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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
activity. ISO and IEC technical committees collaborate in fields of mutual interest. Other international

organizations, governmental and non-governmental, in liaison with ISO and IEC, also take partin t

he

work. In the field of information technology, ISO and IEC have established a joint technical committee,

ISO/IEC JFET

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

Attention|is drawn to the possibility that some of the elements of this documentmiay be the subje
of patent| rights. ISO and IEC shall not be held responsible for identifying any”or all such pate
rights. Dgtails of any patent rights identified during the development of the document will be in t
Introductiion and/or on the ISO list of patent declarations received (see www.iso.org/patents).

Any trad¢ name used in this document is information given for the convenience of users and does 1
constitut¢ an endorsement.

for
he

pCt
nt
he

ot

expressions related to conformity assessment, as well as_ififormation about ISO's adherence to
World Trgde Organization (WTO) principles in the Technjeal Barriers to Trade (TBT) see the followi
URL: www.iso.org/iso/foreword.html.

For an explanation on the voluntary nature of standards, the meaning of ISO specific terms a:Ed

This docyiment was prepared by Joint Technical Committee ISO/IEC JTC 1, Information technolo
Subcomnyittee SC 29, Coding of audio, picture, multimedia and hypermedia information in collaborati
with ITUAT. A technically aligned twin text is published as ITU-T H.Sup15.

Alist of all parts in the ISO/IEC 23008 series can 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
compared to what has been commonly available in conventional video. Recent advances in capture and
dlsplay technology have enabled consumer dlstrlbutlon of HDR and WCG content. However given the

' Tprocessing

d COl’an’GSSlOl’l compared to conventlonal content

This document provides a set of recommended guidelines on processing of consumer distribution
HIDR/WCG video. This includes recommendations for converting a video signal, in 'a linear [light RGB
representation with Rec. ITU-R BT.2020 colour primaries, to a 10-bit, narrow range, PQ encoded
(a$ defined in SMPTE ST 2084 and Rec. ITU-R BT.2100), 4:2:0, non-constant luminan¢e Y'CbCr
representation. These guidelines may also apply to other representations with higher bit depth or other
cojour formats, such as 4:4:4 Y'CbCr 12 bit video. The scope of this document is illustrated in Figure 1.

Out of scope i Inscope ' Out of scogle
E Linear PQ PQ Lineari
o777/ 7 ! light Y'CbCr Y’CbCr light | ¢Z77/7777/7
! ! | RGB 4:2:0 4:2:0 RGB |
Various ' Pre- ; \ Post- !
video —st . Content i . 4::4 | encoding |_10bit | Encoding Dedoding| 10bit || gecoding [4:4:4 Display
: preparatlon: : processes processes processes pf‘OCGSSQS adaptatlon
formats | AE
I 1 !
_______ i a E ~ T ‘e _A( Lanida
R e e | G G 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 hyjpothetical
viewing environment reference viewing efjvironment

Figure 1 — Illustration of the scope of this document

THe content preparation step, as.well as the display adaptation step, are considered to be out of{the scope
of |this document. However,anetadata generated during the content preparation step may be passed
through the encoder-decoder chain and can significantly affect the display adaptation step. The content
preparation step may include filtering and image enhancement processing such as de-noisipg, colour
cofrection, and sharpening, as well as other processes. Such methods are deliberately not described in
this document. The)processing steps described in this document are made available for referjence only
and the document does not contain any elements of normative nature. It is possible to replgce one or
more of the precessing 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 pperating
an HDR/WCG video system that is constrained to code a 10-bit, PQ (as defined in SMPTE ST (2084 and
Rec TyU- R BT. 2100) 4:2:0, non constant lumlnance Y’ CbCr 51gnal representatlon ThlS con iguration
: j n-CTA 861G
and the restrictions in the BD ROM spec1f1cat10ns The processmg steps in thls document are designed
for the case when the same hypothetical reference viewing environment (HRVE) is used before 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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:2:0 video with PQ transfer characteristics

Scope

is document provides guidance on the processing of high dynamic range~(HDR) and wide colour

gamut (WCG) video content. The purpose of this document is to provide asseb of publicly refefrenceable
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insfer function defined in SMPTE ST 2084 and Rec. ITU-R'BT.2100. Although the foc
cument is primarily on 4:2:0 Y'CbCr 10 bit representations, these guidelines are also apy
her representations with higher bit depth or other colour formats, such as 4:4:4 Y'CbCr 12
addition, this document provides some high-level fecommendations for compressing the
ing either the AVC or HEVC video coding standards)A description of post-decoding proces
hlso included for converting these NCL Y'CbCr signals back to a linear light, 4:4:4 RGB repre

Normative references

e following documents are referred-to in the text in such a way that some or all of the
hstitutes requirements of this document. For dated references, only the edition cited ap
dated references, the latest edition of the referenced document (including any amendment;

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

c. ITU-T H.265 | ISQAEC 23008-2, Information technology — High efficiency coding and med
heterogeneous environments — Part 2: High efficiency video coding

Terms.and definitions

1

F(OT theépurposes of this document, the terms and definitions given in Rec. ITU-T H.264 | ISO/II

rommended guidelines for the operation of AVC or HEVC videorcoding systems adppted for
mpressing HDR/WCG video for consumer distribution applications. This document ipcludes a
scription of processing steps for converting from 4:4:4 RGB linedr light representation vid¢o signals
o non-constant luminance (NCL) Y'CbCr video signals thatise the perceptual quantjzer (PQ)

s of this
licable to
bit video.
5e signals
bing steps
sentation.

r content
plies. For

) applies.
— Part 10:

a delivery

C 14496-

Rec. ITU-T H.265 | ISO/IEC 23008-2 and the following apply.

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

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

[SO 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
inverse EOTFE

function pised in the pre-encoding process to convert from a linear representation to a non;lingar
representlation, computed as the inverse of the EOTF (3.1)

Note 1 to ¢ntry: In this document, the pre-encoding process is assumed to operate on HDR/WCG,video cont¢nt
that has been prepared for a hypothetical reference viewing environment as shown in Figure 4. The cont¢nt
preparatidn step may contain processing such as applying an opto-optical transfer function\(OOTF) (3.6),]in
which the [HDR/WCG video is converted from one linear representation (corresponding to-the scene) to another
linear repfesentation (corresponding to the display). The OOTF has the role of applying‘a ‘Tendering intent”] In
systems where no such OOTF is applied in the content preparation step, the process,éf’converting from a lin¢ar
representgtion (corresponding to the scene) to a non-linear representation is typically called the opto-electriral
transfer fupction (OETF) (3.5).

—

3.4
narrow rfange
range in d fixed-point (integer) representation that does not span‘the full range (3.2) of values that coyld
be expregsed with that bit depth such that, for 10 bit representations, the range from 64 (black) to 940
(peak white) is used for Y’ and the range from 64 to 960 is ysed for Cb and Cr

Note 1 to gntry: As per the narrow range definition from Re¢.ITU-R BT.2100.

» o«

Note 2 to egntry: Narrow range is, in some appllcatlons called by synonyms such as: “limited range”, “video range”,

“legal range”, “SMPTE range” or “standard range”.

3.5
opto-ele¢trical transfer function
OETF
function that converts linear scene light into the video signal, typically within a camera

3.6
opto-optjcal transfer function
OOTF
function fthat maps relativeé scene linear light (typically the camera output signal) to display linear light
(typicallyf the signal driving a mastering monitor)

3.7

random accesspoint access unit

RAPAU

access urktin-the bitstreameontaininganintra—codedpicture—with-the preperty—thatall pietudes

following the intra coded picture in output order can be correctly decoded without using any
information preceding the random access point access unit in 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

FIR finite impulse response

HI] highdefimition

HIDR high dynamic range

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

HYS human visual system

LUT look-up table

MAD mean absolute difference

N(GL non-constant luminance

P( perceptual quantizer (as defined in SMPTPE ST 2084 and Rec. ITU-R BT.2100)
QF quantization parameter

RAPAU random access point access unit

R(UB colour system using red, greéen, and blue components

SSE sum of squared errors

SOR standard dynamic range

SHI supplementalenhancement information

OHTF opto-electrical transfer function

OQTF opto-optical transfer function

VI video usability information

WG wide colour gamut

XYZ The CIE 1931 colour space. Y corresponds to the luminance signal.
Y'CbCr colour space representation commonly used for video/image distribution as a way of

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

5.2 Ari|thmetic operators

+

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

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

Integer division with truncation of the result toward zere,\For example, 7/4 and (-7)/(-
are truncated to 1 and (-7)/4 and 7/(-4) are truncatedto~1.

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

Used to denote division in mathematical formulae 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 &, divided by y, defined only for integers x and y with x>0 and y >

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

&

2018(E)

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
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 “exclusive or”. When operating on integer arguments, operates on a-twd
plement representation of the integer value. When operating on a binarjzargumé
contains fewer bits than another argument, the shorter argument is extended by
more significant bits equal to 0.

Arithmetic right shift of a two's complement integer representation of x by y bin
digits. This function is defined only for non-negative integérvalues of'y. Bits shif
the MSBs as a result of the right shift have a value equal to.the MSB of x prior to
operation.

Arithmetic left shift of a two's complement integér representation of x by y binaf
This function is defined only for non-negative-integer values of y. Bits shifted int
LSBs as a result of the left shift have a value-€qual to 0.

5.4 Assignment operators

Assignment operator

's com-
bnt that
adding

ATy
ted into
he shift

y digits.
p the

+4 Increment, i.e. x+ + is equivalent to x = x + 1; when used in an array index, evalualtes to the
value of the variable priorto the increment operation.

—— Decrement, i.e. x- - is\equivalent to x = x — 1; when used in an array index, evalujtes to
the value of the variable prior to the decrement operation.

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

—3 Decremeént by amount given, i.e. x -= 3 is equivalent to x = x - 3, and x —= (-3) is ¢quiva-
lent to'x = x - (-3).

5.p Relational, logical, and other operators

=3 Equality operator

I= Not equal to operator

Ix Logical negation “not”

> Larger than operator

< Smaller than operator

> Larger than or equal to operator

< Smaller than or equal to operator

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

a?b:c

5.6 Ma

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.

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

hematical functions

Abs

Ceil(

Clip3

Floo
EOTI

Max

Max

Min

Min

R >0
x)={ X X

K) the smallest integer greater than or equal to x
X Z<X
(x,y,2)3y Z>y
Z ; otherwise
(X) the largest integer less than or equal to x.
-1(x) the inverse EOTF used to convert a linearllight representation to a non-linear light

X ; X<y
X,y)=

X,y,2)=1y ; y>Max(x,z)
zZ ; otherwise
X ; X<y
x,y)= .
y ;. otherwise

X,y,z)= y y<Min(x,Z)

x ; x<0

representation.

y ; otherwise

X ; x>Max(y,z)

X ; x<Min(y,z)

7 . 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 1 specifies the precedence of operations from highest to lowest; a higher position in the table
indicates a higher precedence.

NQTE For those operators that are also used in the C programming language, the order of prececllence used
in fhis document is the same as used in the C programming language.

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

Operations (with operands x, y, and z)

« » o« ”

x++”, “x

» o«

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

«

”

Xy

W, %k 0 « ” o« o« X

X y,X/y,X+y, “,“X%y"
y

y
“x+y”, “x - y” (as a two-argument 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 && yn

“X | I yn
“X b 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:

— apre-encoding stage consisting of several pre-processing processes (Llause /);

— 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
enhanced reference model corresponds to a new reference configuration that was developed in MPEG

followmg the CfE Both of these models were tested in the JCT-VC Verlflcatlon test on HDR/WCG Vldeo

model is ¢

The prim
light, floa
to a non-
visual sys

NOTE 1
would be
dynamic r
HDR/WCG

linear light

It is assumed that encoding and decoding is performed in a 4:2:0,~10*bit representation. An encode

expected
profile, a
applicatia
motion es

escrlbed

hry purpose of the pre-encoding process is to convert the video input from its 4:4:4 RGB line

ing-point signal representation to a signal that is suitable for a video encoder. The Conversi
inear representation is performed in an attempt to exploit the characteristi¢gyof the hum
tem (HVS) that could allow the re-quantization of the signal at a limited precision.

For a fixed-point linear HDR/WCG video representation, approximately a 28;bit integer representat
Fequired to avoid introducing visible quantization/banding errors due tothe 28 f-stop linear li
hnge (0.000 05 cd/m2 to 10 000 cd/m?2) that is spanned by the PQ EOFF. In practice, the input to {
System will typically be in a non-linear representation that would either'need to be first converted
data or be directly converted to a non-linear representation using the’PQ EOTF.

to make the best use of the encoding tools available according to a particular specificati
hd level, given also the characteristics of the confent and the limitations of the inten
n and implementation. In particular, different ehcoding algorithms, such as algorithms
timation, mode decision, rate allocation, rate.control, and post-filtering control among ot}

on
rht
he
to

is
n,
d
for
er

aspects, may have to be considered when encoding.HDR/WCG material, in a given representati¢n,

compare
HEVC ang
level to p1

NOTE 2

to use, at
document
or video wj

The steps
constant

applying

There is 1
encoding
point ope
point ope,
since it cq

to SDR material. The decoding process, on, the other hand, is fully specified in the respect

operly decode and output the reconstructed video samples from a given input bitstream.

The focus of this document is on ‘consumer and direct-to-home applications, which are expect
east in the near term future, a*4:2:0 10-bit format. Processes similar to the ones described in t
can be used for conversion andiecompression of other formats, such as 4:2:2 and 4:4:4 chroma form
ith a bit depth higher than-10.bits.

in the post-decoding process are aligned with what is commonly referred to as the ng
uminance representation (NCL) in which colour conversion, to R'G'B’, is performed prior
he EOTF to preduce linear RGB sample values.

o specificorminimum bit depth required for performing the operations described in the p

ve

AVC video coding standards, and a decoder should fully comply to the intended profile apd

ed
his
hts

n-

-

process(and the post-encoding process. Using the precision associated with 64 bit floati

g-

rations-will give high accuracy, but it is also possible to use fixed-point arithmetic or floating-
Fations with precision lower than 64 bits. It is recommended to avoid using too low precision
uldpotentially lead to loss of precision in the output video. The input to the encoding step ajpd

the outpu

7 Pre-

t of the decoding step are, however, 10-bit integer representations.

encoding process

7.1 General

The pre-e

ncoding 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'CbCr

representation;
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 desirable, for
example, to rescale a source froma 1920 x 1 080 to a 3 840 x 2 160 resolution, or vice versa. Such scaling is not
included in the scope of this document.

Fig
ge

bure 2 presents a diagram of how these components are combined in the simple refereneé

whereas chroma subsampling is performed using fixed-point arithmetic and at thejsame pr

th

Al
lin
en
co
ut

7

7.]

model to

herate the desirable outcome, in a conventional manner. In this model, all blocks workindependently,

bcision as

P target outcome.
Inverse Colour Chroma
R > . > , =S - 2
-5 fesion [FG® conversion [y'ChCr N Su]i)- Y'Chfr
4:4 4:4:4 4:4:4 4:4:4 SaMpTNg | 4.2,
oating point Floating point Floating point Fixed'point Fixedl point
(4.0 bit) (10 Bit)
Figure 2 — Conventional pre-encoding process system diagram
though this combination could be the most appropriate for some implementations, it has several
nitations that can affect both its performance and implementation complexity. In this claus¢, the pre-
coding process components are first introduced in more detail and then the alternative configuration
F'responding to the enhanced reference medel is presented in 7.3. Recommendations on hgw to best
lize some of the conversion components'are also presented.
.2 Pre-encoding process stages
2.1 Conversion from a linear to a non-linear light representation: RGB to R'G'B’
Conversion from a linear ‘te' a non-linear light representation is performed using an invers¢ EOTF or
is commonly referréd to in other specifications, an opto-electrical transfer function (OETF). In this

as
do

M

Va(ﬁ

cument, the PQ EOTF defined in SMPTE ST 2084 and Rec. ITU-R BT.2100 is used.

ues normalized to the range [0, 1], can be computed as Formula (1):

1 N
C1 +C2 LO

re specifically,-the non-linear light representation V of a linear light intensity signal Lo, which takes

M)

V=EOTF_1(LO)=( Jm

14+c ¥
9 U

where c1, ¢, 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

© ISO/IEC 2018 - All rights reserved
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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. ITU-R BT.709 may assume the use of an OOTF during decoding.

Linedr to non-imear ddta Conversion
1 T T T T T T T T
0,9} 4
0,8 o
_ 07} ! .
(9]
=]
20
§ 0,6 - .
o)
>
=1 i
S 05 - j
— '
g
£
T 04 \ 1
=]
o
z
0,3 1
02 © 1
0,1 4
09 01 02 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 (middje
curve), and the Rec. ITU-R BT.709 OETF (bottom curve)
This prodess”is applied to all R, G, and B linear light samples, where each component is a numher

between 0.0 (representing no light) and 1.0 (representing 10 000 cd/m?2). This results in their non-
linear counterparts R’, G',and B’ as given in Formulae (7) to (9):

R’=EOTF* (R) (7)

G’=EOTF ! (G) (8)

10 © ISO/IEC 2018 - All rights reserved
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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
non-uniformly indexed LUT interpolator is used as described in Reference [17]. Such schemes can
achieve relatively high accuracy/minimum approximation error for the conversion, while achieving

CO

7

hsiderable memory savings.

.2.2  Colour representation conversion: R'G'B’ to non-constant luminance Y'CbhCk,

Canversion from the R'G'B’ to the non-constant luminance Y'CbCr representation is ¢

P4

rformed using a 3 x 3 matrix conversion process of the form given in Formula\(#0):

’ ’ ’
Y Wyr Wyg Wyp R R

ommonly

Cb|=|wepr Wepbe Weps |*|G|=W*| G (10)
Cr] |war Weg Wes | B B’
where wyRr, wyg, WyB, WCbR, WCbG, WCbB, WCbhR, WCbG, and wepg are constants. The values for wyr, wyg,
and wyp, are set to exactly the same values used to convertR, G, and B data to the CIE 1931 Y (lyminance)
signal. For Rec. ITU-R BT.2100 colour primaries, thesedre defined as given in Formulae (11) tp (13):
wyR = 0.262 7 (11)
wyg = 0.678 0 (12)
wyg = 0.059 3 (13)
THe resulting value for Y’ willlbe between 0.0 and 1.0. The values of the constants wcpr, WEbG, WebB,
W(rR, WerG, and wepp are eomputed in a manner that the resulting Cb and Cr components afe always
within the [-0.5, 0.5] range” This results in the following values given in Formulae (14) to (19):
Wepg =—— B~ 0139 630 063 (14)
2%(-wyg)
Wepeeo—YC — 0360 639 937 (15)
2% (1 ~WygB )
WCbB =0.5 (16)
wer =05 17)
Werg =———¥6 = 0.459 785 705 (18)
2*(1-wyg)
© 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):

cb=2=Y (20)
alpha
PL,_Y,

Cr=- 21
beta G

with alphp = 2* (1 - wyg) and beta = 2* (1 - wyR).
This can e seen as equivalent to the matrix presented in Formula (10).

The inverfe 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

involves filtering and down-converting/subsampling the two chroma\planes in both the horizontal apd
vertical djrections. It is, though, possible to apply more complex chtoma down-conversion methods that
preserve pdges and thus reduce the impact of interpolated colour*values that did not exist in the lo¢al
neighborlood of a pixel in the original 4:4:4 representation.Jt’is also a requirement, according to bath
Rec. ITU-R BT.2020 and Rec. ITU-R BT.2100, that the resulting chroma samples are co-sited with thqgse
of luma 4t even horizontal and vertical positions (see:Figure 4) where the first sample and line dre
counted gtarting from zero.

Convertirlg the HDR/WCG video data from a 4:4:4 representation to a'\4:2:0 representation nomina.Fy

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

It [is anticipated that a considerablé, 'amount of consumer electronics conversion systems would use
2-D separable finite impulse response (FIR) linear filters for low-pass filtering the chroma djta before
supsampling (2:1 decimation step). Such filters would basically be of the form given in Formula (22):

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;
£92 %k N iotha filiay o das.

A
= T~ TS CIICTITCCT OTUOCT,

(2*N+1) isthe number of taps of the filter;
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.

Table 2 — Suggested filters for chroma down-sampling

Filter coefficients
Filter
b-1 bo b1
fo
f1 1+4 2+4 1+4

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

Yoo

filter 0

filter 1 4
— = half band

T
I
~_
!
|
I

-10+

-12f

14}

-16 1

-18}+

-20

0,:9 1
Key
X normplized frequency (xm radians)/sample)
Y  magnftude (dB)

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

The up-cgnversien-process, i.e. from a 4:2:0 representation back to a 4:4:4 representation, is discussed
in 10.3.

7.2.4 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 © ISO/IEC 2018 - All rights reserved
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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’=Clip3[ 0,(1<<b)~1,Round(E"*scale+offset) | (24)

wlere

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 targettange (narrow versus full
rapge video) and the component type (luma, chroma, or colour primary components). More syecifically,
for the narrow range NCL representation, the scale and offset for the-luma component gre set 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)

O] the other hand, the fixed-point narrow range representation for the two chroma components can be
computed as Formulae (28) and (29):

scale=224+2""% =224x[1<<(p8) (28)
offset =271 =1<<(b-1) (29)

anld Formulae (30) and\{31):

DCb=Clip3(0,(1 << b)~1,Round{Cb*224[1<< (b-8) ]+ 1<<(b-1)}) (30)
DCr=6iip3(0,(1<<b)~1,Round{Cr=224+[ 1<<(b-8) |+ 1<<(b-1)}) (31)
NAQTE For a 10 bit narrow range representation, DY’ results in a value within the range of [64, 940]. Similarly,

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 § — Mapping of “gray” linear light values to quantized 8 (SDR only) and 10 bit (SDR and
HDR) values
The inverse conversion process, i.e. converting from ‘a fixed-point representation back to a floating-

point rep

7.3 C(Clo

resentation, is discussed in detail in 10.2¢

7.3.1 General

sed loop pre-encoding conversion — Luma adjustment

As mentigned in 7.2.3, chroma leakage can occur in the NCL representation, primarily due to chrogna
down-sarhpling, potentially résulting in objectionable artefacts.

This sub
problem.
process

up-sampl
of such a

enhanced

flause presents™an alternative conversion method, which can considerably alleviate this
[his method is called the luma adjustment method and it is basically a closed loop conversion
where theé)impact of chroma down-sampling, quantization, inverse quantization, apd
ng, is dccounted for during the luma conversion process. An example schematic diagrgm
systehiis presented in Figure 7. An iterative luma adjustment method, which is used in the
réference model, is presented in 7.3.2. A closed form approach is presented in 7.3.3 that

requires noterations and is considerably faster than the iterative method

16
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Figure 7 — Example schematic diagram of a closed loop pre-encoding conversion system

7.83.2 Luma adjustment — Iterative approach

7.8.2.1 General

7.3.2 and Formula (10) presented a conversion process from R'G'B{ to the Y'CbCr NCL repregentation.
Giyen this process, the Cb and Cr components can be computed as€ormulae (32) and (33):

Cb=wepr *R'+wepg *G +wepp *B’ (32)

CI‘=WCrR *R,+WCI‘G *G,+WCI‘B >X‘B, (33)

Canverting 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{ provides
the opportunity to analyse the error introduced into the signal and potentially compensate fgr it. More
specifically, performing quantization, down-scaling (QD), and subsequently up-scaling and inverse
quantization (IQU) onto these components would result into the reconstructed Cb and Cr cothponents,
which are defined as given in Formulae (34) and (35):

ﬁ)zIQU[QD(Cb)] (34)

© ISO/IEC 2018 - All rights reserved 17
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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):

Y =w}g *EOTF(R")+wyg *EOTF(G’)+wyg *EOTF(B’) (d7)

However,|since the reconstructed Cb and Cr values will likely differ from the original Cb and.CT valugs,

the reconftructed li',(~}’, and B’ values will also differ from the original R, G/, and B’ values. Therefofe,
the reconptructed luminance Yyec, Wwhich is equal to Formula (38):

Yrec 3Wyr *EOTF(R’)+wyg *EOTF(G’)+wyp *EOTF (B') &E)

will also dliffer from the original luminance Y. Using Formula (73), it can be.computed as Formula (39

Lrd

Yrec 3WyR *EOTF(Y'+age, *Cr)+wyg *EOTF(Y'+aggy, * Cb+agy#Cr )+

— (39)
wyg *EOTF(Y'+agc, *Cb)
Chroma cpmponent dependent factors can then be defined-as)Formulae (40) to (43):
Crfacfor =apc, * Cr (40)
Gfactpr=agcp >!<(All/)+aGCr 5Cr (41)
Cbfactor =agy, *Cb (42)
resultingfin Formula (43) for Yrect
Yiec FWyR *EOTF(Y’+Crfactor)+wyg *EOTF(Y’+Gfactor ) +wyg *EOTF(Y’+Cbfactor) (43)

The interjt of the luma‘adjustment method is to try and locate the value of Y’ that would minimjze
distortion for Yyec&ompared to the original luminance value Y. Unfortunately, due to the non-lindar
characterfistics of'the EOTF, solving for Y’ given Y and the values of Crfactor, Gfactor, and Cbfactor is njot
a straightfforward process. However, root-finding numerical methods, such as the bisection method, dan
instead. The performance, and more specifically the convergence speed and accuracy of thgse

onrsraerantyV e OV v, O a Vara Y s v, patations
performed 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.

g) Given the reconstructed chroma planes, try to find for each luma position an appropriate Y’ value,
ieY that would potentially result in a minimum distortion for a particular aspect of the

signal, 1.e. In this case minimum luminance distortion. The value of Y

adjust ’

adjust At €ach luma position

would be the value used for the encoding of the luma signal. In particular, Y 4, Woyld be the

solution to Formula (44):
Y

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

adjust adjust

(44)

wyp *EOTF(Y’ 45, +Cbfactor)

7.83.2.2 Bisection search

THhe bisection search method is an iterative technique that is cotunonly used to derive the rpots of an
equation of the form f(x) = 0. The function f(x) is assumed to becontinuous, and defined over ap interval
[a|b], where f(a) and f(b) need to have opposite signs. In thisiapplication, it is desirable to hav¢ a unique
solution. For this to be guaranteed, the behaviour of f(x)%within this interval needs to also Be strictly
ménotonic (i.e. consistently increasing or decreasing), At each iteration of the search, the interval is

(a+Db)
2

computed at this point. Depending on the value of f(c) and its relationship with f(a) and f(b), a new
snaller interval is defined that satisfies the gpposite sign condition. This search is repeated uptil a 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 midpoint)c= . Then, the value of the functfon f(c) is

THis method can be used to find the"Y’ 4, value for luma, as discussed in the previous clagse, in the
following way:

Lett x be the value that represents the quantized representation of the luma component, as dlefined in
7.3.1. Furthermore, let g(x) be the de-quantization function [Formula (72)], that maps the yalue of x
bakck to its original representation and essentially a value between [0, 1]. Then, the narrow range, 10-bit
representation can be computed as Formula (45):

g(x):(x—64.0)+876.0 (45)
Nqw, let f(x) be the function, as given in Formula (46):

Ey = ey BOTE ) Cefacton iy <BOTE o) Ghactord—— |

Wyg * EOTF[g(x) +beactor] -Y,

target

(46)

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)

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

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

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,

© ISO/IEC 2018 - All rights reserved 19


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

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

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

found for the value of Y;d]-ust , greatly reducing the size of the initial interval. This can considerably reduce

verall complexity of the process as described in Reference [19]. Three such bound$>gdre
preferably used. The first is described in Reference [12] and uses the definitions in Formulae (47} to(4P):

R’ bougd =EOTF ™ Yyt ) —Crfactor 47)
G poutd = EOTF ™ (Y ypger ) —Gfactor (48)
B’youly =EOTF™! (Ytarget )—beactor 49)

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

proof for this is out of the scope of this document, but is presented in"Reference [12]. The second boujnd
uses the fact that all three variables R’ 4,G bouna» @aNd B’y ‘are smaller than 1, which leads t¢ a

tighter upper bound, i.e.Y’<EOTF™! (Ytarget)

described in Reference [12]. The third bound relies on the fact that all three of the reconstructed colqur
components R,G, and B cannot simultaneously be*smaller (or all simultaneously larger) than the
original cplour components R’, G, and B’ for the eptaputation of Y’ By using the definitions givien

in Formulae (50) to (52):

. This makes<se of the fact that the EOTF is convex|as

adjust *

Y =[R’+Crfactor (30)
Y, =G +Gfactor (31
Y~ =B’+Cbfactor (32)

Cr

It can be ghown that)¥, 4« should be in the interval Formula (53):

[Ymin ,Ymax]:[Min(ng Y Y ) Max(Y5 Y Y&)} (13)

By combi N1ng all three bounds together, the minimum and maximum bounds Ior Y “Tan be computed as

Formula (54):

Ylow_bound =Max (Mln (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}ligh_bound )} where g-1(x) is the inverse of Formula (45).

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 anfexample of what the difference can be when performing traditional subsampling,
acrording to the simple reference model as described in 7.2.3 and using the luma component ujnchanged
[Flgure 8 b)] cempared to the luma adjustment method that is described in this clause [Figur¢ 8 c)] and
is jused in the enhanced reference model. These images were processed using the Rec. ITUIR BT.709
colour primaries to more easily demonstrate the differences. Since the printed medium cannot
reproduce HDR images, tone-mapped versions are calculated using Formula (56):

|

- 3
Rgpr =Clip3| 0,255,255% (R ypg *2° )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 solution that is able to determine an appropriate luma value in a single step.

A closed-fe or—eamrbe—totrd—as—toHows: wrsampted—ehroma—samptes—are—obtatred.
Then, chrjoma is up-sampled to the original (luma) resolution by applying a chosen up-sampling filter.
Then, for|every pixel, the algorithm estimates a luma value Y’ that, in combination with(the yp-

y, UU

adjust
sampled Cb and Cb values, will result in a reconstructed RGB pixel with colour component values| of
{R,G,B}. It is highly desirable that RGB is as close as possible to the original linear {ight RGB va

according to a chosen distance metric. The difference between the two RGB values is denoted |as
Formula (|57):

D=D ff(RGB,ﬁE;Ts) (37)

Dependinlg on the chosen distance metric Diff(x), different closed-form solutions to the optimization
problem ¢an be obtained. In the following, a solution based on the Weighted sum of the differences|of
linear R, , and B data is described.

In particIlar, the square of the sum of the weighted differences between the individual R, G, and B
components can be computed as Formula (58):
~ ~ ~ 2
D:|:WR*(R—R)+WG*(G—G)+WB*(B—B)] (48)
This is al§o equivalent to Formula (59):

D={+f [ BOTF(R")-EOTF(R") |+ w [ EOTF(G')~EOTF(e) |+ w, >u<[EOTF(]%’)—EOTF(B’)]}2 (39)

where EO[TF(x) is the PQ EOTF. If weights wg, wg, and wp are set equal to the contribution of the linearR,
G, and B domponents to the luminance component, this cost function would be minimizing the squarjed
differenc¢ between the lurhinance values.

NOTE 1 |Itis also possible to use other error functions, such as the sum of the R, G, and B component squaied
errors, whiich can resultin different solutions.

Finding al closed=form solution for Y’ may be difficult because of the non-trivial form of the PQ EOTF.
In order 110 obtain a closed form solution, the EOTF(x) is approximated with a first-degree polynomlial
using theltruhcated Taylor series expansion given in Formula (60):

EOTF(x; +A)~EOTF(x; )+EOTF’(x,)*A, (60)

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):

co

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

Sorting the expressi

Wy *EOTF’(R’)*[aRY *Y gjust +reh *(/ITHaRCr *G‘—(aRY #Y'+ape, *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)_

Q A om-Eaorm a aWa¥a o-0 nd Q n Eorm G

DZ[WR *EOTF’(R') (Y’ qpust —€r ) + W *BOTF (') % (Y e —€6 )+ Wy *EOTF'(B')#(Y e

(62)

ons inside the brackets and substituting with their numerical values those

] 63

er =Y'~(Cr—Cr)*ag, (64)

eg :Y'—((/ZB—Cb)*aGCb —(évr—Cr)*aGCr (65)

ey =Y'~(Cb—Cb)*ayg, (66)
THen, in order to find the local minimum, D is differesitiated with respect to Y’,4;,: (er, eg, pnd ep do
not depend onY’, 4, ), the derivative is set equal'to zero, and the resulting formula is sojved with
regpect to Y. The value of Y' is then equal to Formula (67):

v W *EOTF'(R")*ep +wg *EQTF(G’)*e; +wy *EOTF'(B’)*ey 67)

adjust wy *EOTF’(R’)+wgEOTF'(G’)+wy *EOTF’(B’)

A
TH

and a fixed number of operations per luma sample. Experimental results suggest that the
described above can achieve'a considerable complexity reduction, while at the same time ha

a s
In

copversion runtime ¢ompared to the bisection search method was reported in Reference

di

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

TH
of
th

is approach can be adopted hy’applications that would benefit from or require lower c
mall difference in terms-of objective metric performance compared to the bisection searc
a particular reference implementation, a speedup factor of around 2.5 times for the to

ferences in the.objective measurements are mostly due to the approximation of the EOT

e derivative EOTF'(x) in Formula (67) can be computed using a formula obtained by the diffe
the EOTF or by the definition of a derivative, i.e. by dividing the change in the function
e increment of the function argument. Alternatively, the derivative values can be pre-com]

plying Formulae (64), (65), (66);~and (67), one can obtain the adjusted value of Y’ in a single step.

bmplexity
hlgorithm
ving only
1 method.
Fal colour
[18]. The
' with its

Fentiation
value by
puted and

A i o TTI1T

Stur\,u TIra OO I,

As mentioned earlier, the weights wr, wg, and wg can be chosen based on the desired precision 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)
b)

c)

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

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/mZ2, when applying the colour transformation from Y'CbCr to RGB. This
can decrease the precision of the Y'adjust estimation obtained from Formula (67) when R, G, and B values are

close to their upper limit of 10 000 cd/mZ. This clipping effect can be mitigated by modifying Formula (67) when
one or mdre of the K, G, and B samples are clipped at 10 U00U cd/mZ. The detalls of such a modiiication are
considered as being out of the scope of this document. It can be argued that this effect would not be signifigantfor
most of the currently available HDR/WCG content given that, due to limitations of existing displays, HDR/WICG
content arf rarely mastered with a peak luminance value close to 10 000 cd/m?2. Therefore, the resultsiebtairled
with this splution 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 closed form process, sych
as methodk involving look-up tables, have also been suggested.

8 Encgding process

8.1 General

After prd-processing, the data is ready for compression. The HDR/WCG data coming out of the
pre-procgssing step will exhibit slightly different characteriS§tics than typical, standard dynamic
range (SOR) data. This means that it can be possible to ineréase perceptual/subjective quality if the
configured in a slightly different manner conipared to when compressing SDR data. This
clause pr¢sents two such differences in data characteristics and gives guidance on how an encoder can
be confighired to better exploit these differences.

8.2 Pejceptual luma quantization

8.2.1 neral

When prdcessing SDR data, a power, lawtransfer function such as the one described in Rec. ITU-R BT.709
is typically used. As is described above, the HDR/WCG data has instead undergone processing using the
PQ transfer function defined in SMPTE ST 2084 and Rec. ITU-R BT.2100. This will in itself give a differgnt
characterjistic of the processed'data. One way to see this is to pre-process the same SDR data using bdth
the Rec. ITU-R BT.709 transfer function and the PQ transfer function. For a 10-bit representation, if the
original data has a peak brightness of 100 cd/m2, the luma component will occupy all code levels fr¢m
64 to 94( if the Rec~FFU-R BT.709 transfer function is used. However, only code levels from 64 to 509
will be uded in the-¢ase of the PQ transfer function. Since the step sizes are different in the two casks,
a perturbfation @f¥/- 1 code level around code level 509 (100 cd/m2) in the PQ case will be equivalént
of roughly +/% 4 code levels around code level 940 (also 100 cd/m?2) in the Rec. ITU-R BT.709 case.|At
the same|timeé, a perturbation of +/- 1 code level around code level 80 (0.01 cd/m?2) in the PQ cdse
will be roughly equivalent to a perturbation of +/- 1 code level around code Tevel 80 (0.0T cd/mZ] in
the Rec. ITU-R BT.709 case. Thus, if an encoder is wired to treat an error of one code level the same
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/
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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, which
aspignsmore-codedevelsto-darkvalues—Howevertheinverse EOHsbased-onthebe ase-sensitivity
for the human visual system. For instance, if all colours in a picture are dark, it predictstwell how a
small perturbation can be detected. However, if some colours are dark and others bright{ it is harder for
the visual system to detect perturbations in the dark areas and hence it is reasonable toimove bits from
dark to bright areas.

NQTE In the development of this technique, only the local luma characteristics )were analysed, without
tryjing to adapt performance based on regional or global brightness characteristics, among othef potential
copsiderations. Other aspects, such as the noise present in some of the material, ¢an have also impacfed coding
pefformance and affected the design of the scheme. Further study may result in a revision of the|described
mdthods if additional evidence on the behaviour of the technology is obtained:

Many existing coders already use some form of adaptive QP methéd. As an example, such mefhods can
belused to increase the QP in areas of very high variance (whepe it is perceptually hard to sge errors)
and decrease the QP in areas of lower variance (where ertors are typically more visible)l In some
other systems, brightness, edges, motion, as well as othet\features, may also be considered.|However,
these methods are likely to have been designed based on SDR content characteristics. Given the above
observations regarding the transfer function relationships, it is advised that, when comprgssing PQ
encoded data, a QP adaptation method is considered that also takes into account these relafionships.
Othher characteristics, such as colour, could also be considered.

A $imple example QP adaptation method, wiiich is used in the enhanced reference model, is presented
below. This method was found to result in Better subjective, as well as objective performance gompared
tofthe fixed QP coding configuration-tlvat is used in the simple reference model.

8.2.2 Example of luma-dependent adaptive quantization

THe purpose of this approach is to try and match a similar level of distortion to a particplar, gray
leyel, luminance value x-when either the power law transfer function of Rec. ITU-R BT.709 [f7p9(x) or
the PQ transfer function fpg(x) are used, in combination with 10 bit quantization, as well aga codec’s
quantization level. More specifically, it is highly desirable to determine the QP value QPpq tp be used
with a PQ encoded-value 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. ITUFR BT.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 AVC and
HEVC enable the consideration of these formulations even after such transformations are performed.
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 <int;, <434

434 <int, <501 0

501 <int;, < 567 -1

567 <int; <634 =2

634 <inty, <701 -3

701 < int, < 767 -4

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

Luma dependent adaptive quantizer
I T T
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Figure 9—

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
setting may have been able to achieve a good balance between luma and chroma for SDR content using
the Rec. ITU R BT. 709 representatlon However the same encoder w1th the same settmgs w1ll likely not

s g sar : : ] e P transfer
fupction and the Rec. ITU- R BT.2020 colour space. Given the characteristics of the new reprepentation,
this will result in a bitrate allocation shift from chroma to luma. However, if chroma~isinot|allocated
enjough bits, this can give rise to visible chroma artefacts. These artefacts may, for example, [appear in
wlhite areas, where miscolourations in the direction of cyan and magenta can become visible, ps seen in
Figure 10 a).

Orle way to ameliorate this is for the encoder to apply a negative chroma QPoffset value. This will lower
the QP value used for quantizing the chroma coefficients and has an effect similar to stretiching out
the Cb and Cr distributions. This effectively shifts bits back from luma to chroma, thus allpwing the
enicoder to achieve a better balance between chroma and luma quality.

Simce chroma artefacts typically become more visible at low bjtrates, applying a large negatiye chroma
QR offset at such rates can potentially help reduce these artefacts significantly. However, afterf a certain
rafe point, chroma quality may be considered as being good 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 e set to a
aller value or even be set to zero.

A ppecial case occurs when it is known that the\content is in a restricted subset of the colqur gamut
ined by the Rec. ITU-RBT.2020 and Rec. ITU<RBT.2100 colour primaries. As an example, ifa ;nastering
di$play limited to the P3D65 colour primariés, as defined in SMPTE RP 431-2, was used to grade the
coptent, then it is likely that the content'does not also venture outside of this colour gamit. In this
cape, it might be known in advance thatithe chroma values will never go outside a certain intprval that
is much smaller than the allowed [64;960] range. Under such circumstances, it may be advgntageous
tofuse a larger negative chroma,QB offset compared to the QP offset that may be used for coptent that
makes use of the entire colour.gamut defined by the Rec. ITU-R BT.2020 and Rec. ITU-R BT.2100 colour
primaries.

8.3.2 Example of chroma QP offset settings

In|the following Eexample, it is assumed that the colour primaries of the mastering displaly/capture
ice are knewn:

Based on this knowledge, a model is used to assign QP offsets for Cb and Cr based on thg luma QP
a factor based on the capture and representation colour primaries. The model is expressed as
lae (70) and (71):

QPoffsetCb = Clip3{-12,0,Round| cq * (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.

© ISO/IEC 2018 - All rights reserved 27


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

ISO/IEC

Similarly,

TR 23008-14:2018(E)

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

The cons

=-0.46and1=9.26.

tants ccr and ccp have been calculated as the ratio of the range in the different colour

representatlons Asan example a max1mally red colour represented usmg Rec. ITU R BT.709 prlmarles

is the colgt
-0.115, 0
and YCbd
that has |
Conversid
0.104, -0
this case

For HEV{,

process, t
QPoffsetd

Similarly,
encoding
can be sef

An examyj
mapped f1
either the
shows thq
seen that
umbrella,

improved|

1‘2020 = (0.213, -0.104, 0 281) L1kew1se the colour with the smallest Cr compone an
LGB and YCbCr values of RGB7g9 = (0, 1, 1) and YCbCr7¢9 = (0.787, 0.115, -0.500), r ctivgly.
n to Rec. ITU-R BT.2020 will result in RGB2¢20 = (0.373, 0.931, 0.984) and YCbCrQQ 0=(0.787,
281). The Cr component range has therefore shrunk from [-0.5, 0.5] to [-0. /0.281] and|in
the constant ccr is calculated as (0.5-(-0.5)) + (0.281-(-0.281)) = 1.78. Q

if no other chroma QP offset is desired on a picture level by other, QGns of the encoding
he syntax elements pps_cb_qp_offset and pps_cr_qp_offset can be s gual to QPoffsetCb a
1, respectively. Finer control of the chroma QP offset can be achie(sd at the slice level.

for AVC, if no other chroma QP offset is desired on a pic evel by other means of the
process, the syntax elements chroma_qp_index_offset econd_chroma_gp_index_offsget
equal to QPoffsetCb and QPoffsetCr, respectively. \\

le of the effect of this method is shown in Figure 10« F?gure 10 a) shows a segment of a tore-
esult using Formula (56) for an HDR/WCG i at was compressed without the use|of

luma QP or chroma QP offset modifications <\ ibed above. On the other hand, Figure 10|b)
» same segment compressed at the same bitcate using both of these modifications. It can jbe

Fi

28

the large chroma artefacts, especially oncthe white window shutter and on the inside of the
have been ameliorated. Furthermore, luma, especially in the wall areas, has also been
.\Q)

gure 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
differences in the characteristics between SDR and HDR/WCG content, these processes may also need
to be appropriately adjusted. Furthermore, other metrics may also be more appropriate for these
encoding decisions. These aspects are not explored 1n the context of this document.

8.p HEVC encoding

When creating the HEVC bitstream, it is recommended to set the syntax elements listed in Jable 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 branch’ of the SPS defined in
Rgc. 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 Loeation 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
matrixleoeffs vui_parameters( ) 9
chroma_loc_info_present_flag vui_parameters( ) 1
chroma_sample_loc_type_top_field vui_parameters( ) 2
chromarsample_loc_type_bottom_field vui_parameters( ) 2

For HDR/WCG: content represented with the colour primaries of Rec. ITU-R BT.4020 and
Rgc. ITU-R BT2100 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.7D9 colour
primariés~and Rec. ITU-R BT.709 OETF (Rec. ITU-R BT.1886 EOTF) transfer function. Chroma QP
adjustment, as descrlbed in 8.3 can be performed by ad]ustmg and controlling the HEVC syntay elements
gtual luma
quantlzatlon as dlscussed in 8.2 could be achleved by ad]ustmg the syntax elements cu _qp_delta_abs
and cu_qp_delta_sign_flag.

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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