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Foreword

ISO (the International Organization for Standardization) and IEC (the International Electrotechnical
Commission) form the specialized system for worldwide standardization. National bodies that are
members of ISO or IEC participate in the development of International Standards through technical
committees established by the respective organization to deal with particular fields of technical
act1v1ty ISO and IEC technical committees collaborate in f1elds of mutual interest. Other 1nternat10nal

work In the f1eld of 1nf0rmat10ntechnology, ISO and [EC have establlshed a]omt technlcal commlttee
ISO/IEC]TC 1.

The procedures used to develop this document and those intended for its further maintenanee are
descrjibed in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for
the djfferent types of document should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Atterftion is drawn to the possibility that some of the elements of this documentimay be the subject
of paftent rights. ISO and IEC shall not be held responsible for identifying any or all such patent
rightg. Details of any patent rights identified during the development of the, decument will be in the
Introfduction and/or on the ISO list of patent declarations received (see wwriso.org/patents).

Any frade name used in this document is information given for the convénience of users and does not
consffitute an endorsement.

For gn explanation on the voluntary nature of standards, thiéymeaning of ISO specific terms and
exprgssions related to conformity assessment, as well as information about ISO's adherence to the
World Trade Organization (WTO) principles in the TechnjcalBarriers to Trade (TBT) see the following
URL: www.iso.org/iso/foreword.html.

This [document was prepared by Joint Technical Committee ISO/IEC JTC 1, Information technology,
Subcommittee SC 29, Coding of audio, picture, multimedia and hypermedia information in collaboration
with [TU-T. A technically aligned twin text is published as ITU-T H.Sup15.

A list|of all parts in the ISO/IEC 23008 series ¢tan be found on the ISO website.
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Introduction

High dynamic range (HDR) video is a type of video content in which the sample values span a larger
luminance range than conventional standard dynamic range (SDR) video. HDR video can provide
an enhanced viewer experience and can more accurately reproduce scenes that include, within the
same image, dark areas and bright highlights, such as emissive light sources and reflections. On the
other hand, wide colour gamut (WCG) video is video characterized by a wider spectrum of colours

r‘nmparnr] towhathasheen rnmmr\n]y available in conventional video Recent advancesin r‘aphn‘ and

display technology have enabled consumer distribution of HDR and WCG content. However, given the
characteristics of such content, special considerations may need to be made, in terms of bothprocgssing
and compression, compared to conventional content.

This document provides a set of recommended guidelines on processing of consumer distrijution
HDR/WCG video. This includes recommendations for converting a video signal, ii\a’linear light RGB
representation with Rec. ITU-R BT.2020 colour primaries, to a 10-bit, narrew-range, PQ en¢oded
(as defined in SMPTE ST 2084 and Rec. ITU-R BT.2100), 4:2:0, non-constant luminance Y[CbCr
representation. These guidelines may also apply to other representations with higher bit depth orjother
colour formats, such as 4:4:4 Y'CbCr 12 bit video. The scope of this document is illustrated in Figufe 1.

Out of scope i Inscope ' Out of scope
E Linear PQ RQ Lineari
o777/ 7 ! light Y'CbCr Y’'CbCr light | Z7Z7/7777/7:
: ! ! | RGB 4:2:0 4:2:0 RGB | )
Various ' Pre- ; - Post- ! /
video _): Content L 44 encoding |10 bit Encoding Decoding| 10 bit decoding |4:4:4 Display 4
: preparatlon: : processes processes processes pf‘OCCSSGS adaptatlon :
formats | AE /
I 1 ! 1
_______ i a E ﬁ\ T L _A( L LLITL 4
R e e | Eaaiaate o dsnante PErRESrRransRnsniRsnREsRoeess 1
o o o s o o ) ) e o J Lo o o o o e e [ J
@ Optional metadata/HDR/WCG encoding\parameters Optional metadata
Hypothetical reference Optimized for the hypothetjcal
viewing environment reference viewing environrhent

Figure 1 — Illustration of the scope of this document

The content preparation step, aswell as the display adaptation step, are considered to be out of the fcope
of this document. However, metadata generated during the content preparation step may be ppssed
through the encoder-decdder chain and can significantly affect the display adaptation step. The cgntent
preparation step may-include filtering and image enhancement processing such as de-noising, dolour
correction, and sharpening, as well as other processes. Such methods are deliberately not descriljed in
this document. The-processing steps described in this document are made available for referencg only
and the docunmieht does not contain any elements of normative nature. It is possible to replace dne or
more of the processing steps described in this document; for example, in order to reduce computational
complexity<or to improve fidelity. This document's intention is to provide some guidelines for operfating
an HDR/AWCG video system that is constrained to code a 10-bit, PQ (as defined in SMPTE ST 208# and
Rec.4TU-R BT.2100), 4:2:0, non-constant luminance Y'CbCr signal representation. This configutation
iscalso aligned with the HDR10 media profile defined in DECE v2.1, the interface defined in CTA|861G
and the restrictions in the BD-ROM specifications. The processing steps in this document are desjgned

for the case when the same nypothetical Telerence viewing environment (HRVE] 15 used betore and
after the HDR/WCG system. This document does not account for when the viewing environment
used after the HDR/WCG system is different from the viewing environment used as the HRVE. In
particular, display adaptation, such as the techniques described in the SMPTE ST 2094 standards, are
not considered in this document. Report ITU-R BT.2390 contains additional information on viewing
environments and examples of parameters that may be appropriate to apply for practical HDR/WCG
systems. This document does not provide a description of any preferred HRVE, but acknowledges the
fact that in many applications of HDR/WCG video, it may be desirable to have a well-defined HRVE
description in order to ensure alignment between content preparation and content consumption.
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Information technology — High efficiency coding and
media delivery in heterogeneous environments —

Part 14:

Conversion and coding practices for HDR/WCG Y'CbCr
4:2:0 video with PQ transfer characteristics

1 Scope

This document provides guidance on the processing of high dynamic range (HDR) and wide g
gamut (WCG) video content. The purpose of this document is to provide a<et of publicly referend
recommended guidelines for the operation of AVC or HEVC video~coding systems adapte
compressing HDR/WCG video for consumer distribution applicationis. This document inclu

olour
eable
d for
les a

description of processing steps for converting from 4:4:4 RGB linear\light representation video signals

into non-constant luminance (NCL) Y'CbCr video signals that-rse the perceptual quantizer
transfer function defined in SMPTE ST 2084 and Rec. ITU:RVBT.2100. Although the focus o
document is primarily on 4:2:0 Y'CbCr 10 bit representations, these guidelines are also applica
other representations with higher bit depth or other colout formats, such as 4:4:4 Y'CbCr 12 bit

(PQ)
[ this
ble to
rideo.

In addition, this document provides some high-level fecommendations for compressing these signals

using either the AVC or HEVC video coding standards: A description of post-decoding processing
is also included for converting these NCL Y'CbCr sighals back to a linear light, 4:4:4 RGB represent

2 Normative references

steps
htion.

The following documents are referred to in the text in such a way that some or all of their cgntent

constitutes requirements of this document. For dated references, only the edition cited applie
undated references, the latest edition of the referenced document (including any amendments) ap

Rec. ITU-T H.264 | ISO/IEC 14496-10, Information technology — Coding of audio-visual objects — Pa
Advanced Video Coding

Rec. ITU-T H.265 | ISO/IEC 23008-2, Information technology — High efficiency coding and media de
in heterogeneous environments — Part 2: High efficiency video coding
3 Termsand definitions

For the€ purposes of this document, the terms and definitions given in Rec. ITU-T H.264 | ISO/IEC 14
10, Rec: ITU-T H.265 | ISO/IEC 23008-2 and the following apply.

5. For
plies.
rt 10:

livery

496-

ISO and [EC maintain terminological databases for use in standardization at the following address

es:

— IEC Electropedia: available at http://www.electropedia.org/

— ISO Online browsing platform: available at http://www.iso.org/obp

3.1
electro-optical transfer function
EOTF

function used in the post-decoding process to convert from a non-linear representation to a linear

representation

© ISO/IEC 2018 - All rights reserved
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3.2

full range

range in a fixed-point (integer) representation that spans the full range of values that could be
expressed with that bit depth, such that, for 10-bit signals, black corresponds to code value 0 and peak
white corresponds to code value 1023 for Y’

Note 1 to entry: As per the full range definition from Rec. ITU-R BT.2100.

3.3

inverse electro-optical transfer function

invense EOTF

functiion used in the pre-encoding process to convert from a linear representation to a non-lihear
reprgsentation, computed as the inverse of the EOTF (3.1)

Note | to entry: In this document, the pre-encoding process is assumed to operate on HDR/WCGvideo content
that Has been prepared for a hypothetical reference viewing environment as shown in Figure.lThe content
preparation step may contain processing such as applying an opto-optical transfer functien {OOTF) (3.6), in
whicH the HDR/WCG video is converted from one linear representation (corresponding to/the 'scene) to another
linear representation (corresponding to the display). The OOTF has the role of applying“a “rendering intent”. In
systeims where no such OOTF is applied in the content preparation step, the process @f ¢onverting from a linear
reprefentation (corresponding to the scene) to a non-linear representation is typically called the opto-electrical
transfr function (OETF) (3.5).

3.4
narrow range

rangg in a fixed-point (integer) representation that does not span-the full range (3.2) of values that could
be expressed with that bit depth such that, for 10 bit representations, the range from 64 (black) to 940
(pealf white) is used for Y’ and the range from 64 to 960 is used for Cb and Cr

Note ] to entry: As per the narrow range definition from RecgITU-R BT.2100.

» o«

Note 2 to entry: Narrow range is, in some applications, called by synonyms such as: “limited range”, “video range”,
“legallrange”, “SMPTE range” or “standard range”.

3.5
optoielectrical transfer function

OET

function that converts linear scene light into the video signal, typically within a camera

3.6

optojoptical transfer function

00T

functiion that maps relative scene linear light (typically the camera output signal) to display linear light
(typi¢ally, the signal driving a mastering monitor)

3.7

randpm access)point access unit

RAPAU

access unit in the bitstream containing an intra coded picture with the property that all pictures
following the intra coded picture in output order can be correctly decoded without using any

information preceding the random access pointaccess unit i the bitstream

3.8
transfer function
function that can be EOTF (3.1), inverse EOTF (3.3), OETF (3.5), inverse OETF, OOTF (3.6), or inverse OOTF

2 © ISO/IEC 2018 - All rights reserved
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4 Abbreviated terms

AVC advanced video coding (see Rec. ITU-T H.264 | ISO/IEC 14496-10)

CL constant luminance

EOTF electro-optical transfer function

HR finite-imptiserespoense

HD high definition

HDR high dynamic range

HEVC high efficiency video coding (see Rec. ITU-T H.265 | ISO/IEC 23008-2)
HRVE hypothetical reference viewing environment

HVS human visual system

LUT look-up table

MAD mean absolute difference

NCL non-constant luminance

PQ perceptual quantizer (as defined in SMPEE ST 2084 and Rec. ITU-R BT.2100)
QP quantization parameter

RAPAU random access point access unit

RGB colour system using red, greéeft, and blue components

SSE sum of squared errors

SDR standard dynamie range

SEI supplemental‘enhancement information

OETF opto-electrical transfer function

OOTF opté-optical transfer function

VUI video usability information

WCG wide colour gamut

XYZ The CIE 1931 colour space. Y corresponds to the luminance signal.
YChCr colour space representation commonly used for videa/image distribution asaway o

encoding RGB information, also commonly expressed as YCbCr, Y'CgCg, or Y'C'gC'r. The
relationship between Y'CbCr and RGB is dictated by certain signal parameters, such as

colour primaries, transfer characteristics, and matrix coefficients. Unlike the (constant
luminance) Y component in the XYZ representation, Y’ in this representation might not
be representing the same quantity. Y’ is commonly referred to as “luma”. Cb and Cr are

commonly referred to as “chroma”.

© ISO/IEC 2018 - All rights reserved 3
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5 Conventions

5.1 General

The mathematical operators used in this document are similar to those used in the C programming
language. However, the results of integer division and arithmetic shift operations are defined more
precisely and additional operations are defined, such as exponentiation and real-valued division.
Numbering and counting conventions generally begin from 0, e.g. “the first” is equivalent to the 0-th,

“the §

5.2

<>

=X

X%y

econd” is equivalent to the 1-th, etc.

Arithmetic operators

~

Addition
Subtraction (as a two-argument operator) or negation (as a unary prefix operator)
Multiplication, including matrix multiplication

Exponentiation. Denotes x to the power of y. In other contexts, sich’/notation is used for
superscripting not intended for interpretation as exponentiation:

Integer division with truncation of the result toward zerowFor example, 7/4 and (-7)/(-4)
are truncated to 1 and (-7)/4 and 7/(-4) are truncated te¢*-1.

Used to denote division in mathematical formulae'where no truncation or rounding is
intended.

Used to denote division in mathematical farmulae where no truncation or rounding is
intended.

The summation of f(i) with i taking all integer values from x up to and including y.

Modulus. Remainder of x divided by y, defined only for integers x and y withx = 0 and y > 0.

© ISO/IEC 2018 - All rights reserved
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5.3 Bit-wise operators

& Bit-wise “and”. When operating on integer arguments, operates on a two's complement
representation of the integer value. When operating on a binary argument that contains
fewer bits than another argument, the shorter argument is extended by adding more
significant bits equal to 0.

Bit-wise “or”. When operating on integer arguments, operates on a two's complement

Tepresentation of the INteger value. WHen operating on a binary argument that contgins
fewer bits than another argument, the shorter argument is extended by adding mo¥r8§
significant bits equal to 0.

" Bit-wise “exclusive or”. When operating on integer arguments, operates on"a two's cdm-
plement representation of the integer value. When operating on a binaryy-argument that
contains fewer bits than another argument, the shorter argument is @xtended by adding
more significant bits equal to 0.

X>>y Arithmetic right shift of a two's complement integer representation of x by y binary
digits. This function is defined only for non-negative integér yalues of y. Bits shifted nto
the MSBs as a result of the right shift have a value equal.tg.the MSB of x prior to the ghift
operation.

X <<y Arithmetic left shift of a two's complement integér representation of x by y binary digits.
This function is defined only for non-negative intéger values of y. Bits shifted into th¢
LSBs as a result of the left shift have a valueequal to 0.

5.4 Assignment operators

= Assignment operator

++ Increment, i.e. x+ + is equivalént to x = x + 1; when used in an array index, evaluates o the
value of the variable prior. to the increment operation.

- Decrement, i.e. x- - is\€quivalent to x = x — 1; when used in an array index, evaluates fo
the value of the varjable prior to the decrement operation.

+= Increment by amount given, i.e. x += 3 is equivalent to x = x + 3, and x += (=3) is equivfalent
tox=x+(£3).

-= Decreément by amount given, i.e. x -= 3 is equivalent to x = x - 3, and x —= (-3) is equiya-
lentto x =x - (-3).

5.5 Relational, logical, and other operators

== Equality operator

I= Not equal to operator

Ix Logical negation “not”

> Larger than operator

< Smaller than operator

> Larger than or equal to operator

IN

Smaller than or equal to operator

© ISO/IEC 2018 - All rights reserved 5
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&&

Conditional/logical “and” operator. Performs a logical “and” of its Boolean operators, but
only evaluates the second operand if necessary.

Conditional/logical “or” operator. Performs a logical “or” of its Boolean operators, but
only evaluates the second operand if necessary.

a?b:c Ternary conditional. If condition a is true, then the result is equal to b; otherwise the

5.6

result is equal to c.

]

Mathematical functions

x ; x20
Abs (x) =
-x ; x<0
[eil(x) the smallest integer greater than or equal to x
X Z<X
Clip3(x,y,2)3y Z>y
Z ; otherwise
Floor(x) the largest integer less than or equal to x.
EOTF-1(x) the inverse EOTF used to convert a linear'light representation to a non-linear light
representation.

X ; X<y

M V)=
aX(X Y) {y ; otherwise
X ; x>Max(y,z)
Max(x,y,z)=1y ; y>Max(x,z)
z

; otherwise

X ; 2. 4%

y ; otherwise

X ; x<Min(y,z)
Vlin(x,y,z)= y y<Min(x,Z)
yA

; otherwise

Round(x) =Sign(x)*Floor(Abs(x) +0.5)

1 ; x>0
Sign(x)=4 0 ; x=0
-1 ; x<0
EOTF(x) the EOTF used to convert a non-linear light representation x to a linear light rep-
resentation.

© ISO/IEC 2018 - All rights reserved
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5.7 Order of operations

When order of precedence in an expression is not indicated explicitly by use of parentheses, the
following rules apply:

— operations of a higher precedence are evaluated before any operation of a lower precedence;

— operations of the same precedence are evaluated sequentially from left to right.

Table T speciiies the precedence of operations from highest to lowest; a higher position 1 the|table
indicates a higher precedence.

NOTE For those operators that are also used in the C programming language, the order of precedenc¢ used
in this document is the same as used in the C programming language.

Table 1 — Operation precedence from highest (at top of table) to lowest (dt'‘bottom of tablle)

Operations (with operands x, y, and z)

« » o« ”

x++”, “x

» o«

“Ix”, “=x” (as a unary prefix operator)
“Xy”

W, %k 0 «

X

T . » o« « o« ”

xX*y, ) [y, x+y, = X%y
y

y
“x+y”,“x - y” (as a two-argumént operator), E f(i)”

i=x

» o«

"X<<y, X>>y"

"X < yn’ "X < yn' uX S yn‘ MX > yn

» o«

« ”
x==y", “x!l=y

MX & yu
uX | yn
uX && y»

“X | l yn
uX 9 y . Zu

“X..y”

» o« » o«

“X:y, X+=y", X_:yu

6 Overview
The HDR/WCG System described in this document consists of four major stages:

==\ 'a pre-encoding stage consisting of several pre-processing processes (Clause 7);

— an encoding stage (Clause 8);
— adecoding stage (Clause 9);
— apost-decoding stage, also consisting of several post-processing processes (Clause 10).

These four stages are applied sequentially, with the output of one stage being used as input to the next
stage according to the above-mentioned order (see Figure 1).

It is assumed that both the input to and the output of the HDR/WCG System are 4:4:4, linear light,
floating-point signals, in an RGB colour representation using the same colour primaries. The output
signal is targeted to resemble the input video signal as closely as possible. Other video formats can

© ISO/IEC 2018 - All rights reserved 7
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be used as input to the HDR/WCG System by first converting them to the above defined input signal
representation. The HDR/WCG System described in this document is, in practice, a system for both
HDR and WCG video since it is assumed that the input video is represented with colour primaries in
accordance with Rec. ITU-R BT.2020 and Rec. ITU-R BT.2100.

Two different models, the simple reference model and the enhanced reference model, are described in
this document for the pre-encoding and encoding processes. The simple reference model corresponds
to the reference configuration used in the MPEG call for evidence (CfE) on HDR and WCG18], while the

enha

ced. roforon/‘o maodel r‘nrracnnnr‘]c to-a-new reference {‘(\Y\‘FI{TIIY")"’II\Y\ Hn')f JAIQS r‘]nwn]nnnr‘] 1n ]\/IDF‘(‘
o r

folloy
Codirn
modg

The g
light,
toar

ying the CfE. Both of these models were tested in the JCT-VC verification test on HDR/WCG Vide6,
g using HEVC Main 10 Profilel[15]. For the decoding process and post-decoding processes, a single
| is described.

rimary purpose of the pre-encoding process is to convert the video input from its 4:4:4-RGB linear
floating-point signal representation to a signal that is suitable for a video encoder. Theconversion
on-linear representation is performed in an attempt to exploit the characteristics,of the human

visual system (HVS) that could allow the re-quantization of the signal at a limited precision.

NOTE
would
dynaf
HDR/
linear

Itis 4
expe
profi
appli
moti
asped
comp
HEV(
level

NOTE

to use,

docur
or vid|

The
const

apply
Thert

1  Forafixed-pointlinear HDR/WCG video representation, approximately a 28:bit integer representation

be required to avoid introducing visible quantization/banding errors due to\the 28 f-stop linear light
hic range (0.000 05 cd/m2 to 10 000 cd/m?2) that is spanned by the PQ EOTE.Jn practice, the input to the
WCG System will typically be in a non-linear representation that would either need to be first converted to
light data or be directly converted to a non-linear representation using.the PQ EOTF.

ssumed that encoding and decoding is performed in a 4:2:0, 10-bit representation. An encoder is
ted to make the best use of the encoding tools available@ccording to a particular specification,
e, and level, given also the characteristics of the content and the limitations of the intended
cation and implementation. In particular, different enceding algorithms, such as algorithms for
n estimation, mode decision, rate allocation, rate control, and post-filtering control among other
ts, may have to be considered when encodingdHDR/WCG material, in a given representation,
ared to SDR material. The decoding process, on the other hand, is fully specified in the respective
and AVC video coding standards, and a decgder should fully comply to the intended profile and
fo properly decode and output the reconstiucted video samples from a given input bitstream.

2 The focus of this document is on/consumer and direct-to-home applications, which are expected
at least in the near term future, a4:2:0 10-bit format. Processes similar to the ones described in this
hent can be used for conversion and dompression of other formats, such as 4:2:2 and 4:4:4 chroma formats
eo with a bit depth higher than0 bits.

gteps in the post-decoding process are aligned with what is commonly referred to as the non-

ant luminance representation (NCL) in which colour conversion, to R'G'B’, is performed prior to
ing the EOTF to preduce linear RGB sample values.

e is no specific.or minimum bit depth required for performing the operations described in the pre-

encodling process{@and the post-encoding process. Using the precision associated with 64 bit floating-

point]
point]
since
the o

operationswill give high accuracy, but it is also possible to use fixed-point arithmetic or floating-
operatiens with precision lower than 64 bits. It is recommended to avoid using too low precision
it cotld potentially lead to loss of precision in the output video. The input to the encoding step and
tput of the decoding step are, however, 10-bit integer representations.

7 Pre-encoding process

7.1

General

The pre-encoding process described in this document includes the following components:

a) a

conversion component from a linear data representation to a non-linear data representation

using the appropriate EOTF;
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b) a colour format conversion component that converts data to the non-constant luminance Y
representation;

'CbCr

c) aconversion component that converts a floating-point to a fixed-point representation (e.g. 10 bits);

d) achroma down-conversion component that converts data from 4:4:4 to 4:2:0.

NOTE Picture resolution scaling may also be a vital component of the pre-encoding process; for example,

if the target system requires a particular image resolution be delivered to the decoder. It may be desirab

le, for

EXanple, to rescale a source from a 1 920 X 1 080 t0 a 3 840 X 2 160 resolution, or Vice versa. such scaling
included in the scope of this document.

Figure 2 presents a diagram of how these components are combined in the simple reference mo

generate the desirable outcome, in a conventional manner. In this model, all blocks work independ‘ﬁntly,

whereas chroma subsampling is performed using fixed-point arithmetic and at thecsa@me precisi
the target outcome.

Inverse Colour S Chroma
— > : > . > -
RGB fesion [FG® conversion [y'ChCr Quant. 56, Su]i)- Y'CbCr
4:4:4 4:4:4 4:4:4 4:4:4 Sampling | 4.9
Floating point Floating point Floating point Fixed’point Fixed poij
(10 bit) (10 bit)

Figure 2 — Conventional pre-encodingprocess system diagram

Although this combination could be the most apprepriate for some implementations, it has sg
limitations that can affect both its performance and implementation complexity. In this clause, th
encoding process components are first introduced in more detail and then the alternative configur
corresponding to the enhanced reference model is presented in 7.3. Recommendations on how tc
utilize some of the conversion componentszare also presented.

7.2 Pre-encoding process stages

7.2.1 Conversion from a linear to a non-linear light representation: RGB to R'G'B’

Conversion from a linearto a non-linear light representation is performed using an inverse EO
as is commonly referred-to in other specifications, an opto-electrical transfer function (OETF). I
document, the PQ EQTF defined in SMPTE ST 2084 and Rec. ITU-R BT.2100 is used.

More specifically, the non-linear light representation V of a linear light intensity signal Lo, which
values normalized to the range [0, 1], can be computed as Formula (1):

n m
*
C1 +C2 LO

V=EOTF ! (L,.)=
(L) 1+cy L0

is not

el to

n as

—t

veral
b pre-
ation

best

I'F or
h this

takes

M)

where ¢4, c2, c3, m, and n are constants, which are defined as given in Formulae (2) to (6):

c1=c3-c2+1=3424+4096=0.8359375
c2=2413+128=18.8515625
c3=299 +16=18.6875

m=2523+32=78.84375
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n=1305+8192=0.159 3017578125 (6)

The peak value of 1 for L, is ordinarily intended to correspond to an intensity level of 10 000 candelas
per square metre (cd/m2), while the value of 0 for L, is ordinarily intended to correspond to an intensity
level of 0 cd/m2. The behaviour of the inverse PQ EOTF in relationship to the Rec. ITU-R BT.709 OETF
and the inverse of the Rec. ITU-R BT.1886 EOTF is shown in Figure 3.

NOTE A direct comparison of the inverse of the PQ EOTF with the Rec. ITU-R BT.709 OETF might not be

appropriate since Rec. ['TU-R BT.709 may assume the use of an OOTF during decoding.
Linear to non-linear data conversion
1 T T T T T T T T
0,9 .
0,8 d
— 07+ i
©
=]
20
§ 0,6 a
S
>
=1
S 05 y j
5 ‘
(]
£
- 04 X 7
=
o
z .
0,3 N 1
02 N 7
0,1 i
% o1 ;702 03 04 05 06 07 08 09 1
Normalized linear light data
Figure 3 — InverSe of the PQ EOTF (top curve), inverse of the Rec. ITU-R BT.1886 EOTF (middle
curve), and the Rec. ITU-R BT.709 OETF (bottom curve)
This procéss*is applied to all R, G, and B linear light samples, where each component is a number
betwgen 0.0 (representing no light) and 1.0 (representing 10 000 cd/m?2). This results in their non-
lineakt r*nnnfnrparfc D” f"’ and B’ ag givnn inEormulae (7) ta @-

R’=EOTF* (R) (7)

G’=EOTF ! (G) (8)
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B'=EOTF ' (B) 9)

The resulting values for R’, G/, and B’ are numbers between 0.0 and 1.0. Although it is, in general,
recommended to perform this conversion process using Formula (1) directly, this, however, may
not be possible in some implementations given the complexity of the computation. Instead, look-up
tables (LUT) may be preferred. Due to the characteristics of the conversion and the desire to achieve
high precision for both low/dark and high values, it is highly recommended that, in such scenario, a

achieve relatively high accuracy/minimum approximation error for the conversion, while achi
considerable memory savings.

7.2.2 Colour representation conversion: R'G'B’ to non-constant luminance Y'CbCr

Conversion from the R'G'B’ to the non-constant luminance Y'CbCr represeatation is comrponly
performed using a 3 x 3 matrix conversion process of the form given in Formula (10):

Y| |[wyr Wy wyp | |R R’
Cb|=|wepr Webe Webs |*| G [=W*| G (10)
Cr] |wer Werg Wers | LB B’

where wyR, wyg, WyB, WCbR, WCbG, WCbB, WCbhR, WCbG, and Wepp are constants. The values for wyr| wyg,
and wysp, are set to exactly the same values used to convert R, G, and B data to the CIE 1931 Y (luminfance)
signal. For Rec. ITU-R BT.2100 colour primaries, these are defined as given in Formulae (11) to (13):

wyg = 0.262 7 (11)
wyg = 0.678 0 (12)
wyg = 0.059 3 (13)

The resulting value for Y’ wilkbe between 0.0 and 1.0. The values of the constants wcpr, WebhG, WebB,
WcrR, WerG, and wepp are computed in a manner that the resulting Cb and Cr components are always
within the [-0.5, 0.5] range. This results in the following values given in Formulae (14) to (19):

WYR
w =—————=-0.139630 063 14
CbR 2*(1"‘WYB) (14)
Wyg
w ==———=—=-0.360639 937 15
CbG 2*(1_WYB) (15)
WhB =0.5 (16)
w =0.0
CrR 17)
WYG
Wepoq =——————=-0.459 785 705 18
CrG 2*(1—WYR) ( )

© ISO/IEC 2018 - All rights reserved 11
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W =_*W¢=—0.040 214 295 (19)
2*(1-wyg)

An alternative method to perform the same conversion process is presented in Rec. ITU-R BT.2020
and Rec. ITU-R BT.2100, where the chroma components are computed after the conversion of the luma
component according to Formula (10) as given in Formulae (20) and (21):

h— B-Y 20)
alpha
R’ -Y’
Qr= 21
beta 1)

with plpha = 2* (1 - wyg) and beta = 2* (1 - wyR).
This ¢an be seen as equivalent to the matrix presented in Formula (10).

The ipiverse process, i.e. converting Y’, Cb, and Cr data back to R’, G/, and B’ data, is‘described in 10.4.

7.2.3] Chroma down-conversion

Converting the HDR/WCG video data from a 4:4:4 representation to a4:2:0 representation nominally
involyes filtering and down-converting/subsampling the two chromaplanes in both the horizontal and
verti¢al directions. It is, though, possible to apply more complex chiroma down-conversion methods that
presdrve edges and thus reduce the impact of interpolated coléuy values that did not exist in the local
neighborhood of a pixel in the original 4:4:4 representation. Itis also a requirement, according to both
Rec..l'-‘l“U-R BT.2020 and Rec. ITU-R BT.2100, that the resultihg chroma samples are co-sited with those
of lumna at even horizontal and vertical positions (see Figure 4) where the first sample and line are
counted starting from zero.

12 © ISO/IEC 2018 - All rights reserved
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Figure 4 — Chroma and luma sample location relationship

It is anticipated that a considerable ‘amount of consumer electronics conversion systems woulfd use
2-D separable finite impulse response (FIR) linear filters for low-pass filtering the chroma data Hefore
subsampling (2:1 decimation step). Such filters would basically be of the form given in Formula (2p):

N
y[n]: z b; *X[n+i:| (22)
i=—N

where
x[n] is the input chroma signal;
y[a] is the filtered output chroma signal;

(2*N) is the filter order;

{2 N1 Tsthemumberof tapsof the fitter;
b; is the coefficient of the filter at position i.

It has been observed that, especially due to the nonlinear characteristics of the PQ EOTF and its effect
on quantization, special caution needs to be exercised when selecting the filter coefficients of such
a resampling filter, in order to mitigate chroma “leakage” as defined in Reference [11]. Conventional
filters, such as linear filters, that are commonly used for down-conversion of SDR chroma signals may
potentially result in visual artefacts when applied to HDR/WCG signals. This document, however, only
considers two short-tap-length linear FIR filters, which have been used in experiments for development

© ISO/IEC 2018 - All rights reserved 13
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of this report. Such filters can be utilized for both vertical and horizontal filtering of the chroma
samples. Both simple reference and enhanced reference models use filter fy given in Table 2.

The ¢
atten

artef

Key

The u
in 10,

7.2.4

Table 2 — Suggested filters for chroma down-sampling

Filter coefficients
Filter
b-1 bo b1
fo
f1 + + +

Yoo

haracteristics (magnitude and phase) of these filters are shown in Figure 5. Filter f1 has a stronger
pation that is equal to -6 dB at 0.5 1 rad/s, whereas filter fo could potentially cause some alidsing
icts due to having a significant amount of energy remaining in its stop-band.

-10+

-12f

14}

-16 1

-18}+

-20

T
I
~_
!
|
I

filter 0

filter 1 4
— = half band

7N \—

hagnitude (dB)

3.

ormalized frequency (xm radians/sample)

0,9

Figure 5 — Frequency response of filters fo and f1 for chroma down-sampling

p-conversieli.process, i.e. from a 4:2:0 representation back to a 4:4:4 representation, is discussed

Floating-point to fixed-point (narrow range) 10 bit conversion

A key component of the pre-encoding process is the conversion from a floating-point representation to
a fixed-point, narrow range, 10-bit representation. This process is essentially a quantization step that

14
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would introduce some distortion. In general, the conversion process can be expressed as Formulae (23)

and (24):

D= ClipS[O,Zb —1,Round (E’#scale + offset)} (23)

or equivalently:

D= Clin3[0.(1 <<b)—1,Round(E’*scale+ offset\] (24)

where

E’ is the floating-point representation of a particular component;
D’ is the resulting quantized value using b bits

In this document, b =10. The scale and offset constants depend on the targetyange (narrow versys full
range video) and the component type (luma, chroma, or colour primary components). More specifjcally,
for the narrow range NCL representation, the scale and offset for the,luma component are det as
Formulae (25) to (27):

scale=219+2""% =219+ 1<<(b-8)] (25)
offset =2°7* =1<<(b—4) (26)
DY'=Clip3(0,(1<<b)~1,Round{Y'+219+[ 1 <&(b-8) |+1<<(b-4)}) 27)

On the other hand, the fixed-point narrow rahge representation for the two chroma components dan be
computed as Formulae (28) and (29):

scale=224+2""" =224x[1<<(p=8) | (28)
offset =271 =1<<(b-1) (29)

and Formulae (30) and (31):

DCb=Clip3(0;(T << b)1,Round{Cb*224[1<< (b-8)]+1<<(b-1)}) (30)
DCr =Clip3(0,(1<<b)~1,Round{Cr=224+[ 1<<(b-8) |+ 1<<(b-1)}) (31)
NOTE For a 10 bit narrow range representation, DY’ results in a value within the range of [64, 940]. Sinfilarly,

DCb and DCr result in values within the range of [64, 960].

Figure 6 presents the mapping of non-normalized, gray (R=G=B) linear light values to a non-
linear representation according to certain transfer functions; HDR (PQ) and SDR (gamma 2.4 for
Rec. ITU-R BT.709/Rec. ITU-R BT.2020, assuming the use of the Rec. ITU-R BT.1886 EOTF during
display) specifications.
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Figure 6 — Mapping of “gray” linear light values to quantized 8 (SDR only) and 10 bit (SDR and

The i

HDR) values

lnverse conversion process, i.e. converting from-a fixed-point representation back to a floating-

pointlrepresentation, is discussed in detail in 10.2:

7.3

7.3.1

As m
down

This

Closed loop pre-encoding conversion — Luma adjustment

General

entioned in 7.2.3, chroma léakage can occur in the NCL representation, primarily due to chroma
-sampling, potentially pesulting in objectionable artefacts.

subclause presents ‘an alternative conversion method, which can considerably alleviate this

problem. This method-is.called the luma adjustment method and it is basically a closed loop conversion

procsg
up-sg
of su
enha

ss where thejimpact of chroma down-sampling, quantization, inverse quantization, and
mpling, is_decounted for during the luma conversion process. An example schematic diagram
th a systeny(is presented in Figure 7. An iterative luma adjustment method, which is used in the
ced reference model, is presented in 7.3.2. A closed form approach is presented in 7.3.3 that

requiresne@’iterations and is considerably faster than the iterative method.

16
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RGB _ gg/r(lasrfs; R'G'B’| Colour |CbCr,| Chroma |CbCr, Sub-  |CbCr _
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Figure 7 — Example schematic diagram of a closed loop pre-encoding conversion system

7.3.2 Luma adjustment — Iterative approach

7.3.2.1 General

7.2.2 and Formula (10) presented a conversion process from R'G'B4to the Y'CbCr NCL representption.
Given this process, the Cb and Cr components can be computed as-Formulae (32) and (33):

Cb=wcpr *R +wepg *G'+wepp *B (32)
CI‘ = WCrR * R,+ WCI‘G * G,+ WCI'B * B, (33)

Converting these two components to their target resolution, i.e. using the steps described in|7.2.3,
followed by conversion back to the original ,representation resolution, as presented in 10.3, prgvides
the opportunity to analyse the error introduced into the signal and potentially compensate for it.|More
specifically, performing quantization, down-scaling (QD), and subsequently up-scaling and irI/erse

quantization (IQU) onto these compotients would result into the reconstructed Cb and Cr compo
which are defined as given in Formiulae (34) and (35):

ﬁ)zIQU[QD(Cb)] (34)

ents,
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Cr=IQuU[QD(Cr)] (35)

Luminance (Y), unlike luma (Y'), is computed given the linear R, G, and B component values using a
formulation of the form given in Formula (36):

Since[R = EOTF (R"), this can be rewritten as Formula (37):

=<

=wyg *EOTF(R’)+wyg *EOTF(G’)+wyg *EOTF(B’) (37)

Howagver, since the reconstructed Cb and Cr values will likely differ from the original Cb an@-Cr values,

the r¢constructed li',(~}’, and B’ values will also differ from the original R, G/, and B’ valaés: Therefore,
the r¢constructed luminance Yyec, Wwhich is equal to Formula (38):

=~

e =Wyg *EOTF(R’)+wyg *EOTF (G| +wyg *EOTF(B) (38)

will glso differ from the original luminance Y. Using Formula (73), it can be computed as Formula (39):

Yrec =Wyg *EOTF(Y'+agc, *Cr)+wyg *EOTF(Y'+aggy, * Cb+ageysCr)+
— (39)
wyg *EOTF(Y'+agc, *Cb)
Chroma component dependent factors can then be defined as'Formulae (40) to (43):
Qrfactor =apc, * Cr (40)
Gfactor =agcy >!<(All/)+aGCr 5Cr (41)
Qbfactor =agy, *Cb (42)
resulfing in Formula (43) for Yreg:
Yec =WyR *EOTF(Y’+Crfactor)+wyg *EOTF(Y’+Gfactor ) +wyg *EOTF(Y’+Cbfactor) (43)

The intent of the lunfa,adjustment method is to try and locate the value of Y’ that would minimize
distortion for Yyee-6ompared to the original luminance value Y. Unfortunately, due to the non-linear
chardcteristics ef the EOTF, solving for Y’ given Y and the values of Crfactor, Gfactor, and Cbfactor is not
a strdightforward process. However, root-finding numerical methods, such as the bisection method, can
be used instead. The performance, and more specifically the convergence speed and accuracy of these
methpds{.i§ considerably impacted by the selection of the initial interval as well as the computations
perforhred during the search.

NOTE Alternative methods that try to approximate the impact on Y or methods that evaluate the impact on
other components have also been suggested and have remained under study.

The target of the luma adjustment process is to minimize luminance distortion, which can be realized
through the following ordered steps.

a) Calculate the luminance value Y from the original R, G, and B, e.g. using Formula (36). This will be
referred to as the Yiarget value.

b) Convertthe R, G, and B data to their R, G, and B’ representation.
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c) Given the R, G/, and B’ planes generate the Cb and Cr chroma planes.

d) Down-scale and quantize the chroma planes to their target representation.

e) De-quantize and up-convert the chroma planes back to their original representation, i.e. Cb and Cr

f) Calculate Crfactor, Gfactor, and Cbfactor from Cb and Cr.

ieY
signal, i.e. in this case minimum luminance distortion. The value of Y’

adjust » that would potentially result in a minimum distortion for a particular aspecy

adjust At each luma position

would be the value used for the encoding of the luma signal. In particular, Y’ 4, \Would He the

solution to Formula (44):
Y

arget =Wy *EOTF (Y5 +Crfactor )+ wyg #EOTF (Y’ gy, +Gfactor )+

adjust adjust

(44)

wyp *EOTF(Y’ 45, +Cbfactor)

7.3.2.2 Bisection search

The bisection search method is an iterative technique that is commonly used to derive the roots|of an
equation of the form f(x) = 0. The function f(x) is assumed to be centinuous, and defined over an inferval
[a, b], where f(a) and f(b) need to have opposite signs. In this application, it is desirable to have a upique
solution. For this to be guaranteed, the behaviour of f(x)-within this interval needs to also be strictly
monotonic (i.e. consistently increasing or decreasing);)At each iteration of the search, the interfval is

(a+Db)
2

computed at this point. Depending on the valGe of f(c) and its relationship with f(a) and f(b), 4 new
smaller interval is defined that satisfies the dpposite sign condition. This search is repeated until & root
is found, the interval is sufficiently small; or if a certain maximum number of iterations has|been
achieved.

divided by two, i.e. it is divided at the midpointsc= . Then, the value of the function f(c) is

This method can be used to find the- Y’ 4, value for luma, as discussed in the previous clause, |n the
following way:

Let x be the value that represents the quantized representation of the luma component, as defirfed in
7.2.1. Furthermore, let (g(x) be the de-quantization function [Formula (72)], that maps the valug of x
back to its original représentation and essentially a value between [0, 1]. Then, the narrow range, 10-bit
representation canbe computed as Formula (45):

g(x):(x—64.0)+876.0 (45)

Now, letf(x) be the function, as given in Formula (46):

f(x)=wyg *EOTF [g(x) + Crfactor] +Wyg * EOTF[g(X) +Gfactor] +
(46)

WvE *EUTF[g(x)+bed(.wr]—'{target
The initial interval can be set as the entire range, i.e. [a, b] = [64, 940]. Given the characteristics of the
PQ EOTF it is expected that f(a) < 0 and f(b) = 0, which satisfy the bisection conditions for a unique

+b)

adjusted accordingly. If, for example, f(502) >0 then the interval will be adjusted to [64, 502]. The next

64+502
evaluation point will then be the middle point of this new interval, i.e. the point at x= g =283.

solution. The value of f(x) at position x can be computed as x = =502 and the interval can then be

At this point, if now f(283) < 0 then the interval will be adjusted to [283, 502]. The process can continue
until either a value is found that satisfies f(x) = 0, or when the interval is of the form [k, k+1], e.g. [343,
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344].

In this case, both values can be evaluated and the one resulting in the smallest distortion for Y or

EOTF-1 (Y) can be used.

A critical component of this method is the selection of the initial interval. The brute force approach is to
use the entire valid range as the initial range, for example, for the 10-bit narrow representation the range
of [64, 940] as in the previous example. This, though, may require, in the worst-case, a number of
iterations equal to the target bit depth of the content to reach an interval of size one. However, using
information about the original colour and the chroma values Cb* and Cr”*, upper and lower bounds can be
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=

jon)

jos]

Y w
proof
uses
tighte
desct]
comp

origimal colour components R’, G, and B’ for the cointputation of Y’

in Fo

fortirevatueof Y 5, greatly reducing tie size of the fnitat tervat: Thifs carrcomsiderably Teduce

rerage number of iterations and thus have a direct impact on the number of computations performed
he overall complexity of the process as described in Reference [19]. Three such bounds)ate
rably used. The firstis described in Reference [12] and uses the definitions in Formulae (47) te {49):
pound = EOTF ™ (Y ger ) —Crfactor (47)
hound = EOTF ™! (Yypger ) —Gfactor (48)
vound = EOTF ™ (Ytarget ) —Cbfactor (49)

Il always be in the interval [Min(R’bound,G'bound,B’bound),Max(R’bound,G’bound,B’bound)]. The

for this is out of the scope of this document, but is presented.in Reference [12]. The second bound
the fact that all three variables R’y .4 /G bound» @Nd B sung’ are smaller than 1, which leads to a

br upper bound, i.e. Y <EOTF™! (Y

target). This makes use of the fact that the EOTF is convex as
ibed in Reference [12]. The third bound relies on the fact that all three of the reconstructed colour
onents R,G, and B cannot simultaneously bexsmaller (or all simultaneously larger) than the

adjust - BY using the definitions given

Y

<

It can

[

By co

'mulae (50) to (52):

(::B =R’+Crfactor (50)
(’; =G’+Gfactor (51)
- =B+ Cbfactor (52)
be shown that¥* ;. should be in the interval Formula (53):

Y Y ] =[Min(Y(;~b Yo, Y- ),Max(YéB Yo, Y- )} (53)
mbining all three bounds together, the minimum and maximum bounds for Y’ can be computed as

Formiuta(54):

Ylow_bound = MaX(Min(Rbound 'Gbound 'Bbound )'Ymin ) (54')
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. _1 ’ . 4 ’ ’
, MIH[EOTF (Ytarget )'Ymax i| ; if MaX(Rbound 'Gbound ’Bbound ) <1
Yhigh_bound = , , , , (55)
Min[Max(Rbound »Ghound »Bbound ),YmaX } ; otherwise

Finally, the initial interval [a, b] for x is calculated as a:Floor[g_1 (Yl,ow_bound)} and

b= Ceil[g_1 (Y;ﬁgh bound ﬂ where g-1(x) is the inverse of Formula (45).

L \ J

a) Originals in 4:4:4 b) Traditional subsampling c) Luma adjustment
based subsampling

Figure 8 — Tone-mapped examples showing improvements of the luma adjustment method

Figure 8 shows an(eéxample of what the difference can be when performing traditional subsampling,
according to the.simple reference model as described in 7.2.3 and using the luma component unchdnged
[Figure 8 b)] compared to the luma adjustment method that is described in this clause [Figure 8 c|] and
is used inthe/enhanced reference model. These images were processed using the Rec. ITU-R B[[.709
colour primaries to more easily demonstrate the differences. Since the printed medium cinnot
reproduge HDR images, tone-mapped versions are calculated using Formula (56):

1
Rene =c1m3[0.255.255*(Rm *26)7} (56)
where
y =22

¢ isanexposure parameter set to make the SDR image look similar to the HDR image.

The artefacts are clearly more visible in the simple reference model subsampling case compared to
when using the enhanced reference model method.
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7.3.3 Luma adjustment — Closed form solution

The bisection search method described in the previous clause, has a worst-case complexity for a 10 bit
data representation of ten iterations. This might be a problem for certain real-time applications, and in
particular for hardware implementations. Quite often, hardware systems are designed by taking into
account the worst-case scenario and by assuming that the same number of processing steps is required
for each block or sample. Even though the complexity of the bisection method could be further bounded
by limiting the maximum number of iterations, it may be beneficial for such applications to use a closed-

form aluticonthatic ahla o dotariaiinn o At abn Do vyalin 1 2 cingla ctan
SOttt ohtratiSapreto-aeter e aappropriatertavYarude-Ha-SHge-5tep-

A cloped-form solution can be found as follows. First, down-sampled chroma samples are obtained:
Then| chroma is up-sampled to the original (luma) resolution by applying a chosen up-sampling filter.
Thenf for every pixel, the algorithm estimates a luma value Y4, that, in combination with the up-
samplled Cb and Cb values, will result in a reconstructed RGB pixel with colour componenPvalues of

{f{,(} l§} It is highly desirable that RGB is as close as possible to the original linear dight RGB value
accor{ding to a chosen distance metric. The difference between the two RGB yalues is denoted as

Formjula (57):

i :Diff(RGB,ﬁE;Ts) (57)

Depending on the chosen distance metric Diff(x), different closed-férm solutions to the optimization
problem can be obtained. In the following, a solution based on the weighted sum of the differences of
linear R, G, and B data is described.

In particular, the square of the sum of the weighted differences between the individual R, G, and B
components can be computed as Formula (58):

(-]

[y #(R-R) g #(6-6) v wy =(B-8)] (58)

This s also equivalent to Formula (59):

)

={WR *[EOTF(f{') —EOTF(R’)] Wy *[EOTF((}') —EOTF(G’)}+ W, >u<[EOTF(]%’)—EOTF(B’)]}2 (59)

wherp EOTF(x) is the PQ EOTF. {ffweights wg, wg, and wp are set equal to the contribution of the linear R,
G, andl B components to the laminance component, this cost function would be minimizing the squared
differjence between the luminance values.

NOTE/1 Itis also possible to use other error functions, such as the sum of the R, G, and B component squared
error$, which can resultin different solutions.

Findihg a closedsform solution for Y’ may be difficult because of the non-trivial form of the PQ EOTF.
In ordler to @btdin a closed form solution, the EOTF(x) is approximated with a first-degree polynomial
using the truhcated Taylor series expansion given in Formula (60):

HORE(x +é)~Eﬂ’T‘E‘(v VL EQOTE (v ) A (60)
T T T e T ox e

where EOTF'(x;) is the value of the derivative of EOTF(x) with respect to x at point x; and Ay is the
change in the value of x. Substituting Formula (60) into Formula (59), the cost function is approximated
as Formula (61):

D=[wg *EOTF'(R")*Ag +wg *EOTF/(G')* A +wyg *EOTF’(B’)*AB]Z (61)

Colour component values li’,é’, and ]§’ in the EOTF domain can be obtained from Y/, EB, and Cr data
using the inverse colour transformation described in 10.4 using Formula (73).
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Substituting Formula (73) into Formula (61), results in Formula (62):

—~ —~ - 2
Wy *EOTF’(R’)*[aRY *Y gjust +arep *Cb+age, #Cr—(apy * Y +dpe, *Cb+ape, #Cr) [+

D={ wg *EOTF/(G')*| agy *Y’sqjust +agc *CD+age, *Cr—(agy *Y'+agey *Cb+agg, *Cr) |+

wp *EOTF’(B’)*[aBY *Y’ L diust T Bcp *(’IB+aBCr *CNr—(aBY *Y’+ape, *Cb+ape, *Cr)_

(62)

Sorting the expressions inside the brackets and substituting with their numerical values
coefficients in matrix A from Formula (73) that are equal to 0 and 1 results in Formula (63):

D=[ Wy *EOTF'(R')#(Y’ et — € )+ W *EOTF’(G')#(Y” 00 — € )+ W *EOTF (B)) (Y il ey )]2

where eR, eg, and eg are defined as Formulae (64) to (66):

er :Y’—(a"—Cr)*aRCr
eg :Y'—((/ZB—Cb)*aGCb —(évr—Cr)*aGCr
ey =Y'—(a)—Cb)*aBCb

Then, in order to find the local minimum, D is differentiated with respect to Y’,4;,¢: (er, €g, and
not depend onY’ 4, ), the derivative is set equalto zero, and the resulting formula is solved
respect to Y. The value of Y' is then equal to Formula (67):

_ wg *EOTF'(R")*eg +w *EOTEY(G’) *e +wy *EOTF'(B) *ey

Y st =
adjust wy *EOTF’(R’)+wgAEOTF’(G’)+wy *EOTF’(B’)

Applying Formulae (64), (65), (66J4and (67), one can obtain the adjusted value of Y’ in a single
This approach can be adopted-by’applications that would benefit from or require lower comp
and a fixed number of operatiohs per luma sample. Experimental results suggest that the algo
described above can achieve a considerable complexity reduction, while at the same time having
a small difference in tepms of objective metric performance compared to the bisection search mg
In a particular referén¢e implementation, a speedup factor of around 2.5 times for the total ¢
conversion runtimé“compared to the bisection search method was reported in Reference [18]

those

(63)

(64)

(65)

(66)

ep do
with

(67)

step.
exity
fithm
only
thod.
olour
. The

differences in the-objective measurements are mostly due to the approximation of the EOTF with its

tangent. Subjeetive performance appears to be similar to that of the bisection search method.

The derivative EOTF'(x) in Formula (67) can be computed using a formula obtained by the different
of the €EQTF or by the definition of a derivative, i.e. by dividing the change in the function val
the increment of the function argument. Alternatively, the derivative values can be pre-compute
stored in a LUT.

ation
e by
H and

X - 1 1. +1 L N 1 A 1 1 1 1 1 . 1 .
AS HITHUUIICU C©A4TIICT, LT WCIgHLS WR, W(;, dlIU Wi Ldll DT LIIUSTIL DdSCU UIT LHE UCSITTU pPITUIsST

n or

importance of each component. For example, they can be set equal to 1 or based on the contribution of

each colour component to the luminance CIE 1931 Y component.

The above algorithm can be summarized as follows.

a) Convert the original R, G, and B data to their R’, G/, and B’ representation, if needed.
b) Given the R’, G, and B’ planes generate the Cb and Cr chroma planes.

c) Down-scale chroma planes to 4:2:0 or 4:2:2 representation and quantize the samples.
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d) De-quantize and up-convert the chroma back to their original resolution to obtain Cb and Cr.

e) For each luma sample, calculate eg, eg, and eg based on Formulae (64), (65), and (66), respectively.

f) Calculate Y’, 4, based on Formula (67).

NOTE 2  The formulae described above do not take into account the effects of clipping of the R, G, and B data,
within the range of 0 cd/m2 to 10 000 cd/m2 when applylng the colour transformation from Y'CbCr to RGB. This

close fo their upper limit of 10 000 cd/m2 This clipping effect can be mltlgated by modifying Formula (67) when
one of more of the R, G, and B samples are clipped at 10 000 cd/mZ2. The details of such a modificationCare
considlered as being out of the scope of this document. It can be argued that this effect would not be significantfor
most pf the currently available HDR/WCG content given that, due to limitations of existing displays, HDR/WCG
content are rarely mastered with a peak luminance value close to 10 000 cd/m2. Therefore, the resylts obtained
with this solution are likely difficult to distinguish from the results generated using the bisection search.

NOTE/3  Several other methods for performing the luma adjustment process using a closedform process, such
as mefhods involving look-up tables, have also been suggested.

8 Encoding process

8.1 [General

After| pre-processing, the data is ready for compression. ThelHDR/WCG data coming out of the
pre-processing step will exhibit slightly different characteristics than typical, standard dynamic
rangg¢ (SDR) data. This means that it can be possible to incréase perceptual/subjective quality if the
encoder is configured in a slightly different manner compared to when compressing SDR data. This
clausp presents two such differences in data characteristics and gives guidance on how an encoder can
be copfigured to better exploit these differences.

8.2 [Perceptual luma quantization

8.2.1 General

When processing SDR data, a power law/transfer function such as the one described in Rec. ITU-R BT.709
is tygically used. As is described above, the HDR/WCG data has instead undergone processing using the
PQ transfer function defined inlSMPTE ST 2084 and Rec. ITU-R BT.2100. This will in itself give a different
chardcteristic of the processédjdata. One way to see this is to pre-process the same SDR data using both
the Rec. ITU-R BT.709 transfer function and the PQ transfer function. For a 10-bit representation, if the
origipal data has a peakrightness of 100 cd/m?2, the luma component will occupy all code levels from
64 t0]940 if the Rec-ITU-R BT.709 transfer function is used. However, only code levels from 64 to 509
will Be used in the)case of the PQ transfer function. Since the step sizes are different in the two cases,
a perfurbation 6f+/- 1 code level around code level 509 (100 cd/m2) in the PQ case will be equivalent
of rogighly +/=.4 code levels around code level 940 (also 100 cd/m?2) in the Rec. ITU-R BT.709 case. At
the shme time, a perturbation of +/- 1 code level around code level 80 (0.01 cd/m?2) in the PQ case
will e roughly equivalent to a perturbation of +/- 1 code level around code level 80 (0.01 cd/m2) in
the ZTU-R BT. . Thus, if an en I is wir Ir n error of on level th

way regardless if it is at level 80 or 509, such an encoder will allow errors that are four times larger
in the bright areas (at around 100 cd/m?2) if it uses the PQ transfer function compared to the use of
Rec. ITU-R BT.709. In other words, by switching from a Rec. ITU-R BT.709 transfer function to PQ, a lot
of bits will be redistributed from the bright areas of the image to the dark areas.

Thus, if an encoder with a certain setting has achieved a good balance between bright and dark areas
for the Rec. ITU-R BT.709 transfer function, using the encoder with the same settings for PQ can
produce images in which bright and dark areas are allocated too few and too many bits, respectively.
This may result in more objectionable compression artefacts in the bright areas, while no perceivable
improvement may be observed in the dark areas. For HDR/WCG data, this effect can be even more
pronounced; the luminance increase from a code level increase is even higher at, for example, 4 000 cd/

24 © ISO/IEC 2018 - All rights reserved



https://standardsiso.com/api/?name=4a3a7c5882d68409b18a9207f24c9b1e

ISO/IEC TR 23008-14:2018(E)

m? than it is at 100 cd/m2. Furthermore, it might be the case that the HDR/WCG content contains
considerable amounts of noise in the dark areas, which can have a further impact on performance.

One way to ameliorate this effect is for the encoder to calculate the average luma value in a block and,
using this value, adaptively adjust the block’s quantization (QP) parameter. In particular, an encoder
may increase or decrease the QP for the block if it is classified as a dark or a bright block, respectively. In
this way, it can be possible to shift bits back from dark regions to bright regions and potentially achieve
aresult that can be perceptually more pleasing.

Shifting bits from dark to bright areas works in the opposite direction of the inverse EOTF,-yvhich
assigns more code levels to dark values. However, the inverse EOTF is based on the best-casesensifivity
for the human visual system. For instance, if all colours in a picture are dark, it predictswell how a
small perturbation can be detected. However, if some colours are dark and others bright, itis harder for
the visual system to detect perturbations in the dark areas and hence it is reasonableste move bits from
dark to bright areas.

NOTE In the development of this technique, only the local luma characteristics ,Were analysed, wjthout
trying to adapt performance based on regional or global brightness characteristics, among other potential
considerations. Other aspects, such as the noise present in some of the material, can have also impacted doding
performance and affected the design of the scheme. Further study may result in a revision of the des¢ribed
methods if additional evidence on the behaviour of the technology is obtained.

Many existing coders already use some form of adaptive QP methgd. As an example, such methods can
be used to increase the QP in areas of very high variance (where it is perceptually hard to see efrors)
and decrease the QP in areas of lower variance (where_ errors are typically more visible). In [some
other systems, brightness, edges, motion, as well as other features, may also be considered. However,
these methods are likely to have been designed based‘en’SDR content characteristics. Given the above
observations regarding the transfer function relationships, it is advised that, when compressing PQ
encoded data, a QP adaptation method is considered that also takes into account these relationghips.
Other characteristics, such as colour, could alsore considered.

A simple example QP adaptation method, #hich is used in the enhanced reference model, is presgnted
below. This method was found to result in*better subjective, as well as objective performance compared
to the fixed QP coding configuration.that is used in the simple reference model.

8.2.2 Example of luma-dependent adaptive quantization

The purpose of this approéach is to try and match a similar level of distortion to a particular) gray
level, luminance value X when either the power law transfer function of Rec. ITU-R BT.709 f7po[x) or
the PQ transfer function fpq(x) are used, in combination with 10 bit quantization, as well as a cqdec’s
quantization level.(More specifically, it is highly desirable to determine the QP value QPp( to belused
with a PQ encodedvalue x, that would result in the same or similar distortion, or equivalently the|same
or similar quantization behavior Quant( ), if that same value was encoded using the Rec. ITU-R B[.709
transfer function and a known QP value QP7¢9. That is Formula (68):

Quant [fmg (x),QP,gq ] = Quant[fPQ (x),QPpq ] (68)

The linear characteristics of the transformations employed on residual data in codecs such as AVL and

HEVC enable the consideration of these formulations even after Such transtormations are pertormed.
However, these also limit the consideration of such an optimization at a block level. Based on the
characteristics of the Rec. ITU-R BT.709 and PQ transfer function and Formula (68), an approximate
relationship between QPpg and QP709 can be computed as Formula (69):

QPpq =QP,go +dQP(x) (69)

This relationship is depicted in Table 3, as well as in Figure 9, with inty, replacing the value of x. More
specifically, in a particular implementation, inty, is computed by obtaining the average luma value of a
64 x 64 CTU block, Layerage, and then rounding this quantity, i.e. inty,= Round(Laverage)- Based on this
relationship, for every CTU, the QP will be adjusted according to its brightness by this dQP value.
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Table 3 — Look-up table of the dQP value from the average of the luma value

luma int; range dQP
int;, <301

301 < inty, < 367

367 <inty, < 434

434 <int, <501 0

SO0 =ImMT I 567 =1

567 <int], < 634 -2

634 <inty, <701 -3

701 <inty, < 767 -4

767 <inty, < 834 -5
inty, > 834 -6

Luma dependent adaptive quantizer
I T T

dQP

& T |

|

I I I I I I I
0 100 200 300 400 500 600 700 800 900 1000

Luma int;, value

FiTure 9 — Difference in QP value as a function of the average luma value in a 64 x 64 block

8.3 Chroma QP offset

8.3.1 General

Another major difference between HDR/WCG and SDR data has been observed in the characteristics
of the chroma channels Cb and Cr. For 10 bit SDR content encoded using the Rec. ITU-R BT.709 transfer
function and the Rec. ITU-R BT.709 colour space, typically all three components Y, Cb, and Cr use the
entire allowed range, i.e. Y’ will use up most of the range [64, 940] and Cb and Cr will populate most of
[64, 960]. However, for HDR/WCG data using the Rec. ITU-R BT.2020 colour space and the PQ transfer
function, the Cb and Cr distributions will be clustered closer to the mid-point of 512, which represents a
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value of Cb and Cr equal to 0. On the other hand, the Y’ component may still populate most of its allowed
range. Furthermore, if the content does not exercise the entire Rec. ITU-R BT.2020 colour space, the Cb
and Cr distributions will be even more tightly clustered around 0. In particular, if SDR content is instead
represented using the PQ transfer function and the Rec. ITU-R BT.2020 colour space, the distribution of
the Cb and Cr will be reduced substantially compared to its original Rec. ITU-R BT.709 representation.
However, the luminance distribution may not be as affected.

The above observations may have a considerable impact on the encoding process. An existing encoder

cnfting may ]n'n'rn bnnn ab]n o ar‘]'n'cn'rn a gnnd ba]anr‘n bcﬂ-uynnn luma and chraoama for SDR cantent Sing

the Rec. ITU-R BT.709 representation. However, the same encoder with the same settings will like]y not
achieve the same performance for the same content if the content is represented using the PQ trgnsfer
function and the Rec. ITU-R BT.2020 colour space. Given the characteristics of the new repriesenthtion,
this will result in a bitrate allocation shift from chroma to luma. However, if chromalis‘not allocated
enough bits, this can give rise to visible chroma artefacts. These artefacts may, for éxample, appear in
white areas, where miscolourations in the direction of cyan and magenta can beceme visible, as s¢en in

Figure 10 a).

One way to ameliorate this is for the encoder to apply a negative chroma QR offset value. This will lower
the QP value used for quantizing the chroma coefficients and has an gffect similar to stretching out
the Cb and Cr distributions. This effectively shifts bits back from lutmato chroma, thus allowinjg the
encoder to achieve a better balance between chroma and luma quality:

Since chroma artefacts typically become more visible at low bitrates, applying a large negative chfroma
QP offset at such rates can potentially help reduce these artefacts significantly. However, after a cqrtain
rate point, chroma quality may be considered as being goed enough. At this point, it may no longer be
necessary to shift bits from luma to chroma. Thus, at higher rates, the chroma QP offset can be sqt to a
smaller value or even be set to zero.

A special case occurs when it is known that the>content is in a restricted subset of the colour gamut
defined by the Rec. ITU-RBT.2020 and Rec. ITUsR'BT.2100 colour primaries. As an example, ifa masfering
display limited to the P3D65 colour primaries, as defined in SMPTE RP 431-2, was used to grade the
content, then it is likely that the contenit@does not also venture outside of this colour gamut. In this
case, it might be known in advance that the chroma values will never go outside a certain interval that
is much smaller than the allowed [64;960] range. Under such circumstances, it may be advantageous
to use a larger negative chroma-QPB offset compared to the QP offset that may be used for conteng that
makes use of the entire colour{gamut defined by the Rec. ITU-R BT.2020 and Rec. ITU-R BT.2100 dolour
primaries.

8.3.2 Example of chroma QP offset settings

In the followingdxample, it is assumed that the colour primaries of the mastering display/capture
device are known.

Based on this knowledge, a model is used to assign QP offsets for Cb and Cr based on the lumpa QP
and a factor based on the capture and representation colour primaries. The model is expressed as

Formulae (70) and (71):
QPoffsetCb = Clip3{-12,0,Round[ cqy * (k *QP+1) ]} (70)

QPoffsetCr=Clip3{~12,0,Round] ¢, *(k *QP+1) ]} (71)

where c¢p = 1 if the capture colour primaries are the same as the representation colour primaries,
Cch = 1.04 if the capture colour primaries are equal to the P3D65 primaries and the representation
colour primaries are equal to the Rec. ITU-R BT.2020 primaries, and c¢p = 1.14 if the capture colour
primaries are equal to the Rec. ITU-R BT.709 primaries and the representation primaries are equal to
the Rec. ITU-R BT.2020 primaries.
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Similarly, ccr = 1 if the capture colour primaries are the same as the representation colour primaries,
ccr = 1.39 if the capture colour primaries are equal to the P3D65 primaries and the representation
colour primaries are equal to the Rec. ITU-R BT.2020 primaries, and c¢r = 1.78 if the capture colour
primaries are equal to the Rec. ITU-R BT.709 primaries and the representation primaries are equal to
the Rec. ITU-R BT.2020 primaries.

Finally, k = -0.46 and | = 9.26.

reprdsentations. As an example, a maximally red colour represented using Rec. ITU-R BT.709 primarie%
is thg colour RGB7¢9 = (1,0,0). This gives a fully saturated Cr component of 0.5, i.e. YCbCr7p9 = (0. 3,
-0.11)5, 0.500). Conversion to Rec. ITU-R BT.2020 primaries results in RGB2920 = (0.627, 0.069, O'.'&)
and YCbCrp020 = (0.213, —-0.104, 0.281). Likewise, the colour with the smallest Cr componen&b& cyan
that has RGB and YCbCr values of RGB7p9 = (0, 1, 1) and YCbCr7q9 = (0.787, 0.115, -0.500), respectively.
Conversion to Rec. ITU-R BT.2020 will result in RGB2¢20 = (0.373, 0.931, 0.984) and YCb 0=1(0.787,
, —0.281). The Cr component range has therefore shrunk from [-0.5, 0.5] to [—0.28‘b .281] and in
se the constant c is calculated as (0.5-(-0.5)) + (0.281-(-0.281)) = 1.78. (1/

EVC, if no other chroma QP offset is desired on a picture level by other, '%ans of the encoding
procgss, the syntax elements pps_cb_qp_offset and pps_cr_qp_offset can be s C@T[‘ual to QPoffsetCb and
QPoffsetCr, respectively. Finer control of the chroma QP offset can be ach%agﬁt the slice level.

Similprly, for AVC, if no other chroma QP offset is desired on a pictv@ level by other means of the
ing process, the syntax elements chroma_qp_index_offset a econd_chroma_gp_index_offset
can bje set equal to QPoffsetCb and QPoffsetCr, respectively. Q

)

An ejample of the effect of this method is shown in Figure (QElgure 10 a) shows a segment of a tone-

mappged result using Formula (56) for an HDR/WCG im@ hat was compressed without the use of
eithel the luma QP or chroma QP offset modifications d ibed above. On the other hand, Figure 10 b)

showp the same segment compressed at the same bi e using both of these modifications. It can be
seen that the large chroma artefacts, especially o@he white window shutter and on the inside of the
umbiiella, have been ameliorated. Furthermor&,\ﬁae luma, especially in the wall areas, has also been
improved.

Figure 10 — Image quality without a) and with b) the presented QP modifications
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8.4 Other encoding aspects

Apart from modifying the QP allocation in the encoder, it may also be desirable for an encoder
manufacturer to adjust other non-normative encoding processes in their encoders, such as the motion
estimation, intra and inter mode decision, trellis quantization, and rate control among others. These
processes commonly consider simple distortion metrics such as mean absolute difference (MAD), or
sum of squared errors (SSE), for making a variety of decisions for the decision process, and may have
been tuned based on SDR content characteristics. Given, however, the earlier observations about the

DR OAICC
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to be appropriately adjusted. Furthermore, other metrics may also be more appropriate fonlthese
encoding decisions. These aspects are not explored in the context of this document.

8.5 HEVC encoding

When creating the HEVC bitstream, it is recommended to set the syntax elements tisted in Tabl¢ 4 to
the values listed in Table 4 in the sequence parameter set (SPS) of the bitstream+<The syntax elements
in Table 4 are conveyed in the video usability information syntax bratch “of the SPS definpd in
Rec. ITU-T H.265 | ISO/IEC 23008-2. They may also be duplicated and carried in various application-
layer headers.

Table 4 — Recommended settings for HEVC encoding

Syntax element Location Reco‘l;:lllllinded
general_profile_space profile_tier_level() 0
general_profile_idc profile_tier_level() 2 (Main 10)
vui_parameters_present_flag seq_parameter_set_rbsp( ) 1
video_signal_type_present_flag vui_parameters( ) 1
video_full_range_flag vui_parameters( ) 0
colour_description_present, flag vui_parameters( ) 1
colour_primaries vui_parameters( ) 9
transfer_characteristics vui_parameters( ) 16
matrix_coeffs vui_parameters( ) 9
chroma_loé&.intfo_present_flag vui_parameters( ) 1
chroma_sample_loc_type_top_field vui_parameters( ) 2
chroma-sample_loc_type_bottom_field vui_parameters( ) 2

For HDR/WCG\content represented with the colour primaries of Rec. ITU-R BT.2020[ and
Rec. ITU-R BT:2100 and the PQ transfer function, the video characteristics is typically different
compared<to-'the video characteristics of SDR content represented with Rec. ITU-R BT.709 dolour
primaries and Rec. ITU-R BT.709 OETF (Rec. ITU-R BT.1886 EOTF) transfer function. Chronja QP
adjustment, as described in 8.3 can be performed by adjusting and controlling the HEVC syntax elethents
ppsveb_gp_offset, slice_cb_qp_offset, pps_cr_qp_offset and slice_cr_qp_offset. Similarly, perceptual|luma
quantization as discussed in 8.2 could be achieved by adjusting the syntax elements cu_qp_deltp_abs

S < dals 3 £]
afrccu_gp_atrea_Stgtr—rrag:

NOTE See Annex A for SEI messages specified in AVC or HEVC that can be particularly relevant for HDR/
WCG video.

8.6 AVC encoding

When creating the AVC bitstream, it is recommended to set the syntax elements listed in Table 5 to the
values listed in Table 5 in the SPS of the bitstream. The syntax elements in Table 5 are conveyed in the
video usability information syntax branch of the SPS defined in Rec. ITU-T H.264 | ISO/IEC 14496-10.
They may also be duplicated and carried in various application-layer headers.
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