEG-H HEVC) Y/ =(0.2627 R+0.6780 G +0.0593 B)

BYe for 09702« B'-Y.<0

o _)1.9404

BC — Br_Yr
¢ for 0<B'-Y’'<0,7908

1.5916
RYe for _0.8592< B'-Y!/ <0

cr 17184

RC — Rr_Yr
¢ for 0<B'-Y'<0,4968

0.9936

11-255 Reserved. For future use by ITU-T/ISO/IEC
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2.11  Colorimetric characteristics of professional and consumer displays
Today Flat panel displays have replaced CRT displays.

In Recommendation ITU-R BT.1728-1 [2.27] guidance on the use of flat panel displays in television
production and postproduction is formulated. In the considering of this Recommendation, it is stated
that, from the point of view of colorimetric characteristics:

— Flat panel displays present images whose rendition depends on the type of technology used
in the flat panel, and often also depends on the display brand and model, even for displays
that use the same flat panel technology.

— Flat panel displays may be adjusted to present images at a higher white colour temperature
than the standardized one (D 6500), so that images typically appear “colder”. The image
rendition of some flat panel displays depends on the viewing angle.

In Recommendation ITU-R BT.1886 [2.28] the reference electro-optical transfer function for flat
panel displays used in HDTV studio production is specified. It is specified in the recommendation,
that with the introduction of new display technologies which have entirely different characteristics to
the CRT displays, it is optional to define the EOTF of new devices that emulate that of the CRT
displays in order to maintain interoperability with achieve material.

Recommendation ITU-R BT.2022 [2.29] provides general viewing conditions for subjective
assessment of quality of SDTV and HDTYV television pictures on flat panel displays. These conditions
reflect viewing conditions in laboratory and home environment on the screen of professional and
consumer displays consequently.

EBU document TECH-3325 [2.30] provides suggested methods of measurement characteristics of
professional studio monitors, particularly, such characteristics, related to colorimetry image quality:

- Achievable contrast

- Black level

- Chromaticity of the primary red (R), green (G), and blue (B) light emissions
— Colour gamut

— Colour temperature.

Bibliography for Chapter 2

[2.1] RP177-1993 SMPTE Recommended Practice. Derivation of Basic Television Colour Equations

[22] SMPTE ST 170M-1999 SMPTE Standard for Television — Composite Analog TV System for Video
Applications

[2.3] Recommendation ITU-R BT.1700-0 (2005) — Characteristics of composite video signals for
conventional analogue television systems

[2.4]  Recommendation ITU-R BT.601-7 (2011) — Studio encoding parameters of digital television for
standard 4:3 and wide screen 16:9 aspect ratios

[25] Recommendation ITU-R BT.709-6 (2015) — Parameter values for the HDTV standards for production
and international programme exchange

[2.6] Recommendation ITU-R BT.1543-1 (2015) —1 280 x 720, 16:9 progressively-captured image format
for production and international programme exchange in the 60 Hz environment



30

[2.7]

[2.8]

[2.9]

[2.10]

[2.11]

[2.12]

[2.13]

[2.14]

[2.15]
[2.16]
[2.17]
[2.18]

[2.19]

[2.20]

[2.21]

[2.22]

[2.23]

[2.24]

[2.25]

[2.26]

[2.27]

[2.28]

Rep. ITU-R BT.2380-2

Recommendation ITU-R BT.1847-1 (2015) — 1 280 x 720, 16:9 progressively-captured image format
for production and international programme exchange in the 50 Hz environment

Recommendation ITU-R BT.2020-2 (2015) — Parameter values for ultra-high definition television
systems for production and international programme exchange

IEC 61966-2-1:1999 Multimedia systems and equipment — Colour measurement and management —
Part 2-1: Colour management — Default RGB colour space — SRGB

IEC 61966-2-2:2003 Multimedia systems and equipment — Colour management and colour
measurement. Part 2-2: Colour management — Extended RGB colour space — SCRGB

IEC 61966-2-4:2006 Multimedia systems and equipment — Colour management and colour
measurement. Part 2-4: Colour management — Extended-gamut YCC colour space for video
applications — xvYCC

IEC 61966-2-5:2007 Multimedia systems and equipment — Colour measurement and management —
Part 2-5: Colour management — Optional RGB colour space — opRGB

SMPTE ST 2048-1:2011 2048=1080 and 4096x2160 Digital Cinematography Production Image Formats
FS/709

Digital Cinema System Specification Version 1.0 with Errata as of 30 August 2012 Incorporated. —
Approved 10 October 2012.— Digital Cinema Initiatives, LLC, Member Representatives Committee

Digital Cinema System Specification Version 1.2 with Errata as of April 2016 Incorporated. —
SMPTE ST 2065-1:2012 Academy Color Encoding Specification (ACES)
Adobe Photoshop ® 5.0, Adobe Systems Inc., San Jose, CA

Eastman Kodak Company Reference output medium metric RGB colour space (ROMM RGB) white
paper, http://www.colour.org/tc8-05

Eastman Kodak Company Reference input medium metric RGB colour space (RIMM RGB) white
paper, http://www.pima.net/standards/iso/tc42/wq18

K. E. Spaulding, G. J. Woolfe, and E. J. Giorgianni Reference input/output medium metric RGB
colour encodings (RIMM/ROMM RGB), PICS 2000 Conf., Portland, OR, March 26-29 (2000)

K. E. Spaulding, B. Pridham, and E. J. Giorgianni Definition of standard reference output medium
RGB colour space (ROM RGB) for best practice tone/colour processing, Kodak Imaging Science
Best Practice Document

Recommendation ITU-T H.262:2012 | ISO/IEC 13818-2:2013 Information technology — Generic
coding of moving pictures and associated audio information: Video

ISO/IEC 14496-2:2004/Amd. 3:2007 Information technology — Coding of audio-visual objects — Part
2: Visual, Amendment 3: Support for colour Spaces + Technical corrigendum 1:2008

Recommendation ITU-T H.264:2014 | ISO/IEC 14496-10:2012 Information technology — Coding of audio-
visual objects — Part 10: Advanced video coding

Recommendation ITU-T H.265:2015 | ISO/IEC 23008-2:2015 Information technology — High
efficiency coding and media delivery in heterogeneous environments — Part 2: High efficiency video
coding

SMPTE 240M-1999 SMPTE Standard for Television — 1125-Line High-Definition Production
Systems — Signal Parameterstrueinform.ru/

Recommendation ITU-R BT.1728-1 (2010) — Guidance on the use of flat panel displays in television
production and postproduction

Recommendation ITU-R BT.1886-0 (2011) — Reference electro-optical transfer function for flat panel
displays used in HDTV studio production



Rep. ITU-R BT.2380-2 31

[2.29] Recommendation ITU-R BT.2022-0 (2012) — General viewing conditions for subjective assessment
of quality of SDTV and HDTYV television pictures on flat panel displays

[2.30] EBU TECH 3325:2008 Methods for the Measurement of the performance of Studio Monitors

[2.31] Report ITU-R BT.2250 (2012) — Delivery of wide colour gamut image content through SDTV and
HDTV delivery systems

[2.32] CIE Proceeding 1931 Cambridge University Press. — Cambridge 1932. — P. 19
[2.33] CIE Functions http://www.cvrl.org/ciepr.htm
[2.34] Colour Matching Between OLED and CRT / Sony Corporation. — Tech. V. 1.0. — 2013

[2.35] Recommendation ITU-R BT.2100-0 (2016) — Image parameter values for high dynamic
range television for use in production and international programme exchange

CHAPTER 3

Colour appearance models

3.1 General requirements for colour appearance models

As it was previously stated, the perception of colours plays a major part in overall image quality
perception. R.W.G. Hunt in [3.1] has formulated six approaches to colour reproduction. Two of them
seem to be suitable for implementation in TV systems:

— Equivalent colour reproduction. In this approach, the goal is achieving equality of
chromaticities and absolute and relative luminances of colours of the original scene and
reproduced image being viewed under different conditions.

— Preferable colour reproduction. The purpose of this approach is not achievement of strict
equality of colour perception of display and standard images, but reproduction of colours in
such a way that the colours of the estimated image were more pleasant for an observer, than
colours of original scene.

It should be noted that reproduction of colours from memory has a substantial influence on judgments
about the reproduced image; but it cannot be used as independent criterion.

Colour spaces are used for the mathematical representation of colours independently of the spectral
power distribution of the optical radiation. To take account of viewing conditions (that is necessary
for colour transforms and colorimetric distortion correction) various colour appearance models
have been developed. The most widely used colour appearance models are CIELUV and CIELAB
[3.1, 3.3-3.7].

A description of the CIE models used (i. e. CIELUV and CIELAB) is given in 8§ 3.2 and 3.3, and
the description of CIECAMO02 model [3.2, 3.5] and its modification proposed by Luo and al. [3.8] is
given in Annex A.

The results of testing published have shown that predictions obtained by using CIECAMO02-based
colour spaces best match all available colour appearance data and can be considered to become a base
for further research work on development of TV and related video systems, and for the development
of colour appearance models for image quality assessment systems, particularly colorimetric quality
assessment.
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The problems of TV colorimetry, the use of colour appearance models and topics for future studies
are pointed out in [3.9]. Evaluation of colour rendition fidelity for systems with High Dynamic
(luminance) Range (HDR), including video information systems, HDR TV systems, et al., is related
with use of colour appearance models, covering a range of luminance several times larger than 1000
cd/m?, which is close to the upper end of the range of luminance, in which operates CIECAMO02
model for photopic vision, as well as of luminance, at which acts mesopic and scotopic vision

3.2 CIELUV Model

Input data: X,Y,Z — CIE 1931 tristimulus values of the sample; X,,,Y,,,z, — CIE 1931 tristimulus
values for reference white.

Stimulus lightness is defined as follows:

- J116(Y /Y, )*-16 for Y/Y, >0.008856 (3.1)
L =903.3(Y/Y, ) for Y/Y, <0.008856 '
Opponent axes:
u' =13l (u-u,)  v'=195L(v-v,) (3.2)
where
U=4X/(X+15Y +3Z)  v=9Y/(X +15Y +3Z)
Chroma and hue:
12
C, =(u?+v?) h;, =tan™(v'/u’) (33)

3.3 CIELAB Model

Input data: x , v, z — CIE 1931 tristimulus values of the sample; Xx,,,Y,,,z, — CIE 1931 tristimulus
values for reference white.

The lightness of stimulus is defined as follows:

g :{116(Y/YW )°~16 for Y/Y, >0.008856 3.4
903.3(Y/Y,, )  for Y/Y, <0.008856
Opponent axes:
a =500 f(X/X)-f(Y/Y)] b =200[ f(Y/Y,)-f(Z/Z,)] (3.5)
where:

f(o)= BE for ¢>0.008856
*)77.787(c) +16/116 for ¢<0.008856

Chroma and hue:
C.,=(a” +b*2)1/2 h;, =tan™(b*/a") (3.6)
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CHAPTER 4

Colour difference estimation

4.1 Introductory notes

Objective estimation of colour reproduction quality can be based on the usage of colour spaces.
In such a case, the distance between the points of reference and reproduced colours in colour space
can correspond to subjective colour difference. There are two possible ways [4.1], [4.2]:

1 Colour space is perceptually uniform, i.e. in that subjective colour difference corresponds to

equal distance between points of colours. In such case, distance between the points of colours
is estimated by Euclidian metrics, for example in CIELAB, CIELUV, CIECAMO02 and ITP.

2 Colour space is non-uniform. In such case, correction of metric is required, as this was done in the
set of equations for estimation colour difference based on CIELAB: CMC, CIE94, CIEDE2000
models.

Distances between points of colours in the colour spaces of CIELUV and CIELAB systems are
defined respectively as:

AE;, =(AL? + AU + AV )]/2; AE;, =(AL? + A2 +Ab™ )”2 , (4.1)

where AL, aa*, Ab*, Au*, av* conform to arithmetic difference between corresponding
coordinates of reference and considered colours.
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These metrics are traditional and widely used.

In 2006 a set of colour difference formulae applied to large and small colour difference was tested by
Luo etal. [4.3]. CIEDE2000, BFD and CAMO02-SCD have shown the best performance for assessment
of small (nearly 2,5 AE., units) colour differences among ten formulae tested. The CAMO02-UCS and

DIN99d [4.4] formulae performed slightly poorer. The metrics performed best for assessing of large
(nearly10 AE., units) colour differences are CAM02-LCD, OSA and GLAB and (with only a slightly

poorer performance) CAMO02-UCS, which is based on the recently defined colour appearance model
CIECAMO2 and represents a good compromise for all amounts of colour differences.

When viewer adaptation is not known, as can be the case in television, it may be desirable to measure
the maximum potential perceptibility of colour differences under all adaptation states. This can be
done by presuming a state of viewer adaptation that is most sensitive for the colour being evaluated
[4.5, 4.6]. In this case, the colour difference estimation may be calculated using ITP with the AEtp
metric as defined in Recommendation ITU-R BT.2124-0.

CIEDE2000 metric [4.7] is presented in the following § 4.2. Details regarding the AErr metric are
presented in § 4.3. Other colour difference formulae mentioned above are explained in references
[4.1-4.4]. They are not used in broadcasting today but may be used in future.

4.2 CIEDE2000
The metric based on CIELAB colour appearance model (see previous section)

r\2 r\2 r\2 1 \2 ’ \2 y2
AE,, - (AL") . (ACy) . (AH) iR (ACL) | (AHL) 4.2)
k.S, keSc K. Sh keSc k., Sy
L'=L"; a'=(1+G)a"; b'=b"; C, =Ja?+b?; hy = tan”*(b'/a’);

G- 0.5{1—((0; ) / ((C;, )+ 257DM}

C,, —arithmetic mean of C}, values of twocolor patches being tested,;

’ ! ’. ’ r r . ’ ’ H Ah, . ! ! ’
AL'=Lg - Lg; ACab = Cab,R _Cab,S' AH,, = 2\/Cab,RCab,s Sm( zab j’ Ahab = hab,R - hab,s

where:

2

5, =1+0.015(L'~50) / (20+(E’—5o)2) . S,=140045C.; S, =1+0015C,T
T =1-0.17cos(h}, ~30") +0.24cos( 2h{, ) +0.32cos 3}, +6') ~0.2cos (4h(, ~63');

rand C_;b —arithmetic mean values of L' and ¢, of two colour patches being tested;

h., — arithmetic mean values of hue values h, of colour patches under consideration:

~ | Py=(his+h,e)/2  for hy <180
| =(hlys +hlg)/2-180 for Ry, >180

ab

12
R, =-sin(2A46)R.;  A6=30exp

(i) /25}2}; R, = 2((0_;1,)7 / [(C_w)? +257D
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The values of kL; kC, kH are set depending on application, default values are 1.

4.3 Objective colour difference measurement metric AEirp

There are several standardized colour difference metrics (e.g. CIE94, CIEDE2000, CAMO02-UCS).
Each of these metrics requires a known state of viewer adaptation. AErp is the first standardized
colour difference metric that indicates the maximum potential perceptibility of colour differences
given all adaptation states.

AErp = 720 X \/(11 — )2+ (T; — T,)? + (P, — P,)? (4.3)

The AEitp colour difference metric is applicable when the viewers’ adaptation state is unknown or
assumed to be variable (as may be the case in television), or possibly different for viewers who may
be looking at different areas of the image being viewed. Colour differences, once determined to be
acceptable, should remain acceptable regardless of image content and viewer adaptation. Viewer
adaptation state knowledge is used in the design of the metric. AE e uses the highest colour sensitivity
under all adaptation states. The results will be valid for the adaptation state that is most critical for
the colours being compared, and thus will not under-predict colour differences. The metric can
over-predict perceptual differences for adaptation states that are less well suited for discriminating
the difference between the colours being compared.
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CHAPTER 5

Image appearance and image difference models

5.1

Colour appearance models account for many changes in viewing conditions, but are mainly focused
on changes in the colour of the illumination, the illumination level, and surround relative luminance.
Such models do not directly incorporate any of the spatial or temporal properties of human vision and
the perception of images. They essentially treat each pixel of an image (and each frame of a video)
as completely independent stimuli.

Introductory notes

An image appearance model extends colour appearance models to incorporate properties of spatial
and temporal vision allowing prediction of appearance in complex stimuli and the measurement of
image differences.

In this section some of the image appearance models and their application to image difference
assessment (and thus to image quality assessment) are shown.

System S-CIELAB is described in the following 8 5.2. Further systems (iCAM and MOM), are
described in Annex B. These may be relevant to television, because they do not only describe colour
space but also spatio-temporal image space.

5.2 S-CIELAB

S-CIELAB [5.1] was designed specifically as a spatial extension of the CIELAB colour difference
space. The spatial extension is essentially a vision-based pre-processing step based on traditional CIE
colorimetry, and can be thought of as a spatial vision enhancement to a colour difference equation.
The general flowchart is shown in Fig. 5.1

FIGURE 5.1
Flowchart of S-CIELAB
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The model takes two images as an input. The first stage in the calculation is to transform the images
into colour-opponent colour space AC:1C,, representing an achromatic, a red-green and a blue-yellow
channels:

A 0279 0.720 -0.107 | X
C, |=/-0449 0290 0.077| Y
C, 0.086 0.590 -0.501} Z

The spatial filters that approximate human CSFs are used to eliminate the information that is
imperceptible to the visual system and normalize colour differences at spatial frequencies that are
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visible. The traditional S-CIELAB model uses two-dimensional separable convolution kernels. These
kernels are unit sum kernels, in the form of a series of Gaussian functions. The unit sum was designed
such that for large uniform areas S-CIELAB predictions are identical to the corresponding CIELAB
predictions. The spatial form of the convolution kernels are the following:

fllter = kZ\NI EI’ Ei — kie—(X2+y2)/0'i2

The parameters k and ki normalize the filters such that they sum to one, thus preserving the mean

colour value for uniform areas. The parameters wi and 0; represent the weight and the spread (in
degrees of visual angle) of the Gaussian functions, respectively.

The separable nature of the kernels allows for the use of two relatively simple 1-D convolutions of
the colour planes, rather than a more complex 2-D convolution.

If computationally feasible it might be desirable to perform the spatial filtering in the frequency
domain, rather than the spatial domain. The characteristics of luminance and chrominance filters are
the following:

TABLE 5.1

Weight and spread of Gaussian convolution kernel

Filter Weight (w;) Spread (0})
Achromatic (i=1) 1.00327 0.0500
Achromatic (i=2) 0.11442 0.2250
Achromatic (i=3) —-0.11769 7.0000
Red-Green (i=1) 0.61673 0.0685
Red-Green (i=2) 0.38328 0.8260
Blue-Yellow (i=1) 0.56789 0.0920
Blue-Yellow (i=2) 0.43212 0.6451

CSF Rl

lum

(f)=a-f°-e™; CSF

chrom

(f)=a-e®™+a,-e

The parameters, a, b, and ¢ can be fit to existing experimental data, if available. Alternatively values
of 75, 0.2, and 0.8 for a, b, and c respectively fit reasonably well with the S-CIELAB filters.

TABLE 5.2
Parameters for chrominance CSFs
Parameter Red-Green Blue-Yellow
al 109.1413 7.0328
bl -0.0004 0.0000
cl 3.4244 4.2582
a2 93.5971 40.6910
b2 -0.0037 -0.1039
2 2.1677 1.6487
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The filtered opponent channels are then transformed back into CIE XYZ space as shown below:

X 0.979 -1.535 0.445| A
Y |=|1189 0.764 0.135| C,
VA 1232 1163 2079]C,

The filtered XYZ pixel values for both the original and the test image are then transformed into the
CIELAB space and the colour differences are determined on pixel-by-pixel basis by using colour
difference formulae.

CHAPTER 6

Colour gamuts transmitted and reproduced
by television and related systems

In this section, the evaluations of colour gamuts for SDTV, HDTV and UHDTYV systems in colour
spaces of XYZ and of CAMO02-UCS with consideration of TV system parameters and image
luminance levels are presented. CAMO02-UCS is currently not used in practice in television. However,
the presentation of colour gamut in uniform CAMO02-UCS space provides possibility to evaluate the
effect of variation of viewing conditions on colour gamut.

Presented evaluations are related to possible principles of realization extended colour gamut in
accordance with Table 5 of ITU-R Report ITU-R BT.2246 [6.1] are made. More detailed information
is presented in [6.12-6.14].

6.1 Conventional colour gamut and extended colour primaries triangle television systems

The range of the colours reproduced by conventional colour gamut SDTV and HDTV systems
[6.2-6.5] and by extended triangle UHDTYV systems [6.6] are defined by the range of primaries signals
variation limited by zero and unit values:

O0=R,G,B=1

XYyz colour gamut boundaries on (x, y) plane are presented here for systems with primaries

specified in Recommendations ITU-R BT.601-7 [6.2] (SDTV), ITU-R BT.709-6 [6.3], ITU-R
BT.1543-1 [6.4] and ITU-R BT.1847-1 [6.5] (HDTV) and in Recommendation ITU-R BT.2020-1 [6.6]
(UHDTV).

Transferred colour gamut area in XYZ space and CAMO02-UCS space for v — 0.1, v —o0.25 and

Yy =0.5 IS presented on Figs 6.1 to 6.6, from which it is seen, that for colorimetric parameters, specified
for UHDTV system, for all luminance levels relative transferred colours area is considerably larger than
SDTV and HDTV systems. It can be seen to what degree colour gamut evaluated in uniform
(perceptual) colour space depends on the relative luminance Y of image detail.
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FIGURE 6.1

Colour gamuts of SDTV, HDTV and UHDTYV systems
for in XYZ space
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FIGURE 6.3

Colour gamuts of SDTV, HDTV and UHDTYV systems
for in XYZ space
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FIGURE 6.2

Colour gamuts of SDTV, HDTV and UHDTYV systems for

UHDTV

i
by,

HDTV

SDTV

Colou

UHDTV

L, =50 cd/m? in CAMO02-UCS space

60

40

20

0

-20

Report BT.2380-6-02

FIGURE 6.4

r gamuts of SDTV, HDTV and UHDTYV systems for
L, =50 cd/m? in CAMO02-UCS space

60 7

\

Z40 |-

60 |-

80 | ‘ ‘
60 40 20 0 20 40 60

Report BT.2380-6-04



40 Rep. ITU-R BT.2380-2
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6.2 Digital cinema and LSDI applications

Evaluations of colour gamut transmitted by digital cinema (DC) systems and LSDI systems in
CAMOZ-UCS(a’M ,b;\,l) space with consideration of image viewing conditions

Figure 6.7 shows primaries as specified in SMPTE ST 2048-1 [6.7] with chromaticity coordinates
presented in the Table 2.6 of Chapter 2. The points of the B and G primaries of the triangle are placed
outside the chromaticity diagram, the point of primary R is selected so that it matches the chromaticity
diagram boundary point of monochromatic red. So, the area of a primaries triangle exceeds the area
of the triangle of UHDTYV. Figure 6.7 also shows the projections of area boundaries of transmitted
colours on CIE-31 tristimulus values plane. It is seen that for relative brightness of scene details less
than 0.25, the major portion of chromaticity diagram area is transmitted.
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FIGURE 6.7 FIGURE 6.8

Colour gamut boundaries of DC system on the CIE-31 Colour gamut boundaries of DC system for L, =50 cd/m?
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Figure 6.8 presents projections of the transmitted colours area for DC system on the plane of chroma
Cartesian coordinates a;, ,b;, of J',a;,,b;, uniform colour space. The projections are presented for

the relative luminance levels of 0.05, 0.25, 0.5, 0.7, 0.9 and luminance level on white of 250 cd/m?,
which corresponds to the luminance of the adaptation of observer’s visual system respectively equal
to 50 cd/m?2.

Figure 6.9 shows primaries triangle of ACES system specified in SMPTE ST 2065-1 [6.8]. The R,G,B
primaries of the ACES triangle are placed outside the chromaticity diagram. So all the chromaticity
diagram is inside the triangle, and area of ACES triangle is more than area of triangles of DC- system.
Figure 6.10 shows the projections of area of transmitted in ACES system chromaticities on CAM02-UCS
chromaticity coordinates plane.
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FIGURE 6.9 FIGURE 6.10
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Extended colour gamut video applications

Systems for extended colour gamut video applications such as RIMM-ROMM Eastman Kodak and
Adobe are described in references [6.9] to [6.11], they have primarily been used outside the
broadcasting industry.

[6.1]
[6.2]

[6.3]

[6.4]

[6.5]

[6.6]

[6.7]

[6.8]
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CHAPTER 7

Possible criteria of colour reproduction
guality evaluation

7.1 Approaches to evaluation

The evaluation of quality of colour reproduction should be based on:

— the model of the system, for which the evaluation is carried out, and colorimetrical
transformations in it;

- viewing conditions of the original scene and displayed image;
— the criteria and procedure of evaluation, including interpretation of results.

In [7.1] six approaches have been formulated for the evaluation of colour reproduction quality.

Spectral colour reproduction

Concerning imaging systems, this approach implies equality of relative spectral power distributions
of radiation entering the image capture device and radiation created by display device.

Colorimetric colour reproduction

The purpose of this approach is to achieve equality of chromaticity coordinates and relative
luminances of the compared stimuli under the same viewing conditions. Thus, the subjective identity
of metameric colour stimuli, i.e. stimuli which that have different spectral power distribution of
radiation and the same tristimulus values, is taken into account.

Exact colour reproduction

Such approach requires equality of chromaticity coordinates, relative and absolute luminances of
stimuli, being compared, and the radiations of sources of illumination and other parameters affecting
the state of adaptation of the visual analyser. Such an approach is never in the real imaging systems,
as usually the conditions under which the system operates imply differences of observing conditions
at transmitting and receiving ends.


http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=UJRN&P21DBN=UJRN&S21STN=1&S21REF=10&S21FMT=fullwebr&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=A=&S21COLORTERMS=1&S21STR=Gofaizen%20O$
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=UJRN&P21DBN=UJRN&S21STN=1&S21REF=10&S21FMT=JUU_all&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=IJ=&S21COLORTERMS=1&S21STR=%D0%9670260
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Equivalent colour reproduction

The goal is to achieve equality of chromaticities as well as absolute and relative luminances of colours
of the original scene and the reproduced image being viewed under different conditions.

Corresponding colour reproduction

Reproduction, in which chromaticities and relative luminances of colours are such that when seen in
the picture-viewing conditions, they have the same appearance as the colours in the original scene
would have had if they had been illuminated to produce the same average absolute luminance level
as that of the reproduction.

Preferable colour reproduction

The purpose of such an approach is not achievement of strict equality of colour perception of display
and standard images, but reproduction of colours in such a way that the colours of the estimated image
were more pleasant for an observer than colours of original scene. Reproduction of such ‘memory’
colours has a substantial influence on judgments about reproduced image; however, it cannot be used
as independent criterion.

The quality of colour reproduction of large colour image details is most critical, as discriminability
of colours increases with the increase of sizes of image details.

Colour, size, form and orientation of details, and also the adapting and masking properties of
background and surround, influences the evaluation of quality of colour reproduction of medium and
small image details.

7.2 Evaluation criteria of colour reproduction quality

Evaluation of separate colour reproduction quality

For judgments on quality of all image colour reproduction it is desirable to have the assessments of
each colour change. For evaluating the quality of specific colour reproduction, large enough
uniformly coloured areas of image can be used that allow local effects to be ignored, also the influence
of contrast-sensitivity characteristics, descriptions, aureole effects and etc. The distance between the
points of colours of original and reproduced image in colour space can serve as the criterion.

Quality evaluation of the reproduction of all varieties of colours

For practical applications, the quality evaluation of integral reproduction of all varieties of colours
can be useful. Such evaluations can be made for the range of colours uniformly filling colour space.
The root-mean-square, mean absolute, or maximum distance between the points of compared colours
in colour space, can serve as a criterion of quality of colour reproduction.

Evaluation of quality of natural scene colour reproduction

Evaluation of the quality of natural scene colour reproduction is complicated due to the problem of
choice of test materials. For this purpose, images/sequences sets can be used containing images of
natural objects with large areas with a few colours, for which the evaluation of colour can be made.

Evaluation of colour reproduction quality in systems with object-oriented presentation of
images

In the case of object-based scene presentation, metadata should desirably carry parameter values
related to the specific object capturing, processing, transmission, etc. used. Use of object-based
presentation of video information implies the possibility of differences in the conditions of capturing,
production and processing of separate objects, and in the process of programme production, or some
other video processing in the TV light-to-light chain. The possibility of separate object information
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matching should be provided by metadata, and this information should be brought to the common
viewing conditions at the transmission and/or on receiving ends, and this information may be used in
the process of image quality evaluation separately for different objects.

Colour reproduction is one of the colour image quality components that can substantially depend on
a great number of factors, including characteristics of capture, reproduction, coding, processing,
transmission and storage of video information. Thus, the basic method of quality evaluation is
subjective evaluation or objective evaluation with the use of devices based on the results of
experimental and theoretical research on defining the relation between subjective quality assessments
by average observer in the standard viewing conditions and the objective evaluation criteria.

Colour reproduction quality, as a part of general image quality evaluation can be substantially affected
by other types of distortions. In this case it can be, in a certain measure, be enhanced by using more
perfect models of colour vision for ‘qualimeters’.

Such evaluation is useful to the solving many practical tasks, as it gives an objective judgment of
image distortions, and the treatment by observers of concrete types of distortions taking into account
their specificity.

As a criterion of colour reproduction quality evaluation, the assessments obtained for test-materials
suitably chosen from a colour distortion point of view can be used.

Methods of image quality evaluation for television and multimedia applications are defined in ITU
Recommendations [7.2—7.14] and IEC Standards [7.15-7.17].

7.3 Test materials which may be used for the evaluation of colorimetric quality of
reproduced images

Recommendation ITU-R BT.1210 [7.5] — Test materials to be used in assessment of image quality,
states that the evaluation of image quality can be made with test materials listed in the Report ITU-R
BT.2245 [7.19]. The Report contains a list of materials, which include still images and sequences of
moving images, designed for quality assessment of HDTV systems. Among these pictures, in
particular, there are images with the following attributes:

— colour reproduction;

— gray scale reproduction;
- skin colour;

- contrast.

These images may be considered suitable to evaluate image colorimetric quality.

7.4 Optimization of colour reproduction quality for natural objects

In [7.18] the optimization model of natural image colour reproduction quality based on preferable
colour reproduction approach is described. It is proposed to evaluate image quality by quality index,
defined by naturalness and colourfulness indices. The naturalness index is estimated locally within
the three typical of memory colours segments: “skin”, “sky” and “grass” on CIELUV chromaticity
diagram.

7.5 Possible approach to evaluation of colour rendering fidelity of the through light-to-light
digital television system video path

Colour rendering fidelity is an important image quality component in TV systems of different levels
and is a part of studies in the field of development TV systems and their performance evaluation.
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In Annex G the approach to the evaluation of colour rendering fidelity in television systems and in
the related applications, depending on the spectral characteristics, is used. Evaluation of colour
distortion in the form of colour points shifts in uniform colour space CAMO02-UCS, based on the
implementation of colour appearance model CIECAMO2, adopted by the CIE as the most perfect
model in the coming years, is provided. The evaluation of the real cameras colour rendering fidelity
for Color Checker set is done, and it is shown that the “standard” SDTV camera with linear matrix
compared to the ideal camera provides practically undistorted colour reproduction.

[7.1]
[7.2]

[7.3]

[7.4]

[7.5]

[7.6]

[7.7]

[7.8]

[7.9]

[7.10]

[7.11]

[7.12]

[7.13]

[7.14]

[7.15]

[7.16]

[7.17]
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CHAPTER 8

The influence of observing conditions on colour
reproduction quality assessment

A difference between scene capturing and image displaying conditions is normal for television and
related applications. The influence of image viewing conditions at the receiving end becomes
apparent as the change of adaptation of the observer’s vision depending on luminance, colour, spatio-
temporal and other surround factors, resulting in the potential for distortions of the perceived image
colours.

In particular, the illumination conditions of the image display influence perceived image quality
greatly due to the screen flare. The flare lowers perceived contrast as it increases the black level. The
perceived image colours are also distorted due to the adapting white point shift. There are many works
[8.1-8.7] devoted to the influence of illumination on image quality. The CIE Committee TC8-04
“Adaptation under mixed illumination conditions” (http://www.colour.org/tc8-04/) deals with this
problem, but research work of this committee is directed mainly on cross-media colour matching
(particularly softcopy vs. hardcopy colour matching) [8.8, 8.9]. As for TV field, a method of
evaluation of mixed adaptation [8.2], which allows the evaluation of the influence of daylight and
interior illumination on displayed colour, can be of interest for television and related applications. A
summary of this method is presented below.

The algorithm uses two basic transforms: CIECAMO02-based adaptation model (equations (8.1) to
(8.5)) and, strictly speaking, accounting for mixed adaptation (equations (8.6) and (8.7)).

The adaptation transform consists of the following steps:

Rl X 1
Gl =M CAT02 Y1
Bl Zl

8.1)
where:
07328 04296 —-0.1624 o
Mo, =| -0.7036 16975 0.0061 |; D=F{1—(3—16)e( s ]}
00030 00136 0.9834 |

LA — absolute value of adapting luminance, cd/m?. If the value of adapting luminance is unknown, it
is supposed to be equal to 20 % adapting white luminance; F — s the factor for evaluation of degree

of observer’s adaptation to different surrounds, which equals to 1.0, 0.9 and 0.8 for average, dim and
dark surround respectively.


http://www.colour.org/tc8-04/
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Re =|:(100 Dl/RW1)+(l_ Dl):IRl; Gc =|:(100 DI/GW1)+(1_ Dl):IGl; Re =[(100 Dl/B\Nl)"'(l_ Dl):l B, (83)
R, = RC/[(lOODZ/RJV2)+(1_ Dz):l; G, :GC/I:(]'OODZ/G\Nz)_"(l_ Dz):l; B, = BC/[(looDz/B\N2)+(1_ Dz):l (84)

X, R,
Y, |= Mcfwoz G,
Z, B, (8.5)
Mixed adaptation is evaluated as follows:
R; =DyuR, +(1-Dyu )Ry;  Gj =DyuG, +(1-Dya)Gy; B =DyaB, +(1- Dy, ) By (8.6)

where Rde Bd are the cone responses of the evaluated colour when watching display in dark room,

DMA — factor of mixed adaptation:
1.1029

Dya =1.1119— 0023 (8.7)
The algorithm consists of the following steps:
1) Transformation from daylight condition X,Y,Z, to interior condition XY Z, using equations
(8.1) to (8.5)
2) Transformation from interior condition XY,Z, to mixed adaptation conditions X,,,Y,;xZ,
using equations (8.1) to (8.5) with substitution R,G,B, in equation (8.5) by R,G;B; (equation
(8.6)).

The results of experiments [8.2] have shown that, as the adapting luminance goes lower, the correlated
colour temperature (CCT) of the adapting white approaches the display’s white point. On the
contrary, when the adapting luminance increases, the CCT of the adapting white approaches the
ambient light’s white point. The method considered above allows relatively exact evaluation of
changes of colours under mixed adaptation conditions, and the adjustment of display settings suitable
to various viewing conditions.
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CHAPTER 9

Possible future of TV colorimetry

The Metrics of the CAMO02-UCS system, which is an addition to CIECAMO02 system, depends on the

human perception of the adapting luminance LAObj and |—A img for viewing colour objects of the

transmitted scene and image of these objects, as well as on the viewing conditions VCobj andVC|mg ,

on the shooting side and on the reproduction side, which can vary in a wide range independently. So,
in this metrics undistorted colour rendering may be formulated as such:
’ _ 71! . ! _ A ' ' _ W
‘Jlmg Laimg VCimg JObj Laotj Vo ! aM IMg | Laimg VCimg aM Obj | Laosj VCop; * bM IMg | Laimg VCimg bM Obj | LaojVCon; *
This means that it is possible to approach undistorted colour rendering only in systems adaptive to

viewing conditions, the main principles of which are specified in Recommendations ITU-R BT.1691
[9.1] and ITU-R BT.1692 [9.2].

In the current chapter, possible principles and examples of construction of adaptive TV and related
systems on the base of modern colorimetry are considered for any broadcast and related video
applications, in particular for mobile television applications.

Concerning multimedia applications, a standard colour space that can serve as the base for the
construction of device-independent applications are defined in the standards IEC 61966-2-1 [9.3] and
IEC 61966-2-4 [9.4].

The requirements for adaptive systems for television and related applications are formulated in
Recommendations ITU-R BT.1691 and BT.1692. The main idea, problem and examples of
implementation of adaptive video applications are presented in Annex C.

As it was previously stated, the viewing conditions greatly influence the perception of reproduced
images by display colours. This influence impacts displayed image quality for mobile and portable
applications due to the smaller screen sizes and possible quick changes of luminance and colour
parameters of the viewing environment (for example when changing from indoor to outdoor). During
such substantial changes of brightness, colourfulness and hue of reproduced colours significant
changes in perceptual colour gamut can appear. Traditional methods of colorimetry and qualimetry
are not applicable under such conditions. Some examples of the implementation of adaptive TV
technologies in mobile and portable applications are presented in Annex D.
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CHAPTER 10

The tasks for further studies

Further progress of television colorimetry could be based on more complete implementation of
modern colour appearance models and more general human colour vision models.

TV Colorimetry could be developed in the direction of more complete account of the viewing
conditions of images on television screens taking into account spatial, temporal and colorimetric
characteristics.

In particular, the principal question is how the image viewing environment at the transmission and
receiving ends, can be modelled.

As for the adaptive systems, further studies are required, directed on one hand, at the realization of
models for adaptive systems and, on the other hand, on the creation of the implementable algorithms
of their construction.

Commercial considerations will most likely determine the direction that future TV systems will adopt.

Annex A
(relevant to Chapter 3)
New colour appearance models

Al CIECAMO02 model

The Following equations which describe CIECAMO2 transformations are based on CIE 159 Report
[A.1].

Forward conversion equations
Input data:
X,Y,Z — CIE 1931 tristimulus values of the sample;

Xy, Yy Z, — CIE 1931 tristimulus values for reference white;
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Ly, » cd-m-2 —surround white luminance;

Lo, » cd-m2 — reproduced image white luminance;

LA, cd-m2 — adapting luminance;

51

if data on adapting luminance are not available it is recommended be taken to be equal toL, =0.2- L,
¢ — surround impact factor, N. — chromatic induction factor, F — factor for degree of adaptation, v,
— relative luminance of the background. If the value of this parameter is unavailable it can be adopted

to be equal to v, =0.2-Y,,

If data onc, Nc and F are unavailable they can be chosen as follows.

Viewing conditions and related appropriate parameters of the model

Viewing condition ¢ Nc =
Average surround 0.69 1.0 1.0
Dim surround 0.59 0.9 0.9
Dark surround 0.525 0.8 0.8

Surround type may be defined via such a relationship as: s, = L, /L,,, - The value s_ =0 corresponds

to dark surround, s, <0.2 to dimone and S_ >0.2 to average one.

ff

0.7328 0.4296 -0.1624
Mexr, =| ~0.7036 1.6975  0.0061
0.0030 0.0136 0.9834

The cone responses are:

W O >

where

The degree of viewer’s adaptation:
—(LA+42)

D=F -[1—[i)e[ % ]}
3.6
The adaptation transform is:

eEeols fugiesls o

w

-%}(1- D)]B
k=1(5-L,+1) F =02-k* (5 LA)+0.1-(1—k4)2 (5-L,)"

n =Y%V Ny = Ny, =0.725-(/n)"*  z=148+n

(A1)

(A2)

(A3)

(A4)
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The transformation to Hunt-Pointer-Estevez cone responses is conducted as follows:

R’ Re
G| =M 'M;—\TOZ | Ge (A.5)
B’ B

C

where:

-1 _
M CATO02 —

0.454369 0.473533 0.072098
—0.009628 —0.005698 1.015326

M, =| —0.22981 1.18340  0.04641

0.38971 0.68898 —0.07868
0.00000 0.00000 1.00000

{1.096124 -0.278869 1.182745

The nonlinear response compression transform is:
G, = [400 (F,- G'/100)°-42}/[27,13+ 400-(F, - Gl/loo)o.AzJ o1 A5
BL = [400.(FL . B'/lOO)O'AZJ/[27.13+ 400.(|:L ) B,/100)0'42J Lo1

If any of values of r' o’ or B- are negative, then their absolute values are used and then the

corresponding quotient term in Equations (A.6) must be multiplied by a negative 1 before adding the
value 0.1.

Opponent axes:

a=R,-12.G,/11+B, /11  b=(19):(R,+G,-2-B}) (A7)
Hue angle:
h=tan™(b/a) h =h-180/7 (A.8)
h, for a>0&b>0
h=<h +180 for a<0 (A9)

h +360 for a>0&b<0

Eccentricity factor:

T
e :%-{cos(h-@+2j+3.8} (A.10)
Colour quadrature H may be obtained via linear interpolation method:
100-(h"=h)/e
H=H,+ ("-h)/e (A11)

(h’ - hi )/ei + (hi+l - h')/em

using the values of unique hues shown in Table below. Here h' —h+360 ifh<h, and n'=h else
wise.
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Unique hue data for the calculation of hue quadrature
Red Yellow | Green Blue Red
i 1 2 3 4 5
h, 20.14 90.00 164.25 23753 | 380.14
g 0.8 0.7 1.0 1.2 0.8
H. 0.0 100.0 200.0 300.0 400.0
The achromatic response is:
A:[Z-R;+G;—2-B;\] (A12)
The lightness is:
I =100-(A'A) (A13)
The brightness is:
Q =(4/c)-JI/100 - (A, +4)-F°* (A.14)
The chroma is:
C=t*.,[3/100 (164-0.29")"" (A.15)
where:
- (50000/13)- N - N, -€, -~/a? +b?
B R, +G, +(21/20)- B,
The colorfulness is:
M=C- FLO'25 (A16)
The saturation is:
$=100-yM/Q (A.17)

CIECAMO2 includes three attributes in relation to the chromatic content: chroma (C), colourfulness
(M) and saturation (s). These attributes together with lightness (J) and hue angle (h) can form three
colour spaces J,a.,b., J,a,.b, and J,a,b,, where:

a, =C-cos(h)
b, =C-sin(h)

a, =M cos(h)
b, =M sin(h)

A2 Modification of CIECAMO02 by Luo et al.

All the colorimetric assessments based on CIECAMO?2 are usually expressed in J,C,h or Q,M,h
spaces. As it was shown [A.2], usage of J,M,h — space gives more accurate predictions of colour

appearance. The following modifications of this space for large (CAMO02-LCD), small (CAMO02-
SCD) and both small and large (CAMO02-UCS) colour differences were proposed:
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(1+100c,)J
== M’=(1c,)In(1+c,M A.18
1+C1J (]/ 2) ( 2 ) ( )
al, =M’cos(h’) b}, =M’sin(h’) (A.19)

The coefficients for each version of UCS based upon CIECAMO2 are the following:

Version of space CAMO02-LCD CAMO02-SCD CAMO02-UCS
K, 0.77 1.24 1.00
C1 0.007 0.007 0.007
C2 0.0053 0.0363 0.0228

As follows from published results of studies [A.2], the estimations obtained with the use of these
modifications show the best correlation with all available data on colour appearance and can be
considered as basis for the further studies directed to the progress of television and related video
applications, and to the progress of colour appearance models for their use as part of the systems of
image quality evaluation, in particular, evaluation of colorimetric quality.

The results of testing published to date have shown that predictions obtained by using
CIECAMO02-based colour spaces best match all available colour appearance data and can be
considered to become a possible base for further research work on development of TV and related
video systems, and on the development of colour appearance models for implementation as the part
of image quality assessment systems, particularly colorimetric quality assessment.

CAMO02-UCS (&, ,by, ) chromaticity diagram

CAMO02-UCS (ay,,by, ) chromaticity diagram [A.3] is presented in Figs A.1 and A.2. The Figures

demonstrate the dependence of colour appearance on adaptation level La and relative luminance level
Y in Luo et al. colour space.
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FIGURE A.1
Chromaticity diagram CAMO02-UCS (a"y, b'w), Yw=100, Y=10
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The Figures demonstrate change of colour appearance depending on the surround illumination (dark,
dim, average) and adapting lightness of L, for given stimulus luminance relative values Y. As follows

from figures, the change of surround may substantially influence on colour appearance. This is clear
from the dependence of the projection of the chromaticity diagram on the plane of coordinates a;, ,b;,

, and this influence shows up in to the largest degree at large stimulus luminance levels, and the
change of both colourfulness (m ") and perceived hue (h") can take place.

These changes of colour appearance can be critical for video applications in that viewing conditions
substantially differ on transmitting and receiving ends, which results in impairments of colour
rendition.

It is possible to give more complete quantitative evaluation of possible colour appearance changes
with change of adapting luminance and surround, by an evaluation of the change of chromaticity
coordinates in CAMO02-UCS space as distance AE between points on the plane of coordinates
a;,, by, fordifferent combinations of adapting luminance L, and of surround for the compared stimuli.
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Chromaticity diagram CAMO02-UCS (a'y, b'w)

FIGURE A.2
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The dependence of perceived colours on |-A may be shown with use the criterion:

2
ABy) 200 = \/ (A‘] 20-200 )2 + (Aay’w 20—200) + (Abr(A 20-200)

l !

2

! ! !’
where A‘JZO—ZOO, aM 20-200 AbM 20-200 — differences of coordinates of colour space J’, a , b|\/|

for adapting luminance levels L, =20 cd/m? and L, =200 cd/m?.

The values of AE20_200 are shown in the Table A.1. Data, presented on Table A.1 and on Fig. A.2, are

comparable with this evaluation. A comparison of evaluations confirms that conditions of independently
changing surround of image and adapting luminance at the transmitting side and on a receiving side
can result in distortions of colour rendition from a level unnoticeable or barely noticeable to the level
of unacceptable impairment of image colorimetric quality.

TABLE Al

Values of distance AE between position of points of monochromatic colours of chromaticity
diagram for combined adapting luminance and surround for stimulus luminance, equal 10 cd/m?

Conditions of viewing (adapting luminance A, nm
(L. L, @nd surround) on capturing and
= 2 _ average = 2 _
Ly =200 cd/m” —average - L, =20 cd/m” = | 1559 | g51 | 84 | 851 | 853 | 859 | 955
dim
_ > —average = 2 _
Jg;k—zoo od/m 9¢ Ly, =20 cd/m 18.16 | 13.18 | 13.01 | 13.07 | 13.02 | 13.02 | 13.89
_ > —average , _ 2 —
L =20 e/ 9€ L. ~200 ca/m 934 | 912 | 901 | 915 | 9.03 | 863 | 9.12
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TABLE A.2
Correlation of distance AE and colour rendition impairment
AE, CIE units Image impairment evaluation
3 Unnoticeable
5 Barely noticeable
10 Bad
15 Imperceptible
FIGURE A3
Occurrence of image impairment in dependence of colour deflection levels AE
ICEsaver result -
Expert evaluation
Usual viewer
AE 123 als]e|7]8]o]w|[n|rz]n]i]
Visually Noticeable but acceptable Unacceptable

unnoticeable
Report BT.2380-A3

A3 High-Luminance Colour Appearance Model

High dynamic range imaging systems (HDR-TV) have become more widely used. Evaluation of
HDR-systems colorimetry is a complex task as the existing colour appearance models are based on
relatively low-luminance experimental data. For instance, the LUTCHI colour appearance data were
obtained for luminances up to 690 cd/m? (except the small amount of data obtained at 1 000 and

1280 cd/m? ). CIECAMO?2 colour appearance model specifically was developed based on this data

and it is not intended to operate in very high-luminance domain. In addition, the majority of
tone-mapping operators (the transforms necessary for perceptually correct reproduction of
HDR-content on low-dynamic range displays) compress luminance range only, without dealing with
the colorimetric parameters of images, thus resulting in colorimetric distortions. Thus there is a
necessity to create universal colour appearance model that can be applied to high-luminance stimuli.
The ref. [A.4] is devoted to one of such kind of model. As the model is still under development, and
its formulation in [A.4] has some ambiguities, we give its description an introduction.

The testing of this model has shown that the accuracy of its predictions at low and average luminance
levels is close to CIECAMO2 (it is not surprising as this model was created based on CIECAMO02 and
partially on LUTCHI data); and at high luminance levels (up to 16680 cd/m?) its performance

exceeds CIECAMO2.

The model consists of three main components: chromatic adaptation, cone responses, and cortex
responses for each perceptual colour attributes. It aims to accurately predict lightness, colourfulness
and hue, including the Hunt effect, the Stevens effect, and simultaneous contrast. Additional
correlates of brightness, chroma, and saturation will be derived as well.

As the focus of experiments [A.4] was not on chromatic adaptation, CIECATO02 chromatic adaptation
transform [A.1] that has been shown to work well was adopted.
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To evaluate cone responses tristimulus values are first transformed into LMS cone space using the
Hunt-Pointer-Estévez (HPE) transform [A.1]. The cones’ absolute responses are modelled as
following:

L'=lF/(Le+Ly ), M'=M&/(MT+Lr),  §'=8%/(s™+L}) (A.20)
where L, is adaptation level value in cd/m?. The adaptation level should ideally be the average

luminance of the 10° viewing field. The parameter Il is derived experimentally, n,=0.57.

The cone response then is converted into an achromatic signal A by averaging the contribution of
each type of cone:

A=(40L'+20M'+5'")/61 (A.21)
The lightness is derived by:
I=g(AA) (A22)
with
() =[~(x,)o i, ]
The values of the parameters are derived from experimental data, yielding a, =0.89, b, =024, o, =065,

n;=365. It is interesting to note that y» may yield values below zero, in which case it should be

clamped. This corresponds to the case where the observer cannot distinguish dark colours from even
darker colours anymore.

As the perceived lightness values vary significantly with different media, the media-dependent
lightness value is expressed as:

J=100-[E-(3'~1)+1] (A.23)

where the parameter E is different for each medium. A value of e =1.0 corresponds to a high-
luminance LCD display, transparent advertising media yield e =1.21275, CRT displays are
E =1.4572, and reflective paper is E =1.7526 . These parameters were derived from the LUTCHI
data set.

The brightness is defined as:
Q=1-()" (A.24)

The parameter ' is derived from experimental data, n, = 0.1308.

Preliminary red-green and yellow-blue opponent dimensions are calculated using:
a=i(11L’—12M’+S’); b=1(L’+M’—ZS’)
11 9 (A.25)
Chroma is calculated as:

C=ay (Va7

(A.26)
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where:
@, =456.5, n, =0.62.
Colourfulness is defined as:
M =C-(a, log, L +2,) (A.27)

L

where ~W is reference white luminance, ¢,=011, g =0.61.

The other remaining quantity is saturation, which by definition is the colourfulness relative to its own
brightness:

s=100yM/Q (A.28)
The hue angle is computed by:
h= @tan‘l(b/a)
T (A.29)
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Annex B
(relevant to Chapter 5)
Image appearance models iCAM and MOM

B.1 iICAM

The iCAM image appearance model is a refinement of the CIECAMO2 colour appearance model [B.1
— B.3]. It omits the sigmoidal compression found in CIECAMO2 but adds spatially variant processing
in the form of two separate Gaussian-blurred images that may be viewed as adaptation levels. Like
most colour appearance models, the model can be applied in the forward direction and in the reverse
direction. A flowchart of iCAM image appearance model is shown in Fig. B.1.

As input, the model requires colorimetrically characterized data for the image (or scene) and
surrounding in absolute luminance units. The image is specified in terms of relative CIE XYZ
tristimulus values. The adapting stimulus is a low-pass filtered version of the CIE XYZ image that is
also tagged with absolute luminance information necessary to predict the degree of chromatic
adaptation. The absolute luminances Y of the image data are also used as a second low pass image to
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control various luminance-dependent aspects of the model intended to predict the Hunt effect [B.4]
(increase in perceived colourfulness with luminance) and the Stevens effect (increase in perceived
image contrast with luminance) [B.5].

Finally, a low-pass, luminance Y image of significantly greater spatial extent is used to control the
prediction of image contrast that is established to be a function of the relative luminance of the
surrounding conditions (Bartleson and Breneman equations). The specific low-pass filters used for
the adapting images depend on viewing distance and application.

The first stage of the model is to account for chromatic adaptation. The chromatic adaptation
transform embedded in CIECAMO02 has been adopted in iCAM since it was well researched and
established to have excellent performance with all available visual data.

R X 0.7328  0.4296 -0.1624
G |=Mur| Y | Mg, =|-0.7036 1.6975 0.0061
B z 0.0030 0.0136 0.9834

The amount of adaption is determined by parameter D. The D-factor can set manually in a range from
0 (no adaptation) to 1 (complete adaptation) or evaluated depending on adapting luminance as

expressed below:
—L,—42
D=F 1—(ije( )
3.6

The adapting white point for each pixel W(x, y) is derived from the XYZ image by applying a low pass
filter with a kernel a quarter the size of the image. This may be applied to each colour channel
independently for chromatic adaptation, or on the Y channel only for achromatic adaptation. This low-
pass filtered image is then also converted with the Mcato2 matrix.

Finally, the D65 white point (95.05, 100.0, 108.88) is also converted to sharpened cone responses.
The subsequent von Kries adaptation transform is given by the following.

Rc(x,y)zR(x,y)[Yme—D]; Gc(x,y)zG(x,y)[wiﬁerl—D]; Bc(x,y)zB(x,y)(wiﬁﬂ—D]

This transform effectively divides the image by a filtered version of the image.
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FIGURE B.1

Flowchart of iCAM image appearance model
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The next stage of the model is to convert from RGB signals to opponent-colour signals that are
necessary for constructing a uniform perceptual colour space and correlates of various appearance
attributes. The colour space chosen was the IPT space that has relatively simple formulation and
specifically has a hue angle component with good prediction of constant perceived hue (important in
gamut-mapping applications).
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The conversion includes such steps:

L 0.4002 0.7075 -0.0807 || X pes
M |=|-0.2280 1.1500 0.0612 || Yy

S 00 00 01984 || Z,
The exponential function that compresses the range of luminances is given by the following.
L'(X, y) _ ‘ L(X, y)‘o.zxaﬁ(x,y) © M '(X, y) _ ‘M (X, y)‘o.zxaﬁ(x,y) : S'(X, y) _ ‘S (X, y)‘0.43FL(x,y)

The exponent is modified on a per-pixel basis by F., which is a function of a spatially varying
surround map derived from the luminance channel (Y channel) of the input image. The surround map
S(x, y) is a low-pass filtered version of this channel with a Gaussian filter kernel size of one-third the
size of the image. The function F is then given by the following.

F(, y)%[o.z[mj BS (X, y)]+0.1 [1_[55 & y)NZ 35S (x,Y)

The image is then transformed into IPT space:

| 0.4000 0.4000 0.2000 || L'
P|=|4.4550 -0.8510 0.3960 || M’
T 0.8056 0.3572 -1.1628| S’

Once the IPT coordinates are computed for the image data, a transformation from rectangular to
cylindrical coordinates is applied to obtain image-wise predictors of lightness J, chroma C, and hue
angle h:

J=1; C=+P*+T% h:tanl(gj; Q=4FJ; M ::'QFLC

For image-difference and image-quality predictions, it is also necessary to apply spatial filtering to
the image data. The spatial pre-processing serves to eliminate information that is imperceptible to the
visual system and normalize colour differences at spatial frequencies that are visible. Since the human
contrast sensitivity functions vary for luminance (band-pass with sensitivity to high frequencies) and
chromatic (low-pass) information, it is appropriate to apply these filters in an opponent space. Two
approaches to use iCAM framework to evaluate image difference are described below.

In image quality applications of iCAM, spatial filtering can be applied in the IPT space [B.3]. Since
it is appropriate to apply spatial filters in a linear signal space, they are applied in a linear version of
IPT prior to conversion into the non-linear version of IPT for appearance predictions (see Fig. B.2).

However, spatial filtering strongly "blurs" the elements of the image, which is undesirable in cases
where viewers watch it closer than the recommended viewing distance.

Example contrast sensitivity functions, used to define spatial filters for image difference computations
are given below for the luminance I channel and for the chrominance P and T channels.
CSF (f)=a- fe.e™;  CSF

lum chrom

(f)=a-e""+a,-e™"

The parameters a, b, and c are set to 75, 0.2, and 0.8 respectively for the luminance CSF, applied to
the I channel. The spatial frequency f is defined in terms of cycles per degree of visual angle (cpd).
For the red-green chromatic CSF, applied to the P dimension, the parameters (al, b1, c1, a2, b2, c2)
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are set to (109.14, 0.00038, 3.424, 93.60, 0.00367, 2.168). For the blue—yellow chromatic CSF, applied
to the T dimension, they are set to (7.033, 0.000004, 4.258, 40.69, 0.10391, 1.6487).

The second approach [B.1] to use iCAM framework for image difference assessment (see Fig. B.3)
resembles the one used in S-CIELAB. The spatial filtering, allowing for spatial frequency adaptation,
is used at the pre-processing stage. Spatial filtering is performed in an orthogonal colour space YCC,:

Y| |0.0556 0.9981 -0.0254 || X

C, |=]0.9510 -0.9038 0 Y
C,| |0.0386 1.0822 -1.0276| Z

D65

The CSF (Contrast Sensitivity Function) used to define spatial filters for image difference

computations are given below for the luminance and chromatic channel and chromatic channels
CSF,,(f)=a-f-¢™;  CSF

lum chrom

(f)=a-e%%+a,-e™"

The parameters a, b, and c are set to 75, 0.2, and 0.8 respectively for the luminance CSF. The spatial
frequency f is defined in terms of cycles per degree of visual angle (cpd).

For the red-green chromatic CSF, applied to the C: dimension, the parameters (ai, b, €1, a2, b2, c2)
are set to (91.228, 0.0003, 2.803, 74.907, 0.0038, 2.601). For the blue-yellow chromatic CSF, applied
to the C» dimension, they are set to (5.623, 0.00001, 3.4066, 41.9363, 0.083, 1.3684).



64

Rep. ITU-R BT.2380-2

FIGURE B.2
Implementation of iICAM for image difference and image quality metrics
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The entire filtering process, for the luminance channel, is shown below.
Image,, = FFT™* {(FFT {Image - mean (Image)})~ LumCSF} +mean (Image)

A spatial adaptation mechanism can be described as:
For the red—green chromatic CSF, applied to the C: dimension, the parameters (as, b1, c1, @z, b2, c2)

Report BT.2380-B2

are set to (91.228, 0.0003, 2.803, 74.907, 0.0038, 2.601). For the blue — yellow chromatic CSF,
applied to the C» dimension, they are set to (5.623, 0.00001, 3.4066, 41.9363, 0.083, 1.3684).

The entire filtering process, for the luminance channel, is shown below.

FIGURE B.3
Implementation of iICAM for image difference and image quality metrics

Chromatique
adaptation

Local global
contrast

Uniform

(IPT)

Colour difference

F colour space [=»{(image appearance)

map

Original
2D CSF and
spatial frequency
adaptation
/ (sharpness)
Reproduction

Report BT.2380-B3




Rep. ITU-R BT.2380-2 65

A spatial adaptation mechanism can be described as:
CSFg =CSF/(c-FFT(Image) +1);  a=1/(D-Xg,-Y.

adapt size size)

The scaling function, «, converts the frequency representation into absolute units of contrast at each
spatial frequency. The D factor is similar to the degree of chromatic adaptation factor found in
CIECAMO2. Spatial frequency adaptation is important when calculating image differences between
images that may have regular periodic patterns, such as a stochastic halftone pattern, or a jpeg-
compressed image that has an 8-pixel blocking pattern. The regular period of these patterns actually
reduces the visual sensitivity to the pattern itself and makes it less visible. Another potential benefit
of spatial frequency adaptation is the ability to predict visual masking without the need for multiscale
approaches. If a masking frequency is present in an image, the CSF for that particular frequency
region (depending on the extent of the blur) will become less sensitive.

To calculate appearance difference the filtered images are then processed using the general iCAM
framework discussed above. This results in two pixel-by-pixel colour appearance maps. These colour
appearance maps are in a uniform colour space and as such can be used to calculate perceived colour
differences through simple subtraction.

Often the differences must be characterized by one number. This is done mainly on the basis of
statistical data on the colour differences, such as the mean, standard deviation and higher confidence
intervals (e.g. 95 %). Total AIm Euclidean difference in the IPT space is defined as:

Alm=1/(100AI /2 + (150AP)? + (150AT
Coefficients 100 and 150 are used to match the range of differences with a range of CIELAB.

B.2 MOM

The Multiscale Observer Model is designed to be a complete model of spatial vision and colour
appearance [B.2]. It is capable of taking into account a wide range of visual phenomena, including
high-dynamic range, tone-mapping, chromatic adaptation, luminance adaptation, spreading, and
crispening.

The first step in the forward model is to account for light scatter in the ocular media, followed by
spectral sampling to model photoreceptor output. This yields four images representing the rods and
the L, M, and S cones. These four images are then each spatially decomposed into seven-level
Gaussian pyramids and subsequently converted into four six-level difference-of-Gaussian (DoG)
stacks that represent band pass behaviour as seen in the human visual system. DoGs are computed by
subtracting adjacent images in the pyramid.

The next step consists of a gain control system applied to each of the DoGs in each of the four
channels. The shape of the gain control function resembles TVI curves such that the results of this
step may be viewed as adapted contrast pyramidal images.

The cone signals are then converted into a colour opponent scheme that contains separate luminance,
red-green, and yellow-blue colour channels. The rod image is retained separately.

Contrast transducer functions that model human contrast sensitivity are then applied. A colour
appearance map is formed next, which is the basis for the computation of the aforementioned
appearance correlates.

To obtain DoGs, the model calls for low-pass filtered copies with spatial frequencies of 0.5, 1, 2, 4,
8, and 16 cycles per degree (cpd). The model expects input to be specified in LMS cone coordinates
and R rod coordinates. Stack of six DoG images that represent adapted contrast at six spatial scales
is defined as following:
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L2 (%, y) = (LM (%, y) - L2 (%, ¥))G (L2 (x.¥))
M2 (x,y) = (MP (x,y)~ M2 (x,))G (M (x,Y))
S2 (%, y) = (32 (x, )~ $™ (x,¥))G (82 (x,y))
RO (x,y) = (R™ (x, )~ R (x,¥))G (R (x,Y))

where s denotes the level of filtering,

LY (%, y), M (%, y), S (X, ¥), R™ (X, ) — the coordinates of filtered images.
G — compressive function applied in all stages of the Multiscale observer model is given by the
following gain control.

1
G(L)=—
(L) 0.555(L +1)"*

1 :
©0.555(S+1)"*"

1
©0.555(S +1)"*

G(M) G(R)

1
=~ G(S
0.555(M +1)°* )

The low-pass image at level s = 7 is retained and will form the basis for image reconstruction. In the
final step of the forward model, pixels in this low pass image are adapted to a linear combination of

i bl 7 bl c bl
themselves and the mean value Ly (X, y), M (X, Y), S (X, Y) of the low-pass image, as
follows:

Ll;lur (X, y) — Lt7JIur (X, y)G ((1_ A) I:t;lur + ALl;Iur (X, y))

MM (%, y) = MJ" (%, Y)G((1- A)MM + AMP (x,Y))

S;)Iur (X, y) _ S7blur (X, y)G ((1_ A) S_7blur + AS7qur (X, y))
The amount of dynamic range reduction is determined by user parameter A in these equations, which
takes a value between 0 and 1.

To obtain the perception correlates and to prepare the image for the display, the inverse model is to
be applied.
In the first step of the inverse model, the mean white point Ly .. Mg nean » Sg mean OF the target display

device needs to be determined. A gain control factor is determined, and the low-pass image is adapted
once more, but now for the mean display white point as follows.

Ll;lur (X, y) ; M7blur (X, y) ; S7blur (X, y)
G ( Ld,mean ) G ( M d, mean ) G (Sd’mean )

The stack of DoGs is then added to the adapted low-pass image one scale at a time, starting with s =6
and followed by s =5, 4, .. ., 0, as follows.

Lk;lur (X, y) — M7blur (X, y) — S7blur (X, y) —

LDOG (

X,Y)

Lblur X, — max Lblur X, + S ,
7 ( y) 7 ( y) G ( Ll;lur (X, y))
M DoG (X y)
M blur X, = max M blur X, s \™J) , 0
7 ( y) 7 ( y)+G(M7b|ur(X,y))
gboe (X y)
Sblur , — Sblur , S ' ,
7 (X y) max| S, (X Y) +_G(S7blur(xa Y))

The reconstruction of a displayable image proceeds by successively adding bandpass images back to
the low-pass image. These bandpass images by default receive equal weight. It may be beneficial to
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weight bandpass images such that higher spatial frequencies contribute more to the final result.
Although the original Multiscale observer model does not feature such a weighting scheme, we have
found that contrast in the final result may be improved if higher frequencies are given a larger weight.
The scale factor k used for these images relates to the index number s of the bandpass pyramid in the
following manner.

k=(6-5)g

The constant g is a user parameter, which we vary between 1 and 5. A larger value for g produces
more contrast in the tone-mapped image, but if this value is chosen too large the residual halos present
in the image are emphasized.

Finally, the result is converted to XYZ and then to RGB, where gamma correction is applied.

The computational complexity of this operator remains high, and we would only recommend this
model for images with an extreme dynamic range. If the amount of compression required for a
particular image is less, simpler models likely suffice. The model can be simplified, by computing
three colour channels.
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Annex C
(relevant to Chapter 9)
Problems and example of adaptive TV technologies implementation

This Annex considers possible future systems which adapt themselves to the viewing environment.

C.l The problems of adaptive systems realization and implementation

The peculiarity of construction of adaptive systems is that to provide the perceptual realism of
transmitted scenes in television, it is necessary to provide for the corresponding variation of viewing
conditions at the receiving end.

From a point of view of technical realization of adaptive principles in systems of different levels, the
problem is to define standard colour space which may be constructed to be adaptive to different
television scene types; this is the principle difference to existing multimedia applications. Perhaps,
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there will be some colour spaces, being chosen depending on information transmitted in digital flow.
It should be the subject of further studies.

One of the problems is to obtain information on viewing conditions at the receiving end. The
conditions can be complicated, so characterization based on relative white luminance only is a very
limited criterion. There is not enough information available to make further enhancements yet. It
should be also the subject of further studies.

There are also difficulties with the determination of the viewing conditions at the receiving side, as
knowledge about light and colour adaptation is limited.

There is still the possibility of using CIECAMO2 colour appearance model for adapting TV system
to adapting luminance and background luminance, but these parameters describe the perception
conditions only partially.

Still, the use of such possibility as realization of standard colour space on the basis of modern colour
appearance model like CIECAMO2 can allow creation TV systems with correct colorimetry.

C.2 An example of adaptive technology implementation

In [C.1] the description of the Java applications compensating influence of illumination of displayed
image colours implemented on MHP-platform for set-top boxes is presented. The applications
described in [C.1] perform the illumination compensation based on the limited set of viewing
conditions which user can choose from. In a more advanced version of application user can set
luminance and colour temperature of illumination source and gamma-value of halftone reproduction
curve. The transition to target viewing conditions is performed on the basis of CIECAMO2 colour
appearance model using 3D colour look-up tables. The authors of [C.1] noted the suitability of use of
Java program language to integrate the applications with MHP platform and expressed the opinion
that it is very promising approach for developing adaptive image quality control applications for TV
set-top boxes.

Bibliography for Annex C
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Annex D
(relevant to Chapter 9)
Mobile applications

As it was previously stated, the viewing conditions influence the perception of reproduced by display
colours greatly. This influence is most noticeable for mobile and portable applications, due to the
smaller screen sizes and possible quick changes of luminance and colour parameters of the viewing
environment (for example when changing from indoor to outdoor). During substantial distortions of
brightness, colourfulness and hue of reproduced colours changes in perceptual colour gamut can
appear. Traditional methods of colorimetry and qualimetry are not applicable under such conditions.
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This section is devoted to the problems of mobile applications colorimetry and to the compensation
of influence of viewing conditions.

D.1 CIECAMO2 for mobile applications

In [D.1] the applicability of CIECAMO2 colour appearance model for evaluation of colorimetry of
mobile applications was tested. The experiments were conducted for three types of displays: 2' mobile
phone display, 4' PDA display and 7' LCD display for four types of surround: dark, dim, average and

bright. Bright surround corresponds to surround ratio value SR>1. Testing has shown that CIECAMO02

performance for mobile applications is insufficient, especially for bright surround (that is expected as
CIECAMO2 was developed for dark, dim and average surrounds only). Each of the surround type is

characterized by a fixed value set of parameters ¢, Nc andF . To raise the accuracy of predictions,

the following continuous functions of dependence of these parameters on surround were proposed in
[D.1]:

¢'= 0.023S, +0.7887
F'=-0.003S;, +1.1474 (D.1)
N¢ = 0.0203S, +1.2369

The testing has shown that using of these functions improves the model performance.

D.2 Illumination-adaptive colour reproduction system for mobile displays

In [D.2] a method of compensation of influence of illumination on appearance of colours reproduced
by mobile display is described. The method consists of the following steps:

The lux sensor is built into a mobile phone to detect ambient light intensity. According to the
measured intensity level, the amount of flare, expressed as the CIE XYZ values, are calculated. Then,
for the luminance component, lightness enhancement is implemented by establishing a linear
relationship between the luminance values and the cone response values to obtain perceived tone
reproduction, where the cone response values corresponding to the luminance value are simply
calculated from the lightness adaptation model. Then the chroma compensation is done by adding the
chroma values reduced by the flare to those of original image, yielding a colourful image. Since this
kind of serial-based procedure is not appropriate for real-time processing, a look-up table representing
daylight intensity is designed based on the sampled RGB data.

In the CIE 122-1996, flare is defined as the portion of the ambient light reflected from the display
panel and is added to the colours produced by the mobile LCD:

X X X
Y =Y +Y (D.2)
Display Z LCD Z Flare
X Xam ien
M 1 bient
Y = R ) ; y yambient y (D3)
z Flare e 1 Xambient — Yambient
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where R is the reflection ratio of the display screen (between 0.5 % and 2 % for mobile LCD) and

( Xambiem, yambiem ) is the chromaticity of the ambient light; M is the intensity of the ambient light (lux)
taken from the lux-sensor.

Lightness enhancement is carried out by the following procedure. An input RGB value is converted
into a XYZ value by using piecewise linear interpolation. Lightness enhancement is executed only for
the luminance component of the XYZ value, while the remainder of the components are left intact.
First, the flare is added with an input luminance value, which is then mapped to a cone response by
using the lightness adaptation model.

Y=Y _..+Y

image flare
— Y )
Y'+o" (D.5)

(D.4)

Rcone = f (Y)

where Yimage and Yﬂare are the luminance values of the input image and flare, respectively.

o is the half-saturation parameter (i.e. the value that causes half of the system's response, v =o0.5) and
n is a sensitivity constant. To compute o the following empirical relationship can be used [D.3]:

o=1,xp (D.6)
Where a is 0.69 and ¢ is the value between 5.83 and 2.0 Cd/m2 , depending on what receptor (cone or

rod) is considered [D.3] |,— ambient intensity (in Cd/ m’ ).

The corresponding luminance (y') for the cone response ( Rcone) is found through linearization of the

input luminance (v ) to establish a linear relation between input luminance and cone response for the
lightness enhancement. Linearized cone response can be acquired by exchanging the cone response
with the input luminance using piecewise linear interpolation. The sampled input luminance values

(Yo, Yis ...yn) are transformed to a cone response value (Rcone,O’ Rconevl,---Rcone,n) using equation (D.5).

These cone response values are normalized to an amount of one and are stored in one-dimensional
(1D) look-up table (LUT). For an arbitrary input luminance value, piecewise linear interpolation is
applied to the 1D LUT, thus creating the output cone response curve.

Then, inverse cone response curve is simply obtained by switching the cone response value with the

!/
luminance value stored in 1D LUT. Therefore, a new input value M¢one for the inverse cone
response can be calculated as follows:

Yoox = Yo
R’ — max min_|.(R —R.. D.7
cone [ Rmax _ Rmin } ( cone min ) ( )

!

Finally, the corresponding luminance (Y') for the input value R/, can be obtained by applying the

piecewise linear interpolation to the 1D LUT. This value is then combined with the intact colour
components and is transformed into the CIELCH colour space for the subsequent application of the
chroma compensation.

To compensate the chroma, the chroma difference between two types of environment, i.e., darkroom
and outdoors, is added to the CIELCH (in [D.2] the CIELAB colour space was used) value acquired
from lightness enhancement. However, since the chroma difference depends on the hue value, chroma
compensation should be applied considering each chroma value individually.
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Cdif‘f =C _Cflare (D.8)
C'=C+aCy (D.9)

where C and Cﬂare are the chroma values from darkroom and outdoor environment respectively. The

compensated chroma is adjusted according to the enhancement parameter o to prevent the
compensated chroma value falling outside the colour gamut boundary.
1 if C< (Cgamut _B'Cdiﬂ )

o= (c

gamut C )

B ’ Cdiff

(D.10)
otherwise

where [ is the compression starting point parameter and Cgamut is the gamut boundary calculated by

using the method developed by Braun and Fairchild [D.4]. This method uses gridding and
interpolation to arrive at a data structure consisting of a uniform grid in terms of lightness and hue,
and it stores the gamut’s most extreme chroma values for each of the grid points. The boundary value

has 101 and 360 levels for each grid points. If the input chroma value is inside C,, —B-Cy; , the

chroma difference is added to the input chroma value without compression. Otherwise, compression
compensation is executed by using the compression starting point parameter 5, which can be set

flexibly values of 1.0, 1.5, and 2.0. If B is over 2.0, chroma compensation is not effective through
the experiment, while a clipping artefact is generated if the value is less than 1.0 [D.2]. Finally, the
3D RGB lookup table should be composed for real-time processing.

The results of experiments [D.2] have shown quite good performance of the lightness enhancement
and chroma compensation algorithm for mobile LCD, thus reproducing more colourful and brighter
images in the outdoor environment. Furthermore, the authors of the algorithms expect that they can
be applied to other portable devices.

D.3 Image Colour-Quality Modelling for Mobile LCDs

This clause describes the development of an image colour quality model based on individual physical
image statistical measures for mobile liquid crystal displays [D.5].

In this model only colour attributes were considered and the accumulated mean opinion score (MOS)
values of image quality from the previous study were used to develop an image colour-quality model
based on image statistical measures such as memory colour reproduction, mean chroma and 95th
percentile lightness. The spatial attributes were left for future research.

The model uses the similarity of the colour considered compared to its memory prototype as quality
criterion. It is comprised of three parts: quantifying memory colour, chroma, and lightness. It is
capable of predicting the quality of individual images in respect of colour variation. Each of the
attributes affecting image quality was modelled separately and all three were combined into a single
image colour-quality model. The concept of region of interest (ROI) was adopted at this point.
Basically, it is assumed that when the ratio of reproduced colours in an ROI that are similar to its
memory prototype is higher, the image should exhibit higher image quality.

The internal memory prototype can be defined in terms of a colour centre and a tolerance. The colour
centre is the mean colour coordinates of a certain memory colour and the tolerance is a level of
acceptable colour difference unit from this colour centre. The scene-dependency effect in image
quality judgment can be compensated by those two factors.
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The concept of region of interest (ROI) was adopted at this point. It is assumed that when the ratio of
reproduced colours in an ROI that are similar to its memory prototype is higher, the image should
exhibit higher image quality. To highlight the ROI (e.g. face, foliage, sky etc.) the masking can be
applied.

The model calculation of the memory colour reproduction ratio (MCRR) is defined as the ratio of
reproduced colours in a particular ROI, of which colour difference from its colour centre is less than
the given tolerance, as shown in equation below.

X-1Y-1

> > cat(x,y) (D.11)

MCRR = i
m x=0 y=0

where X and Y are the numbers of horizontal and vertical pixels in the image considered and cat(x, y)

is a binary number at each pixel in an input image, i.e. 1: within tolerance or 0: out of tolerance. The
total number of pixels categorized into the ROI is m.

The colourfulness model (CY) Is based on summation of mean and standard deviation of saturation
in CIELAB space:

— 1 X Y = =
Cabzngzo (aj> +b;7) (D.12)
_ 1 X Y N 2 ‘o <
AEHZW;;\/((H_W) +a;” +hy; ) (D.13)
i=0 j=l
1 x Y *2 *2
C, =WZZ( (aj? +b; ))+a (D.14)
i=0 j=0

*

where X and Y are the numbers of horizontal and vertical pixels in the image considered. L™, a, b

represent the CIELAB coordinates for each pixel of the image and ¢ is the standard deviation of Cab
for the pixels in image.

For predicting lightness influence on image quality, the 95" percentile L™ was proposed as it has
shown the highest correlation with MOS for image tested.

The colour image quality model can be derived by combining the three main effects [D.5] (memory
colour reproduction ratio in a region of interest, mean chroma and 95" percentile lightness) with the
following manner:

IQo,=[a b ¢ d e f g h] (D.15)

*

where M is Ln(MCCR), C is C,, and L is 95" percentile lightness L".

The coefficients for the metric are listed below:
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Coefficients Value

a 8.85
—0.47
—9.37
—-0.63
-10.04
0.62
0.84
11.57

S|Q|—w|oD® | ao|lo |T

As it was shown in [D.5] the model is capable of appraising a single image with a good correlation
without the presence of an original image. It is also important that subjective image quality was linked
to objective values such as image statistical characteristics.

[D.1]

[D.2]

[D.3]

[D.4]

[D.5]
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Annex E

(relevant to § 2.2)
The values of spectral sensitivity characteristics of
primary channels of TV cameras

TABLEE.1

The values of spectral sensitivity characteristics of primary channels of SDTV camera
ideal in terms of CIE 1931 colorimetry

A, nm ag () ag (4) ag () A, nm ag () ag (A) ag (1)
360 0.00010 —0.00001 0.00065 545 -0.27042 1.49093 —0.18555
365 0.00018 —0.00017 0.00117 550 -0.06270 1.44673 -0.18887
370 0.00032 —0.00030 0.00210 555 0.17246 1.37990 —-0.18790
375 0.00058 —0.00053 0.00377 560 0.43288 1.29053 —0.18314
380 0.00106 —0.00098 0.00698 565 0.71330 1.17840 -0.17493
385 0.00174 -0.00161 0.01141 570 1.00708 1.04734 —0.16385
390 0.00329 —0.00305 0.02169 575 1.30451 0.90074 | -0.15035
395 0.00590 —0.00550 0.03918 580 1.59392 0.74404 | -0.13511
400 0.01100 -0.01031 0.07341 585 1.85971 0.58290 —0.11886
405 0.01771 -0.01670 0.11924 590 2.08860 0.42541 —0.10238
410 0.03291 -0.03128 0.22440 595 2.26831 0.27945 —0.08621
415 0.05809 —0.05572 0.40172 600 2.37429 0.15423 —0.07144
420 0.09888 —0.09592 0.69840 605 2.41299 0.04988 —0.05809
425 0.15334 -0.15129 1.12374 610 2.37028 —-0.02814 —0.04669
430 0.19422 —0.19583 1.49794 615 2.25978 —0.08185 -0.03701
435 0.21060 —0.21936 1.75352 620 2.08651 | -0.11342 | —0.02899
440 0.20356 -0.22182 1.88613 625 1.85448 | -0.12610 | -0.02235
445 0.17650 —0.20738 1.92256 630 1.59863 —0.12551 -0.01698
450 0.13374 —0.18093 1.90866 635 1.35765 | -0.11815 | -0.01284
455 0.07952 —0.14638 1.87524 640 1.12822 | -0.10583 | -0.00962
460 0.01297 —0.09993 1.79053 645 0.91268 —0.09044 —-0.00713
465 —0.06087 | -0.04124 1.63380 650 0.71937 | -0.07405 | -0.00524
470 —0.14100 0.03483 1.36904 655 0.55625 | -0.05889 | —0.00383
475 -0.21735 0.11680 1.09776 660 0.42015 —0.04539 -0.00277
480 —0.28755 0.20188 0.84379 665 0.30916 | -0.03384 | -0.00198
485 —0.35158 0.28704 0.62397 670 0.22314 | -0.02468 | —0.00139
490 -0.41314 0.37854 0.45189 675 0.16250 —0.01812 —0.00099
495 -0.48341 0.48555 0.31953 680 0.11958 —0.01344 —-0.00072
500 —0.56448 0.61249 0.21722 685 0.08417 | -0.00953 | —0.00049
505 -0.66119 0.77057 0.13394 690 0.05809 —0.00660 —0.00034
510 —0.74766 0.94117 0.05467 695 0.04054 —-0.00462 —-0.00023
515 -0.81147 1.11740 -0.01776 700 0.02908 | -0.00331 | -0.00017
520 —-0.83272 1.27386 —0.07450 705 0.02076 —-0.00237 —-0.00012
525 —0.79673 1.38416 -0.11284 710 0.01482 —-0.00169 —0.00001
530 -0.71418 1.45842 —0.14092 715 0.01052 —0.00120 —0.00006
535 —0.59739 1.49866 -0.16210 720 0.00742 —0.00085 —0.00004
540 —0.44935 1.50904 —-0.17687
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TABLE E.2
The values of spectral sensitivity characteristics of primary channels of HDTV cameras
ideal in terms of CIE 1931 colorimetry
A, HM g (4) s (4) g (4) A, M ag (4) s (2) g (1)
360 0.00011 ~0.00009 0.00064 545 ~0.34800 1.49093 ~0.16579
365 0.00020 -0.00017 0.00115 550 -0.12918 1.44673 -0.16959
370 0.00035 -0.0003 0.00207 555 0.11928 1.37990 -0.16941
375 0.00063 -0.00053 0.00372 560 0.39511 1.29053 ~0.16576
380 0.00115 -0.00098 0.00688 565 0.69282 1.17840 -0.15897
385 0.00188 -0.00161 0.01126 570 1.00530 1.04734 -0.14957
390 0.00357 ~0.00305 0.02140 575 1.32229 0.90074 -0.13795
395 0.00640 ~0.00550 0.03865 580 1.63135 0.74404 -0.12474
400 0.01193 -0.01031 0.07243 585 1.91594 0.58290 -0.11059
405 0.01922 ~0.01670 0.11763 590 2.16186 0.42541 ~0.09615
410 0.03574 -0.03128 0.22139 595 2.35590 0.27945 -0.08190
415 0.06311 ~0.05572 0.39632 600 2.47207 0.15423 -0.06877
420 0.10746 ~0.09592 0.68904 605 2.51707 0.04988 ~0.05681
425 0.16675 -0.15129 1.10870 610 2.47592 -0.02814 | -0.04647
430 0.21140 -0.19583 1.48000 615 2.36291 -0.08185 | -0.03754
435 0.22954 ~0.21936 1.73026 620 2.18340 -0.11342 | -0.02998
440 0.22230 -0.22182 1.86127 625 1.94171 -0.1261 -0.02357
445 0.19341 -0.20738 1.89744 630 1.67456 -0.12551 | -0.01826
450 0.14760 -0.18093 1.88402 635 1.42265 -0.11815 | -0.01409
455 0.08947 -0.14637 1.85140 640 1.18257 -0.10583 | -0.01076
460 0.01795 -0.09993 1.76823 645 0.95687 -0.09044 | -0.00811
465 -0.06173 | -0.04124 1.61405 650 0.75431 -0.07405 | -0.00605
470 ~0.14875 0.03483 1.35330 655 0.58335 -0.05889 | -0.00448
475 -0.23207 0.11680 1.08619 660 0.44065 -0.04539 | -0.00327
480 -0.30911 0.20188 0.83622 665 0.32426 -0.03384 | -0.00235
485 -0.37971 0.28704 0.61999 670 0.23406 -0.02468 | -0.00167
490 ~0.44801 0.37854 0.45103 675 0.17045 -0.01812 | -0.00119
495 ~0.52608 0.48555 0.32149 680 0.12544 -0.01344 | -0.00087
500 ~0.61632 0.61249 0.22188 685 0.08830 ~0.00953 | -0.00060
505 -0.72425 0.77057 0.14144 690 0.06094 ~0.00660 | -0.00041
510 -0.82204 0.94117 0.06513 695 0.04253 -0.00462 | -0.00029
515 -0.89642 1.11740 -0.00438 700 0.03050 -0.00331 | -0.00020
520 -0.9255 1.27386 -0.05860 705 0.02178 -0.00237 | -0.00015
525 -0.89279 1.38416 -0.09519 710 0.01555 -0.00169 | -0.00010
530 ~0.80987 1.45842 -0.12206 715 0.01103 -0.00120 | -0.00007
535 -0.68971 1.49866 -0.14251 720 0.00778 -0.00085 | -0.00002
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TABLE E.3

The values of spectral sensitivity characteristics of primary channels of UHDTV cameras
ideal in terms of CIE 1931 colorimetry

A, HM ag (1) ag (1) ag (1) A, HM ag (1) ag (1) ag (1)
360 0.00011 -0.00009 0.00064 545 -0.34800 1.49093 -0.16579
365 0.00020 -0.00017 0.00115 550 -0.12918 1.44673 -0.16959
370 0.00035 -0.0003 0.00207 555 0.11928 1.37990 -0.16941
375 0.00063 -0.00053 0.00372 560 0.39511 1.29053 —0.16576
380 0.00115 -0.00098 0.00688 565 0.69282 1.17840 —0.15897
385 0.00188 -0.00161 0.01126 570 1.00530 1.04734 —0.14957
390 0.00357 -0.00305 0.02140 575 1.32229 0.90074 —0.13795
395 0.00640 -0.00550 0.03865 580 1.63135 0.74404 —0.12474
400 0.01193 -0.01031 0.07243 585 1.91594 0.58290 —-0.11059
405 0.01922 -0.01670 0.11763 590 2.16186 0.42541 —0.09615
410 0.03574 -0.03128 0.22139 595 2.35590 0.27945 —-0.08190
415 0.06311 -0.05572 0.39632 600 2.47207 0.15423 -0.06877
420 0.10746 -0.09592 0.68904 605 2.51707 0.04988 —0.05681
425 0.16675 -0.15129 1.10870 610 2.47592 -0.02814 | -0.04647
430 0.21140 -0.19583 1.48000 615 2.36291 —-0.08185 | -0.03754
435 0.22954 -0.21936 1.73026 620 2.18340 -0.11342 | -0.02998
440 0.22230 -0.22182 1.86127 625 1.94171 -0.1261 —-0.02357
445 0.19341 -0.20738 1.89744 630 1.67456 -0.12551 | -0.01826
450 0.14760 -0.18093 1.88402 635 1.42265 -0.11815 | -0.01409
455 0.08947 -0.14637 1.85140 640 1.18257 -0.10583 | -0.01076
460 0.01795 -0.09993 1.76823 645 0.95687 —0.09044 | -0.00811
465 -0.06173 -0.04124 1.61405 650 0.75431 —0.07405 | -0.00605
470 -0.14875 0.03483 1.35330 655 0.58335 —0.05889 | -0.00448
475 -0.23207 0.11680 1.08619 660 0.44065 —0.04539 | -0.00327
480 -0.30911 0.20188 0.83622 665 0.32426 —0.03384 | -0.00235
485 -0.37971 0.28704 0.61999 670 0.23406 -0.02468 | -0.00167
490 -0.44801 0.37854 0.45103 675 0.17045 -0.01812 | -0.00119
495 -0.52608 0.48555 0.32149 680 0.12544 —-0.01344 | -0.00087
500 -0.61632 0.61249 0.22188 685 0.08830 -0.00953 | -0.00060
505 -0.72425 0.77057 0.14144 690 0.06094 —0.00660 | -0.00041
510 -0.82204 0.94117 0.06513 695 0.04253 —-0.00462 | -0.00029
515 -0.89642 1.11740 -0.00438 700 0.03050 -0.00331 | -0.00020
520 -0.9255 1.27386 -0.05860 705 0.02178 -0.00237 | -0.00015
525 -0.89279 1.38416 -0.09519 710 0.01555 -0.00169 | -0.00010
530 -0.80987 1.45842 -0.12206 715 0.01103 -0.00120 | -0.00007
535 -0.68971 1.49866 -0.14251 720 0.00778 —-0.00085 | -0.00002
540 -0.53561 1.50904 -0.15698
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Annex F
(relevant to § 2.2)
Comparison colour rendering of through light-to-light TV path for colorimetric
parameters based on CIE-1931 and CIE-2006 colorimetry systems

F.1 Introduction

The formulas for calculation colorimetric characteristics of through TV path, namely characteristics
of ideal TV cameras, are presented in § 2.2.

Annex 3 to ITU-R WP 6C Chairman Report [F.1] contains colorimetric system of UHDTV system
in terms of the CIE 2006 colorimetry. This colorimetric system corresponds to the matrix of
chromaticity coordinates of primaries:

0.699 0.185 0.123
P=]/0.301 0.796 0.068
0.000 0.019 0.809

and vector of normalized coordinates of reference white colour:

0.9477
w =| 1.0000
1.0753

F.2 Spectral characteristics of the ideal UHDTV camera in terms of CIE 1931 and CIE 2006
colorimetry

The values of corresponding spectral characteristics of UHDTV camera primary channels sensitivity,
that correspond to CIE 1931 colorimetry, are presented in Annex E.

The values of corresponding spectral characteristics o, (1), 05 (), 05 (A) of R,G,B primary

channels of UHDTV camera (A — light wavelength) that correspond to CIE 2006 colorimetry, are
shown below in Table F.1 and in Figure F.1.
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TABLE F.1

The values of spectral sensitivity characteristics of primary channels of UHDTYV camera
ideal in terms of CIE 2006 colorimetry

A, nm ag (4) as (A) ag (4)
360 0,00000 0,00000 0,00000
365 0,00000 0,00000 0,00000
370 0,00000 0,00000 0,00000
375 0,00000 -0,00001 0,00009
380 0,00002 —0,00005 0,00056
385 0,00020 -0,00027 0,00178
390 0.00209 -0.00271 0.01788
395 0.00518 —0.00671 0.04462
400 0.01206 —0.01595 0.10611
405 0.02546 —0.03472 0.22937
410 0.04737 —0.06619 0.43646
415 0.07443 -0.10787 0.71434
420 0.10169 -0.15200 1.01820
425 0.11938 -0.18410 1.26314
430 0.13384 -0.21215 1.50276
435 0.13897 -0.22708 1.69150
440 0.14078 —0.23650 1.85476
445 0.12676 —-0.21930 1.85507
450 0.10655 —0.18969 1.78672
455 0.07722 —0.14035 1.60770
460 0.04607 -0.08770 1.46882
465 0.01372 —-0.02818 1.37647
470 —0.02590 0.05043 1.20245
475 -0.06613 0.13866 0.95722
480 -0.10161 0.22648 0.71921
485 —0.12967 0.30813 0.52999
490 -0.15041 0.38698 0.38103
495 —-0.16957 0.48300 0.28197
500 —0.18535 0.59951 0.20763
505 -0.19899 0.73959 0.13943
510 —-0.20190 0.89453 0.08164
515 —0.18513 1.04997 0.04258
520 —0.15395 1.19378 0.01214
525 —-0.09782 1.29270 —0.00964
530 —0.02442 1.36179 —-0.02474
535 0.05961 1.40452 —0.03465
540 0.16214 1.43529 —0.04134

A, nm ag (1) ag (A) ag (4)
545 0.27434 1.42935 —0.04471
550 0.39092 1.39079 —0.04559
555 0.52278 1.34990 —0.04556
560 0.67124 1.28097 -0.04398
565 0.82618 1.20311 —0.04175
570 0.99686 1.10180 -0.03849
575 1.16159 0.98127 -0.03442
580 1.31488 0.84157 —0.02959
585 1.47983 0.71012 —0.02501
590 1.59944 0.58347 -0.02058
595 1.67997 0.45813 —-0.01617
600 1.71703 0.34305 -0.01211
605 1.71409 0.24192 -0.00854
610 1.65303 0.16019 —0.00566
615 1.54761 0.09759 —0.00345
620 1.41293 0.05120 -0.00181
625 1.26325 0.01852 —0.00066
630 1.07877 -0.00018 0.00000
635 0.89896 -0.01075 0.00038
640 0.74068 —0.01647 0.00058
645 0.60312 -0.01894 0.00067
650 0.47071 -0.01706 0.00060
655 0.35804 —0.01449 0.00051
660 0.26870 -0.01195 0.00042
665 0.19897 —0.00948 0.00033
670 0.14529 —-0.00721 0.00025
675 0.10460 -0.00533 0.00018
680 0.07423 —0.00386 0.00013
685 0.05189 —-0.00273 0.00000
690 0.03566 -0.00189 0.00000
695 0.02483 —0.00132 0.00000
700 0.01729 —0.00092 0.00000
705 0.01199 -0.00064 0.00000
710 0.00822 —0.00044 0.00000
715 0.00562 —0.00030 0.00000
720 0.00388 -0.00020 0.00000
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FIGURE F.1

The spectral sensitivity characteristics of primary channels of UHDTYV camera
ideal in terms of CIE 2006 colorimetry
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F.3 Evaluation of colour distortion due to difference of view on the characteristics of the
ideal UHDTYV camera in terms of CIE 1931 and CIE 2006 colorimetry

Figure F.2 presents a comparison of the spectral sensitivity characteristics of primary colour channels
of UHDTYV camera due to difference of view on the characteristics of the ideal UHDTV camera in
terms of CIE 1931 and CIE 2006 colorimetry.

FIGURE F.2

Comparison of the spectral sensitivity characteristics of primary channels of UHDTYV camera,
ideal in terms of CIE 1931 and CIE 2006 colorimetry
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The difference between these characteristics leads to errors introduced by the camera, which applies
CIE 1931 colorimetry, with respect to the camera, which applies more perfect colorimetry CIE 2006.

Corresponding calculation results and error estimates for Color Checker colours set [F.2, F.3] and the
set of optimal colours (whose parameters — shown in Table F.2 — were defined so that it is compatible
with the standard set of colour bars) are shown in Tables F.3 and F.4.

TABLE F.2

Borders (in nanometers) of spectral areas of optimal colours with high and
low levels of spectral responses

) Spectral coefficient ) Spectral coefficient
o Igﬁgrr?)l/pe transmittance / reflectance coI(())uprtsl rITatIype transmittance / reflectance
1 0 1 0 1 0

Ry 360-480 481-599 600-720 Goo 360-497 498-555 556-720
Boso 360-499 500-663 664720 \C 360-504 505-645 646720
Mo, 360470 | 471-578 | 579-720 C.s 360435 | 436-541 |  542-720
R, . 360421 | 422582 | 583-720 Gy 360480 | 481568 |  569-720
B, . 360499 | 500-663 | 664-720 Cor 360427 | 428572 | 573-720
Ye, . 360428 | 429492 | 493-720
M, . 360485 | 486-566 | 567-720

R, 360-435 | 436-561 | 562-720 G, 360464 | 465583 | 584720

Bys 360-522 523-611 612720 Cos 360-415 416-590 591-720
Ye, 360-440 441-485 486-720

M 360-498 499-552 553-720

R 360-453 | 454-534 | 535-720 Gy 360-448 | 449604 | 605720
B, 360-540 | 541597 | 598-720 Cor - 360-611 | 612720
Ye, . 360452 | 453-474 | 475-720
M, . 360-515 | 516-542 | 543-720

It is indicated in the Tables:

X, y,Y — chromaticity coordinates and the relative luminance of the scene in the CIE 1931 X,Y,Z
space; R,G,B - tristimulus values of the object image equal to the relative levels of the red, green

and blue primaries, changing the 0:1 interval in the signal space at the output of an ideal camera,
which implements CIE 1931 colorimetry; X, Ye,Ye — chromaticity coordinates and the relative
luminance X:,Ye,Z. CIE 2006 colour space; R-,Gg,B. — tristimulus values in the signal space at

the output of ideal camera, which implements CIE 2006 colorimetry; Xcic10s1 £+ Yoie 1031 £+ VCIE 1031 F —

chromaticity coordinates and the relative luminance in the CIE 1931 space of image of the object on
the screen of the reproducing device, reproduced by signals of ideal camera, which implements
CIE 2006 colorimetry; J', a,,, by, — lightness and chromaticity coordinates in CAM02-UCS space of
the object image of the on the screen of reproducing device, reproduced by signals of an ideal camera,

!

which implements CIE 1931 colorimetry; J;,a;,:, b, - — lightness and chromaticity coordinates in
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CAMO02-UCS space of the object image on the screen of reproducing device, reproduced by signals
of an ideal camera which implements CIE 2006 colorimetry; AE — Euclidean distance between two

points (J',a},, by, ) and (37,4, by, ) in CAM02-UCS space.
TABLE F.3

Evaluation of colour distortion of Color Checker set due to difference of view on the
characteristics of the ideal UHDTYV camera in terms of CIE 1931 and CIE 2006 colorimetry

Colour
1 2 3 4 5 6 7 8 9
Parameters
Dark Light Blue Foliage Blue Bluish Orange Purplish | Moderate
skin skin sky %€ flower green g blue red

Chromaticity coordinates and relative luminance of the scene object in the CIE 1931 X,Y,Z space

X 0.402 0.385 | 0.250 | 0.341 | 0.269 0.259 0.507 0.213 0.458
y 0.360 0.355 | 0.267 | 0.440 | 0.255 0.358 0.410 0.189 0.313
Y 0.110 0.389 0.198 | 0.141 | 0.280 0.446 0.266 0.127 0.208

Tristimulus values of the object image in the signal space at the output of an ideal camera
which implements CIE 1931 colorimetry

R 0.205 0.610 0.128 | 0.159 | 0.361 0.215 0.571 0.093 0.506
G 0.079 0.320 0.217 | 0.142 | 0.240 0.539 0.169 0.124 0.100
B 0.065 0.233 0.304 | 0.059 | 0.380 0.384 0.051 0.302 0.130

Chromaticity coordinates and the relative luminance of the scene object in the CIE 2006 space

X 0.403 0.390 | 0.248 | 0.347 | 0.267 0.262 0.510 0.208 0.457
Ve 0.360 0.359 0.269 | 0.439 | 0.259 0.362 0.410 0.196 0.317
Ye 0.113 0.392 0.199 | 0.139 | 0.286 0.436 0.270 0.131 0.215

Tristimulus values in the signal space at the output of ideal camera which implements
CIE 2006 colorimetry

Re 0.203 0.603 0.129 | 0.157 | 0.359 0.216 0.562 0.095 0.500
G 0.079 0.323 0.216 | 0.142 | 0.240 0.548 0.169 0.123 0.099
B 0.064 | 0.230 0.307 | 0.057 | 0.384 0.378 0.050 0.307 0.131

Chromaticity coordinates and the relative luminance in the CIE 1931 space of the object image
on the screen of the reproducing device, reproduced by signals of ideal camera, which implements
CIE 2006 colorimetry

Xees e | 0.400 | 0.385 | 0251 | 0.342 | 0269 | 0261 | 0506 | 0.214 | 0.457

Yeris e | 0.360 | 0359 | 0.264 | 0.446 | 0.252 | 0364 | 0.414 | 0185 | 0312

Yeoewa e | 0.103 | 0367 | 0.199 | 0.131 | 0.248 | 0411 | 0291 | 0.126 | 0.203
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TABLE F.3 (continued)

Colour
1 2 3 4 5 6 7 8 9
Parameters
Dark Light Blue Foliage Blue Bluish Orange Purplish | Moderat
skin skin sky 91 flower green 9 blue e red

Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera, which
implements CIE 1931 colorimetry

J’ 12.55 12.49 11.94 | 12.07 | 12.12 11.80 12.83 11.82 13.02
ay, -0.11 -1.60 | -10.42 | -11.39 | —-7.09 | -14.29 6.16 -9.66 10.34
b}, -13.78 | -14.20 | -17.57 | -12.40 | -18.08 | —14.49 | -10.25 | —20.87 | —-11.96

Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
of the on the screen of reproducing device, reproduced by signals of an ideal camera, which
implements CIE 2006 colorimetry

I 12.56 12.50 11.92 | 12.10 | 12.09 11.81 12.85 11.75 12.99

ay e 0.002 -1.39 | -10.79 | -10.89 | -7.69 | -14.21 6.42 -11.01 9.87
by -13.76 | -14.04 | -17.48 | -12.42 | -17.93 | -14.38 -10.14 | -20.45 | -12.01
Colour distortion

AE | 012 | 026 | 038 [ 050 | 062 | 014 [ 028 | 141 | 048
Chromaticity coordinates and relative luminance of the scene object in the CIE 1931 x vy z space

X 0.288 0.379 0.475 |0.188 | 0.304 | 0.550 0.447 0.365 0.199
y 0.214 0.497 0.443 | 0.141 | 0.490 | 0.316 0.475 0.240 0.272
Y 0.084 0.419 0.379 | 0.067 | 0.225 | 0.153 0.538 0.231 0.234

Tristimulus values of the object image in the signal space at the output of an ideal camera, which
implements CIE 1931 colorimetry

R 0.178 0.362 0.648 | 0.044 | 0.098 | 0.509 0.729 0.557 0.061
G 0.042 0.470 0.305 | 0.062 | 0.287 | 0.027 0.507 0.101 0.292
B 0.144 0.093 0.067 | 0.228 | 0.085 | 0.045 0.082 0.279 0.324
Chromaticity coordinates and the relative luminance of the scene object in the CIE 2006 space
X 0.280 0.389 0.480 |0.182 | 0.311 | 0.547 0.455 0.360 0.198
Ve 0.216 0.497 0.441 | 0.151 | 0.489 | 0.321 0.473 0.245 0.280
Y 0.089 0.407 0.379 | 0.071 | 0.217 | 0.162 0.531 0.243 0.231
Tristimulus values in the signal space at the output of ideal camera which implements
CIE 2006 colorimetry
R: 0.177 0.358 0.638 | 0.045 | 0.097 | 0.501 0.718 0.551 0.064
G 0.040 0.475 0.306 | 0.060 | 0.290 | 0.026 0.512 0.098 0.297

B: 0.148 0.085 0.064 | 0.233 | 0.081 | 0.045 0.073 0.285 0.323
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TABLE F.3 (end)

Parameters

Colour
1 2 3 4 5 6 7 8 9
Dark Light Blue Foliage Blue Bluish Orange Purplish | Moderat
skin skin sky 91 flower green g blue ered

Chromaticity coordinates and the relative luminance in the CIE 1931 space of the object image
on the screen of the reproducing device, reproduced by signals of ideal camera, which implements

CIE 2006 colorimetry

Xoie 1001 ¢ 0.285 | 0.381 | 0.475 |0.190 | 0.305 | 0.548 | 0.448 0.362 | 0.201
YoiE 1631 F 0.205 0.508 | 0.448 | 0.137 | 0.500 | 0.315 | 0.483 0.235 0.275
Yeie 1001 ¢ 0.072 | 0.415 | 0.410 [0.070| 0.221 | 0.122 | 0.553 0.206 | 0.201
Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera,
which employs CIE 1931 colorimetry
J’ 12.45 12.12 12.61 | 11.64 | 11.83 | 13.42 12.42 12.88 11.52
ay, 0.03 -11.17 0.36 -9.91 | -15.61 | 17.25 —4.73 8.09 -16.28
b, -19.31 | -11.06 | -11.24 |-23.41|-11.34 | -8.60 | -11.23 -16.10 | -16.99
Lightness and chromaticity coordinates in CAM02-UCS space of the object image
of the on the screen of reproducing device, reproduced by signals of an ideal camera,
which employs CIE 2006 colorimetry
It 12.37 12.16 12.63 | 11.52 | 11.85 | 13.383 12.45 12.81 11.50
ay e -151 -10.48 1.03 |-11.94|-15.16 | 16.602 | -3.88 6.839 -16.69
by ¢ -19.41 | -11.04 | -11.13 |-22.65|-11.34 | -8.68 | -11.19 -16.28 | -16.69
Colour distortion
AE 1.54 0.68 0.67 216 | 0.44 0.66 0.86 1.27 0.50
TABLE F.4

Evaluation of colour distortion of optimal colours set due to difference
of view on the characteristics of the ideal UHDTV camera in terms of CIE 1931
and CIE 2006 colorimetry

Colour
Parameters
Ro.s Go.sg Bo.o Yeos Cosg Mo
Chromaticity coordinates and relative luminance of the scene object in the CIE 1931 x v,z space
X 0.675 0.167 0.148 0.440 0.155 0.372
y 0.305 0.747 0.059 0.540 0.327 0.170
Y 0.188 0.498 0.162 0.749 0.643 0.257

83
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TABLE F.4 (continued)

Parameters

Colour

Ro.s

Gos

Bo.o

Yeos

Cos

Mo

Tristimulus values of the object image in the signal space at the output of an ideal camera,

which implements CIE 1931 colorimetry

R 0.833 0.032 0.378 0.502 0.047 0.985
G 0.063 0.744 0.006 0.910 0.915 0.067
B 0.234 0.039 0.965 0.013 0.552 0.754
Chromaticity coordinates and the relative luminance of the scene object in the CIE 2006 space
Xe 0.661 0.180 0.139 0.452 0.154 0.364
Ye 0.309 0.755 0.073 0.535 0.342 0.177
Ye 0.211 0.467 0.192 0.719 0.617 0.295
Tristimulus values in the signal space at the output of ideal camera which implements
CIE 2006 colorimetry
R- 0.8270 0.0279 0.3720 0.5065 0.0420 0.9822
G: 0.0676 0.7449 0.0038 0.9084 0.9303 0.0918
B, 0.2517 0.2159 0.9841 0.0015 0.5278 0.7874

Chromaticity coordinates and the relative luminance in the CIE 1931 space of the object image
on the screen of the reproducing device, reproduced by signals of ideal camera, which implements
CIE 2006 colorimetry

XoiE 1001 ¢ 0.667 0.171 0.150 0.442 0.157 0.368
Yoie 1981 F 0.301 0.776 0.053 0.550 0.342 0.160
Yo 191 F 0.165 0.376 0.120 0.720 0.500 0.356
Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera,
which employs CIE 1931 colorimetry
J’ 13.99 11.18 10.37 12.26 11.14 13.49
ay, 25.82 —24.33 -14.06 -8.93 -21.42 18.40
bl -5.32 -8.51 —29.21 ~10.00 ~14.89 ~16.02
Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera,
which employs CIE 2006 colorimetry
J; 13.98 11.19 10.40 12.25 11.16 13.56
ay ¢ 25.73 —24.34 -12.69 -9.27 -21.51 19.46
by ¢ -5.53 -8.25 -30.07 -9.80 -14.50 -16.30
Colour distortion
AE 0.14 0.20 1.61 0.36 0.35 0.91
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TABLE F.4 (continued)

Parameters

Colour

Ro.7s

Gors

Bo.7s

Yeo.rs

Cos

Mo.75

Chromaticity coordinates and relative luminance of the scene object in the

CIE 1931 x v,z space

X 0.615 0.197 0.175 0.415 0.178 0.357
y 0.321 0.651 0.092 0.493 0.328 0.196
Y 0.242 0.664 0.278 0.913 0.704 0.335

Tristimulus values of the object image in the signal space at the output of an ideal camera,

which implements CIE 1931 colorimetry

R 0.940 0.028 0.537 0.992 0.002 0.993
G 0.033 0.976 0.116 0.927 0.983 0.035
B 0.331 0.141 0.982 0.433 0.611 0.856
Chromaticity coordinates and the relative luminance of the scene object in the CIE 2006 space

X: 0.586 0.207 0.166 0.416 0.177 0.351
Ye 0.310 0.664 0.107 0.476 0.340 0.203
Ye 0.267 0.626 0.308 0.902 0.678 0.372

Tristimulus values in the signal space at the output of ideal camera which implements

CIE 2006 colorimetry

Re 0.935 0.025 0.533 0.991 0.002 0.990
G 0.043 0.995 0.118 0.921 0.996 0.019
B 0.352 0.112 0.995 0.433 0.588 0.882

Chromaticity coordinates and the relative luminance in the CIE 1931 space of the object image
on the screen of the reproducing device, reproduced by signals of ideal camera, which implements
CIE 2006 colorimetry

Xoie 1601 F 0.589 0.198 0.176 0.409 0.180 0.354
Yoie 1051 ¢ 0.303 0.683 0.088 0.486 0.340 0.189
Yo iom 0.277 0.526 0.176 0.889 0.625 0.465

Lightness and chromaticity coordinates in CAMO02-UCS space of the object image

of the on the screen of reproducing device, reproduced by signals of an ideal camera, which employs
CIE 1931 colorimetry

J’ 13.66 11.30 4.42 11.46 8.77 8.69
ay, 20.84 -22.82 -5.24 -8.16 -17.65 10.57
by, —6.73 -9.30 -17.78 -10.68 -13.42 -13.85

Lightness and chromaticity coordinates in CAMO02-UCS space of the object image

of the on the screen of reproducing device, reproduced by signals of an ideal camera, which employs
CIE 2006 colorimetry

J; 13.66 11.30 4.44 11.45 8.77 8.71
ay ¢ 20.94 -22.99 -4.55 -8.27 -17.76 11.06
by ¢ -7.49 -8.97 -18.07 -10.85 -13.13 -14.00

Colour distortion
AE 0.56 0.32 0.75 0.20 0.31 0.52
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TABLE F.4 (continued)

Colour
Parameters
Ros Gos Bos Yeos Cos Mos
Chromaticity coordinates and relative luminance of the scene object in the CIE 1931 x v,z space
X 0.537 0.232 0.219 0.384 0.218 0.346
y 0.333 0.527 0.156 0.444 0.333 0.236
Y 0.331 0.683 0.449 0.953 0.733 0.481

Tristimulus values of the object image in the signal space at the output of an ideal camera,

which implements CIE 1931 colorimetry

R 0.998 0.026 0.647 0.996 0.089 0.996
G 0.069 0.973 0.326 0.972 0.986 0.244
B 0.415 0.255 0.985 0.571 0.657 0.918
Chromaticity coordinates and the relative luminance of the scene object in the CIE 2006 space

Xe 0.498 0.239 0.214 0.383 0.218 0.342
Ye 0.320 0.541 0.168 0.431 0.337 0.242
Y 0.356 0.648 0.472 0.943 0.709 0.511

Tristimulus values in the signal space at the output of ideal camera which implements

CIE 2006 colorimetry

R: 0.993 0.029 0.647 0.994 0.094 0.992
G: 0.055 0.995 0.328 0.969 0.994 0.242
B 0.438 0.224 0.992 0.570 0.639 0.935

Chromaticity coordinates and the relative luminance in the CIE 1931 space of the object image
on the screen of the reproducing device, reproduced by signals of ideal camera, which implements
CIE 2006 colorimetry

Xoie 1931 F 0.498 0.234 0.221 0.378 0.219 0.345
Yeie 1031 F 0.315 0.554 0.154 0.437 0.337 0.232
Yeie 1001 £ 0.435 0.605 0.304 0.922 0.719 0.604
Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera,
which employs CIE 1931 colorimetry
J’ 8.47 8.82 6.30 11.71 9.65 9.74
ay, 11.99 -17.88 -3.91 -8.03 -15.44 5.33
b}, —7.27 -9.61 -16.99 -11.97 -13.90 -14.94
Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera,
which employs CIE 2006 colorimetry
I 8.42 8.81 6.32 11.71 9.65 9.75
ay e 10.94 -18.13 -3.43 -8.13 -15.48 5.65
by ¢ -8.38 -9.25 ~17.06 ~12.15 ~13.79 ~15.02
Colour distortion
AE 1.53 0.45 0.49 0.21 0.12 0.32
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TABLE F.4 (continued)

Col

our

Parameters
Ro.2s

Go.2s Bo.2s

Yeo.zs

Co.s

Mo.25

Chromaticity coordinates and relative luminance of the scene object in the

CIE 1931 x, v,z space

X 0.410 0.271 0.261 0.346 0.263 0.330
y 0.338 0.420 0.235 0.384 0.333 0.278
Y 0.492 0.722 0.665 0.979 0.795 0.716

Tristimulus values of the object image in the signal space at the output of an ideal camera,

which implements CIE 1931 colorimetry

R 0.992 0.136 0.769 0.989 0.248 0.991
G 0.297 0.979 0.595 0.994 0.989 0.587
B 0.529 0.378 0.995 0.767 0.959 0.976
Chromaticity coordinates and the relative luminance of the scene object in the CIE 2006 space

X: 0.402 0.279 0.259 0.345 0.263 0.328
Ye 0.326 0.435 0.242 0.377 0.334 0.282
Ye 0.509 0.693 0.678 0.973 0.782 0.733

Tristimulus values in the signal space at the output of ideal camera which implements

CIE 2006 colorimetry

Re 0.986 0.139 0.771 0.988 0.243 0.988
G 0.276 0.996 0.595 0.996 0.989 0.592
B, 0.554 0.351 0.998 0.766 0.959 0.982

Chromaticity coordinates and the relative luminance in the CIE 1931 space of the object image
on the screen of the reproducing device, reproduced by signals of ideal camera, which implements

CIE 2006 colorimetry

XeiE 1031 F 0.400 0.276 0.263 0.342 0.263 0.328
Yo 1031 F 0.324 0.441 0.234 0.379 0.333 0.275
Yeig 1031 £ 0.633 0.717 0.531 0.956 0.851 0.770
Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera,
which employs CIE 1931 colorimetry
J’ 9.91 9.89 8.64 11.94 10.89 10.84
ay, 2.58 -14.41 -5.58 -8.01 -12.34 -0.92
b}, -12.24 -11.89 -16.15 -13.65 -14.69 -15.71
Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera,
which employs CIE 2006 colorimetry
I 9.91 9.88 8.66 11.94 10.89 10.84
ay 2.79 -14.70 -5.17 ~7.94 -12.34 -0.88
Colour distortion
AE 0.43 0.53 0.41 0.21 0.00 0.11
by -12.63 -11.44 -16.21 -13.84 -14.69 -15.81
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TABLE F.4 (end)

*) In this table, the notation of colours is: R — red, G — green, B — blue, Ye — yellow, C — cyan, M — magenta. The
index in the colours designation characterizes their chroma saturation, defined as the ratio of the length of the straight
line segment in the plane of the Maxwell triangle in the signal space, connecting point of evaluated colour with
reference white point, to the length of a segment on the same straight line joining the point of its intersection with
the boundary of the primary colours triangle. For example, Ro,9, Go,9, Bo,o represent red, green and blue with saturation
of 0.9.

From Tables F.3 and F.4 it is seen that differ in luminance and, respectively, relate to different levels
of lightness of the image. For Color Checker set primary colour signals do not exceed the limits of
the 0;1 interval, i.e. they can be transmitted by UHDTYV systems. For optimal colours set for certain
colours, some primary colour signals exceed the level of the unit, so the luminance normalization is

introduced as a result of which the signal levels are limited to the 0;1 interval. The colour points of
both sets are represented in Figs F.3 and F.4.

Colour coordinates of object image on the screen of a reproducing device in CAMO02-UCS space and
colour rendering error AE are determined for visual perception adaptation luminance of 50 cd/m?,
which corresponds to the brightness of the reference white of 250 cd/m? and an average viewing
environment for the screen of the reproducing device. Colour rendering error is, for almost all colours,
less than 2 CIE units, i.e. it is at the level of error of colorimetric measuring instruments and less than
the threshold of colour discrimination.

FIGURE F.3

Chromaticity points of colours of Color Checker set (left) and of optimal colours set (right)
as a function of the chromaticity coordinates x, y of the CIE 1931 colour space
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FIGURE F.4
Chromaticity points of colours of Color Checker set (left) and of optimal colours set (right)

! !
as a function of the chromaticity coordinates aM ) bM of the CAMO02-UCS colour space
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F.4 Conclusions

Evaluation of colour distortion of ideal camera, which implements CIE 1931 colorimetry, in relation
to ideal camera, which implements CIE 2006 colorimetry, is held for two colour sets defined by
spectral reflectance characteristics of test objects: (a) Color Checker set, which found use for image
quality evaluation for a variety of video applications, particularly for the evaluation of the
characteristics of TV cameras, and (b) a set of optimum colours chromaticity points which uniformly
fill primary colours rgB triangle. The evaluation has shown that the colour rendering error do not
exceed about 2 CIE units, i.e. its level is below the level of error of colorimetric devices and below
the threshold of visibility of colour changes. So, it can be predicted that the transition to the use CIE
2006 colorimetry instead of CIE 1931 colorimetry will not lead to a significant improvement of
quality of colour rendition in television and other similar applications.
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Annex G
(relevant to § 7.5)
Evaluation of colour rendering fidelity of the through
light-to-light digital television system video path

The main feature of the progress of TV systems and other video applications is the tendency of
transition to new levels of image quality and the creation of new systems functionalities. In this
context, special interest is for colour rendition fidelity depending on the colorimetric characteristics
of the systems as a whole and their components, which determine the colorimetric image quality.

When referring to colorimetric quality, the evaluation should be based on colour fidelity in through
light-to-light path [G.1, G.2], as the main colour distortion occurs in the transmitting and receiving
sides, namely, they arise due to the possible imperfection of the spectral distribution of radiation
source of studio lighting, due to the possible imperfection of the spectral characteristics of the camera,
as well as colorimetric inaccuracy, introduced by the reproduction device and uncertainties that may
bring digital image processing at the transmitting and receiving sides.

One of the most critical factors includes inadequate spectral sensitivity characteristics of the camera
primary channels. This means that when evaluating colour fidelity, it cannot be abstracted from the
spectral characteristics of reflection of objects in the scene and to operate only their colour
coordinates.

In order to be able to quantitatively judge the colour rendering fidelity of TV cameras, it is needed to
be able to compare the characteristics of real cameras with the characteristics of the ideal cameras,
the spectral characteristics of primary channels which would provide undistorted colour reproduction,
regardless of the spectral distribution of objects.

In this Annex examples of distortion evaluation for Colour Checker set of colours, introduced by
optimally tuned “standard” SDTV camera are produced with respect to the ideal camera. As a source
approach is taken, which consists in the fact that serial gamma conversion on the transmission side
and on the receiving side lead to the reproduction of colours and lightness tones, perceived by
observers as the best. Therefore, as a criterion of colour fidelity it seems preferable to evaluate the
chromaticity shift with respect to the colours specified for the case of using the ideal camera and use
both series of non-linear gamma transformation. Such comparison is given in Table 1, from which it
follows that the use of cameras with the characteristics of a “standard” camera with linear matrix [3,
Figure 11] provides a practically undistorted colour reproduction.

This conclusion can be extended to HDTV system, considering the proximity of the colour-metric
systems, standardized for SDTV and HDTYV systems. These data are also consistent with the data of
[4] for UHDTV systems.
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TABLE G.1

Evaluation of colour distortion for Color Checker set introduced by “standard” camera
in respect to ideal camera, in which CIE 1931 colorimetry is implemented

Colour
Parameters 1 '2 3 4 5 6 7 8 9
Chromaticity coordinates and relative luminance of the transmitted scene object
in the CIE 1931 colour space
Xobj 0,410 0,389 0,265 0,369 0,314 0,285 0,483 0,244 0,446
Yo 0,349 0,361 0,297 0,412 0,289 0,378 0,392 0,235 0,316
Yoi 0,111 0,389 0,199 0,142 0,279 0,448 0,267 0,127 0,207
Tristimulus values of the transmitted scene object in the signal space
at the output of an ideal camera
R idea 0,202 0,603 0,128 0,154 0,356 0,214 0,566 0,092 0,502
Gobi_iceat 0,080 0,324 0,218 0,144 0,243 0,546 0,172 0,125 0,101
Bobi_ideat 0,062 0,221 0,287 0,057 0,358 0,362 0,049 0,285 0,125
Tristimulus values of the transmitted scene object image in the image space on the screen
of reproducing device, reproduced by signals of an ideal camera
Rimg_iceat 0,183 0,576 0,106 0,130 0,324 0,186 0,496 0,074 0,472
Ging_ideal 0,081 0,292 0,190 0,121 0,213 0,517 0,391 0,104 0,082
img_ideal 0,056 0,192 0,256 0,044 0,326 0,329 0,112 0,254 0,104
Chromaticity coordinates and the relative luminance in the CIE 1931 colour space of the transmitted
scene object image on the screen of the reproducing device, reproduced by signals of ideal camera
King,idea 0,419 0,396 0,262 0,373 0,314 0,283 0,496 0,238 0,461
Yimg_ideal 0,349 0,363 0,293 0,418 0,287 0,382 0,391 0,227 0,316
Yimg_ideat 0,086 0,345 0,177 0,117 0,245 0,433 0,222 0,109 0,166
Lightness and chromaticity coordinates in CAM02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera
Jing it 3,22 3,18 4,59 4,71 5,18 7,28 5,41 3,43 3,75
A img_ideal 1,24 -0,52 —-6,80 4,72 -2,62 -10,61 4,37 —4,97 5,52
Bt g, icea -6,68 -6,86 | -10,57 | -8,01 | -11,03 | -11,04 | -6,84 | -10,61 | -6,33
Tristimulus values of the transmitted scene object in the signal space
at the output of “standard” camera
R st 0,183 0,608 0,113 0,109 0,242 0,165 0,658 0,052 0,545
Gopi_sta 0,081 0,304 0,211 0,157 0,233 0,527 0,168 0,115 0,087
obj_std 0,056 0,236 0,348 0,040 0,449 0,414 0,014 0,385 0,130
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TABLE G.1 (continued)
Colour
Parameters 1 2 3 4 > 6 ! 8 9
Dark Light Blue . Blue Bluish Purplish | Moderate
skin skin sky Foliage flower green Orange blue red
Tristimulus values of the transmitted scene object image in the image space on the screen
of reproducing device, reproduced by signals of “standard” camera
Rimg_sta 0,157 0,581 0,093 0,089 0,213 0,140 0,634 0,039 0,516
Gimng st 0,064 0,272 0,183 0,133 0,204 0,497 0,143 0,095 0,069
Bimg_sta 0,043 0,207 0,316 0,030 0,418 0,382 0,009 0,353 0,108
Chromaticity coordinates and the relative luminance in the CIE 1931 colour space of the transmitted
scene object image on the screen of the reproducing device, reproduced by signals of “standard” camera
Ximg_std 0,416 0,395 0,244 0,356 0,267 0,267 0,532 0,202 0,471
Yimg_std 0,359 0,352 0,263 0,461 0,250 0,361 0,402 0,181 0,307
Yimg sta 0,083 0,333 0,174 0,116 0,221 0,412 0,238 0,102 0,167
Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera
i'mg_std 3,21 3,19 4,57 4,65 5,09 7,25 5,46 3,36 3,78
A3 img_std 0,77 -0,08 6,93 -7,01 -4,58 -10,96 5,71 6,04 6,48
DY img st -6,63 6,96 | -11,30 | -7,42 | -12,14 | -11,50 | 599 | -11,89 | -6,14
Colour distortion
AE | 047 | o045 | 074 | 235 | 226 | o058 | 150 | 167 | 098
Chromaticity coordinates and relative luminance of the transmitted scene object
in the CIE 1931 colour space
Xobj 0,341 0,369 0,450 0,219 0,313 0,550 0,423 0,391 0,245
Yobj 0,236 0,467 0,421 0,192 0,463 0,317 0,449 0,264 0,324
Yooj 0,083 0,422 0,380 0,067 0,227 0,152 0,541 0,229 0,235
Tristimulus values of the transmitted scene object in the signal space
at the output of an ideal camera
Robi.iceat 0,176 0,359 0,643 0,043 0,097 0,503 0,723 0,550 0,061
Gopj ideal 0,043 0,476 0,309 0,061 0,291 0,027 0,514 0,102 0,294
Bobi ideal 0,138 0,087 0,064 0,215 0,081 0,043 0,077 0,264 0,305
Tristimulus values of the transmitted scene object image in the image space on the screen
of reproducing device, reproduced by signals of an ideal camera
Rimg_ideat 0,150 0,327 0,617 0,033 0,078 0,472 0,702 0,522 0,047
Gimg_ideal 0,032 0,445 0,277 0,047 0,259 0,019 0,483 0,083 0,264
Bimg ideat 0,115 0,071 0,050 0,186 0,064 0,032 0,061 0,234 0,274
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TABLE G.1 (end)

Colour
Parameters 1 2 3 4 5 6 ’ 8 9
Dark Light Blue . Blue Bluish Purplish | Moderate
skin skin sky Foliage flower green Orange blue red

Chromaticity coordinates and the relative luminance in the CIE 1931 colour space of the transmitted
scene object image on the screen of the reproducing device, reproduced by signals of ideal camera

X 0,344 0,371 0,459 0,213 0,312 0,566 0,429 0,401 0,242

img_ideal

Yimg_ideal 0,231 0,476 0,423 0,181 0,473 0,319 0,453 0,261 0,324

Yimg_ideal 0,063 0,393 0,333 0,055 0,207 0,117 0,499 0,187 0,218

Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera

Jing i 2,51 7,42 7,19 2,32 4,99 3,89 8,57 5,01 4,80
Qyimgiceas | 282 | -853 | 033 | 408 | -964 | 984 | -404 | 626 | -942
Diyimgies | -7.55 | -9,10 | -887 | -975 | -7,70 | —442 | -982 | -9,08 | -10,18

Tristimulus values of the transmitted scene object in the signal space
at the output of “standard” camera

Robi sta 0,106 0,376 0,736 0,011 0,080 0,454 0,817 0,484 0,011

Gobi_sta 0,052 0,497 0,320 0,053 0,308 0,027 0,527 0,098 0,264

Bobi. sta 0,153 0,010 0,003 0,312 0,047 0,041 0,024 0,313 0,403

Tristimulus values of the transmitted scene object image in the image space on the screen
of reproducing device, reproduced by signals of “standard” camera

Rimg_sta 0,086 0,344 0,716 0,007 0,064 0,422 0,802 0,453 0,007
img_std 0,039 0,466 0,288 0,041 0,277 0,019 0,498 0,080 0,234
img_std 0,129 0,007 0,002 0,280 0,035 0,031 0,017 0,282 0,372

Chromaticity coordinates and the relative luminance in the CIE 1931 colour space of the transmitted
scene object image on the screen of the reproducing device, reproduced by signals of “standard” camera

X 0,283 0,394 0,494 0,174 0,318 0,561 0,464 0,366 0,210

img_std

Yimg_std 0,217 0,518 0,444 0,131 0,517 0,319 0,482 0,239 0,268

Yimg st 0,056 0,407 0,359 0,051 0,214 0,106 0,525 0,174 0,196

Lightness and chromaticity coordinates in CAMO02-UCS space of the object image
on the screen of reproducing device, reproduced by signals of an ideal camera

J! 2,43 7,43 7,23 2,23 4,97 3,88 8,62 4,97 4,74

img_std
83 img st -0,50 | -8,69 1,61 558 | -10,25 | 9,65 -3,08 5,26 -9,92
U 862 | -835 | -806 | -121 | -713 | -450 | -9,09 | -10,14 | -1143

Colour distortion

AE 154 | oe8 | o067 |216 | 044 | 066 | 08 | 127 | 050
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