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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 inter

national

organizations, governmental and non-governmental, in liaison with ISO and IEC, also take part in the

work

jhe procedures used to develop this document and those intended for its further, mait
re described in the ISO/IEC Directives, Part 1. In particular, the different approeval
eeded for the different types of document should be noted. This documentOwas dr

tenance
criteria
hfted in
tives or

1
dccordance with the editorial rules of the ISO/IEC Directives, Part 2 (see www.iSo:org/dire
www.iec.ch/members_experts/refdocs).

ttention is drawn to the possibility that some of the elements of this documient may be the
f patent rights. ISO and IEC shall not be held responsible for identifying any or all sucl
ights. Details of any patent rights identified during the development\0of'the document will &
htroduction and/or on the ISO list of patent declarations received (see-www.iso.org/patents) o
st of patent declarations received (see https://patents.iec.ch).

=== o %

Any trade name used in this document is information given4or the convenience of users and
gonstitute an endorsement.

or an explanation of the voluntary nature of standards, the meaning of ISO specific tel
xpressions related to conformity assessment, as well as information about ISO's adhei
he World Trade Organization (WTO) principles in the Technical Barriers to Trade (T
yww.iso.org/iso/foreword.html. In the IEC, seel’www.iec.ch/understanding-standards.

< o D

This document was prepared by Joint Teehnical Committee ISO/IEC JTC 1, Information ted
Subcommittee SC 29, Coding of audio, picture, multimedia and hypermedia information.

Alist of all parts in the ISO/IEC 23090 series can be found on the ISO and IEC websites.

ny feedback or questions en this document should be directed to the user’s national s

subject
h patent
e in the
r the IEC

Hoes not

'ms and
ence to
BT) see

hnology,

andards
ml and

A
Hody. A complete listing~'of these bodies can be found at www.iso.org/members.ht
www.iec.ch/national-committees.
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Introduction

Advancements in 3D capturing and rendering technologies are enabling new applications and services
in the fields of assisted and autonomous driving, cartography, cultural heritage, industrial processes,
immersive real-time communication, and virtual/augmented/mixed reality (VR/AR/MR) content
creation, transmission and communication. Point clouds have arisen as one of the main representations

for such

applications. A point cloud frame consists of a set of 3D points. Every point, in addition to having

a 3D position, may also be associated with numerous other attributes such as colour, transparency,

reflecta

nce, timestamp, surface normal and classification. Such representations require a large amount

of data,
for effic

The Int
Commis
involve 1

ISO and

The hold
reasona
respect,
be obtai

Attentiﬁl? is drawn to the possibility that some of the elements, df this document may be the subjed

of pate
identify

ivhich can be costly in terms of storage and transmission. This document provides the methed
ently compressing point cloud representations.

—_—

brnational Organization for Standardization (ISO) and the International Electrotechnics
sion (IEC) draw attention to the fact that it is claimed that compliance with this décument maly
he use of a patent.

[EC take no position concerning the evidence, validity and scope of this patentright.

—

er of this patent right has assured ISO and IEC that he/she is willing toshegotiate licences undd
ble and non-discriminatory terms and conditions with applicants thtoughout the world. In thi
the statement of the holder of this patent right is registered with 150 and IEC. Information maly
hed from the patent database available at www.iso.org/patents-or https://patents.iec.ch.

v

[

rights other than those in the patent database. ISO and(IEC shall not be held responsible fo
ng any or all such patent rights.

—

viii
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Information technology — Coded representation of
immersive media —

Part 9:
Geometry-based pointcloud compression

1 Scope

This document specifies geometry-based point cloud compression.

2 Normative references

—

he following documents are referred to in the text in such a way/that some or all of thein
onstitutes requirements of this document. For dated referencesfonly the edition cited app
undated references, the latest edition of the referenced document (including any amendments)

Q

>wl

ec. ITU-T X.690 | ISO/IEC 8825-1, Information technology —ASN.1 encoding rules — Part 1: Spec
f Basic Encoding Rules (BER), Canonical Encoding Rules (CER)-and Distinguished Encoding Rules

(@)

Hec. ITU-T X.660 | ISO/IEC 9834-1, Information technology — Procedures for the operation
entifier registration authorities: General procedures and top arcs of the international object 1
ree — Part 1:

o~ ~-

Hec. ITU-T X.667 | ISO/IEC 9834-8, Informdtion technology — Procedures for the operation

o~ ~.

se in object identifiers

(]

50/1EC 23091-2, Information technplogy — Coding-independent code points — Part 2: Video
Hec. ITU-T T.35, Procedure for'thé allocation of ITU T defined codes for non-standard facilities

Terms and definitions

L)

vl

or the purposes®©f this document, the following terms and definitions apply.

[50 and IEC maintain terminology databases for use in standardization at the following addres

- 1SO_Online browsing platform: available at https://www.iso.org/obp

- _EC Electropedia: available at https://www.electropedia.org/

content

lies. For
applies.
ification
DER)

bf object
dentifier

bf object

Hentifier registration authorities — Part 8: Generation of universally unique identifiers (UUIDs) qnd their

Ses:

3.1 General terms

3.1.1
point

fundamental element of a point cloud (3.1.2) comprising a position specified as Cartesian coordinates

(3.1.8) and zero or more attributes (3.1.19)

3.1.2
point cloud
unordered list of points (3.1.1)

© ISO/IEC 2023 - All rights reserved
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3.1.3
point cloud sequence
sequence of one or more point clouds (3.1.2)

3.14
point cloud frame
point cloud (3.1.2) in a point cloud sequence (3.1.3)

3.1.5
coded point cloud frame
coded rgpresentation of a point cloud frame (3.1.4)

3.1.6
canonidal point order
order of|points (3.1.1) decoded from a slice (3.1.21) according to the decoding processes

Note 1 tgentry: The decoding processes are specified in Clause 9.

3.1.7
bounding box
axis-aligned cuboid defining a spatial region that bounds a set of points (3.1.1)

3.1.8
Cartesian coordinates
three sdalar multiples of respective orthogonal XYZ (3.1.11) unit\yvectors with finite precision and
bounds that specify a position relative to a fixed reference

3.1.9
angular coordinates
position|specified as the radial distance p from the V axis, an azimuth angle ¢ in the S-T plane and ap
indexed|elevation

3.1.10
attribute coordinates
STV (3.1112) or scaled RPI (3.1.13) point ceefkdinates used to code an attribute (3.1.19)

3.1.11
XYZ

XYZ axgs
X, Y and|Z axes, in that order, uséd to represent Cartesian coordinates (3.1.8)

3.1.12
STV
STV axqgs
S, T and|V axes, ip-that order, that are a sequence-dependent permutation of the XYZ axes (3.1.11); use
to reprefent the'ceded geometry (3.1.18)

o

3.1.13
RPI
RPI axes

R, P and I axes, in that order, used to represent angular coordinates (3.1.9)

3.1.14

sequence coordinate system

scaled and translated application-specific coordinate system that applies to an entire coded point cloud
sequence (3.1.3) and in which all points (3.1.1) have non-negative fixed-point coordinates

3.1.15

coding coordinate system

scaled sequence coordinate system (3.1.14) that applies to an entire coded point cloud sequence (3.1.3)
and in which all points (3.1.1) have non-negative integer coordinates

2 © ISO/IEC 2023 - All rights reserved
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3.1.16
slice coordinate system

translated coding coordinate system (3.1.15) that applies to a single slice (3.1.21) and in which all points

(3.1.1) in the slice have non-negative integer coordinates

3.1.17
beam

sampler of point positions using angular coordinates (3.1.9) by rays cast with a fixed elevation and from

a point on and rotating around the V axis at the angular origin

bit> bit in a binary string or value, representing the factor 2Po54e"

XAMPLE The LSB has bit position 0.

A1.21
ice
eometry (3.1.18) and attributes (3.1.19) for part of,’or an entire, coded point cloud frame (3.1.5)

ote 1 to entry: the bounding boxes (3.1.7) of any two slices can intersect.

set of slices (3.1.21) identified by .aommon slice_tag syntax element (3.2.16) value whose ¢
(B.1.18) should be contained within'a bounding box (3.1.7) specified in a tile inventory data unit

1.23
orton code
rnon-negative integer obtained by interleaving the bits of three integers

3.1.24
Norton order
drder of eleménts according to their Morton code (3.1.23)

3.1.25

arse.array
%Eray with fewer set elements than total addressable elements

Note T to entry: Unset elements can have an inferred value when accessed.

3.2 Terms related to high-level syntax and entropy coding

3.2.1
ASN.1
abstract syntax notation one

eometry
(3.2.13)

notation specified by Rec. ITU-T X.680 | ISO/IEC 8824-1 that is used for the definition of data types,

values and constraints on data types

© ISO/IEC 2023 - All rights reserved
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3.2.2
bin

binary symbol (bit) of the binarized (3.2.3) representation of a syntax element's (3.2.16) value

3.2.3

binarization
specification of a syntax element's (3.2.16) value as a sequence of bins (3.2.2)

3.2.4
bypass

<contex

3.2.5
bypass
bypass-d

3.2.6
bypass
sequenc

3.2.7
bitstres
<data> g

3.2.8
bitstres
<coded
coded p

3.29
set bit
bit with

3.2.10
unsetb
bit with

3.211
byte
sequenc
right.

Note 1 to

3.2.12

byte ali
bitstrea
bitstrea

fual probability model> static, equiprobable probability model

symbol
ontextualized (3.2.4) bin (3.2.2)

Stream
e of bypass symbols (3.2.5) that are not encoded in an arithmetic-coded bitstream (3.2.7)

m
equence of bits

m
sequence> sequence of bits, in the form of encapsulated data units (3.2.13), that represents fa
pint cloud sequence (3.1.3)

the value 1

t
the value 0

e of 8 bits, typeset withthe most significant bit on the left and the least significant bit on the

entry: When represented in a bitstream, the most significant bit of a byte is first.

pned
n (3.2:7) position that is an integer multiple of eight bits from the position of the first bit in thie
m

3.2.13
data un
DU

it

sequence of bytes (3.2.11) conveying a single syntax structure (3.2.17) of known length

3.2.14
data un

it header

parameters, located from the start of a data unit (3.2.13)

3.2.15

data unit footer
parameters, located from the end of a data unit (3.2.13)

© ISO/IEC 2023 - All rights reserved
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3.2.16
syntax element
element of data represented in the bitstream (3.2.7)

3.2.17
syntax structure

zero or more syntax elements (3.2.16) present together in the bitstream (3.2.7) in a specified order

3.2.18
parameter set

llection of parameters that apply when activated

.2.19
quence parameter set
PS
arameters for an entire coded point cloud sequence (3.1.3), conveyed by an SP$-data unit (3.2
ctivated when referenced by a geometry (3.1.18) data unit

.2.20

eometry parameter set

PS

arameters for the coding of slice (3.1.21) geometry (3.1.18), conveyed by a GPS data unit (3.2
ctivated when referenced by a geometry data unit

2.21
ttribute parameter set
APS
fdarameters for the coding of a slice (3.1.21) attribute;(3.1.19), conveyed by an APS data unit (3.2
dctivated when referenced by an attribute data utiit
3.2.22
gbject identifier
QID
4ASN.1> ordered list of primary integer values from the root of the international object ident
(B.2.23) to a node, which unambigueusly identifies that node
[FOURCE: Rec. ITU-T X.660 | ¥SO/IEC 9834-1:2012, 3.5.11, modified — The abbreviated term "
the domain "<ASN.1>" have been added.]
3.2.23
ipternational objectidentifier tree
tree whose root corresponds to Rec. ITU-T X.660 | ISO/IEC 9834-1 and whose nodes corres
registration authgrities (3.2.25) responsible for allocating arcs from a parent node (3.3.10)

.13) and

.13) and

.13) and

fier tree

DID" and

pond to

[FOURCE«Rec. ITU-T X.660 | ISO/IEC 9834-1:2012, 3.5.5]

3.2.24

registration

debieetidentifier SQcQigninan £ of o i o higuoiic ynaoyan o o Aot 1 o varayy gl ol o
UUJ\,\,L ITUCITIVITIUT aoolsuul\,u\. vl dll uucuuulsuuuo ITdIIrIC tuUu dail UUJ\'\,L I da VVC\)’ vviIiiICIT 111

assignment available to interested parties

kes the

[SOURCE: Rec. ITU-T X.660 | ISO/IEC 9834-1:2012, 3.5.16, modified — The domain "<object identifier>"

has been added.]

3.2.25
registration authority

<international object identifier tree> entity such as an organization, a standard or an automated facility

that performs registration (3.2.24) of one or more types of objects

[SOURCE: Rec. ITU-T X.660 | ISO/IEC 9834-1, 3.5.17, modified — The domain "<international object

identifier tree>" has been added.]
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3.2.26
application specific
defined by an application or an application standard

3.2.27

unspecified

having no specified meaning in this document and will not have a specified meaning in future editions
of this document

Note 1 to entry: It is used to specify values of a particular syntax element (3.2.16).

3.3 Terms related to tree structure

3.3.1
tree
recursivie structure of nodes (3.3.7) without loops and containing a single root node (3.3.5)

3.3.2
top
<tree> tyee level (3.3.4) with a depth (3.3.8) of 0, consisting of the root node (3:3.5)

3.3.3
bottom
<tree> tyee level (3.3.4) with the greatest depth (3.3.8)

3.34
tree level
set of nodes (3.3.7) at the same depth (3.3.8) in a tree (3.3.1)

3.3.5
root nogle
node (3.B.7) without a parent node (3.3.10)

3.3.6
leaf node
terminal node (3.3.7) without any child.nodes (3.3.9)

3.3.7
node
element|of a tree (3.3.1)

3.3.8
depth
<node> humber of deScendent hops from the root node (3.3.5) to a node (3.3.7)

3.39
child nqde
direct d¢scendent of a node (3.3.7)

3.3.10
parent node
direct ancestor of a node (3.3.7)

3.3.11
grandparent node
direct ancestor of a node's (3.3.7) parent node (3.3.10)

3.3.12
great-grandparent node
direct ancestor of a node's (3.3.7) grandparent node (3.3.11)
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3.3.13
sibling nodes
nodes (3.3.7) that are child nodes (3.3.9) of the same parent node (3.3.10)

3.3.14
subtree

023(E)

part of a tree (3.3.1) comprising a subtree root node (3.3.15) and all its descendents over all subsequent

tree levels (3.3.4)

point> three-dimensional coordinates of a point (3.1.1)

4.2
ccupancy tree
ight-ary tree (3.3.1) of occupancy tree nodes (3.4.4) representingthe geometry (3.1.18) of a slicg

4.3
redictive tree
tree (3.3.1) of predictive tree nodes (3.4.5) representingthe’geometry (3.1.18) of a slice (3.1.21)

4.4

ccupancy tree node

ode (3.3.7) of an occupancy tree (3.4.2) representing a sub-volume of the 3D space (or
ntaining the point cloud (3.1.2)

ode (3.3.7) of a predictive tree (3¢4.3) representing a single position (3.4.1) for one or more poin

4.6
irect node
terminal occupancy tree node (3.4.4) that codes one or more point positions (3.4.1)

4.7

ccupancy bitmap
-bit bitmap foran occupancy tree node (3.4.4) whose bits indicate the existence of child nodes (
articular lgeations in the next tree level (3.3.4)

4.8
ccupied neighbourhood pattern

endents

(3.1.21)

volume)

s (3.1.1)

3.3.9) at

attern that indicates the existence and arrangement of the six possible occupancy tree nodg

s (3.4.4)

that share faces with a central node

3.5 Terms related to attribute coding

3.5.1
primary attribute component
first, or only, attribute (3.1.19) component, identified by the index 0

3.5.2
secondary attribute component

attribute (3.1.19) component other than the first component, identified by an index greater than 0
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3.5.3

detail level

set of points (3.1.1) that represent a subsampled version of the slice (3.1.21) geometry (3.1.18)
3.54

refinement list

set of points (3.1.1) present in one detail level (3.5.3) that are not present in the next coarsest detail level
3.5.5

refinement point

point (3J1.1) in a refinement list (3.5.4)

3.5.6

predictor set

set of neighbouring points (3.1.1) from which an attribute (3.1.19) value is predicted
4 Abbreviated terms

ADU Attribute data unit

APS Attribute parameter set

attr Attribute

CBS Chunked bytestream

cnt Count

CPM Contextual probability model

DU Data unit

EGk Exponential Golomb code of order k

fbdu Frame boundary marker data unit

FL Fixed-length code

FL+S Fixed-length code-plus conditional sign bit

FSAP Frame-specific attribute properties

GDU Geometry data unit

geom Géometry

GPS Geometry parameter set

G-PCC Geometry-based point cloud compression

idx Index

LoD Level(s) of detail

LSB Least significant bit

MSB Most significant bit

NA Not applicable
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occtree Occupancy tree

occ Occupancy tree node

ptree Predictive tree

ptn Predictive tree node

QP Quantization parameter

RAHT Region-adaptive hierarchical transform
seq Sequence

PS Sequence parameter set

t Tile inventory

tlv Type-length-value

TU Truncated unary code

3 Conventions

3.1 General

NOTE The mathematical operators used in this document are similar to those used in the C prog

—

C

nguage. However, the results of integer division and\arithmetic shift operations are defined more
and additional operations are defined, such as exponeritiation and real-valued division. Numbering and
pnventions generally begin from 0.

.2 Symbolic names

ariables and expressions use the-following case-insensitive naming conventions to indicate th

i, j: general loop or index ftariable

k: component of an XYZ/STV/RPI position, coordinate or location

c: component ofan-attribute

gc: quantizatien-parameterized component: 0 — primary; 1 - secondary
dpth: therdepth of a node or level in a tree

Ivl:tree level or detail level, counted from the bottom of a tree or hierarchy

m: Morton-coded location

ramming
brecisely,
counting

eir use:

ns, nt, nv: node coordinates

nsc, ntc, nvc: child node coordinates

nsp, ntp, nvp: parent node coordinates

ptldx: index of a point in canonical point order

rfmtldx: index of a point in an array of LoD refinement points

ni: index for an element in a point's predictor set
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5.3 Numerical representation

binary
octal

decimal

hexadecimal

typeset as 'X...XX' where each base 2-digit X is 0 or 1
typeset as X...XXg where each base 8-digit Xis 0 to 7
typeset as X...XX where each base 10-digit X is 0 to 9

typeset as 0xX...XX where each base 16-digit Xis0to9 or Ato F

5.4 Al

rithmetic operators

)gical operators

rlationaloperators

Greater than

Addition
Subtraction (as a two-argument operator) or negation (as a unary prefix‘@perator)
Multiplication

Exponentiation. Specifies x to the power of y. In other contexts;sieh notation is used fqr
superscripting not intended for interpretation as exponentiation.

=

Integer division with truncation of the result toward zero, For example, 7 /4 and -7 / -
are truncated to 1 and -7 / 4 and 7 / -4 are truncated to -1.

Division where no truncation or rounding is inténded

Division in mathematical equations where ne'truncation or rounding is intended

Summation of f(7) with i taking all integer values from x up to and including y

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

Conditional booleanlogical "and" of x and y; the operand y is only evaluated if x is trug.
Conditional boolean logical "or" of x and y; the operand y is only evaluated if x is false.
Boolean legical "not"

If x is)true or not equal to 0, evaluates to y; otherwise, evaluates to z

10

Greater than or equal to
Less than

Less than or equal to
Equal to

Not equal to
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5.7 Bit-wise operators

&

X>>y

X <<y

o

OTE

—t

3.8 Assignment operators

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

Bit-wise "or". When operating on integer arguments, operates upon a two's complement
representation of the integer value. When operating upon a binary argument that contains

—fewer bits thamranotherargument theshorterargument tsextended by addinmg MSBs equal

to 0.

Bit-wise "exclusive or". When operating on integer arguments, operates upon a two's com-
plement representation of the integer value. When operating upon a binary argument that
contains fewer bits than another argument, the shorter argument iS'extended by adding
MSBs equal to 0.

Arithmetic right shift as specified by DivExp2Floor(x,y). Itisequivalent to shiftinga two's
complement integer representation of x by y binary digits:{Phis operator is defihed only
for non-negative integer values of y.

Arithmetic left shift of a two's complement integer*representation of x by y binary digits.
This operator is defined only for non-negative integer values of y. Bits shifted into fhe LSBs
as a result of the left shift have a value equal£0)0.

According to the rules of precedence (5.11), the expressionsa + b <<c+dand a | b << c| d are|identical
b (a+b) << (c+d)anda| (b<<c)]|d respectively,and nota + (b<<c)+dor (a|b) << (c|d).

Assignment operator
Expression definition (5:12)

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

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

Multiply by amount specified and update, i.e. x x= 3 is equivalent to x =x x 3

Increment by amount specified, i.e. x += 3 is equivalent to x = x + 3, and x += (-3) |s equiv-
alenttox=x+ (-3)

Decrement by amount specified, i.e. x —= 3 is equivalent to x = x — 3, and x —= (-3) |s equiv-
alenttox=x-(-3)

>>=

<<=

Arithmetic right shift by amount specified, i.e. x >>= 1 is equivalent tox=x>> 1

Arithmetic left shift by amount specified, i.e. x <<=1 is equivalenttox =x << 1

5.9 Range notation

x=a.b

x takes on monotonically increasing integer values starting from a and proceeding to b,
inclusive, with x, a and b being integer numbers
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5.10 Mathematical functions

5.10.1 General

ArcSin(x) Trigonometric arc sine function
Abs(x) { X x=20

-x ; x<0
Bit(X, 1) (A 1') &1
Ceil(x) Lowest integer greater than or equal to x

min ; Xx<min
Clip3(mjn, max, x) max ; Xx>max

x ; otherwise

DivExpZFloor(x, p) Floor(x + 2P)
DivExp4Fz(x, p) RoundFz(x + 2P)
DivExpZ4Up(x, p) RoundUp(x + 2P)
Exp2(p) 2p
Floor(x) Greatest integer less than or equalito x
Gced(a, b)) Greatest integer that is a factorjof both a and b
IntLog2(x) Floor(Log(x) + Log(2))
Log(x) Natural logarithm of the argument x
Min(x, y {X xSy

y 5 Xx>)

X0 XO < Mln(xl » X2 )
MinVec(jx) x3-\J X <Min(xg,x,)

Xy ; Xy <Min(xg,x1)
- ye o e

Yy 5 X<y

Xg ; Xo=Max(xq,xy)
MaxVec(x) X1 ; Xy >Max(xg,x;)

Xy 3 Xy >Max(xg,x;)
PopCnt(kx] Number of set hits present in the hinary representation of x
RoundFz(x) (2 xx+Sign(x)) /2
RoundUp(x) (2xx+1)/2

1 ; x>0

Sign(x) 0 ; x=0

-1 ; x<0
Sin(x) Trigonometric sine function
Sqrt(x) Jx
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5.10.2 IntAtan2

The function theta = IntAtan2(y, x) is a 20-bit fixed-point approximation of the arc tangent of y + x that
accounts for the Cartesian quadrant of the parameters. Its:

— parameters x and y are integer, Cartesian coordinates;
— result shall be equal to the value of the expression intAtan2[y][x].

The expression sineThetal is for a right-angled triangle with catheti adj and opp in the first octant.

sineThetal := opp x IntRecipSqgrt(adj x adj + opp x opp) >> 20
where
opp

Min (Abs (y), Abs(x))
)

adj Max (Abs (y), Abs(x)

o |

he angle thetal is derived by interpolating between values of ArcSinFp for a 9-bit approximation of sine

theta.
thetal := ArcSinFp[idx0] + (alpha x (ArcSinFp[idxl] - ArcSinFp[id&0J) >> 11)
where
1idx0 := sineThetal >> 11
idx1l := Min (362, 1idx0 + 1)
alpha = sineThetal % Exp2(1l1)

The expression ArcSinFp[x] specifies the 20-bit fixed-point approximation for arc sine.

1
ArcSinFp[x] :={220 ArcSin[i)+—J
2° ) 2

The result is obtained by mapping thetal to the correct octant according to the signs of the parameters.

intAtan2[y] [x] := Sign(y) x thetalh
where thetalh :

x > 0 && Abs(x) 2 Abs(y) ? thetal

x > 0 && Abs(x) < Abs(y) ? 1647099 - thetal

x < 0 && Abs(x) < Abs(y) ? 164%100 + thetal :

x < 0 && Abs(x) 2 Abs(y) 25\3294177 - thetal : 0

3.10.3 IntCos and IntSin

]

he functions x = IntCos( 8 piBits) and y = IntSin(6, piBits) are 24-bit fixed-point approximatiops of the
dosine and sine of 6. Their:

— parameters @and piBits specify an angle measured in units of 2-Pi5its half turns;

- result shall'be equal to the value of the expression cathetus.

—

he fixedspoint cathetus for the unit circle is calculated by interpolating between values of SinFp. The
alues\of sgn and theta are determined from 6 for the corresponding function as specified by|Table 1.

<

Thevariable pi, equal to Exp2(piBits), represents one half turn.
cathetus := sgn x DivExp2Up (iFracO0 x SinFp[idx0] + iFracl x SinFp[idxl], fracBits)
where
fracBits := piBits - 11
iFracl := theta - ((theta >> fracBits) << fracBits)
iFracO := Exp2(fracBits) - iFracl
1dx0 Min (1024, theta >> fracBits)

idx1 Min (1024, idx0 + 1)
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Table 1 — Values of sgn and theta for functions IntCos and IntSin

Domain IntCos IntSin
sgn theta sgn theta

0 <-pi -1 pi/2 0 0
-pi<6<-pi/2 -1| -0-pi/2 -1 pi+0
-pif2<6<0 1| 6+pi/2 -1 -0
0<0<pi/2 1| -6+pi/2 1 0
pIJZZO<pi =TI 0 -pi/Z T pTi-0
0 = pi -1 pi/2 0 0

The expression SinFp[x] specifies the 24-bit fixed-point approximation of sine.

; . [ TX 1
Slan[X] = [224 SIH(ZT ]4‘ EJ

5.10.4 [ntSqrt
The fungtion r = IntSqrt(x) is an integer approximation of the principal square root of x. Its:
— pargameter x is a non-negative integer;

— resylt shall be equal to the value of the expression intSqrt|[x]

—

It is spefified in terms of the fixed-point reciprocal square ¢:0¢t. If the parameter x is greater than g
equal to[24, the calculation uses a quantized value of x to ensure computability using 64-bit arithmetig.

NOTE IntSqrt(0) is 1.

intsSqgrt|x] := x £ Exp2(46)
? 1|+ (x x IntRecipSqgrt(x) >> 40)
: 1+ (x8 x IntRecipSqgrt (x8) >> 32)
where
x8

DivExp2 (x, 1l6) + 1

5.10.5 [ntRecipSqrt

The funftion rRecip = IntRecipSqrt(x) is a 40-bit fixed-point approximation of the reciprocal squar
root of ¥ Its:

[¢)

— parameter x is a non=negative integer;
— resylt shall be equal to the value of the expression intRecipSqrt[x].
NOTE IntReeipSqrt(0) is 0.

The parpmeter x is scaled to be in the range [239, 232 - 1] in the expression xScaled by multiplying o
leldln Whera mavzar of fariv Tha avnraccinn vwOConalol and ictbhalagd coala factay

Oy o poOvVWCT O Toul: T T CApPTCoSTOT ADCHIC DU T T To g T oot TattoTs

—

xScaled := Floor(x x Exp2(2 x xScaleLogd))
xScalelLogd4 := 15 - IntLog2(x) / 2

The reciprocal square root shall be determined by two rounds of the Newton-Raphson method. The
initial approximation for the scaled parameter x is specified by the expression approxR0. Table 2
specifies the initial approximants over the domain of approxR with 18 fractional bit precision.

approxR0O := approxR[xScaled >> 25]

The second approximation from the first round of the Newton-Raphson method is specified by the
expression approxR1.
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approxR1l := threeR0O[approxR0] - (rCubedO[approxR0] x xScaled >> 32)
threeR0O[r] = 3 x DivExp2Fz(r, 18) << 22
rCubedO[r] := DivExp2Fz(r x r x r, 54) << 8

The third approximation from the second round of the Newton-Raphson method is specified by the
expression approxR2.

approxR2 := threeRl[approxRl] - rCubedl[approxR1l] >> 32
threeRl[r] := r x 3 << 28
rCubedl[r] := r x (r x (r x pInScaled >> 32) >> 32)

IfneTesultiS obtalned by Scallng the third approximation by the square root ol tne initial scalelfactor.

intRecipSqgrt[x] := x > 0 ? Floor (approxR2 x Exp2(xScaleLog4 - 3)) : O

Table 2 — Initial approximations approxR|[i + j] for IntRecipSqrt(i +4 << 25)

i
0 1 2 3 4 5 6 7
32 | 3F7FFDA | 3E7FFB7 | 3DBFFBD | 3CC0013 | 3BFFFEE | 3AFEEEY 3A3FFDE 397FF96
40 | 38FFFDE 383FFCO0 3780063 36FFFCD | 3640014 | 35BFFFA 34FFF8B 3480010
48 | 3400039 3380042 3300008 328002B | 3200046 [~ 317FFC2 3100012 307FFDB
56 | 303FFC5 2FCO04F 2F3FFEO 2EFFF93 | 2E7FF91Cy{* 2E3FF83 2DC0037 207FFB6
64 | 2D0000B | Z2CBFF96 2C7FF66 2C00017 | 2BCOO53 | 2B7FFA4 2AFFF43 2AC004B
72 | 2A80061 2A3FF6A | 2A00032 29BFF3B | 297FF74 293FFC9 28CO001E 287FF6D
80 | 283FF9E 27FFF93 27BFFB1 | 27BFFE8¢{277FF3C 2700056 2700000 2¢4C0069
88 | 26800CE | 26400CD 25FFF5A | 25BFFA8; | 25BFFD6 | 258008C 25400B9 2300020
96 | 24BFF93 24C00B6 24800E6 | 24400B3 | 2400011 2400054 23C0049 237FF98
104 | 2380104 233FFFC 2300047 2300024 | 22€0029 2280000 2280012 223FF79
112 | 223FF54 21FFF56 21BFFDE 21C0078 2180111 217FF3D 2140023 2(JFFFOF
120 | 21000F1 20C0019 20C04387 2080015 | 2080091 204004F 20400F7 200006B

NOTE  Values are typeset in hexadecinmiahform without the 0x prefix.

J

3.10.6 Div

—

he function quotient =\Div(dividend, divisor, fracBits) is a fixed-point approximation of diyidend +
ivisor. Its:

S

- parameters.dividend and divisor are integers;

- parametef fracBits is the number of fractional bits in the fixed-point result;

- resultis specified by the value of the expression quotient.

quotfdent := dividend x recipDivisor[idx] >> 16 + excess - fracBits
where
idx := DivExp2Fz (divisor, excess)
excess := Max (0, IntLog2(divisor) - 7)
recipDivisor[idx] := RoundFz (Exp2 (16) + idx) - 1

5.10.7 Morton
The function m = Morton(s, ¢, v) converts its parameters to a 3D Morton code. Its:
— parameters s, t and v are non-negative integers;

— resultis specified by the value of the expression morton.
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The conversion interleaves the bits of each parameter v, t and s; in that order, starting from the LSBs.

The LSB

of vis the LSB of m. Table 3 illustrates the construction of 3D Morton codes from the bit string

representation of the parameters s, t and v.

morton := 223i+2 Bit(s,i)+23iJr1 Bit(t,i)+23i Bit(v,i)

i=0

The expression Morton[expr] performs the same conversion for an expression expr that takes an
argumentk, k€ {0,1,2}.

Morton[_ pr] = Morton(exXpr[U], eXprll], exXprlis])
Table 3 — Construction of 3D Morton codes m from the tuple (s, t, v)
Bit string form Decimal form
s t v m m
’(|)0' '00' '00' ‘000000 0
00 00’ 01" 000001 1
[ES 11 '10' 011110 30
'tl) 1' 11 11 ‘011111 31
10 01 10 '101010¢ 42
10 01 11 10101 1 43
11 10 '00' "14H04 0 0' 52
"1 10 01 ‘nN10101 53
S, | S1 Sp ty -t b Vp e V1 Vg Sy tsVn - St B V1 S to Vo
5.10.8 FromMorton
The fungtion (s, t, v) = FromMorton(m) is the inyerse of Morton(s, t, v). Its:
— pargameter m is a non-negative, integer, 3D-Morton code;
— resyltis the tuple specified by the value of the expressions s, t and v.
The conyersion deinterleaves the bits of v, £ and s; in that order, starting from the LSB. The LSB of m is
the LSB pfv.
o [ p: .
s:= Zi:OZ Bit(m,3i +2)
‘_‘ I o .
t .—‘ZI,ZOZ Bit(m,3i+1)
o NS . .
V= Zl_:OZ Bit(m,3i)

5.11 Order of operation precedence

When order of precedence in an expression is not indicated explicitly by round brackets, the following

rules ap

ply:

— 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.

16
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Table 4 specifies the precedence of operations from highest to lowest; a higher position in the table
indicates a higher precedence.

N

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

Table 4 — Operation precedence from highest (at top of table) to lowest (at bottom of table)

Operations (with operands x, y and z)

(&x ]

o>l wwillan)

A
S

(

.12.1 General

nnex E.

3 x4a)+ b.

Nl Vo
7

-X, -x (as a unary prefix operator)

Pd

XXPX[VXEY, =, x%y
Yy

X +Y,x -y (as atwo-argument operator), Zj’:xf(i)

X<<Y,X>>y

X<V, XSY,X>), X2y

X==Y),X#Y

x&y

x"Ny

x|y

x&&y

x|y

x?y:z

X.y

X =y’ X +=y’ X —:y‘ X x:y, X <<=y‘ X >>=y

.12 Named expressions

perations and values in_this document are sometimes specified in the form of named expyessions.
xemplar named expressions are described in Table 5. An index of all named expressions is prqvided in

named expression is a named macro-like statement. Every occurrence of a named expre¢ssion is
ubstituted by its definition when evaluated. The definition is provided by the := operator.

Substitiition is atomic. For example, the substitution for 3 x ExAPlusB is equivalent to 3 x (a {+ b), not

Thedefinition for a mamed expression s immutabte. For example, EXTwo s equivatent to tire value 2;

unlike a variable it cannot be modified. All instances of ExTwo could be substituted by the numeric
value 2.

The substitution for a named expression can be a variable. The substituted variable in such cases can
be modified. For example, ExVar++ increments the variable Var.
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Table 5 — Examples of named expressions

Example Remarks
ExTwo := 2 ExTwo is equivalent to the value 2
ExAPlusB := a + b ExAPlusB is equivalent to (a + b)
ExTwoIndirect := ExTwo ExTwolndirect is equivalent to ExTwo
Var = 2 ExVar is equivalent to (an alias of) the variable Var
ExVar := Var
ExTimedTwo[1] := Z X 1 ExTimesiwo|j + 1] 1s equivalentto Zx (j+ 1)
ExSquaged[i] := i x i ExSquared[ExVar++] is equivalent to Var x Var, with Var incre-
mented after the evaluation of ExSquared
for (Vdr = 0; var < 10; Var++) sum is incremented, in total, by 110
sum 4= ExTimesTwo [Var]
ExWherq[i] := ExTimesTwo [inner] ExWherelj] is equivalentto 2 x (j + 1)
Wherg
inrffer = 1 + 1
ExSumAf[i] := i > 0 Recursive definition.
? 1 4 ExSumA[i - 1] ExSumA[10] evaluates to 55
0
ExSumB[|i] := Imperative definition using multiple statements.
ExSunB = 0 ExSumB[10] evaluates to 55
for {; 1 > 0; i--)
ExqumB += 1
ExSuml([expr] := ExSumi1Q-applies expr to each i, i € 0.. 10, summing the result.
ExSunl0 = 0 ExSum10[ExprTimesTwo] evaluates to 110
for (i = 0; 1 < 10; 1i++) ExStim10[ ExprSquared] evaluates to 385
Exquml0 += expr[i]
5.12.2 BScope of a named expression
The scope of a named expression.is not affected by the relative order of its definition and use; a namefd
expressjon can be referenced.earlier in the document than its definition.
Named pxpressions identified by a capital initial are "global" definitions that apply to the whole
documeht. They maybedirectly referenced in other subclauses.
Named ¢xpressions‘identified by a lower-case initial are "local” definitions that apply to the subclause
in whicH they. ate'defined.
If a gloHal’definition references a local definition in the same subclause, that local definition is usefd
when thegtobat defimition ;S Teferenced imanother Subciause-

5.12.3 Arguments of named expressions

The definition of an expression can be in terms of one or more parameters. Each parameter is enclosed
in square brackets. For example, the definition ExTimesTwo[i] has a single parameter i.

A named expression can be applied to one or more arguments. When the definition is substituted for
a named expression, every instance of each parameter is replaced by the text of the corresponding
argument.

Replacements are atomic. For example, ExTimesTwol[j + 1] is equivalentto 2 x (j + 1), not (2 xj) + 1.

18

© ISO/IEC 2023 - All rights reserved


https://standardsiso.com/api/?name=458b17f08c948477860ec1b8ac09b16b

ISO/IEC 23090-9:2023(E)

5.12.4 Sub-expressions

A definition can contain a where-clause that defines further named expressions. They apply only to
the definition containing the where-clause. For example, the definition of ExWhere[i] defines the sub-
expression inner.

5.12.5 Definitions with multiple statements

Some definitions cannot be succinctly expressed by a single statement. In such cases, a definition can

nsistof mn]h'p]n statements The evaluated value for the whole definition is cpnr-ifinr‘] hy assignments

dr modifications to a variable with the same name as the named expression. For example, ExXSumB.

5.12.6 Textual definitions

Some definitions are provided by a descriptive equivalence in textual or tabular form. For example:

"The expression Ex[i] is specified by Table X (Value for Ex[i])."
"The value for the expression Ex is specified by Table X for each axis#:’

—+ "The expression Ex is equivalent to the following [procedural cede]."

§.13 Variables, syntax elements and tables

yntax elements in the bitstream are represented in boldtype. Each syntax element is describgd by its
ame (all lower-case letters with underscore characters) and one descriptor for its method pf coded
epresentation. The decoding process behaves according to the value of the syntax element and to the
alues of previously decoded syntax elements. When a value of a syntax element is used in the syntax
hbles or the text, it appears in regular (i.e. not hold) type.

o < 5 353 LD

Ih some cases the syntax tables use the values of variables derived from other syntax elementg' values.
juch variables appear in the syntax tables, or text, named by a mixture of lower- and upper-cade letters

nd without any underscore characters: Variables with a capital initial are valid for the decpding of
the current syntax structure and alk.dependent syntax structures. They may be used in the decoding
drocess for later syntax structures/without mentioning their origin. Variables with a lower-case initial
are only used within the clause in which they are derived.

NOTE The syntax is described in a manner that closely follows the C language syntactic constructs

unctions that specify_properties of the current position in the bitstream are referred to a$ syntax
inctions (7.2). These functions assume the existence of a bitstream pointer with an indicatign of the
osition of thearext bit to be read by the decoding process from the bitstream. Syntax functjions are
escribed by<heir names, which are constructed as syntax element names and end with left gnd right
pund braekets including zero or more parameter names (for definition) or arguments (forf usage),
eparated by commas (if more than one).

wn = o b

Hunctions that are not syntax functions (including mathematical functions specified in 5.10) are
eseribed by their names, which start with a capital initial, contain a mixture of lower- and upper-case
letters without any underscore characters and end with left and right round brackets surrounding zero
or more parameter names (for definition) or arguments (for usage), separated by commas (if more than
one).

Arrays are sequences of values identified by a common name. Both syntax elements and variables can
be arrays. Subscripts or square brackets are used to index an array.

Boolean true and false values are interchangeable with the integers 1 and 0, respectively; non-zero
integers are equivalent to true.
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6 Point cloud format and relationship to coded and output representations

6.1 General format

A point cloud is an unordered list of points representing geometry, optional attribute information and
associated metadata. Geometry information describes the location of points in a three-dimensional

Cartesia

n coordinate system. Attributes are typed properties of each point, such as its colour or

reflectance. Metadata is information used to interpret the point cloud, the point geometry and the
attribute data.

Each polnt in a point cloud is a tuple of a three-dimensional position and attribute values for everfy

attribut
order.

Point clpud metadata may describe, for example, a geometric transformation used to map points t

another
types ar
An N-pd
compris
A to A,

Two poirt clouds are identical if there exists-a one-to-one mapping between points in the two poir

clouds.
6.2 At

6.2.1
An attri

A point
The sign]

Metadat
charactg

b present in the point cloud. All points shall have the same number of attributes in thé samje

D O

coordinate system, spatial regions (tiles) within a point cloud, the identification of attribuf

d how attribute values are interpreted.
int point cloud P is symbolically illustrated in Figure 1. Rows of P are/points. Each point A,
es a position with components p, ; and values for the components a;’fc of each attribute 4,, qf
P A4,
—— /—’1‘—\ ——
pl,k all,c allV.IC
P= pZ',k aZ.,c a]ZV,’c
Pyi al  ~a¥s
Figure 1 — A symbolic représentation of a point cloud
t

or example, a permutation of points (rows inP) preserves identity.
tributes

General
bute comprises @hée'or more components.

loud, unlesstetherwise specified, may contain more than one instance of a particular attributg.
ificance ox interpretation of multiple instances of the same attribute is unspecified.

a canbe associated with each attribute instance. Attribute metadata conveys sequence level
ristics such as an attribute label identifier or a frame level interpretation such as an attribute

scale an

d offset information

6.2.2 Colour

The colour attribute specifies the colour of a point. The attribute shall comprise one of the following
configurations:

— aluma (Y’) component (monochrome);

— aluma component and two chroma components (Y CgzCy or YC;Cy );

— green, blue and red components (G’B'R’, also known as RGB);

20
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— other unspecified monochrome or tri-stimulus colour systems (e.g. YZX, also known as XYZ).

The colour representation should be described using ISO/IEC 23091-2 coding-independent video code
points and the syntax specified in 7.3.2.7.

The ordering of attribute components is specified by Table 6.

Table 6 — Relationship between colour components and attribute components

Attribute component
Colour representation index

0 1 2

Monochrome Y’ - -

Y CyCr Y’ Cp Cr

YC:Co Y’ Co Co

G'B’R’ or RGB G’ B’ R’

YZX or XYZ Y Z X

4.2.3 Opacity

(pacity is a single-component attribute. When normalized to the'interval [0, 1], the value 0 indicates
that a point is completely transparent and the value 1 indicatés complete opacity. The opacity 4ttribute

may be used to control colour blending when rendering a<olour attribute.

NOTE Opacity is often called an alpha channel or trarisparency.

4.2.4 Reflectance

Heflectance is a single-component attributé-that represents the ratio of incident light reflected by a
fdoint; it is a dimensionless quantity. Values are bounded by a minimum that indicates domplete
absorption and a maximum that indicates complete reflection or saturation.

4.2.5 Normal vector

normal vector is a three=component attribute representing a vector perpendicular to thel surface
hngent plane at an assaciated point. The axes identification of the normal vectors is identical to that
f the STV axes for thé goded point cloud geometry. The length of a normal vector is not requirted to be
ne.

O O t N

o

ormal vector$ may be used when rendering a point cloud. A point's appearance may be modified
ccording to.the difference between the incident light direction and its normal vector.

o8]

4.2.6 - Material identifier

A ‘nraterial identifier is a single-component attribute that associates a point with a material from a
range of materials. Points with a common material identifier share a characteristic that may be used to
identify an object or type of object. Materials are not specified by this document.

6.2.7 Frame number/index

The frame number and frame index attributes are single-component attributes that indicate how a
point cloud frame may be partitioned into one or more ordered sub-frames. Each sub-frame is a partial
representation of a point cloud frame, comprising points with the same frame number/index attribute
value.

NOTE Sub-frame partitioning does not form part of the decoding or output processes specified by this
document.
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A point cloud sequence shall contain no more than one instance of a frame number/index attribute. A
point cloud sequence shall not contain both frame number and frame index attributes.

The frame number attribute may be used to order all sub-frames over the entire point cloud sequence.
Points from different point cloud frames shall not have the same value for the frame number attribute.

The frame index attribute may be used to order the sub-frames of a single point cloud frame.

An example of the relationship between frames, sub-frames and their ordering is shown in Table 7. The
point cloud frames a, b and c are partitioned into sub-frames. Sub-frame orders are shown for the cases
where tfie attribute 1s a irame NUMmMber or a [rame Index.

Table 7 — Example partitioning of three consecutive frames a, b and c into sub-frames

Frame
a b c
Frame number attribute
Sub-frame attribute value 0 2 1 3 5 4 6 7
Sub-frame presentation order| a, a, a, b, Cy bs Co Ccy
Frame ipdex attribute
Sub-frame attribute value 0 2 1 0 1 0 1 3
Sub-frame presentation order| aq, a; a, b, b4 Co cq C3

6.2.8 User defined attributes

The point cloud format supports attributes other than those specified in this document. A user defined
attribute shall be identified by an international object idéntifier. The international object identifier sha
either bg assigned by a registration authority in accerdance with Rec. ITU-T X.660 | ISO/IEC 9834-]
or genefated without registration using a universally unique identifier (UUID) as specified by Reg.
ITU-T X667 | ISO/IEC 9834-8.

—_—

-

6.3 Codec-derived attributes

6.3.1 [General

[om

Codec-dprived attributes represent values that are determined as side-effects of a processes specifie
in this dpcument.

A decodpr may, but is netPequired to, output one or more codec-derived attributes. Any codec-derived
attributes output by.adecoder shall conform to the definitions in 6.3.

6.3.2 Blice identifier

The slic¢ identifier attribute shall be a single-component attribute that identifies the slice from whichp
point is deeoded. Identification shall use the slice_id syntax element value

6.3.3 Slice tag

The slice tag attribute shall be a single-component attribute that identifies the group of slices from
which a point is decoded. Identification shall use the slice_tag syntax element value.

6.3.4 Canonical point order

The canonical point order attribute shall be a single-component attribute that specifies the order within
a slice in which points are decoded by the geometry decoder specified in Clause 9.
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Values of the canonical point order attribute shall be equal to ptldx of the corresponding point

PointPos[ptldx] in a slice.

6.3.5 Point Morton order

The point Morton order attribute shall be a single-component attribute that specifies the order of points
within a slice according to ascending values of Morton-coded STV slice position (i.e. prior to 8.3.6).

The Morton order shall be equivalent to the order of points in the finest detail level specified in
sifboth attr canonical order enahled and attr coord conv enabled are hoth O

10.6.5.2

1

or example, if three points g, b and c in canonical point order are ordered { g, ¢, b } in the!'fine
bvel, then the respective values for the Morton order attribute are 0, 2 and 1.

[a—

6.4 Coded point cloud format

4.4.1 Sequence coordinate system

The sequence coordinate system is specified by the position of its origin in an externally
dpplication-specific coordinate system and by the length of its unit yectors.

arY

Il points in a coded point cloud sequence shall have non-négative coordinates in the §
oordinate system.

Q

position Pgcg in the sequence coordinate system is rélated to the position P,cg in the ap]
oordinate system by the sequence origin SeqOrigin andthe unit vector length SeqUnit specifid
ctive SPS:

(Sl e llerS

Pycs =(Pscg + SeqOrigin)x SeqUnit

The maximum bound on the sequence coordinate system depends upon the level to which t}
oint cloud sequence conforms, as specified in Annex A.

o}

oy

n example sequence coordinate system (marked SCS) is illustrated in Figure 2. A point A

st detail

defined

cequence

blication
d by the

e coded

-specific

ordinate system of 105 SeqUnit. If SeqUnit is 0,8 AppUnit, the x-coordinate of the point in the

I x-coordinate of 75 in the sequence coordinate system has a position in the application

plication-specific coordinate system (marked ACS) is 4,2.
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SCS dequence coordinate system

ab rfatio of SCS to CCS

Fighire 2 — Relationship between application;; sequence, and coding coordinate systems

6.4.2 [oding coordinate system

The cod|ng coordinate system is a non-negative integer coordinate system used to code point position$.
It is eitler identical to, or a geometric contraction of the sequence coordinate system. Its origin i
coincidegnt with the sequence coordinate system origin.

[72)

A positi;tn Pccsin the coding ¢ogrdinate system is related to the position Pg.g in the sequence coordinate
system by the binary fixed4point scale factor SeqCodedScale:

PSCS = PCCS XSequdedScale
An example coding coordinate system (marked CCS) is illustrated in Figure 2. A point P.cg with ap

x-coordinate 0f48 in the coding coordinate system has an x-coordinate, Py, of 75 when scaled by thie
scale fadtor ‘SeqCodedScale=a+b=25+16.

Point position components in the coding coordinate system shall satisfy the following level dependent
(Annex A) constraint:

Pscg X SeqCodedScaleN < Min(ZM“XSEquOXDimLOgZ 232 —%SequdedScaleD)

Where SeqCodedScaleN and SeqCodedScaleD are the numerator and denominator, respectively, of
SeqCodedScale when represented as an irreducible fraction:

SeqCodedScaleN
SeqCodedScaleD

=SeqCodedScale,  Gcd(SeqCodedScaleN, SeqCodedScaleD) =1
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NOTE This constraint guarantees that conversion from the coding coordinate system to the sequence
coordinate system can be performed using 32-bit arithmetic.

6.4.3 Coded point cloud sequence

The coded representation of a point cloud sequence comprises one or more point cloud frames encoded
as a sequence of encapsulated DUs that convey syntax structures as specified in 7.3. Unless specified by
external means, the encapsulation format shall be as specified by Annex B.

The coded point cloud sequence shall include:

-+ an SPS that enumerates the attributes present in the coded point cloud format and ¢onveys both
metadata and decoding parameters that pertain to the whole coded point cloud sequence;

—+ any GPSs that convey parameters required for the decoding of geometry data;
-+ any APSs that convey parameters required for the decoding of attribute data;

+ the slices comprising each coded point cloud frame.

(@)

4.4 Coded point cloud frame

coded point cloud frame comprises a sequence of zero or more slices with the same value of ajnotional
Fame counter FrameCtr (8.2.2). An optional frame boundaryanarker data unit explicitly signalg the end
fa frame.

o N

et

[ is a requirement of bitstream conformance that:

- Every coded point cloud frame shall have a unigue value of FrameCtr within the sequence.

— Coded point cloud frames shall be orderedtsuch that the notional frame counter increases|for each
successive coded point cloud frame.

oY

n empty frame shall be signalled by a frame boundary marker data unit without any preceding slices
with the same value of FrameCtr.

A coded point cloud frame indepéendently codes a single point cloud frame without dependencfes upon
any previous or subsequent point cloud frame.

A decoded point cloud frame is the concatenation of all points in all constituent slices of the frame.

Unless prohibited by-an SPS constraint, coincident points in a point cloud frame may arise fronj:

- points cod€d)in a single slice with a non-zero duplicate point count;

- distinet\points with the same position in a single slice; or

- the.concatenation of multiple slices.

=y Cla
=4 T

a4
e O

Every slice shall include a GDU that codes the slice geometry and ADUs or defaulted attribute DUs that
code the slice attributes. A slice is identified by the GDU slice_id.

The slice geometry is coded in the slice's coordinate system. The bounding boxes of slices may intersect,
including within a single frame.

A slice shall start with a GDU. This GDU may be followed by optional redundant GDUs that duplicate the
slice geometry. ADUs and defaulted attribute DUs shall occur after all GDUs in the slice. DUs belonging
to different slices shall not be interleaved.
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Within a slice, other DUs may be present. For example, an APS can occur within a slice to convey
parameters for attribute decoding.

It is a requirement of bitstream conformance that:
— All GDUs present in a slice shall reconstruct the same geometry in the same canonical point order.

— Everyslice shall have a corresponding ADU or defaulted attribute DU for every attribute enumerated
in the SPS.

— All A

[=}

Slices afe either independent or dependent. An independent slice does not requiré any other slice t
be decogled first. A dependent slice requires that the immediately preceding.slice in bitstream order j
decoded first. A slice shall be directly depended upon by no more than a single’dependent slice.

[77)

A depenfent slice shall not depend upon a slice in a different point cloudframe.

6.4.6 Repetition of slices

Slices mpy be repeated within a coded point cloud frame. Repetition shall not change the value of slicq_
id.

A slice sgt is the set of slices with the same value of slice_id within a coded point cloud frame.

It is a refquirement of bitstream conformance that=all slices in each slice set shall reconstruct the samie
points i the same canonical point order.

oW

From edch slice set, only one slice shall beidecoded; all others shall be ignored for decoding (remove
from thg¢ bitstream and discarded). A deceder shall choose which slice is decoded.

6.4.7 Relationship between tiles and slices
A group|of slices can be identified by a common slice tag identifier (slice_tag).

The tile| inventory DU _provides a means to associate a bounding box with a group of slices. Each
tile conlprises a single/bounding box and an identifier (tileld). Tile bounding boxes may overlap.
Implem¢ntations can-use a tile inventory to aid spatial random access.

14

When altile inVentory is present in the bitstream, slice_tag shall identify a tile by its tileld. Otherwis¢,
the use ¢f slicé tags is application specific.

When a sticetagidentifies a tite, a dependent stice should ot deperrdupomrastice imadifferent tite—
do otherwise can prevent decoding of individual tiles (for example, in spatial random access decoding).

Tile information is not used by the decoding processes specified in this document.
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Figure 3 — Example arrangement of tiles.and slices

An example arrangement of tiles and slices within a coded point cloud frame is shown in Higure 3.
Ylices S, ; and S, , are associated with tile T, and slices S}, %Sy and S, 5 are associated with ti£ T,; the

o

ounding box of T, does not include Sp,3- A decoder that\performs spatial random access to decode a
region R (not shown) can use the tile inventory to determine tile IDs for the set of tiles that intersect
R. Only slices with matching slice tags would need to be decoded. Since the slice S, 3 is not |ncluded
in the bounding box of tile T), if R intersects S, gxbut not T), the slice is not discoverable using the tile
inventory. However, in the case that R and T}, intersect, S;, ; would have a matching slice tag.

4.4.8 Parameter sets

4.4.8.1 Activation of parameter:sets

The parameters contained in.an SPS, GPS or APS shall not have any effect until the activatign of the
respective parameter set.

At most one SPS, GPS_and APS are active at any given moment during the decoding procgss. The
dctivation of a parameter-set shall deactivate any previously active parameter set of the same type.

t the start of a-.eoded point cloud sequence, no parameter sets are active.

A
An SPS shallbe activated by the parsing of a GDU. Once activated, it shall remain active for the whole of
the coded\point cloud sequence.

o>y

GPS shall be activated by the parsing of a GDU.

ADC .l 111 b yapa i | 4] H £ AINTT
IraAros idiroc diiivditUu Uy LT PdlSiilg UL dIT ADUU.

NOTE Other DUs that contain references to SPS, GPS or APS DUs do not cause the referenced parameter-set
to be activated.

6.4.8.2 Order of parameter sets

DUs shall be conveyed to a decoder in an order such that any parameter-set to be activated is available
prior to the point of activation.

6.4.8.3 Duplication of parameter sets

Parameter-set DUs may be repeated at any point in the coded point cloud sequence.
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All parameter-set DUs with the same parameter-set identifier shall be identical for the duration of the
coded point cloud sequence.

NOTE Parameter-set identifiers are distinct for each type of parameter set.
6.5 Output point cloud format

6.5.1 General
Point clgudframesdecoded froma G-PCC bitstreanT strath beoutputimthe output poinmt cloud formmat of

subclauge 6.5.

6.5.2 [oordinate system
A decodegr shall output points in the sequence coordinate system.

The output point cloud format shall indicate the sequence origin SeqOrigin and ‘the sequence unit
SeqUnit as point cloud metadata.

6.5.3 Fixed-point conformance output

A decodpr that is configured to output n-fractional-bit fixed-point positioens shall round half-values of
Pscs awpy from zero prior to output as Pyyr:

Poyt =RoundFz (Pccs x SeqCodedScalex2" )+ 2"

6.5.4 Attributes

Attributee values shall be interpreted according tothe semantics of the attribute type and any pej
sequence or frame-specific attribute properties.”For example, if a frame-specific scale and offse
property is present for an attribute, the output-attribute values for that frame would be interprete
according to 7.4.2.2.5.

joFarey

6.5.5 Putput point cloud sequence

Decodinfg a conforming G-PCC bitstream generates a sequence of output point cloud frames.

6.5.6 Putput point cloudframe
Each output point cloud frame is specified in terms of the following state variables:
— The|variableRecCloudPointCnt, the cumulative number of points in the output point cloud frame.

— The|arrayRecCloudPos of decoded point positions; RecCloudPos|[ptldx][ k] is the k-th coordinate af
the ptidx-th output point in the coding coordinate system.

— The array RecCloudAttr of decoded point attributes; RecCloudAttr[ptldx][attrldx][c] is the c-th
component of the identified attribute for the ptldx-th point. Attributes are identified by the index
attrldx into the active SPS attribute list.

Decoder implementations may output points in a different order to the canonical point order.

Immediately prior to outputting the decoded point cloud frame, point positions shall be converted to
the sequence coordinate system.
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7 Syntax and semantics

7.1 Method of specifying syntax in tabular form

The syntax tables specify a superset of the syntax of all allowed bitstreams. Additional constraints on
the syntax may be specified, either directly or indirectly, in other clauses.

The following table lists examples of pseudo code used to describe the syntax. When syntax_element
appears, it specifies that a syntax element is parsed from the bitstream and the bitstream pointer is

1 e 4l b e 1 1l e 1 d d=l L -
vdlILTU LU LT TICTAT DUSILIUITN DTy UILIU LT Sy IILd A TITIHITIHUIIT LT UILSLT T4l Pdl SIiTg pPpIruttss.

Descriptor

/* A statement can be a syntax element with an associated descriptor
or can be a statement used to specify conditions for the existence,
type and quantity of syntax elements, as in the following two exam-
ples */

syntax_element ue(v)

statement

/* A group of statements enclosed in curly brackets is a. compound
statement and is treated functionally as a single statément. */

{

statement

statement

/* A "while" structure specifies\a test of whether a condition is true,
and if true, specifies evaluation of a statement (or compound state-
ment) repeatedly until theycondition is no longer true */

while(condition)

statement

/* A"do ...While" structure specifies evaluation of a statement once,
followedby a test of whether a condition is true, and if true, specifies
repeated evaluation of the statement until the condition is no longer
true.*/

deA

statement

} while(condition)

/* An "if ... else" structure specifies a test of whether a condition is
true, and if the condition is true, specifies evaluation of a primary
statement, otherwise, specifies evaluation of an alternative statement.
The "else" part of the structure and the associated alternative state-
ment is omitted if no alternative statement evaluation is needed */

if(condition)

primary statement

else

alternative statement
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/* A "for" structure specifies evaluation of an initial statement, fol-
lowed by a test of a condition, and if the condition is true, specifies
repeated evaluation of a primary statement followed by a subsequent
statement until the condition is no longer true. */

for(initial statement; condition; subsequent statement)

primary statement

7.2 Sy

The fun
terms of
be read

byte_ali

— If th
bytd

— Oth
more_dé

— If pd
in_d

— Oth

Length(
DataUni

The follpwing descriptors specify the parsing process of every syntax element. The parsing processe

are sped
— ae(V
— de(y
— oid(]
— s(n)
— se(V

— u(n)

mar

— ue(v

jecification of syntax functions and descriptors

‘tions presented here are used in the syntactical description. These functions are expnessed i
the value of the bitstream pointer DataUnitReadldx that indicates the position of the@ext bit t
from the bitstream by the decoding process.

bned() is specified as:

e next bit in the bitstream is the first bit in a byte (DataUnitReadldx %\8)== 0), the value ¢
_aligned() is true.

erwise, the value of byte_aligned() is false.

ta_in_data_unit() is specified as:

ata_unit() is true.
erwise, the value of more_data_in_data_unit() is false.

k) is the length in bits of the coded syntax element x as measured by the change i
FReadldx between the start and end of the syntax element.

ified in Clause 11.
): adaptive arithmetic entropy-ceded syntax element.
): dictionary coded syntax-element.
v): an ASN.1 object identifier.
signed integer using an n-bit magnitude and a sign bit.
): signed integer'0-th order Exp-Golomb-coded syntax element.

- unsignéd)integer using n bits. When n is "v" in the syntax table, the number of bits varies in
ner dépendent upon the value of other syntax elements.

)Cunsigned integer 0-th order Exp-Golomb-coded syntax element.

irsing of the DU is incomplete (DataUnitReadldx / 8 < DataUnitLength), the value of more_datd_

© =

=}

7.3 Syntax in tabular form

7.3.1 General

The syntax structures and the syntax elements within these structures are specified in 7.3.2. Any values
that are not specified in the tables shall not be present in the bitstream unless otherwise specified in
this document.

30
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seq_parameter_set() { Descriptor
simple_profile_compliant u(1)
dense_profile_compliant u(1)
predictive_profile_compliant u(1)
main_profile_compliant u(1)
reserved_profile_18bits u(18)
slice_reordering_constraint u(1)
unique_point_positions_constraint ufy
level_idc u(8)
sps_seq_parameter_set_id u(4)
frame_ctr_lsb_bits u(5)
slice_tag_bits u(5)
seq_origin_bits ue(v)
if(seq_origin_bits) {
for(k=0; k< 3; k++)
seq_origin_xyz[k] s(v)
seq_origin_log2_scale ue(v)
}
seq_bbox_size_bits ue(v)
if(seq_bbox_size_bits)
for(k=0; k < 3; k++)
seq_bbox_size_minusl_xyz[k] u(v)
seq_unit_numerator.minus1 ue(v)
seq_unit_denominator_minus1 ue(v)
seq_unit_is_metres u(1)
seq_coded>scale_exponent ue(v)
seq_coded_scale_mantissa_bits ue(v)
seq_coded_scale_mantissa u(v)
num_attributes ue(v)
for(attrldx = 0; attrldx < num_attributes; attridx++) {
attr_components_minus1|[attridx] ue(v)
attr_instance_id[attridx] ue(v)
attr_bitdepth_minus1[attridx] ue(v)
attr_label_known[attridx] u(1)
if(attr_label_known[attrldx])
attr_label[attridx] ue(v)
else
attr_label_oid[attridx] oid(v)
attr_property_cnt ue(v)
byte_alignment()
for(j = 0; j < attr_property_cnt; j++)
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7.3.2.2

32

attribute_property(attridx)

}

geom_axis_order

u(3)

bypass_stream_enabled

u(l)

entropy_continuation_enabled

u(l)

sps_extension_present

u(1)

if(sps_extension_present)

while(more_data_in_data_unit())

sps_extension_data

u(l)

byte_alignment()

Attribute property syntax

attribute_property(attridx) {

Descriptor

attr_prop_type

u(8)

attr_prop_len

u(8)

AttrPropDataLen = attr_prop_len

if(attr_prop_type ==0) {

attr_prop_itu_t_t35_country_code

u(8)

AttrPropDatalen—-

if(attr_prop_itu_t_t35_country_code == 255 {

attr_prop_itu_t_t35_country_code-extension_byte

u(8)

AttrPropDatalen—-

}

attribute_property_data(attridx, AttrPropDataLen)

} else if(attr_prop_type == 1)

attr_prop_oid

oid(v)

AttrPropDatalen(—=1Length(attr_prop_oid) / 8

attribute_property_data(attrldx, AttrPropDataLen)

} else if(attrprop_type == 2) {

attr_ci¢p.colour_primaries[attridx]

ue(v)

attricicp_transfer_characteristics[attridx]

ue(v)

attr_cicp_matrix_coeffs[attridx]

ue(v)

attr_cicp_video_full_range[attridx]

u(1)

A else if(attr prop tvpe ==3){

attr_offset_bits

ue(v)

attr_offset[attridx]

s(v)

attr_scale_bits

ue(v)

attr_scale_minus1[attridx]

u(v)

attr_frac_bits[attridx]

ue(v)

} else if(attr_prop_type == 4) {

for(c = 0; ¢ < attr_components_minus1|attridx]; c++)

attr_default_value[attridx][c]

u(v)

} else
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attribute_property_data(attridx, attr_prop_len)

byte_alignment()

}

7.3.2.3 Attribute property data syntax

attribute_property_data(attridx, numBytes) { Descriptor
for(i = 0; i < numBytes; i++)
attr_prop_byte[i] u(8)
}
.3.2.4 Tile inventory data unit syntax
tile_inventory() { Descriptor
ti_seq_parameter_set_id u(4)
ti_frame_ctr_lsb_bits u(5)
ti_frame_ctr_lsb u(v)
tile_cnt u(16)
if(tile_cnt > 0) {
tile_id_bits u(5)
tile_origin_bits_minus1 u(8)
tile_size_bits_minus1 u(8)
for(tileldx = 0; tileldx < tile_cnt; tileldx++) {
tile_id[tileldx] u(v)
tileld = tile_id_bits ? tilexid|[tileldx] : tileldx
for(k=0; k < 3; k++)
tile_origin_xyz|tileld][ k] s(v)
for(k=0; k< 3; k++)
tile_size_minusl1_xyz[tileld][k] u(v)
}
ti_origin_bits_minus1 ue(v)
for(k=0; k < 3; k++)
ti_origin_xyz[ k] s(v)
ti_origin_log2_scale ue(v)
}
byte_alignment()
7
7.3.2.5 Geometry parameter set data unit syntax
geometry_parameter_set() { Descriptor
gps_geom_parameter_set_id u(4)
gps_seq_parameter_set_id u(4)
slice_geom_origin_scale_present u(1)
if(-slice_geom_origin_scale_present)
gps_geom_origin_log2_scale ue(v)
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geom_dup_point_counts_enabled u(1)
geom_tree_type u(1)
if(geom_tree_type ==0) {
occtree_point_cnt_list_present u(1)
occtree_direct_coding_mode u(2)
if(occtree_direct_coding_mode)
occtree_direct_joint_coding_enabled u(1)
occtree_coded_axis_list_present u(l)
occtree_neigh_window_log2_minus1 u(3)
if(occtree_neigh_window_log2_minus1 > 0) {
occtree_adjacent_child_enabled u(1)
occtree_intra_pred_max_nodesize_log2 ue(v)
}
occtree_bitwise_coding u(1)
occtree_planar_enabled u(1)
if(occtree_planar_enabled) {
for(i=0;i< 3;i++)
occtree_planar_threshold|i] ue(v)
if(occtree_direct_coding_mode == 1)
occtree_direct_node_rate_minus1 u(5)
}
}
geom_angular_enabled u(1)
if(geom_angular_enabled){
slice_angular_origin_present u(1)
if(-slice_angular_origin_present) {
gps_angular_origin_bits_minus1 ue(v)
for(k=0; k < 3; kb+)
gps_angular_origin_xyz[ k] s(v)
}
if(geom-tree_type == 1) {
ptree_ang_azimuth_pi_bits_minus11 ue(v)
ptree_ang_azimuth_step_minus1 ue(v)
ptree_ang_radius_scale_log2 ue(v)
}
num_beams_minus1 ue(v)
beam_elevation_init se(v)
beam_voffset_init se(v)
if(geom_tree_type == 0)
beam_steps_per_rotation_init_minus1 ue(v)
for(i = 1; i < num_beams_minus1; i++) {
beam_elevation_diff[i] se(v)
beam_voffset_diff[i] se(v)
if(geom_tree_type ==0)
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beam_steps_per_rotation_diff[i] se(v)
}
if(occtree_planar_enabled)
occtree_planar_buffer_disabled u(1)
}
geom_scaling_enabled u(1)
if(geom_scaling_enabled) {
geom_qp ue(v)
geom_qp_mul_log2 u(2)
if(geom_tree_type ==1)
ptree_qp_period_log2 ve(v)
else if(occtree_direct_coding_mode)
occtree_direct_node_qp_offset se(v)
}
gps_extension_present u(1)

if(gps_extension_present)

while(more_data_in_data_unit())

gps_extension_data u(1)
byte_alignment()

}

1.3.2.6 Attribute parameter set data unit syntax

attribute_parameter_set() { Descriptor
aps_attr_parameter_set_id u(4)
aps_seq_parameter_set-id u(4)
attr_coding_type ue(v)
attr_primary_gp-tninus4 ue(v)
attr_secondary_qp_offset se(v)
attr_gqp_offséts_present u(1)
if(attr_coding_type == 0) {
raht_prediction_enabled u(1)
if(raht_prediction_enabled) {
raht_prediction_subtree_min ue(v)
raht_prediction_samples_min ue(v)
}
} else if(attr_coding_type < 2) {
pred_set_size_minus1 ue(v)
pred_inter_lod_search_range ue(v)
for(k=0; k < 3; k++)
pred_dist_bias_minus1_xyz[k] ue(v)
if (attr_coding_type == 2)
last_comp_pred_enabled u(1)
lod_scalability_enabled u(1)

if(lod_scalability_enabled)
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pred_max_range_minus1 ue(v)
else {
lod_max_levels_minus1 ue(v)
if(-lod_max_levels_minus1)
attr_canonical_order_enabled u(1)
else {
lod_decimation_mode ue(v)
if(lod_decimation_mode > 0)
for(lvl = 0; Ivl < lod_max_levels_minus1; lvi++)
lod_sampling_period_minus2[/vi] ue(v)
lod_initial_dist_log2 ue(v)
lod_dist_log2_offset_present u(D)
}
}
if(attr_coding_type ==1) {
pred_direct_max_idx_plus1 ue(v)
if(pred_direct_max_idx_plus1) {
pred_direct_threshold u(8)
pred_direct_avg_disabled u(1)
}
pred_intra_lod_search_range ue(v)
if(pred_intra_lod_search_range)
pred_intra_min_lod ue(v)
inter_comp_pred_enabled u(1)
pred_blending_enabled u(1)
}
} else if(attr_coding_typé== 3)
raw_attr_ width_present u(1)
if(-lod_scalability~etrabled)
attr_coord, ‘conv_enabled u(1)
if(attr_coord -conv_enabled)
for(k=<0; k< 3; k++) {
attr_coord_conv_scale_bits_minus1[k] u(5)
attr_coord_conv_scale[k] u(v)
}
aps_extension_present u(1)
if(aps_extension_present)
while(more_data_in_data_unit())
aps_extension_data u(1)
byte_alignment()
}
7.3.2.7 Frame-specific attribute properties data unit syntax
|frame_specific_attribute_properties() { Descriptor

36
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fsap_seq_parameter_set_id u(4)
fsap_frame_ctr_lsb_bits u(5)
fsap_frame_ctr_lsb u(v)
fsap_sps_attr_idx ue(v)
fsap_num_props ue(v)
byte_alignment()
for(i = 0; i < fsap_num_props; i++)
attribute_property(fsap_sps_attr_idx)
}
.3.2.8 Frame boundary marker data unit syntax
frame_boundary_marker() { Descriptor
fbdu_frame_ctr_Isb_bits u(5)
fbdu_frame_ctr_Isb u(v)
byte_alignment()
}
1.3.2.9 User data data unit syntax
userdata_data_unit() { Descriptor
user_data_oid oid(v)
while(more_data_in_data_unit())
user_data_byte u(8)
}
1.3.2.10 Byte alignment syntax
byte_alignment() { Descriptor
while(—-byte aligned())
alignment_bit_equal_to_zero /* equal to 0 */ u(1)
}
1.3.3 Geometry data unit
1.3.3.1< Geometry data unit syntax
geometry data_unit() { Descriptor

geometry_data_unit_header()

if(geom_tree_type == 0)

occupancy._tree()

else if(geom_tree_type == 1)

predictive_tree()

geometry_data_unit_footer()
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7.3.3.2 Geometry data unit header syntax

geometry_data_unit_header() { Descriptor | Semantics
gdu_geometry_parameter_set_id u(4) 74.3.2
gdu_reserved_zero_3bits u(3) 74.3.2
slice_id ue(v) 7.4.3.2
slice_tag u(v) 7.4.3.2
frame_ctr_Isb u(v) 74.3.2
if(erftropy_continuation_enabled) { o)
slice_entropy_continuation u(1) 7_.4ng
if( slice_entropy_continuation) N 9 i
prev_slice_id ue(v) r\q\hﬂ
} 3
if(slice_geom_origin_scale_present) .Cy v
slice_geom_origin_log2_scale ) 7.4.3.2
slicg_geom_origin_bits_minus1 &Qé(v) 7.4.3.2
for(k=0; k< 3; k++) &\\J
slice_geom_origin_xyz[ k] & = u(v) 7.4.3.2
if(sljce_angular_origin_present) { OQ‘
slice_angular_origin_bits_minus1 i \\\\ ue(v) 7.4.3.2
far(k=0; k < 3; k++) O.\V
slice_angular_origin_xyz[k] \\\,Qv s(v) 7.4.3.2
} o
if(gdom_tree_type == 0) { ,\A\
occtree_depth_minus1 \L\V ue(v) 9.2.3
if(occtree_coded_axis_list_pre;,elg%\
for(dpth = 0; dpth < occt‘reefd’epth_minusl; dpth++)
for(k=0; k< 3; k+ »
occtree_co@ﬁxis [dpth][k] u(1) 9.2.3
occtree_stream _’c@fninusl ue(v) 9.2.3
} oy
if(ge om_scalingie@;l%d) {
sl ice_geoyk@_offset se(v) 7.4.3.2
if(geolp@)e_type ==1)
§Kg¥ff)tree_qp_period_logZ_offset se(v) 9.3.2.1
1 =
if(geom_tree_type==1){
for(k=0; k< 3; k++)
ptn_resid_abs_log2_bits[ k] u(3) 9.3.2.1
if(geom_angular_enabled)
ptn_radius_min ue(v) 9.3.2.1

}
byte_alignment()
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geometry_data_unit_footer() { Descriptor | Semantics
byte_alignment()
if (occtree_point_cnt_list_present)
for(dpth = 1; dpth < occtree_depth_minus1; dpth++)
occtree_lvl_point_cnt_minus1[dpth] u(24) 9.2.3
slice num_points_minus1 u(24) 7.4.3.3
71.3.3.4 Occupancy tree syntax
ccupancy_tree() { Descriptor | Semfantics
OccQpSubtreeDepth = occtree_depth_minusl + 1 9.2{14.4
for(Dpth = 0; Dpth < occtree_depth_minusl; Dpth++) {
occupancy_tree_level(Dpth)
if(Dpth + 1 > OcctreeEntropyStreamDepth) 9.2.3
occtree_end_of_entropy_stream ae(v) 9.3
}
71.3.3.5 Occupancy tree level syntax
pccupancy_tree_level(dpth) { Descriptor | Semfantics
if(geom_scaling_enabled && dpth < OceQpSubtreeDepth)
occ_subtree_qp_offset_present ae(v) 9.2114.3
if(occ_subtree_qp_offset_present)
OccQpSubtreeDepth = dpth
for(Nodeldx = 0; Nodeldx<\©ccNodeCnt[dpth]; Nodeldx++)
occupancy_tree_node(dpth, Nodeldx)
71.3.3.6 Occupancy tree node syntax
pccupancy.tree_node(dpth, nodeldx) { Descriptor | Semfantics
if(oec>subtree_qp_offset_present) {
occ_subtree_qp_offset_abs[Ns|[Nt][Nv] ae(v) 9.2114.3
iffoce—subtree—gp-offsetabsNsHNHMNH
occ_subtree_qp_offset_sign|[Ns]|[ Nt][Nv] ae(v) 9.2.14.3
}
if(occtree_planar_enabled)
for(k=0; k< 3; k++)
if(PlanarEligible[ k]) { 9.2.11.5
occ_single_plane[k] ae(v) 9.2.11.2
if(occ_single_plane[k])
occ_plane_pos[k] ae(v) 9.2.11.2
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}
if(occtree_direct_coding_mode && DirectNodePresent) 9.2.12.3.2
occ_direct_node ae(v) 9.2.12.2
if(occ_direct_node)
occupancy_tree_direct_node()
else {
if(OccMaybeSingleChild) 9.2.6.8
occ_single_child ae(v) 9.2.6.2 4
if(occ_single_child) ‘(\‘lf’
for(k = 0; k < 3; k++) oV
if(OccFreeAxis[k]) S 2.6.6
occupancy_idx[k] ae(v) (SO 9.2.6.2
if(OccMapPresent) V1 9.2.69
if(occtree_bitwise_coding) { \</>)
for(i=0;i<8;i++) o
if(OccBitPresent[i]) X \(Ov 9.2.10.3
occupancy_bit([i] LY ae(v) 9.2.6.2
}else AOY
occupancy_byte \\({ - de(v) 9.2.6.2
if(TerminalNode && geom_dup_point_counts_enab@‘ 9.2.6.5
for(child = 0; child < OccChildCnt; child++) <
occ_dup_point_cnt[child] N N ae(v) 9.2.6.2
} R
} xO
| e
7.3.3.7 | Direct node syntax C)\
occupancy_tree_direct_node() { ,.\Q\ Descriptor | Semantics
direct_point_cnt_eq2 (')\J ae(v) 9.2.12.2
if(ge om_dup_point_cou}n@e’nabled && ~direct_point_cnt_eq?2)
direct_dup_poinbg\;ﬁz ae(v) 9.2.12.2
if(oc ctree_direc%@‘t/_coding_enabled && direct_point_cnt_eq?2)
fqr(k = 0; k 37 k++)
if(ﬂge&{_angular_enabled [| k== (1" AzimuthAxis)) { 9.2.13.3
A direct_joint_prefix[k] ae(v) 9.2.12.2
D if(DnointDiffBitPresent{k]) 9.2.12.5.4
direct_joint_diff_bit[ k] ae(v) 9.2.12.2
}
for(dnPt = 0; dnPt < direct_point_cnt_eq2; dnPt++)
if(geom_angular_enabled) {
direct_rem|[dnPt][1 " AzimuthAxis] ae(v) 9.2.12.2
beam_idx_resid_abs[dnPt] ae(v) 9.2.12.2
if(beam_idx_resid_abs[dnPt])
beam_idx_resid_sign[dnPt] ae(v) 9.2.12.2
direct_rem_st_ang[dnPt] ae(v) 9.2.12.2
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direct_rem_v_ang[dnPt] ae(v) 9.2.12.2
} else
for(k=0; k< 3; k++)
direct_rem|[dnPt][k] ae(v) 9.2.12.2
}
7.3.3.8 Predictive tree syntax
predictive_tree() { Descriptor ﬁﬁylantics
PtnCnt=0 qQV
do { Q)
predictive_tree_node(0, PtnCnt) O
ptree_end_of slice 9.3.2.1
} while(—ptree_end_of _slice) Cy v
| N
71.3.3.9 Predictive tree node syntax s\\%
O
predictive_tree_node(dpth, nodeldx) { (-\<< Descriptor | Semantics
PtnCnt++ N V
if(geom_scaling_enabled && —(nodeldx % Pthplq@/al)) {
ptn_qp_offset_abs[nodeldx] W ) ae(v) 9.3.2.2
if(ptn_qp_offset_abs[nodeldx]) \A‘Q
ptn_qp_offset_sign[nodeldx] & ) ae(v) 9.3.2.2
} \O\‘
if(geom_dup_point_counts_enabled)
ptn_dup_point_cnt[nodel(b(\,?v ae(v) 9.3.2.2
ptn_child_cnt_xor1[nodeldx] ae(v) 9.4.2.2
ptn_pred_mode[nodﬁz@?‘ ae(v) 9.3.2.2
if(geom_angular_g;a‘?lbd) {
ptn_phi_muk-abs_prefix[nodeldx] ae(v) 9.4.2.2
if(ptn_pbj\cm}lvl_abs_prefix[nodeldx] ==2)
ptn phi_mul_abs_minus2[nodeldx] ae(v) 9.4.2.2
if(ptal phi_mul_abs_minus2[nodeldx] == 7)
= ptn_phi_mul_abs_minus9[nodeldx] ae(v) 9.4.2.2
O\'\}f(ptn_phi_mul_abs_prefix[node[dx] )
— ptro_phi_mmal_signimodefdxi aetv) 935.2.2
}
for(k=0; k<3; k++) {
if(k < 2 || ~geom_angular_enabled || num_beams_minus1) {
ptn_resid_abs_gt0[nodeldx][ k] ae(v) 9.3.2.2
if(ptn_resid_abs_gtO[nodeldx][k]) {
ptn_resid_abs_log2[nodeldx][ k] ae(v) 9.3.2.2
ptn_resid_abs_rem|[nodeldx][k] ae(v) 9.3.2.2

if(k || ptn_pred_mode[nodeldx])
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ptn_resid_sign[nodeldx][k] ae(v) 9.3.2.2

}

if(geom_angular_enabled)
for(k=0; k<3; k++) {

ptn_sec_resid_abs[nodeldx][ k] ae(v) 9.3.2.2
if(ptn_sec_resid_abs[nodeldx|| k]) O
ptn_sec_resid_sign[nodeldx][ k] ae(v) 9. 3.‘132 [/J
) oV
for(q= 0; i < (ptn_child_cnt_xorl[nodeldx] " 1); i++) Y
predictive_tree_node(dpth + 1, PtnCnt) (SO
} -V
Q/\)
7.34 Qttribute data unit O\\
7.3.4.1 | Attribute data unit syntax 5\\%
L.
attribute_data_unit() { AQ‘ Descriptor
attribute_data_unit_header() \\\(
if(attr_coding_type # 3) ‘s\\)‘
attribute_coeffs() QQ‘O
else A$ i
attribute_raw() Q‘\‘O
byte_alignment() ‘ \O
} O
[
7.3.4.2 | Attribute data unit header syntax
O
attribufe_data_unit_header() {C)V Descriptor | Semantics
adu attr_parameter_s&@i’ u(4) 74.4.2
adu reserved_zergﬁ%ﬁfs u(3) 74.4.2
adu] sps_attr_id&pv ue(v) 7.4.4.2
adu]slice_id A?‘\ ue(v) 7.4.4.2
if(lofl_dist+ @é_offset_present)
19d_dist_log2_offset se(v) 10.6.2
if(labt-comp_pred_enabled && AttrDim == 3)

for(dpth = 0; dpth < lod_max_levels_minus1; dpth++)
last_comp_pred_coeff_diff[dpth] se(v) 10.6.10.1
if(inter_comp_pred_enabled)

for(dpth = 0; dpth < lod_max_levels_minus1; dpth++)
for(c = 1; c < AttrDim; c++)
inter_comp_pred_coeff_diff[dpth][c] se(v) 10.6.10.1
if(attr_qp_offsets_present)
for(gc = 0; gc < Min(2, AttrDim); qc++)
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attr_qp_offset[qc] se(v) 10.7.1
attr_qp_layers_present u(1) 10.7.1
if(attr_gp_layers_present) {

attr_qp_layer_cnt_minus1 ue(v) 10.7.1
for(dpth = 0; dpth < attr_gp_layer_cnt_minus1; dpth++)

for(qc = 0; gc < Min(2, AttrDim); qc++)

attr_qp_layer_offset[dpth][qc] se(v) 10.7.1
} 0y
attr_gp_region_cnt ue(v) o\Al71
if(attr_gp_region_cnt) o .l/v
attr_gp_region_bits_minus1 ue(v)CY - 14.7.1
for(i = 0; i < attr_gp_region_cnt; i++) { Al \~
if(-attr_coord_conv_enabled) { _ ‘];’
for(k =0; k< 3; k++) R
attr_qp_region_origin_xyz[i][ k] (3\\" u(v) 10.7.1
for(k =0; k < 3; k++) el
attr_qp_region_size_minus1_xyz[i][k] P (5\ u(v) 10.71
}else{ AQY
for(k = 0; k < 3; k++) R
attr_gp_region_origin_rpi[i][k] \\)\ i u(v) 14.7.1
for(k = 0; k < 3; k++) o
attr_qp_region_size_minusl_rp\i@]ﬁ(] u(v) 14.7.1
} R
for(ps = 0; ps < Min(2, AttrDim); p§+)

attr_qp_region_offset[i]{@‘ se(v) 14.7.1
} o
byte_alignment() A\

1 O
\O
7.3.4.3 Attributeépdounit coefficients syntax
A
1ttribute_co9f,@)“{ Descriptor | Semfantics
for(i :,Q% PointCnt; i++) {
@J_ run_length_prefix ae(v) 10.3.1
_&Wzero_run_length_prefix ==3){
zero run length minus3 div2 ae(v) 10.3.1
if(zero_run_length_minus3_div2 < 4)
zero_run_length_minus3_mod2 ae(v) 10.3.1
else
zero_run_length_minus11 ae(v) 10.3.1
}
i += ZeroRunLength
if (i < PointCnt)

attribute_coeff _tuple(i)
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B

7.3.4.4 Attribute coefficient tuple syntax

attribute_coeff_tuple(coeffldx) { Descriptor | Semantics
for(c =0, inferLastComp = 1; ¢ < AttrDim; c++) {
coeff_abs|c] ae(v) 10.3.2
if(coeff abs[c] || (¢ == AttrDim — 1 && inferLastComp))
coeff_sign|c]| ae(v) 10.3.2

~.
)

ferLastComp &= coeff_abs[c] == 0

}

7.3.4.5 | Raw attribute value syntax

attribute_raw() { Descriptor | Semantics
for(ptldx = 0; ptldx < PointCnt; ptldx++)

far(c = 0; ¢ < AttrDim; c++) {

if(raw_attr_width_present)

raw_attr_component_length u(8) 10.3.3
raw_attr_value[ptldx][c] u(v) 10.3.3
}
}
7.3.5 Pefaulted attribute data unit syntax
default¢d_attribute_data_unit() { Descriptor | Semantics
defqttr_seq_parameter_set_id u(4) 7.4.5
defa‘ttr_reserved_zero_3bits u(3) 7.4.5
defa‘ttr_sps_attr_idx ue(v) 7.4.5
defafttr_slice_id ue(v) 74.5
for(q = 0; c < AttrDim;.c¥+)
defattr_value[¢] u(v) 74.5
byte| alignment()
}

7.4 Semantics

7.4.1 General

The semantics associated with the syntax structures and with the syntax elements within these
structures are specified either in 7.4 or in the subclause identified by the semantics column of the
syntax table.

When the semantics of a syntax element are specified in tabular form, any values that are not specified
in the table(s) shall not be present in the bitstream unless otherwise specified in this document.

General constraints on syntax element values are specified in Annex A.
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7.4.2 Parameter sets, ancillary data and byte alignment
7.4.2.1 Sequence parameter set data unit semantics

7.4.2.1.1 General
The parameters specified by an SPS shall apply to any DU where that SPS is activated.

simple_profile_compliant specifies whether (when 1) or not (when 0) the bitstream conforms to the
Smpteprofite:

dense_profile_compliant specifies whether (when 1) or not (when 0) the bitstream conforns to the
[Jense profile.

predictive_profile_compliant specifies whether (when 1) or not (when 0) the bitstream conforms to
the Predictive profile.

main_profile_compliant specifies whether (when 1) or not (when 0) the-bitstream confornjs to the
MNlain profile.

[

eserved_profile_18bits shall be equal to 0 in bitstreams conforming-to this version of this ddcument.
(ther values for reserved_profile_18bits are reserved for futureuse by ISO/IEC. Decoders shall ignore
the value of reserved_profile_18bits.

slice_reordering_constraint specifies whether (when 1)-0r/not (when 0) the bitstream is senjsitive to
the reordering or removal of slices within a coded point:cloud frame. If slices are reordered or rfemoved
when slice_reordering_constraint is 1, the resulting bitstream might not be fully decodable.

unique_point_positions_constraint equal to 1'Specifies that in each coded point cloud frlame, all
foints shall have unique positions. unique_point_positions_constraint equal to 0 specifies that in any
oded point cloud frame, two or more points may have the same position.

(@)

=z

OTE1 Even if the points in each slice have unique positions, points from different slices in the saje frame
cpn be coincident. In this case, unique_pgint_positions_constraint would be set to 0.

=z

OTE2 Points with identical positions in the same frame are prohibited when unique_point_positions_
cpnstraint is 1 even if they have different values of the frame index/number attribute.

o~

bvel_idc specifies the level.to which the bitstream conforms as specified in Annex A. Bitstreams shall
ot contain values of level_idc other than those specified in Annex A. Other values of level_idc are
eserved for future use-by ISO/IEC.

= =

s_seq_parameter_set_id identifies the SPS for reference by other DUs. sps_seq_parametér_set_id
shall be 0 in bistreams conforming to this version of this document. Other values of sps_seq_patameter_
set_id are reserved for future use by ISO/IEC.

frame-ctr_lIsb_bits specifies the length in bits of the syntax element frame_ctr_Isb.

ice_tag_bits specifies the length in bits of the syntax element slice_tag.

bypass_stream_enabled specifies whether bypass symbols for arithmetic-coded syntax elements are
conveyed in a separate data stream. When equal to 1, the two data streams are multiplexed using a
sequence of fixed-length chunks (11.3). When equal to 0, bypass symbols form part of the arithmetic-
coded bitstream.

entropy_continuation_enabled specifies whether (when 1) or not (when 0) the entropy parsing of a
DU may depend upon the final entropy parsing state of a DU in the preceding slice. It is a requirement of
bitstream conformance that entropy_continuation_enabled shall be 0 when slice_reordering_constraint
is 0.

sps_extension_present specifies whether (when 1) or not (when 0) sps_extension_data syntax
elements are present in the SPS syntax structure. sps_extension_present shall be 0 in bitstreams
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conforming to this version of this document. The value of 1 for sps_extension_present is reserved for
future use by ISO/IEC.

sps_extension_data may have any value. Its presence and value do not affect decoder conformance to
profiles specified in this version of this document. Decoders shall ignore all sps_extension_data syntax
elements.

7.4.2.1.2 Coordinate systems

seq_origin_bits specifies the length in bits of each seq_origin_xyz syntax element exclusive of any sig

bit.

seq_origin_xyz[k] and seq_origin_log2_scale together specify the XYZ origin of the sequence and
coding ¢oordinate systems in units of the sequence coordinate system from the applicatién-specific
coordinjte system origin. When seq_origin_bits is 0, seq_origin_xyz[k] and seq_origin_log2)scale sha
be inferred to be 0. The k-th XYZ component of the origin is specified by the expressionSeqOrigin[k].

—_—

SeqOrigfin[k] := seq origin xyz[k] << seq origin log2 scale
seq_bbgx_size_bits specifies the length in bits of each seq_bbox_size_minus1 \xyZ syntax element.

seq_bbgx_size_minusl_xyz[k] plus 1 specifies the k-th XYZ compenént of the coded Volum
dimensipns in the sequence coordinate system. When seq_bbox_sizé\bits is 0, the coded volu
dimensipns are unspecified.

—

seq_unit_numerator_minusl, seq_unit_denominator_minus?’ and seq_unit_is_metres togethq
specify the length represented by the unit vectors of the sequenge coordinate system.

seq_unif_is_metres equal to 1 specifies that the sequence unit vectors have a length in metres equal tq:

seq_unit_numerator_minus1+1

Seqlnit := metre

seq_unit_denominator_minus1+1

seq_unif_is_metres equal to 0 specifies thatithe sequence unit vectors have a length relative to thie
applicatjon-specific coordinate system unitvector length, AppUnit, equal to:

. seq_unit_numerator_minus1+1
SeqUnit :=

- - - AppUnit
seq_unit_denominator: minus1+1

seq_coded_scale_exponent,~, seq_coded_scale_mantissa_bits and seq_coded_scale_mantiss
togethet specify the scale factor that converts the coding coordinate system to the sequence coordinat
system.|The scale factaf~is represented by the syntax elements as a normalized binary floating
point vallue that is gréater than or equal to 1. seq_coded_scale_mantisssa_bits specifies the length i
bits of the syntax elément seq_coded_scale_mantissa. The scale factor is specified by the expressio
SeqCodefdScale.

> = 1 (O =

Seq

"odedScale =| 1+ seq_coded_scale_mantissa \2seq_coded_scale_exponent
’ 2seq_coded_scale_mantissa_bits

geom_axis_order specifies the correspondence between the XYZ axes and the STV axes of the coded
point cloud in accordance with Table 8.

Syntax elements ending in "_xyz" are specified using the XYZ axes. The expression StvToXyz[k] is the
component index of the XYZ axis that corresponds to k-th STV component. Values for StvToXyz[k] are
specified for every geom_axis_order in Table 8.
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Table 8 — Definition of StvToXyz[ k] according to the value of geom_axis_order

Axis (k) label StvToXyz[ k]
geom_axis_order 0 1 2 0 1 2
S) (T) V) S) (T) V)

Oor4 Z Y X 2 1 0

lor7 X Y Z 0 1 2

2 X Z Y 0 2 1

3 Y % X 1 2 0

5 Z X Y 2 0 1

6 Y X Z 1 0 2

7.4.2.1.3 Attributes

Attributes are identified by their index into the SPS.

=

um_attributes specifies the number of attributes enumerated by the SPSattribute list.

n attribute data unit sets Attridx.

NttrDim := attr components minusl[AttrIdx] + 1
NttrBitDepth := attr bitdepth minusl[AttrIdx] + 1
AttrMaxVal := Exp2 (AttrBitDepth) - 1

tribute.

o =z

ype = 3).
attr_instance_id[attridx] specifies the-instance identifier for the identified attribute.

NOTE 2  The value of attr_instance.id can be used to differentiate between attributes with identical
bels. For example, a point cloud might have multiple colour attributes sampled from different view |
his case, attr_instance_id cap-be used by an application to discriminate between the view points.

- —

dttr_bitdepth_minus1|attridx] plus 1 specifies the bit depth of every component of the ig
attribute.

dttr_label_known{attridx], attr_label[attrldx] and attr_label_oid[attridx] together identify
df data conveyed by the identified attribute. attr_label_known[attridx] specifies whether (whg
attribute jis an attribute specified in this document by the value of attr_label[attridx], or (wh
gxternally'specified attribute identified by the object identifier attr_label_oid[attridx].

Attribute types identified by attr_ label are specified in Table 9. It is a requirement of b

OTE1  Attributes with more than three components can only be coded as raw attribute data (atty_

The expressions AttrDim, AttrBitDepth and AttrMaxVal specify the number of components, the bit depth
jnd the maximum value respectively of the attribute identified by'the variable Attridx. The dedoding of

ttr_components_minus1[attridx] plus 1 specifies the number of components of the identified

coding_

attribute

boints. In

lentified

the type
en 1) the
en 0) an

tstream

pecified

as valid. Values of attr label not spec1f1ed are reservedfor future use by ISO/IEC. A decoder should

decode attributes with reserved values of attr_label.

Attribute types identified by attr_label_oid are not specified in this document. attr_label_oid specifies an
ASN.1 objectidentifier value in the international object identifier tree. The international object identifier
shall either be assigned by a registration authority in accordance with Rec. ITU-T X.660 | ISO/IEC 9834-1

or generated without registration using a universally unique identifier (UUID) as specified
ITU-T X.667 | ISO/IEC 9834-8.
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Table 9 — Identification of attribute type by attr_label

attr_label Attribute type Validczolﬁ:l::nent
0 Colour lor3
1 Reflectance 1
2 Opacity 1
3 Frame index 1
4 Erame-Rtinber 1
5 Material identifier 1
6 Normal vector 3

attr_prgperty_cnt specifies the number of attribute_property syntax structures present inthe SPS fqr
the attribute.

7.4.2.2 | Attribute property semantics

7.4.2.2.1 Identification of an attribute property

An attribute_property(attrldx) syntax structure specifies a property*of the attribute identified by
attridx.

=)

attr_prop_type specifies the attribute property type according ‘to Table 10. The interpretation d
attributg properties identified as attribute specific are specified in accordance with the registration
attr_labe¢l_oid.

=)

Table 10 — Identification of attribute parameter type by attr_prop_type

attr_prop_type Description
0 ITU<F'T.35 user defined
1 GrPCC user defined
2 ISO/IEC 23091-2 video code points
3 Attribute scale and offset
4 Default attribute value
57127 Reserved for future use by ISO/IEC

128 ..255 Attribute specific

attr_prgp_len shall be the length in bytes of the attribute_property syntax structure excluding the
syntax dlements attr<prop_type and attr_prop_len.

7.4.2.2.2 ITU-T T.35 user defined attribute properties

ITU-T T.B5user defined properties contain user data registered in accordance with Rec. ITU-T T.35. The
user data are not specified by this document.

attr_prop_itu_t_t35_country_code is a byte having a value specified as a country code by Rec.
ITU-T T.35, Annex A.

attr_prop_itu_t_t35_country_code_extension_byte is a byte having a value specified as a country
code by Rec. ITU-T T.35, Annex B.

The ITU-T T.35 terminal provider code and terminal provider oriented code shall be contained in the
initial bytes of attr_prop_byte[], in the format specified by the administration that issued the terminal
provider code. Any remaining attr_prop_byte data shall be data having syntax and semantics as
specified by the entity identified by the ITU-T T.35 country code and terminal provider code.
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7.4.2.2.3 G-PCC user defined attribute properties

G-PCC user defined properties contain user data identified by an ASN.1 object identifier. The user data
are not specified by this document.

attr_prop_oid specifies an ASN.1 object identifier value in the international object identifier tree in
accordance with Rec. ITU-T X.660 | ISO/IEC 9834-1.

Any attr_prop_byte data present shall be data having syntax and semantics as specified in accordance
with the registration of the object identifier.

1.4.2.2.4 1SO/IEC 23091-2 video code points
IFO/IEC 23091-2 video code points establish properties of a video representation.

attr_cicp_colour_primaries|attridx] specifies the chromaticity coordinates of-the attribute|s colour
fdrimaries. Values shall be interpreted according to the ColourPrimaries code point in ISO/IEC 23091-2.

attr_cicp_transfer_characteristics[attridx] specifies either the:

- reference opto-electronic transfer characteristic function of the attribute as a function of p source
input, linear, optical intensity L. with a nominal real-valued rafge of 0 to 1; or

- inverse of the reference electro-optical transfer characteristic function as a function of an output,
linear, optical intensity Ly with a nominal real-valued range of 0 to 1.

Pl

alues shall be interpreted according to the TransferCharacteristics code point in ISO/IEC 23091-2.

ttr_cicp_matrix_coeffs[attridx] describes the matrix coefficients used to derive the attributle's luma
nd chroma signals from the green, blue and red;.or Y, Z and X primaries. Values shall be int¢rpreted
ccording to the MatrixCoefficients code pointin ISO/IEC 23091-2.

ttr_cicp_video_full_range[attridx] specifies the black level and range of the attribute's lyma and
hroma signals as derived from Ey , Epg-and Epg,or Eg , E; and Ej real-valued component signals.
alues shall be interpreted accordingto the VideoFullRangeFlag code point in ISO/IEC 23091-2,

= O

~1

4.2.2.5 Scale and offset properties
Attribute scale and offset parameters specify how to interpret the range of output attribute values.

NOTE The decoding process in this document does not scale attribute values prior to output.

ttr_offset_bits isthe length in bits of the subsequent attr_offset[attrldx] syntax element exc]usive of
ny sign bit,

ttr_scalevbits is the length in bits of the subsequent attr_scale_minus1[attridx] syntax element.

ttr_effset[attrldx], attr_scale_minusl[attridx] and attr_frac_bits[attrldx] together spedify how
ded attribute values shall be interpreted. When present, the external interpretation 4 of each
coded attribute value 4 shall be:

4 _4 attr_scale_minus1+1 +attr offset
EXT — Zattr_frac_bits -

7.4.2.2.6 Default attribute value

A default attribute value property specifies the value for an attribute that is not otherwise determined
by an ADU.

attr_default_value[attridx][c] specifies the default value of the c-th component of the identified
attribute. The length in bits of each syntax element shall be attr_bitdepth_minus1[attrldx] + 1.
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7.4.2.3 Attribute property data semantics

attr_prop_byte[/] is a byte containing data having syntax and semantics not specified in this document.

7.4.2.4 Tile inventory data unit semantics

A tile inventory, when present, contains metadata that defines the spatial region of each enumerated
tile. Each tile is identified by either an implicit or explicit tile id.

A tile inventory shall apply from the next coded point cloud frame that follows the tile inventory data
unit. It shall remain valid until it is replaced by another tile inventory.

A tile inyentory DU shall occur before the first GDU of the coded point cloud frame from which itapplies.
It shall pot occur before the last DU of any coded point cloud frame that precedes that from\which [t
applies in data unit order.

ti_seq_parameter_set_id identifies the active SPS by its sps_seq_parameter_set_id.

ti_frame_ctr_Isb_bits specifies the length in bits of the syntax element ti.frame_ctr_Isb. It is
requireinent of bitstream conformance that ti_frame_ctr_Isb_bits shall be equal\te'frame_ctr_lsb_bits
the actiye SPS.

=

ti_frame_ctr_Isb should be the ti_frame_ctr_Isb_bits LSBs of FrameCtrfor the next coded point cloud
frame.

tile_cnt|specifies the number of tiles enumerated by the tile inventory.

tile_id_bits specifies the length in bits of each tile_id syntdx-element. tile_id_bits equal to 0 specifig
that tiles shall be identified by the index tileldx.

[72)

(i

tile_origin_bits_minus1 plus 1 specifies the lengthtin bits of each tile_origin_xyz syntax elemer
exclusive of any sign bit.

tile_size¢_bits_minus1 plus 1 specifies the length in bits of each tile_size_minus1_xyz syntax element.

tile_id[gileldx] specifies the identifier of-the tileldx-th tile in the tile inventory. When tile_id_bits is
the valup of tile_id[tileldx] shall be inferred to be tileldx. It is a requirement of bitstream conformande
that all yalues of tile_id shall be unigue within a tile inventory.

-

tile_origin_xyz[tileld]|[ k] and tile_size_minus1_xyz[tileld][ k] indicate a bounding box in the sequence
coordingite system encompassing slices identified by slice_tag equal to tileld.

tile_origin_xyz[tileld][ k] specifies the k-th XYZ coordinate of the tile bounding box's lower corngr
relative fto the tile inyéntory origin.

tile_sizel minuslyxyz| tileld][ k] plus 1 specifies the k-th XYZ dimension of the tile bounding box.

in_bits>minus1 plus 1 specified the length in bits of each ti_origin_xyz syntax element exclusive
of any sign bit.

ti_origin_xyz[k] and ti_origin_log2_scale together indicate the XYZ origin of the sequence coordinate
system specified by seq_origin_xyz[k] and seq_origin_log2_scale. The values of ti_origin_xyz[k] and
ti_origin_log2_scale should be equal to seq_origin_xyz[k] and seq_origin_log2_scale, respectively.

The tile inventory's k-th XYZ origin coordinate is specified by the expression TileInventoryOrigin[k].

TileInventoryOrigin[k] := ti origin xyz[k] << ti origin log2 scale
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7.4.2.5 Geometry parameter set data unit semantics

7.4.2.5.1 General parameters
The parameters specified by a GPS shall apply to any DU where that GPS is activated.
gps_geom_parameter_set_id identifies the GPS for reference by other DUs.

gps_seq_parameter_set_id identifies the active SPS by its sps_seq_parameter_set_id.

1ce_geom_origin_scale_present specifies whether (when 1) or not (when 0) slice_geom_orig
sicale is present in the GDU header. slice_geom_origin_scale_present equal to 0 specifies that
rigin scale is specified by gps_geom_origin_log2_scale.

ps_geom_origin_log2_scale specifies the scale factor used to derive the slice origin/from slic
rigin_xyz when slice_geom_origin_scale_present is 0.

eom_dup_point_counts_enabled specifies whether (when 1) or not (when‘0)'duplicate point
signalled in a GDU by a per-point duplication count.

OTE geom_dup_point_counts_enabled equal to 0 does not prohibit theycoding of the same poin{
up_point_cnt syntax elements.

eom_tree_type equal to 0 specifies that slice geometry js‘¢oded using an occupancy tree

ps_extension_present specifies whether (when dJ>or not (when 0) gps_extension_datd
ements are present in the GPS syntax structure; gps_extension_present shall be 0 in bif
nforming to this version of this document. The walue of 1 for gps_extension_present is ress
fiiture use by ISO/IEC.

ps_extension_data may have any value. Its presence and value do not affect decoder conforr
rofiles specified in this version of this document. Decoders shall ignore all gps_extension_dat
ements.

4.2.5.2 Angular coding parameters

eom_angular_enabled-specifies whether (when 1) or not (when 0) slice geometry is cod

i
When enabled, pointpesitions are assumed to have been sampled along a ray cast by a beam.

—

he angular origin AngularOrigin, the apparent V-axis offset BeamOffsetV, the elevation an
mitted rays@and the rotation step angle ¢ advanced between ray emissions are illustrated for

eam in Figlfe 4.

o O

eom_tree_type equal to 1 specifies that slice geometry is'coded using a predictive tree (7.3.3.8).

in_log2_
the slice

E_geom_

s can be

position

ultiple times within a single slice by means other than the direct_dup-point_cnt, occ_dup_point_cnt or ptn_

(7.3.3.4).

syntax
streams
rved for

nance to
Q syntax

bd using

information about a set of beams located along and rotating around the V axis of the angulalr origin.

gle 6 of
a single
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slice_angular_origin_present specifies whether (when 1) or not (when 0).a{slice-relative anguld
origin igsignalled in the GDU header. slice_angular_origin_present equal to 0specifies that the angula
origin ig gps_angular_origin_xyz. When slice_angular_origin_present is notpresent, it shall be inferre

to be 0.

gps_angular_origin_bits_minus1 plus 1 specifies the length in bits of each gps_angular_origin_xyj

syntax dlement.

gps_angular_origin_xyz[k] specifies the k-th XYZ coordinate of the angular origin in the codinig

coordinjte system.

A
AngularOrigin

|st]

21

BeamStepsPerRev

__ m(ptree_ang_azimuth_step_minus141)

211 +ptree_ang_azimuth_pi_bits_minusd 1

Figure 4 — Origin, elevation angle and azimuth step for a beam

num_bdams_minus1 plus 1 specifies the number of beams enumerated by the GPS.

beam_elevation_init and beam_elevation_diff[i]together specify beam elevations as gradients aboy
the S-T plane. The elevation gradient for the i-th:beam is specified by the expression BeamkElev[i]. It is
binary f]xed-point value with 18 fractional bifs.

BeamElep [1] :=
i ==
i ==

It is a rg¢quirement of bitstréam conformance that values of BeamElev[i], i € 1 .. num_beams_minus

D ? beam elevation init :
L ? beam elevation init-#f beam elevation diff[1]
: 2 x BeamElev[i - &N+ BeamElev[i - 2] + beam elevation diff[i]

shall be [greater than BegmElev[i - 1].

beam_vpffset_init and-/beam_voffset_diff[i] together specify the V-axis offsets of the enumerate
beams ffom the angular origin. The offset is specified in units of the coding coordinate system. Thie

offset fof the i-th*beam is specified by the expression BeamOffsetV[i].

BeamOffpetX [{] :=
i ==

—RBeamoOEEs

D (24 Beam voffset init
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beam_steps_per_rotation_init_minus1 and beam_steps_per_rotation_diff[i] specify the number
of steps made per revolution by the rotating beams. The value for the i-th beam is specified by the
expression BeamStepsPerRev|i].

BeamStepsPerRev[i] :=

i == 0 ? beam steps per rotation init minusl + 1
: BeamStepsPerRev([i - 1] + beam steps per rotation diff[i]

It is a requirement of bitstream conformance that values of BeamStepsPerRev([i], i € 0 .. num_beams_

minus1, shall not be 0.
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ptree_ang_azimuth_pi_bits_minus11 plus 11 specifies the number of bits that represent half a turn of
a beam around the V axis. One half-turn is 7 radians.

ptree_ang_radius_scale_log2 specifies a factor used to scale a point's radial angular coordinate
during conversion to Cartesian coordinates.

ptree_ang_azimuth_step_minus1 plus 1 specifies the expected change in azimuth angle of the
rotating beams between coded points. Azimuth prediction residuals used in angular predictive tree
coding can be coded as a multiple of ptree_ang_azimuth_step_minus1 + 1 and a remainder.

1.4.2.5.3 Occupancy tree parameters

o

cctree_point_cnt_list_present specifies whether (when 1) or not (when 0) the GDU footer’enuymerates
he number of points in each occupancy tree level. When occtree_point_cnt_list_presentis not|present,
shall be inferred to be 0.

— =+

o

cctree_direct_coding_mode greater than 0 specifies that point positionsanay be coded by eligible
irect nodes of the occupancy tree. occtree_direct_coding_mode equal to 0 spécifies that direft nodes
hall not be present in the occupancy tree.

W Qo

NOTE Larger values for occtree_direct_coding_mode generally increase_the rate of direct node eligjibility.

o

cctree_direct_joint_coding_enabled specifies whether (wheni\1) or not (when 0) direct nodes that
ode two points shall jointly code their positions according ta’a specific ordering of the points.

Q

cctree_coded_axis_list_present equal to 1 specifies_that the GDU header contains occtre¢_coded_
xis syntax elements that are used to derive the node size for each occupancy tree level. occtre¢_coded_
xis_list_present equal to 0 specifies that occtree_coded_axis syntax elements are not present in the
DU syntax and that the occupancy tree represents.a cubic volume specified by the tree depth.

A O O

cctree_neigh_window_log2_minus1 plus & specifies the number of occupancy tree node lpcations
hat form each availability window within-a'tree level. Nodes outside a window are unavailable to any
rocess related to nodes within the window. occtree_neigh_window_log2_minus1 equal to 0 $pecifies
hat only sibling nodes shall be considéred available to the current node.

&t o

o

cctree_adjacent_child_enabled specifies whether (when 1) or not (when 0) the adjacent children of
eighbouring occupancy treewnodes are used in bitwise occupancy contextualization. When pcctree_
djacent_child_enabled is notpresent, it shall be inferred to be 0.

S

o

cctree_intra_pred_max_nodesize_log2 minus 1 specifies the maximum size of an occupapcy tree
node that is eligiblefor-intra-slice occupancy prediction. When occtree_intra_pred_max_nodegdize_log2
b not present, it shall'be inferred to be 0.

—

o

cctree_bitwis€_coding specifies whether the node occupancy bitmap is coded using (When 1)
ccupancy-bit syntax elements or (when 0) the dictionary coded syntax element occupancy_byite.

o

cctree-planar_enabled specifies whether (when 1) or not (when 0) the coding of node occupancy
itmaps is performed, in part, by the signalling of occupied and unoccupied planes. When pcctree_
lanar enabled is not present it shall he inferred to he 0

folllonlle)

occtree_planar_threshold[i] specify thresholds used in part to determine the per-axis eligibility for
planar occupancy coding. The thresholds are specified from the most (i = 0) to the least (i = 2) probable
planar axis. Each threshold specifies the minimum likelihood for an eligible axis that occ_single_plane
is expected to be 1. The range [8, 120] for occtree_planar_threshold corresponds to the likelihood
interval [0, 1).

occtree_direct_node_rate_minus1 specifies, when present, that of every 32 eligible nodes, only
occtree_direct_node_rate_minusl + 1 are permitted to be coded as direct nodes.
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occtree_planar_buffer_disabled specifies whether (when 1) or not (when 0) the contextualization of
per-node occupied plane locations using the plane locations of previously coded nodes shall be disabled.
When occtree_planar_buffer_disabled is not present, it shall be inferred to be 0.

7.4.2.5.4 Scaling parameters

geom_scaling_enabled specifies whether (when 1) or not (when 0) the coded geometry shall be scaled
during the geometry decoding process.

geom_q,

[}

geom_qp_mul_log2 specifies the scale factor to be applied to the geometry QP. Theré |4t
Exp2(3 t+ geom_gp_mul_log2) QP values for every doubling of the scaling step size.

ptree_qp_period_log2 specifies the period in nodes at which the predictive tree node(QP offset i
signalledl. The period is one in every Exp2(ptree_qp_period_log2) nodes.

wn

(i

occtree| direct_node_qp_offset specifies an offset relative to the slice geometry QPlfor scaling direc
node codled point positions.

7.4.2.6 | Attribute parameter set data unit semantics

7.4.2.6.1 General parameters
The parameters specified by an APS shall apply to any DU wherelthdt APS is activated.

NOTE A single APS can be used by multiple coded attributes.;\The attributes are not required to be of thle
same type or to have the same number of components.

aps_atty_parameter_set_id identifies the APS for reference by other DUs.
aps_seq_parameter_set_id identifies the active SPS by its sps_seq_parameter_set_id.

attr_coding_type specifies the attribute coding method. Valid values are specified by Table 11. Othgd
values are reserved for future use by ISO/IEC. Decoders conforming to this version of this documer
shall igrjore (remove from the bitstreamand discard) attribute data units coded with reserved value
of attr_cpding_type.

0 ~+ =

Table-11 — Interpretation of attr_coding_type

attr_coding_type Description Decoding process
0 Region-adaptive hierarchical transform (RAHT) 10.5
1 LoD with predicting transform 10.6
2 LoD with lifting transform 10.6
3 Raw attribute data 10.3

attr_primary_qp_minus4 plus 4 specifies the QP for the primary attribute component before thie
addition of per slice, per region and per-transform-level offsets.

attr_secondary_qp_offset specifies an offset to be applied to the primary attribute QP to derive the QP
for any secondary attribute components.

attr_qp_offsets_present specifies whether (when 1) or not (when 0) per-slice attribute QP offsets, attr_
gp_offset[c], are present in the ADU header.

attr_coord_conv_enabled specifies whether (when 1) attribute coding shall use scaled angular
coordinates or (when 0) slice-relative STV point positions. It is a requirement of bitstream conformance
that attr_coord_conv_enabled shall be 0 when geom_angular_enabled is 0. When attr_coord_conv_
enabled is not present, it shall be inferred to be 0.
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attr_coord_conv_scale_bits_minus1[k] plus 1 specifies the length in bits of the syntax element attr_
coord_conv_scale[k].

attr_coord_conv_scale[k] specifies the scale factor used to scale points' k-th angular coordinate for
attribute coding. The scale factor shall be in units of 278,

aps_extension_present specifies whether aps_extension_data syntax elements are present in the APS
syntax structure. aps_extension_present shall be 0 in bitstreams conforming to this version of this
document. The value of 1 for aps_extension_present is reserved for future use by ISO/IEC.

dps_extension_data may have any value. Its presence and value do not affect decoder conferrhance to
drofiles specified in this version of this document. Decoders shall ignore all aps_extension!dath syntax
elements.

1.4.2.6.2 Region-adaptive hierarchical transform parameters

aht_prediction_enabled specifies whether (when 1) or not (when 0) RAHTwoefficients are predicted
y upsampling and transforming the preceding coarser transform level.

o=

ot

aht_prediction_subtree_min and raht_prediction_samples_min-specify thresholds thafj control
he use of RAHT coefficient prediction.

—

—

hht_prediction_samples_min specifies the minimum number of'spatially adjacent samples from which
AHT coefficient prediction can be performed.

owl

—

hht_prediction_subtree_min specifies the minimum number of spatially adjacent samples that need
b be present to prevent the disabling of RAHT coefficient prediction for every descendant of|la RAHT
ode.

=

71.4.2.6.3 Level of detail generation and transform parameters
red_set_size_minus1 plus 1 specifies the maximum size of the per-point predictor set.

red_inter_lod_search_range specifies the range of indexes around a search centre which can be
earched in an extended inter-detail-level search for nearest neighbours to include in a point's gredictor
et.

w0 o

red_dist_bias_minus1_xyz[k] plus 1 specifies the factor used to weight the k-th XYZ compjonent of
he distance vector between two point positions used to calculate inter-point distances in the predictor
earch for a single refinément point. The expression PredBias[k] specifies the factor for the k-th STV
omponent.

Q W ct

[xv]

redBias [k] 4= pred dist bias minusl xyz[StvToXyz[k]] + 1

hst_comp pred_enabled specifies whether (when 1) or not (when 0) the second coefficient component
f a three-Component attribute shall be used to predict the value of the third coefficient component.
Vhen last_comp_pred_enabled is not present, it shall be inferred to be 0.

= O

l'\rl cealabilitv-aenabled-cpneacifiacavhathar Goahan 1) o ot aybhan N areeibabn yaliinc chall Lo Coded

U _oCTATauUTIICy _CTIauiC SpPTTITICS Waetner CVVIICIT 1)  UT ot (v oo oot HHtte—vardes—Staarroe

using constrained LoD generation and predictor searches. When equal to 1, attribute values can be
reconstructed for a partially decoded occupancy tree. Partial decoding shall be as specified in Annex D.
When lod_scalability_enabled is not present, it shall be inferred to be 0.

It is a requirement of bitstream conformance that lod_scalability_enabled shall be 0 when any of the
following four conditions are true:

— geom_tree_typeis 1;
— occtree_coded_axis_list_presentis 1;

— geom_scaling_enabled is 1 and geom_qp_mul_log?2 is not 3;
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— pred_blending_enabled is 1.

pred_max_range_minus1 plus 1 specifies, when present, the distance beyond which point predictor
candidates shall be discarded during predictor set pruning for scalable attribute coding. The distance is
specified in units of the per-detail-level block size.

lod_max_levels_minus1 plus 1 specifies the maximum number of detail levels that can be generated
by the LoD generation process. When lod_max_levels_minusl1 is not present, it shall be inferred to be
MaxSliceDimLog2 - 1.

=

attr_caijonical_order_enabled specilies whether (when 1) or not (when U] point attributes are code
in canorjical point order. When attr_canonical_order_enabled is not present, it shall be inferred to be 0

lod_decimation_mode specifies the decimation method used to generate detail levels. Valid values ar
specifiedl by Table 12. Other values are reserved for future use by ISO/IEC. Decoders conforming to thi
version [of this document shall ignore (remove from the bitstream and discard) attribute”data unif
coded wjith reserved values of lod_decimation_mode.

wn w»n ©

Table 12 — Interpretation of lod_decimation_mode

lod_decimation_mode Description Decoding process
0 No decimation 10:6.5.6
1 Periodic subsampling 10.6.5.5
2 Block-based subsampling 10.6.5.8

[=]

pling_period_minus2[/vi] plus 2 specifies the sampling period used by LoD generation t
sample points in detail level Ivl to generate the next coarser detail level Ivl + 1.

lod_initiial_dist_log2 specifies the block size at the finest detail level for use by LoD generation anfd
predictdr searches. When lod_initial_dist_log?2 is notpresent, it shall be inferred to be 0.

(s

lod_dis§_log2_offset_present specifies whether(when 1) or not (when 0) the per-slice block-size offsg
specifiefl by lod_dist_log2_offset shall be present in the ADU header. When lod_dist_log2_offset_preser
is not present, it shall be inferred to be 0.

—+

pred_direct_max_idx_plus1 specifies the maximum number of single point predictors that can b
used forjdirect prediction.

pred_d:t'ect_threshold specifies’'when a point shall be eligible for direct prediction. The threshold i
for the paximum difference‘bétween predictor values in a point's predictor set. When the maximurth
differenfe is greater than or-equal to the threshold, direct prediction is eligible. When the attribute b
depth is|greater than eight bits, the threshold shall be scaled by Exp2(AttrBitDepth — 8).

v

(i

pred_direct_avg_disabled specifies whether (when 0) or not (when 1) the point predictor set average
is a direft prediction mode.

pred_intratlod_search_range specifies the range of indexes in a detail level's refinement list for which
searched for nearest neighbours to include in a point's predictor set.

pred_intra_min_lod specifies the finest detail level in which intra-detail-level prediction is enabled.
When pred_intra_min_lod is not present, it shall be inferred to be lod_max_levels_minusl + 1. It is a
requirement of bitstream conformance that pred_intra_min_lod shall be 0 when lod_max_levels_
minusl is 0.

inter_comp_pred_enabled specifies whether (when 1) or not (when 0) the first component of a multi-
component attribute coefficient shall be used to predict the coefficients of any subsequent components.
When inter_comp_pred_enabled is not present, it shall be inferred to be 0.

pred_blending_enabled specifies whether (when 1) or not (when 0) the neighbour weights used for
neighbourhood average prediction shall be blended according to the relative spatial positions of the
associated points. When pred_blending_enabled is not present, it shall be inferred to be 0.
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7.4.2.6.4 Raw attribute parameters

raw_attr_width_present specifies whether (when 0) raw attribute values shall use the same fixed
length encoding for every syntax element or (when 1) a per-syntax-element length.

7.4.2.7 Frame-specific attribute properties data unit semantics
Frame-specific attribute properties apply to an attribute of a specific frame. The properties shall:

— override any corresponding properties signalled in the active SPS for the specified frame only;

- apply to all ADUs in the frame with Attridx equal to fsap_sps_attr_idx.

oY

1l attribute properties with the same value of attr_prop_type shall be identical within afram¢ for any
ingle attribute.

wn

Hach FSAP DU shall occur, at least, before the first ADU within the frame to which-it applies.

OTE The requirements of fsap_frame_ctr_Isb prevent an FSAP DU from, preceding the first GI)U in the
fame to which it applies.

- =z

fsap_seq_parameter_set_id identifies the active SPS by its sps_seq_parameter_set_id.

-

sap_frame_ctr_lsb_bits specifies the length in bits of the syntax element fsap_frame_ctr_Isp. It is a
requirement of bitstream conformance that fsap_frame_ctr_lsb_bits shall be equal to frame_ctr|Isb_bits
df the active SPS.

)

sap_frame_ctr_Isb identifies the frame to which.the frame-specific attribute propertigs apply.
lentification shall use fsap_frame_ctr_Isb_bits LSBs"of the notional frame counter, Framedtr. fsap_
Ffame_ctr_lsb shall be equal to frame_ctr_Isb of the preceding GDU.

by

fsap_sps_attr_idx identifies the coded attribute to which the frame-specific attribute properties shall
ply. Identification shall be by the index into the active SPS attribute list.

fsap_num_props specifies the numbet-of attribute properties present in the syntax structure.

4.2.8 Frame boundary marker data unit semantics
he frame boundary marker)DU explicitly marks the end of a frame.

fpdu_frame_ctr_Isb_bits specifies the length in bits of the syntax element fbdu_frame_ctr_Igb. It is a
quirement of bitstream conformance that fbdu_frame_ctr_Isb_bits shall be equal to frame|ctr_lsb_
its of the active SPS.

fpdu_frame_cfr_lsb identifies the frame to which the frame boundary marker applies. Identjification
shall use fbdu_frame_ctr_lsb_bits LSBs of the notional frame counter FramecCtr.

4.2.9 User data data unit semantics

The user data DU contains user data identified by an ASN.1 object identifier. The user data are not
specified by this document.

user_data_oid specifies an ASN.1 object identifier value in the international object identifier tree, as
specified in Rec. ITU-T X.660 | ISO/IEC 9834-1.

user_data_byte is a byte containing data having syntax and semantics as specified by the registration
of the object identifier.

7.4.2.10 Byte alignment semantics

The byte_alignment syntax structure causes the bitstream to become byte-aligned.
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alignment_bit_equal_to_zero shall be 0.
7.4.3 Geometry data unit

7.4.3.1 Geometry data unit semantics

A GDU conveys the geometry of a slice and associated slice information such as a frame counter or a
slice origin. A GDU comprises a GDU header, geometry coded using either an occupancy tree (when
geom_tree_type is 0) or a predictive tree (when geom_tree_type is 1), and a GDU footer.

7.4.3.2 | Geometry data unit header semantics
gdu_gegmetry_parameter_set_id specifies the active GPS by its gps_geom_parameter_set_id»

gdu_reserved_zero_3bits shall be equal to 0 in bitstreams conforming to this version of this document.
Other v3lues of gdu_reserved_zero_3bits are reserved for future use by ISO/IEC. Decgders shall ignor
the valug of gdu_reserved_zero_3bits.

D

slice_id|identifies the slice for reference by other DUs.

slice_tag identifies the slice as a member of a slice group with the samealues for slice_tag. When p
tile invepntory DU is present, the slice group shall be a tile identified by+a tile id. Otherwise, when tile
inventoity DUs are not present, the interpretation of slice_tag is application specific.

frame_dtr_Isb specifies the frame_ctr_Isb_bits LSBs of the/notional frame counter FrameCt
Consecutive slices with different values of frame_ctr_Isb form» parts of separate output point clou
frames. |Consecutive slices with identical values of franie-ctr_Isb without an intervening frampe
boundaiy marker data unit form parts of the same codedpoint cloud frame.

[ P

[72)

slice_entropy_continuation equal to 1 specifies that'the entropy parsing state restoration proceg
(11.6.2.2 and 11.6.3.2) shall be applied at the start\of'the GDU and any ADUs in the slice. slice_entropy_
continugtion equal to 0 specifies that the parsingof the GDU and any ADUs in the slice is independent ¢
any othgr slice. When slice_entropy_continuation is not present, it shall be inferred to be 0.

=

uirement of bitstream conformance that slice_entropy_continuation shall be 0 when the GD
is the first GDU in a coded point cloud frame. A decoder shall ignore (remove from the bitstream an
discard] all slices in a coded point-Cloud frame with slice_entropy_continuation equal to 1 that are nd
precedef by a slice in the same frame with slice_entropy_continuation equal to 0.

—+ = —

—

prev_slice_id shall be equal‘te the GDU slice_id of the preceding slice in bitstream order. A decodg
shall igrfore (remove from the bitstream and discard) slices where prev_slice_id is both present and nd
equal toslice_id of thereCeding slice in the same frame.

[

slice_enfropy_continuation should be 0 if slice_tag is not equal to the slice_tag of the GDU identified b
prev_sli¢e_id. For'example, if slice_tag is used to select a subset of slices, then decoding can be prevente
if there are dépendencies upon slices that were not selected.

T

lus 1 specifies the length in bits of each slice_geom origin x

slice_gejony origin bits minusi1
syntax element.

slice_geom_origin_xyz[ k] and slice_geom_origin_log2_scale specify the k-th XYZ coordinate of the
slice origin in the coding coordinate system. The slice origin in STV coordinates is specified by the
expression SliceOrigin[k]. When slice_geom_origin_log2_scale is not present, it shall be inferred to be
gps_geom_origin_log2_scale.

SliceOrigin[k] := slice geom origin xyz[StvToXyz[k]] << slice geom origin log2 scale

slice_angular_origin_bits_minus1 plus 1 specifies the length in bits of each slice_angular_origin_xyz
syntax element.
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slice_angular_origin_xyz[k] specifies the k-th XYZ coordinate of the angular origin relative in the
slice's coordinate system. When slice_angular_origin_xyz[ k] is not present, it shall be inferred to be 0.

The slice-relative angular origin in STV coordinates is specified by the expression AngularOrigin[k].

AngularOrigin[k] := slice angular origin present
? slice angular origin xyz[StvToXyz[k]]
: gps_angular origin xyz[StvToXyz[k]] - SliceOrigin([k]

slice_geom_qp_offset specifies the slice geometry QP as an offset to the GPS geom_qp. When slice_

ppnm_qp_nffcpf is not present it shall be inferred tobe Q

I

1.4.3.3 Geometry data unit footer semantics
The start of the GDU footer shall be determined from the end of the GDU as specified by 11.2.4.

slice_num_points_minus1 plus 1 specifies the number of points coded in the DU It is a reqyirement
df bitstream conformance that slice_num_points_minusl plus 1 shall becegual to the number of
decodable points in the DU. Decoders shall not rely upon bitstream conformance to prevent overflow of
implementation buffers.

7.4.4 Attribute data unit

1.4.4.1 Attribute data unit semantics

An ADU codes attribute values for a single attribute in:a slice. It comprises an ADU header arjd either
attribute coefficients (attribute_coeffs) when transforim coding is enabled or directly coded attribute
alues (attribute_raw).

<

1.4.4.2 Attribute data unit header semantics

]du_attr_parameter_set_id specifies the.active APS by its aps_attr_parameter_set_id.

du_reserved_zero_3bits shall be.equial to 0 in bitstreams conforming to this version of this dqcument.
ther values of adu_reserved_zero,3bits are reserved for future use by ISO/IEC. Decoders shall ignore
he value of adu_reserved_zero:3bits.

(s lilan)

ddu_sps_attr_idx identifi€s the coded attribute by its index into the active SPS attribute list.
At the start of every ADU, the variable Attridx is set to adu_sps_attr_idx:

NrtrIdx = adu sgshattr idx

The attribute‘coded by the ADU shall have at most three components when attr_coding_type is|not 3.

ddu_slicenid specifies the value of the preceding GDU slice_id.

-

4.5" Defaulted attribute data unit semantics

A defaulted attribute data unit specifies a single attribute value for all points in the slice.
defattr_seq_parameter_set_id specifies the active SPS by its sps_seq_parameter_set_id.

defattr_reserved_zero_3bits shall be 0 in bitstreams conforming to this version of this document.
Other values of defattr_reserved_zero_3bits are reserved for future use by ISO/IEC. Decoders shall
ignore the value of defattr_reserved_zero_3bits.

defattr_sps_attr_idx identifies the coded attribute by its index into the active SPS attribute list.

At the start of every defaulted attribute data unit, the variable Attridx is set to defattr_sps_attr_idx:

© ISO/IEC 2023 - All rights reserved 59


https://standardsiso.com/api/?name=458b17f08c948477860ec1b8ac09b16b

ISO/IEC 23090-9:2023(E)

AttrIdx

= defattr sps attr idx

defattr_slice_id specifies the value of the preceding GDU slice_id.

defattr_value[c] specifies the value of the c-th attribute component for every point in the slice. The
length in bits of defattr_value|[c] is AttrBitDepth.

8 Decoding process

8.1 General decoding process

The recgnstruction of a point cloud is specified such that all decoders that conform to a specified,profile
and levdl will produce numerically identical output point cloud frames for a bitstream conforming tp

that pro|
that pro|
docume

The framne decoding process (8.2) shall be repeatedly performed for each coded‘\point cloud frame ip

the code

8.2 Fiame decoding processes

8.2.1

The result of this process is a reconstructed point cloud frame.

At the s
empty p

RecClou

The slic
frame.

8.2.2

The var
shall be

window
curLsb
curMsb
if ((fr

curMs
else if

curMs
FrameCt

ile and level. Any decoding process that produces an identical output point cloud s¢quence tp
duced by the process described herein conforms to the decoding process requirements of this
nt.

d point cloud sequence.

General

fart of every coded point cloud frame, the outputpoint cloud frame shall be initialized to thie
pint cloud.

HPointCnt = 0

o0

e decoding process (8.3) shall be repeatedly performed for each slice in the coded point clou

fFrame counter

able FrameCtr represents_the notional frame counter. For the first decoded frame, Frame(t
set equal to frame_ctr_Isb. Otherwise, the variable FrameCtr shall be updated for each frame:

=S

Exp2 (frame ctrn Isb bits) >> 1

FrameCtr % Exp2(frame ctr 1sb bits)
FrameCtr >3 frame ctr lsb bits

bme ctr 1sbw< curlLsb) && (curLsb - frame ctr 1sb) 2 window)
b++
((framenetr 1sb > curLlsb) && (frame ctr 1sb - curLsb) > window)
H——
r =4 (CurMsb << frame ctr 1lsb bits) + frame ctr 1lsb

8.3 Slice decoding processes

8.3.1 General

Aslice in a coded point cloud frame shall be decoded as follows:

a) Point positions are decoded from one GDU in the slice as specified by 8.3.3.

b) Default attribute values are set for each attribute as specified by 8.3.4.

c) Point attributes are decoded from each ADU in the slice as specified by 8.3.5.
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d) The decoded point positions are offset and the output point count incremented as specified by

Only one slice shall be decoded for every set of slices in a coded point cloud frame with the same value

of slice_id as specified in 6.4.6.

8.3.2 State variables

Slice decoding is specified in terms of the following state variables:

— the variable PointCnt, a cumulative count of decoded points;

— the array PointAng of angular coordinates for decoded points; PointAng[ptldx][ k] is thek-th
coordinate of the point position PointPos[ptldx].

8.3.3 Geometry decoding process
The GDU shall be decoded and the reconstructed positions stored in the output point cloud.

The expression PointPos|[ptldx][k] is an alias into the output point cloud for points in the slice.

HointPos[ptIdx] [k] := RecCloudPos[RecCloudPointCnt + ptIdx{-{k]
NOTE The definition of PointPos implicitly concatenates the points‘of consecutive slices.

Vhen geom_angular_enabled is 1, the geometry decodin® pfrocess populates the array PointA
oints' angular coordinates.

V
B
At the start of every slice, PointCnt is initialized toZ0. It is incremented for each point decode
geometry decoding process.

H

oint positions shall be decoded and reconstricted as specified by Clause 9.

§.3.4 Default attribute values

Attribute values for every point in the slice shall be set to their respective default values. This
shall be equivalent to the following steps for each attribute, attrldx = 0 .. num_attributes - 1:

—+ All components of the attribute values shall be set to Exp2(attr_bitdepth_minus1[attridx])

-+ If the attribute pfoperty attr_default_value[attridx] is present, the attribute values shall
attr_default_value[attridx][c], for each component c.

—+ If the slice 'eontains a defaulted attribute data unit with defattr_sps_attr_idx equal to att
attribute¥alues shall be set to defattr_value[c] of that DU, for each component c.

§.3.5 ,Attribute decoding process

angular

ng with

d by the

process

be set to

rldx, the

The ADU shall be decoded and the reconstructed attribute values stored in the correspondin

g output

point cloud attribute.

The expression PointAttr[ptldx][c] is an alias into the output point cloud attribute array for the points

in the slice.

PointAttr[ptIdx] [c] := RecCloudAttr[RecCloudPointCnt + ptIdx] [AttrIdx][c]

Point attributes shall be decoded and reconstructed as specified by Clause 10.

8.3.6 At the end of a slice

The variable RecCloudPointCnt is incremented by the number of points decoded.
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RecCloudPointCnt += PointCnt

The slice geometry shall be translated from the slice's coordinate system to the coding coordinate
system by the addition of the slice origin, SliceOrigin.

NOTE The attribute decoding processes specified in Clause 10 are performed prior to the coordinate system
conversion.
for (ptIdx = 0; ptlIdx < PointCnt; ptIdx++)

for (k = 0; 3; k++)

9 Slic

9.1 Gg¢

This clat
reconsti

9.2 O

9.2.1

This sul
It applie

An occu
a coded

9.2.2

9.2.2.1

Individdal point positions are representedin’'the occupancy tree either by the position of leaf nodes, g

by direc

An occu
of an ax
corner [
powers

The occ

with non-overlappingvolumes. All tree nodes within a tree level shall have identical volume dimensions.

The occ
level of

k <
PointPos[ptIdx] [k] += SliceOrigin[k]

e geometry

bneral

ise specifies the coding of slice geometry and the reconstruction of point positions, storing thie
ucted geometry in the arrays PointPos and PointAng.

“cupancy tree

General

clause specifies the parsing and reconstruction of point positions from a coded occupancy treg¢.
5 when geom_tree_type is 0.

pbancy tree represents the slice geometry as a tree of ectitpancy tree nodes. Parsing or traversing
pccupancy tree implicitly generates a representatien of the slice geometry.

Coded occupancy tree

General tree structure

—

t nodes that encode node-relative positions.

pancy tree node shall identify the presence of at least one point contained within the volumle
s-aligned cuboid. The volume is defined in the slice's coordinate system by an inclusive lows
min and an exclusive~upper corner p, ... The volume edge lengths are non-negative intege
pf two. A node's siz€,-nodeSize, is synonymous with the volume dimensions p,,.. = Prin-

=

ipancy tree shall-be formed of one or more tree levels. Every tree level consists of tree nodes

ipancy tree shall contain a single root node. The root node shall be the only node in the top
he tree: The volume identified by the root node shall have a lower corner at position (0, 0, 0],

coincidgnt-with the slice origin. The upper corner shall be at an integer position (25, 2¢, 2V) equal to th|e
root node size

With ea

ch subsequent tree level, starting from the top tree level, the node volume dimensions are

halved along one or more coded axes. The coded axes in each tree level are enumerated in the GDU
header, as specified by occtree_coded_axis.

The location of a node, nodeLoc, within a tree level is related to the spatial position of the node volume's
lower corner in the slice coordinate system by:

Pmin k =hodeLocy xnodeSize),

Two tree nodes are spatially adjacent if their volumes share a face.

62

© ISO/IEC 2023 - All rights reserved


https://standardsiso.com/api/?name=458b17f08c948477860ec1b8ac09b16b

ISO/IEC 23090-9:2023(E)

Unless an early termination condition applies (9.2.6.5), tree nodes with a volume greater than the unit
cube shall have one or more child nodes. Depending upon the number of coded axes, these nodes shall
have at most eight, four, two, or one child nodes, as illustrated for cubic nodes in Figure 5.

CodedAxesCnt
3 2 1 0

Figure 5 — Arrangement of child nodes dependingupon coded axes

—

eaf nodes, in the absence of geometry scaling (9.2.14), represent indivisible volumes with dimensions
qual to the unit cube. When duplicate point coding is enabled, a leaf node may represent more than one
foint. In such cases, all points represented by the leaf nadé shall have identical positions.

[0)

.2.2.2 Tree traversal order

A0

he coded occupancy tree shall be traversed.in breadth-first order. Traversal shall start fromj the top
ree level. All nodes in a tree level shall be sgquentially traversed before proceeding to the n¢gxt level.
Vithin a tree level, nodes shall be traversedin ascending Morton order of node location.

< ot

o |

he traversal order for an example trege is illustrated in Figure 6. Each tree level progressively refines
he slice geometry. Starting fronr the root node, a, the node traversal order is from a to y. Qccupied
rfodes are shaded.

Depth

—

1 o DIDDIDDD

//////\\ \\\\\\\

DDDIDD@ DDDDIDDI
N N

NOTE This figure illustrates three tree levels.

Figure 6 — Occupancy tree traversal order
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9.2.2.3 Node occupancy bitmap
The structure of the occupancy tree is coded as a sequence of node occupancy bitmaps.

Each node occupancy bitmap shall enumerate the child nodes for a single node. Each set bit position
identifies the relative location of a child node in the next level of the occupancy tree as specified by the
expression OccLocC|bitldx][k] and Table 13. The count of set bits in the bitmap shall be the number of
child nodes.

When a node has fewer than three coded axes, bits in the occupancy bitmap that do not enumerate a
valid child node Tocation shall be unset.

OccLocClbitIdx] [k] := Bit(bitIdx, 2 - k)
The treq level location of a child node is related to its parent's by:

nodeSizey, ent k

nodeLoc ;g j =nodeLoc +relLocy,

X
parent,k .
nodeSize piq k

Table 13 — Identification of valid relative child node location relLoc.from set bits in an

occupancy bitmap
(oded Axes Bit position (bitldx) in occupancy bitmap

8 | T | V| 7(MSB) 6 5 4 3 2 1 0 (LSB)
[ |1 (1| (1,1,1) |(1,1,0)|(1,0,1)](1,0,0) | (0,154)7| (0,1,0) | (0,0,1) | (0,0,0)
[ | 1|0 (1,1,0) (1,0,0) (0,1,0) (0,0,0)
[ | 0| 1 (1,0,1) | (1,0,0) (0,0,1) | (0,0,0)
D | 1 |1 (0,1,1) | (0,1,0) | (0,0,1) | (0,0,0)
L | 0| O (1,0, 0) (0,0,0)
D | 1] 0 (0,1,0) (0,0,0)

011 (0,0,1) | (0,0,0)
D | 0|0 (0,0,0)

9.2.2.4 | Terminal nodes

In the cqded occupancy tree, leaf nodes are immediately encoded by their parent (terminal) node.

—

When g¢om_dup_point_couts_enabled is 1, terminal nodes shall encode the duplicate point counts fo
the leaf hodes they contain.

9.2.3 Pccupancytree syntax element semantics

occtreel depthaminus1 plus 1 specifies the maximum number of tree levels present in the code
occuparfcy‘tree. When occtree_coded_axis_list_present is 0, the root node size is a cubic volume wit
edge lenjgths equal to Exp2(occtree depth minusl +1).

=p e

NOTE Early termination of subtrees can result in fewer coded tree levels than the maximum.

occtree_coded_axis[dpth][k] specifies whether (when 1) or not (when 0) a subdivision along the
k-th STV axis is coded by tree nodes at depth dpth. occtree_coded_axis shall be used to determine the
node volume dimensions in each level of the occupancy tree. When occtree_coded_axis[dpth][k] is not
present, it shall be inferred to be 1.

It is a requirement of bitstream conformance that:

— There shall be at least one coded axis in every tree level specified by occtree_coded_axis; i.e.
MaxVec(occtree_coded_axis[dpth]) == 1.
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— Thelog2 dimensions of the root node shall be less than or equal to MaxSliceDimLog?2.
— Thelargestlog2 dimension of the root node shall be greater than occtree_depth_minus1 - 4.

occtree_stream_cnt_minus1 plus 1 specifies the maximum number of entropy streams used to code
the occupancy tree. When occtree_stream_cnt_minus1 is greater than zero, each of the bottom occtree_
stream_cnt_minus1 tree levels shall be conveyed in a separate entropy stream; the parsing state shall
be memorized and restored according to 11.6.

The expression OcctreeEntropyStreamDepth is the depth of the last tree level that is coded in the first
gntropy stream.

JcctreeEntropyStreamDepth := occtree depth minusl - occtree stream cnt minusl

o

cctree_end_of_entropy_stream is a non-coded syntax element used to specify the t€rmination point
br the arithmetic decoder at the end of an entropy stream. The syntax element has\no value.

-

cctree_lvl_point_cnt_minus1[dpth] plus 1 indicates, when present, the number of points that can be
artially decoded (See Annex D) from the root node to the end of the tree leyel at depth dpth. occfree_lvl_
oint_cnt_minus1[0] shall be inferred to be 0. occtree_lvl_point_cnt_nfintts1[occtree_depth_minus1]
hall be inferred to be slice_num_points_minus1.

(el llle)]

9.2.4 Node dimensions per tree level

—

he log2 node dimensions at depth dpth are specified by the expression OccLviNodeSizeLogZ2[dpth][k].
hey are derived from the list of coded axes:

—

— In the bottom tree level, at depth occtree_depth_minus1 + 1, the node dimensions shall befequal to
the unit cube.

—  The log2 node dimensions in any tree levelishallower than the bottom tree level shall be the count
of the respective coded axes, proceedingftom the bottom tree level.

JccLvlNodeSizeLog2 [dpth] [k] := 1vl*s occtree depth minusl
? OccLvlNodeSizeLog2[dpth + 1] [k} + occtree coded axis[dpth] [k]
: 0

9.2.5 State representation

9.2.5.1 State variables

The occupancy tree.is specified in terms of the following state variable:

— The sparse.array OccNodePresent that identifies nodes present in the occupancy tree. Each|element
OccNodePresent[dpth][ns][nt][nv] equal to either 1 or -1 indicates the presence of a node at{location
(ns, nt,.nv) and depth dpth. Elements equal to -1 identify leaf nodes that are not coded at thiat depth
(9:2:2.4). Unset elements of OccNodePresent are inferred to be 0.

Traversal of the occupancy tree is specified in terms of the following state variables:

— The array OccNodeCnt; OccNodeCnt[dpth] is the cumulative count of nodes present at depth dpth.

— The array OccNodeLoc; OccNodeLoc[dpth][nodeldx][ k] identifies the k-th location component of the
nodeldx-th coded node in the traversal order of the tree level at depth dpth.

9.2.5.2 The root node

At the start of the occupancy tree syntax structure, the arrays OccNodePresent, OccNodeLoc and
OccNodeCnt are initialized to represent the root node at location (0, 0, 0); all other elements are cleared.
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OccNodePresent [0] [0]1[0][0] =1
OccNodeLoc[0] [0]1[0] = OccNodeLoc[0][0][1] = OccNodeLoc[0][0][2] = O
OccNodeCnt [0] = 1

9.2.6 Occupancy tree node coding

9.2.6.1 General

This subclause specifies the semantics of the Nodeldx-th coded node at tree depth Dpth.

9.2.6.2 | Syntax element semantics

(=}

occ_single_child equal to 1 specifies that the coded node has a single child. occ_single_child equal to
specifie$ that the coded node may generate multiple child nodes. When occ_single_child is notpresent,
it shall he inferred to be 0.

occupancy_idx[ k] specifies the k-th component of the relative child node location for the only child af
the coddd node.

occupancy_bit and occupancy_byte specify the child nodes of the coded-node as neighbourhood
permutdd node occupancy bitmaps. The syntax elements shall be coded as@pecified by 9.2.10 and 9.2.9,
respectively.

=)

occ_dup_point_cnt[{] plus 1 specifies the number of points represénted by the i-th coded child lez
node. Al]l points represented by a child have identical positionssWhen occ_dup_point_cnt[i] is nd
present n a terminal node, it is inferred to be 0.

(s

When uhique_point_positions_constraint is 1, it is a requizement of bitstream conformance that ocd_
dup_point_cnt[i] shall be 0.

9.2.6.3 | Node, parent, grandparent and child tree-level locations

The treq-level location (Ns, Nt, Nv) of the coded node is specified by the expression Nloc[k].

Nloc[k]| := OccNodeLoc [Dpth] [NodeIdx}{k}
Ns := Nfoc[0]
Nt := NJloc[1]
Nv := Nloc[2]

The pargnt node has a locatien’ (NsP, NtP, NvP) in the tree level at depth Dpth - 1. It is specified by thie
expressjon NlocP[k].

NlocP[k| := Dpth 2 NLéc[k] >> occtree coded axis[Dpth - 1][k] : O
NsP := NlocP[O0]
NtP := NlocP [l
NvP := NlocBpH2y

The grandparent node has a location (NsG, NtG, NvG) in the tree level at depth Dpth — 2. It is specified bly
the expression NlocG[k].

NlocG[k] := Dpth > 1 ? NlocP[k] >> occtree coded axis[Dpth - 2][k] : 0
NsG := NlocG[0]
NtG := NlocG[1]
NvG := NlocG[2]

The corresponding location (NsC, NtC, NvC) in the tree level at depth Dpth + 1 for the coded node is
specified by the expression NlocC[k].

NlocC[k] := Nlocl[k] << AxisCoded[k]

NsC := NlocC[0]
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NtC :
NvC :

NlocC[1]
NlocC[2]

9.2.6.4 Node size

The expressions NodeSizeLog2[k] and ChildNodeSizeLog2|[k] specify the log2 dimensions of the coded
node and its children, respectively.

NodeSizeLog2[k] := OccLvlNodeSizeLog2[Dpth] [k]

il dNodaos I 2. L] e Ocal Il NodoC o I
L J .

= PO N TN S 2NN N i B
9 I Lo T o1

NOTE When geom_scaling_enabled is 0, QuantizedNodeSizeLogZ2|[ k] is equal to NodeSizeLog2 k.

9.2.6.5 Whether the node is a terminal node

A node is a terminal node, as specified by the expression TerminalNode, if its children are leaf nodes, or
is a direct node.

—

TlerminalNode := MaxVec (ChildNodeSizeLog2) == 0
| | geom scaling enabled && MaxVec (QuantizedChildNodeSizeLog2)\“= 0
| | occtree direct coding mode && occ direct node

9.2.6.6 Coded axes

oY

node shall only code an axis for child locations when specified by the expression AxisCoded[k]. An
xis is coded when:

o8]

- itis specified to be coded in the tree level by the,coded axis list, and

- if geometry subtree scaling is enabled, the corresponding dimension of the quantized node size is
greater than 1.

AxisCoded[k] := occtree coded axis[Opth] [k]
&& (—geom scaling enabled || QuantizedNodeSizeLog2[k] > 0)

The expression CodedAxisCnt is the;number of axes coded by the node.
JodedAxisCnt := AxisCoded][O + AxisCoded[l] + AxisCoded[2]

The location of child nodes along each coded axis may be constrained by planar occupancy coding
(P.2.11.4). A free axiS™is a coded axis that is not constrained so, as specified by the expression
(QccFreeAxis[k]. Thetmumber of free axes is specified by the expression OccFreeAxisCnt.

NOTE Whenplanar occupancy coding is disabled, OccFreeAxisCnt is equal to CodedAxisCnt.

JccFreeAxdsdk] := AxisCoded[k] && (—occtree planar enabled || PlanarFreeAxis[k])

JeccFreeAxisCnt := OccFreeAxis[0] + OccFreeAxis[1l] + OccFreeAxis[2]

9.2;6.7 Limits to the number of child nodes

The number of child nodes a node can contain is constrained by the tree and node syntax.

The maximum number of child nodes is specified by the expression OccMaxChildren. Unless occ_single_
child is 1, the limit shall be the number of child node locations that can be identified by the free axes.
Otherwise, the limit shall be 1 when occ_single_child is 1.

OccMaxChildren := occ single child ? 1 : Exp2 (OccFreeAxisCnt)

The minimum number of child nodes is specified by the expression OccMinChildren. A node shall contain
at least one child node unless:

— planar occupancy coding specifies that there shall be at least two child nodes (9.2.11.3), or
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— occ_single_child is both present and equal to 0, in which case there shall be at least two child nodes.

OccMinChildren :=
OccMaybeSingleChild && —occ_single child ? 2 :
occtree planar enabled ? PlanarMinChildren : 1

9.2.6.8 Presence of occ_single_child

The presence of occ_single_child is specified by the expression OccMaybeSingleChild. It shall be present
in the occupancy node syntax when all the following conditions are true:

— No IIlOdeS are present in the occupied neighbourhood pattern (9.2.7.4).
— Thefe is at least one free axis to code child node locations.

— Planar occupancy coding does not specify that there shall be at least two child nodes(9.2.11.3).

OccMaybgSingleChild :=
—-0OccNgighPat && OccFreeAxesCnt > 0 && PlanarMinChildren == 1

9.2.6.9 | Presence of occupancy_bit and occupancy_byte

The node occupancy bitmap shall be coded using either occupancy bit’or occupancy_byte whe
specifiefl by the expression OccMapPresent. One of the two syntax elements shall be present when bot
of the following conditions are true:

- =

— The|maximum number of child nodes is greater than 1.

— Thellocations of child nodes are not completely prescribed by constraints on occupancy. i.e. thie
mayimum number of child nodes is greater than thexminimum number of child nodes.

OccMapPfesent := OccMaxChildren > 1 && OccMinChaldren != OccMaxChildren

9.2.6.1( Node occupancy bitmap

This sulclause specifies the node occupancy-bitmap by the expression OccupancyMap.

[%2)

When o¢cupancy_bit syntax elements are present (OccMapPresent is 1), the node occupancy bitmap i
specifiedl by bitwise occupancy coding (9.2.10.2).

if (OcclMapPresent && occtreebitwise coding)
OccuppncyMap = OccBitMap

When o¢cupancy_byte is-present (OccMapPresent is 1), the node occupancy bitmap shall be rearranged
from the¢ neighbourhgod-permuted bitmap (9.2.8) coded by occupancy_byte.

if (OcclapPresent'&s& —occtree bitwise coding)
OccuppncyMap-s" OccFromNpOcc (occupancy byte)

When c¢nstraints on occupanc
locationlshall be-specified by w
be 0 if neither is present.

y require there to be a single child node, each co

- S
o
o

=]
@
=
—t
=~
o
=8
—t
=
@
o
=3

=t

if (OccMaxChildren == 1 && OccMinChildren == 1) {
occupancyldx[k] :=
OccFreeAxis[k] && occupancy idx[k] || —-PlanarFreeAxis[k] && occ plane pos[k]
OccupancyMap = 1 << Morton[occupancyIldx]
}
NOTE In this case, an axis cannot be both a free axis and eligible for planar occupancy coding.

When constraints on occupancy require there to be two child nodes, there shall be one child node at
both permitted locations along the free axis.
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if (OccMaxChildren == 2 && OccMinChildren == 2) {
baseIdx[k] := —PlanarFreeAxis[k] && occ_plane pos[k]

if (OccFreeAxis[0]) OccupancyMap = 0x1ll << Morton[baseIdx]
if (OccFreeAxis[1l]) OccupancyMap = 0x05 << Morton[baseIdx]
if (OccFreeAxis[2]) OccupancyMap = 0x03 << Morton[baseIdx]

9.2.6.11 Child node count

ThprunhhprnfrhihinndpciqPqunlrnfhptnnnhprnfcpfhﬂqinrhptuwh:nrrnpnnrvPﬁhnap as s

hy the expression OccChildCnt.

(JccChildCnt := PopCnt (OccupancyMap)

9.2.6.12 Insertion of non-terminal child nodes

o

shall be scanned to enumerate the child nodes.

if (=TerminalNode)
for (occBitIdx = 0; occBitIdx < 8; occBitIdx++) {
if (=Bit (OccupancyMap, occBitIdx))
continue

cs = NsC + OccLocCloccBitIdx][0]
ct = NtC + OccLocCloccBitIdx] [1]
cv = NvC + OccLocCloccBitIdx][2]
OccNodePresent [Dpth + 1] [cs] [ct][cv] =1
childNodeIdx = OccNodeCnt [Dpth + 1]
OccNodeCnt [Dpth + 1]++

OccNode [Dpth + 1] [childNodeIdx] [Q]™= cs
OccNode [Dpth + 1] [childNodeIdxk[N/] = ct
OccNode [Dpth + 1] [childNodeId%l) [2] = cv

9.2.6.13 Points represented:by child leaf nodes

Vhen the node is a nonfdirect terminal node, points represented by child leaf nodes shall b
P.2.14.6) and appendéd: to the output point list. The node occupancy bitmap shall be scg
numerate the child-nodes.

D M/ <

=z

OTE Whertt\geometry scaling is disabled, this condition is equivalent to the child node size being
he unit cube.

ot

When adjaeent child occupancy contextualization is enabled, the child leaf nodes shall be inset
the state representation of the occupancy tree for use by other nodes in the same tree level;
shall be excluded from traversal in the next tree level. The child leaf nodes shall not be includg

023(E)

pecified

nless the coded node is a terminal node, its child nodes shall be inserted inte, the state representation
fthe occupancy tree and included in the traversal list of the next tree level/Th€ node occupancy bitmap

e scaled
nned to

equal to

ted into
but they
bd in the

dnaiobh sl d ot £, g thao o 1 1
\.\,ul_ucu IICISIIUUUI OOt lJClLLCl 1ot au_y hoaeHtrehexttreetever

if (TerminalNode && —occ direct ~node)
for (child = O, occBitIdx = O; occBitIdx < 8; occBitIdx++) {
if (=Bit (OccupancyMap, occBitIdx))

continue
cs = NsC + OccLocCloccBitIdx][0]
ct = NtC + OccLocCloccBitIdx][1]
cv NvC + OccLocCloccBitIdx] [2]
if (occtree adjacent child enable
s]lc

( d)
OccNodePresent [Dpth + l][ t] [cv] = -1

for (i = 0; 1 < occ dup point cnt[child] + 1; i++, PointCnt++) {
PointPos[PointCnt] [0] = OccPosScaleK (0, cs)
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PointPos[PointCnt] [1]
PointPos[PointCnt] [2]

OccPosScaleK (1, ct)
OccPosScaleK (2, cv)

}

child++
}

9.2.7 Occupied neighbourhood patterns

9.2.7.1 General

Coding pf the node occupancy bitmap depends upon the existence and arrangement of up to six
spatiallyf adjacent tree nodes within an availability window. The occupied neighbourhood patterifor ap
occupancy tree node shall identify the spatial arrangement of these adjacent nodes from the 64.possible
combindtions. Examples of occupied neighbourhood patterns are illustrated in Figure 7.

......................................

Figure 7 — Characteristic occupied neighbourhood patterns

9.2.7.2 | Neighbour availability

-

Nodes ate grouped into availability windows by their spatial location within their tree level. Nodes ca
form paft of the occupied neighbourhood pattern of adjacent nodes within the same window. Nod¢
shall not form part of the occupied neighbourhood pattern of any node in a different window.

[72)

The size| of the availability window is specified by the expression OccAvailWinLog2[k]:

— Unless occtree_neigh_window_log2_minus1 is 0, each availability window shall span nxnxn node
locations, n = Exp2(occtree_neigh_window_log2_minus1 + 1), within the tree level. The availability
winfdows form a contiguous grid, starting from the location (0, 0, 0).

— Othgrwise, the availability window for any node shall be restricted to its sibling nodes.

OccAvaillWinLog2[k] := occtree neigh window log2 minusl
+ (ocfptree neigh winddwsTog2 minusl > 0 || Dpth > 0 && occtree coded axis[Dpth - 1] [k])
NOTE Only the Main profile permits an element of occtree_coded_axis to be 0 when occtree_neigh_window_

log2_mirjus1 is 0.

-

The expfression ‘OccNeighAvail[ns][nt][nv] specifies whether the node at location (ns, nt, nv) is withi
the sameg availability window as the coded node (Ns, Nt, Nv).

OccNeighAvail [ns] [nt] [nv] :=

(ns Ns) >> OCCAValilWinLogZ][O]
(nt ~ Nt) >> OccAvailWinLog2[1]
(nv ~ Nv) >> OccAvailWinLog2[2]

[T |
[l
o od

&&
&&
9.2.7.3 Presence of another coded node within the availability window

The expression OccNeigh[ns][nt][nv] identifies whether there exists a node with tree location
(ns, nt, nv) and depth Dpth that is not a leaf node and is within the availability window of the coded
node (Ns, Nt, Nv).

NOTE OccNodePresent| Dpth][ns][nt][nv] equal to -1 identifies a leaf node.
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OccNeigh[ns] [nt] [nv] := OccNeighAvail[ns] [nt] [nv] && OccNodePresent [Dpth] [ns] [nt] [n

9.2.7.4 Occupied neighbourhood pattern

The occupied neighbourhood pattern for the coded node located at (Ns, N¢t, Nv) in the tree level

v] == 1

at depth

Dpth is specified by the expression OccNeighPat. It is a linear combination of spatially adjacent nodes
coded in the same tree level that are available and adjoin the coded node by a face. Leaf nodes shall not

be included in the occupied neighbourhood pattern.

An occupancy tree node with no spatially adjacent nodes has an occupied neighbourhood patte

rn equal

tp 0.

JccNeighPat := (uN << 5) | (dN << 4) | (bN << 3) | (fN << 2) | (xrN << 1) | 1N
where
rN := OccNeigh[Ns + 1] [Nt] [Nv]
IN := OccNeigh[Ns - 1][Nt][Nv] && (nocctree adjacent child enabled p\INadj)
bN := OccNeigh[Ns] [Nt + 1] [Nv]
fN := OccNeigh[Ns] [Nt - 1][Nv] && (-occtree adjacent child enabled)[| fNadj)
uN := OccNeigh[Ns] [Nt] [Nv + 1]
dN := OccNeigh[Ns] [Nt] [Nv — 1] && (-occtree adjacent child enabled || dNadj)
When adjacent child contextualization is enabled (occtree_adjacent_child_enabled is 1), a tree rlode that
adjoins the left (Ns — 1), front (Nt - 1) or bottom (Nv - 1) face skiall not be included in the ¢ccupied
neighbourhood pattern unless it contains at least one child nodeithat also adjoins the same fage. Their
ihclusion is specified by the expressions INadj, fNadj and dNadj, equivalent to the following:
1Nadj = fNadj = dNadj = 0
flor (s = 0; s < occtree coded axis[Dpth] [0]; s++)
for (t = 0; t < occtree coded axis[Dpth] [1]; ¢(&H+)
for (v = 0; v < occtree coded axis[Dpth] [&]; v++) |
1Nadj |= OccNodePresent[Dpth + 1] [NsCN~"1] [NtC + t][NvC + v] # O
fNadj |= OccNodePresent [Dpth + 1] [NsC™ s][NtC - 1][NvC + v] # O
dNadj |= OccNodePresent[Dpth + 1] H%C + s][NtC + t][NvC - 1] # O
}
The exclusion of anode from the occupiedneighbourhood pattern due to adjacent child contextualization
i$ illustrated in Figure 8. The childode C, of the left neighbour does not adjoin the left fage of the
doded node N resulting in its pafrent node being excluded from the occupied neighbourhood |pattern;
(ccNeighPat is 2. The child node C, does adjoin N and its parent node is not excluded; OccNeighPat is 3.
- OccNeighPat
J—— 4 2
C,—— }
N
C, &= T
] - ; 3
v
e

Key
N coded node

C child node at location m in left neighbour

m

NOTE Exclusion (top); inclusion (bottom).

Figure 8 — Effect of adjacent child contextualization on an occupied neighbourhood pattern
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9.2.7.5 Reduced occupied neighbourhood pattern

The occupied neighbourhood pattern shall be reduced to one of a smaller set of patterns as specified by
the expression OccNeighPatR.

When occtree_neigh_window_log2_minus1 is greater than 0, the smaller set of patterns is specified
by Table 14 as a mapping of spatial rotations and reflections in the arrangement of the six spatially
adjacent neighbours to produce nine unique arrangements.

Otherwise, when occtree_neigh_window_log2_minus1 is 0, the smaller set of patterns is specified by
Table 19as a mapping of adjacent siblings that produces six arrangements.

OccNeighPatR := occtree neigh window log2 minusl > 0
? NeiphPat64to9[OccNeighPat]
: NeiphPat64to6[OccNeighPat]

Table 14 — Reduction of occupied neighbourhood pattern j + i to nine patterns,

NeighPat64to9]j + i]
. i
J 0 1 2 3 4 5 6 7|1 8|9 10|11 |12 )13 |14 | 15
0 0 1 1 1 1 2 2 3 1 2 2 3 T 3 3 4
16 | 1 2 2 3 2 5 5 6 | 2 5 5 |, 69 3 6 | 6 | 7
32 | 1 2 2 3 2 5 5 6 | 2 5 5)6 | 3 6 | 6 | 7
48 | 1 3 3 4 3 6 6 7 3 6 () 7 4 7 7 8

Table 15 — Reduction of occupied neighbourhood pattern j + i to six patterns,

NeighPat64to6{j + i]
. i

J 0 1 2 3 4 5 6 7 8 9 (10|11 (12|13 |14 | 15

0 0 5 5 | na| 5 1 1 |na| 5 1 na | na | na| na| na
16 | 2 3 3 |na| 3 7. 7 |na| 3 7 na|na|naj|najfna
32 | 2 3 3 | na| 3 7 7 | na| 3 7 na | na | na| naj| na
48 |na |na|na|nasf\na |na |na|na|naj|najfnajnajnalnajna|lna
NOTE  The specification of values 5 and 7 aligns with further reductions performed in bitwise
occupancy coding.

9.2.8 Neighbourhopod-permuted node occupancy bitmap

The neighbourhoodspermuted node occupancy bitmap is a rearrangement of the bits forming the node
occuparicy bitmap,/It is used in the coding of occupancy_byte and occupancy_bit. The permutation shall
be selected aecording to the occupied neighbourhood pattern.

The perpubations for every occupied neighbourhood pattern are specified by Table 16. Each entry is
a base eight value with digits numbered from right to left. The i-th digit is the bit position in the node
occupancy bitmap of the i-th bit in the neighbourhood-permuted bitmap as specified by the expression
OccBitldxFromNpBit[i].

OccBitIdxFromNpBit[i] := (OccArrangement[OccNeighPat] >> i x 3) & 7

The expression OccFromNpOcc[npocc] is the node occupancy bitmap derived from the neighbourhood-
permuted node occupancy bitmap npocc.

OccFromNpOcc [npocc] :=
OccFromNpOcc = 0
for (i = 0; 1 < 8; i++)
OccFromNpOcc |= Bit (npocc, i) << OccBitIdxFromNpBit[i]
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Two example derivations of OccupancyMap from a single occupancy_byte by OccFromNpOcc are
illustrated in Figure 9. Each derivation uses a different occupied neighbourhood pattern, OccNeighPat.
Bit b, of occupancy_byte is permuted to bit b; of OccupancyMap when OccNeighPat is 17; in this case,
OccBitldxFromNpBit[4] would be 1.

NOTE occupancy_bit codes the bits of the neighbourhood-permuted node occupancy bitmap in a different
order. i.e. occupancy_bit[i] does not correspond to bit b; of occupancy_byte.

OccNeighPat = 17

£

OccNeighPat = 18

a

Gh a OccFromNpOcc]|...] tc f], OccFromNpOcc]|...] bc ]

© a e| ¢

b,b, b;b, b, b, b, b, b,b, b,b, b, b, b, b, N+

/

hgfedcba = occupancybyte = h g f e d c b a
SESRERER BEEEERN
20316475 =O0cArrangement = 4 6 5 7 0 2013
———— e s
bdacfheg = OcupancyMap = e g f h\asc b d

neighbourhood pattern as:OccArrangement|i + j]

Figure 9 — Example relationships between the node occupancy bitmap OccupancyMap and
neighbourhood-permuted node occupancy bitmap as coded by occupancy_byte

Table 16 — Arrangements for neighbourhood-permuted node occupancy bitmaps by occupied

i

0

1

J
2

3

4

5

0

76543210,

10325476,

765432104

76543210,

54107632

10325476,

6

541076324

32761054%

327610544

327610544

765432104

541076324

12

327610544

765432104

103254764

765432104

26043715¢

203164754

18

46570213,

57134602,

04152637,

01234567

45016723

23670145

24

627340514

236701454

67452301,

45016723,

735162404

67452301,

30

01234567

674523014

37152604,

312075644

574613024

46025713

36

150437264

103254764

541076324

327610544

736251404

327610544

42

765432104

54107632¢

624073514

765432104

103254764

765432104

48

371526044

647520314

021346574

574613024

263704154

574613024

54

736251404

13570246,

40516273

15043726,

31207564,

753164204

60

736251404

371526044

517340624

765432104

9.2.9 ' Dictionary coding of occupancy_byte

9.2.9.1 General

The occupancy_byte syntax element shall be coded as symbols by one of nine instances of this dictionary
codec. Coding shall proceed according to the syntax and semantics of the occupancy_byte_symbol
syntax structure.

Each dictionary instance comprises a list of thirty-two most probable symbols (occupancy_byte values),
a list of sixteen recently coded symbols, a histogram of symbol counts and state variables used to
control updates to the dictionary state.
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9.2.9.2 Syntax of a dictionary coded symbol

9.2.9.3

occ_histogram_hit specifies whether (when 1) or not (when 0) the coded symbol is present in the lis

of most

occ_hist

occ_rec
recently]

occ_rec

occ_symbol_escape specifies the value of the decoded symbol when occ_histogram_hit and ocd_

recent_}

9.2.9.4

The dict
instance

A9
Dict]

A9
Dict

A9
Dict

occupancy_byte_symbol() { Descriptor
occ_histogram_hit ae(v)
if(occ_histogram_hit)
occ_histogram_index ae(v)
else {
occ_recent_hit ae(v)

if(occ_recent_hit)

occ_recent_index ae(v)
else
occ_symbol_escape ae(v)

Syntax element semantics of a dictionary coded symbol

(i

brobable symbols.
rfogram_index specifies the index of the coded symbol i the list of most probable symbols.

ent_hit specifies whether (when 1) or not (when 0}the coded symbol is present in the mogt
coded symbol list. When occ_recent_hit is not presént, it shall be inferred to be 0.

pnt_index specifies the index of the coded symbol in the most recently coded symbol list.

itare both 0.

State variables

ionary codec is specified interms of the following state variables; the index dictldx identifies ap
of the dictionary codec:

256 element array.-RidtsHistogram of symbol occurrence histograms per dictionary instancg;
sHistogram|dictldx[}sym] is the cumulative count for the symbol sym.

32 element array DictsMostProb of thirty-two most probable symbols per dictionary instancg;
sMostProb[dictldx][i] is the i-th most probable symbol.

x16 element array DictsRecent of sixteen recently coded symbols per dictionary instancg;

sym

sRetent|dictldx][i] is a recently coded symbol that was not coded using the most probabl]e
bels list.

A9
last

A9
age

element array DictsMostProbAge; DictsMostProbAge[dictldx] is the count of symbols since the
generation of the dictionary's most probable symbol list.

element array DictsMostProbMaxAge; DictsMostProbMaxAge|dictldx] is the maximum allowed
in symbols of the dictionary's most probable symbol list.

A 9 element array DictsNextEvictldx; DictsNextEvictldx[dictldx] is the index of the next element to be
evicted from the dictionary's DictsRecent array.

9.2.9.5

Initial state

The dictionary state shall be initialized at the start of every GDU.

74
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When slice_entropy_continuation is 1, initialization shall be performed by the parsing state restoration
process (11.5.3.2).

Otherwise, (slice_entropy_continuation is 0), the dictionary state variables shall be initialized:

Elements of DictsMostProb shall be initialized according to Table 17.

Elements of DictsHistogram shall be set to 1 if they identify a symbol present in the corresponding
most probable symbol sub-array. i.e. DictsHistogram|dictldx][i] = 1 if i € DictsMostProb|[dictldx]. All

other elements shall be set to 0.

Elements of DictsRecent, DictsRecent|dictldx][i], shall be set to i.
Elements of DictsNextEvictldx and DictsMostProbAge shall be set to 0.

Elements of DictsMostProbMaxAge shall be set to 16.

(nslice entropy continuation) {

. /* Initialize DictsMostProb using Table 17 */

for (dictIdx = 0; dictIdx < 9; dictIdx++) {

for (1 = 0; 1 < 16; 1i++)
DictsRecent [dictIdx] [i] = 1

for (1 = 0; 1 < 32; 1i++) {
symbol = DictsMostProb[dictIdx] [i]
DictsHistogram[dictIdx] [symbol] = 1
}

DictsNextEvictIdx[dictIdx] = 0

DictsMostProbAge [dictIdx] = 0
DictsMostProbMaxAge [dictIdx] = 16

Table 17 — Initialvalues of DictsMostProb[dictldx][i]

_ dictldx
"l oW1 | 2|3 a|ls|e6] 7] s

0 5| 85| 128| 64| 85| 16| 170| 170] 255
1 17| 255| 32| 128| 170| 64| 10| 255| 223
2 | 34| 170] 64| 192| 255| 17| 42| 128] 239
3 | 68| 64| 16| 204| 119] 80| 8| 160] 251
4 | 160| 80| 192| 136| 127| 128| 138] 136| 127
5 | 136| 252| 80| 68| 254| 68| 15| 168| 247
6 | 12| 223| 160| 170| 87| 32| 255| 204| 119
7 | s8o| 84| 48| 200| 223] 85| 2| 240] 253
8 | 192] 117| 68| 85| 95| 81| 14| 250 63
9 | 21| 68| 8| 196] 117| 84| 136] 192] 191
10 | 10| 247| 136| 255| 245 192| 11| 238| 221
11 | 48| 221| 176 4| 213| 48| 175| 162| 254
12 3| 4] 2| 8| 247] 51| 32| 234] 238
13 | 170 192| 240 80| 93| 4| 238] 223] o5
14 | 168| 128| 144| 160| 234| 34| 47| 138] 175
15 | 162| 174| 17| 240| 69| 240| 191| 254| 240
16 | 204| 253| 208| 208| 238 1| 34| 10| 85
17 | 85| 204| 224| 76| 21| 136| 239| 186| 187
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Table 17 (continued)

dictldx

0 1 2 3 4 5 6 7 8

18 14| 240| 112| 221| 221| 170| 245 8| 244
19 81| 69| 19| 140| 191| 255| 174| 251| 250
20 35| 127| 255| 244| 253| 204 3 2| 170
21 69| 213| 85| 72| 187| 196| 63| 127| 245
22 8% ST 51| 93] 16 160 95 125 117
23 | 176| 119| 170| 168| 251| 12| 223| 247| 34
24 51| 238| 84| 250| 171| 208| 253| 85| 126
25 65| 175| 162| 32| 17| 69| 168| 171| 51
26 | 138| 160| 238| 252 5/ 191| 142| 32| 93
27 | 200| 87| 204| 187| 174| 119| 246| 197| 243
28 | 212| 136 1| 223| 125 21| 206| 221| 207
29 11| 16| 76| 238| 239| 95| 13| 87| 234
30 50| 244| 138| 243| 12 2| 162 42|~59
31 15| 23| 187| 84| 241| 206| 250| 239|236

i

9.2.9.6 | Selection of a dictionary instance

A dictionary instance shall be selected for each coded occupangy_byte syntax element according to thee
reduced|occupied neighbourhood pattern, OccNeighPatR.

The follgwing expressions are aliases used in the specification of operations on the selected dictionarjy
instancg:

OccDictHistogram[i]
OccDictMostProb[i]
OccDictRecent [1]
OccDictMostProbAge
OccDictMostProbMaxAge
OccDictNextEvictIdx

DictsHistogram[OceNeighPatR] [1]
DictsMostProb[OceNeighPatR] [1]
DictsRecent [OgcNeighPatR] [1]
DictsMostProbAge [OccNeighPatR]
DictsMostProbMaxAge [OccNeighPatR]
DictsNextEwvictIdx[OccNeighPatR]

9.2.9.7 | The value for occupancy_byte

The decpded value of the syntax element shall be:

— whdn occ_histogram_hit is 1: OccDictMostProb[occ_histogram_index];
— whdn occ_reeent”hit is 1: OccDictRecent[occ_recent_index];

— othgrwise,(neither occ_histogram_hit nor occ_recent_hit is 1): occ_symbol_escape.

oy cbadn o fkn no o h cadad

9 2 9 8 Iadaoto of Ao o a hal
wkands U PpUatCcoTuarIctaaoTar y statCartCt Catir Coata Sy rooT

9.2.9.8.1 List of most recently coded symbols

After each coded occupancy_byte syntax element when occ_histogram_hit is 0, the syntax element
value shall be used to update the list of most recently coded symbols.

If the syntax element value is already present in the list, its position in the list shall be exchanged with
the symbol scheduled to be evicted (at index OccDictNextEvictldx).

for (i = 0; i < 16; i++)

if (OccDictRecent[i] == occupancy byte) {
OccDictRecent[1] = OccDictRecent[OccDictNextEvictIdx]
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break
}

The syntax elementvalue shall be inserted into thelist, replacing the symbol atindex OccDictNextEvictldx.

OccDictRecent [OccDictNextEvictIdx] = occupancy byte

After updating the list of most recently coded symbols, the eviction index shall be incremented modulo
16.

OccDictNextEvictIdx = (OccDictNextEvictIdx + 1) % 16

9.2.9.8.2 Histogram of symbol counts

o>y

fter each coded occupancy_byte syntax element, the histogram of symbol occuirences [shall be
pdated and the age of the most probable symbol list shall be incremented.

(et

(@)

ccDictHistogram[occupancy byte]++
JccDictMostProbAge++

-l

Vhen the histogram count of symbols equal to occupancy_byte reaches 1024, all counts in the histogram
shall be halved and any fractional parts discarded.

if (OccDictHistogram[occupancy byte] == 1024)
for (i = 0; i < 256; i++)
OccDictHistogram[i] >>= 1

9.2.9.9 Generation of the most probable symbol list

When OccDictMostProbAge is equal to OccDictMostProbMaxAge, the most probable symbol list{shall be
recalculated from the histogram of symbol counts;

The most probable symbol list shall be a stable descending ordering of the OccDictHistogram array.
Hach element OccDictMostProbli] shall be the index of the i-th largest element in the OccDictHistogram
drray. The ordering shall be such that thefollowing conditions are true:

— OccDictHistogram[OccDictMostRrob[i]] = OccDictHistogram[OccDictMostProb[i + 1]], and

— OccDictMostProb|i] < OccBictMostProb[i + 1] when OccDictHistogram[OccDictMostProb[i]]|is equal
to OccDictHistogram[QceDictMostProb[i + 1]].

—

he age of the generated most probable symbol list shall be 0.

(@)

ccDictMostProbAge~= 0

he maximumage of the generated most probable symbol list shall be the next value in the bounded
eometric progression specified by the expression OccDictMostProbMaxAgeNext:

ccDictMOstProbMaxAgeNext := Min (5 x OccDictMostProbMaxAge >> 2, 1024)
ccDd cfMostProbMaxAge = OccDictMostProbMaxAge

[ONe) aqQ =

9.2.9.10 Resetting the histogram of symbol counts

The histogram of symbol counts shall be reset immediately after the first recalculation of the most
probable symbol list in each level of the occupancy tree. Counts for symbols that are present in the most
probable symbol list shall be set to 1; all other counts shall be set to 0.

if (OccDictMostProbAge == 0)
if (.. /* First occurrence in tree level */) {
for (1 = 0; 1 < 256; 1i++)
OccDictHistogram[i] = 0

for (1 = 0; 1 < 32; 1i++) {

symbol = OccDictMostProb[i]
OccDictHistogram[symbol] = 1
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9.2.9.11 Determination of CtxldxDictHg for a bin of occ_histogram_index

Contextualization depends upon the reduced neighbourhood pattern, the bin index and the MSBs of the
occ_histogram_index syntax element value.

Table 18 specifies the value ctxldxInc for the bin. If ctxldxInc is 'bypass', the value of CtxIdxDictHg shall
be 'bypass'. Otherwise, the value of CtxIldxDictHg shall be 5 x OccNeighPatR + ctxldxInc.

Table 18 — Values of ctxIdxInc for bins of the syntax element occ_histogram_index

MSBs of binarized Binldx
occ_histogram_index 0 1 2 3 4
'000' 0 1 2 3 4
'001" 0 1 2 bypass | bypass
'01' 0 1 bypass | bypass | bypass
1 0 bypass | bypass | bypass | bypass

9.2.10 Bitwise occupancy coding

9.2.10.1 General

This sufclause applies when occtree_bitwise_coding is 1.

—_—

The neighbourhood-permuted node occupancy bitmap‘shall be coded as a sequence of individua
cy_bit syntax elements. Coding uses constraints on occupancy to infer the value of certai
occuparicy_bit syntax elements.

-

Entropy|coding of each coded bit is contextualized by a combination of the coded bit index, previously
coded opcupancy_bit syntax elements, the seduced occupied neighbourhood pattern, the number (
spatially adjacent child nodes in neighbouting nodes and a ternary prediction based upon the presenc
of neighpouring nodes.

(G

9.2.10.7 Correspondence between the node occupancy bitmap and occupancy_bit

Bits of the neighbourhood-permuted node occupancy bitmap shall be coded in the order specified bly
Each occupancy-bit{ chldx] syntax element codes the bit OccBitCodingOrder|cbldx].

The expression OccBitldx|[cbldx] is the bit position in the node occupancy bitmap of the bit coded ‘EE
occupancy_bit[cbld¥}: For example, when OccNeighPat is 17, occupancy_bit[6] corresponds to t
second bit (b,) of'the node occupancy bitmap.

bit[ chldx].

OccBitLocC[cbIdx] [k] := OccLocC[OccBitIdx[cbIdx]] [k]

The expression OccBitMap is the node occupancy bitmap.

OccBitMap :=
OccBitMap = 0
for (cbIdx = 0; cbIdx < 8; cbIdx++)
OccBitMap = OccBitMap | (occupancy bit[cbIdx] << OccBitIdx[cbIdx])
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Table 19 — Order for coding bits of the neighbourhood-permuted node occupancy bitmap as
occupancy_bit[cbldx]

cbldx 01|23 |4]|5]|6€6
OccBitCodingOrder|[cbldx] | 1 7 5 3 2 6 | 4|0

9.2.10.3 Presence of occupancy_bit

An occupancy bitmap bit shall not be coded if its value can be inferred to be set or unset. The expression

RD PN T 2 s | L 1.l A LI S TR % T B :
CLLDILI"I COCTILILOIUX ] SPELITITS WIICLIICT ULLupdlity_ DIV CUITUX |15 PICSCIIL.

JccBitPresent [cbIdx] := = (OccBitInferUnset[cbIdx] || OccBitInferSet[cbIdx])

9.2.10.4 Inference of an unset bit

An occupancy bitmap bit shall be inferred to be 0 when either:

- the bit represents an invalid child according to the node's coded axes (9.2.2.3), or

- the bit represents a child within an unoccupied plane signalled by-planar occupancy coding.

<

Vhen the expression OccBitinferUnset[cbldx] is equal to 1, occupancy_bit[cbldx] shall be infertfed to be

JccecBitInferUnset [cbIdx] :=

—-AxisCoded[0] && OccBitLocCl[cbIdx][0]
|| =AxisCoded[1l] && OccBitLocC[cbIdx][1]
|| =mAxisCoded[2] && OccBitLocC[cbIdx][2]
| | -PlanarFreeAxis[0] && OccBitLocC[cbIdx] [@] "~ occ plane pos[0]
| | —mPlanarFreeAxis[1l] && OccBitLocC[cbIdxN[1] * occ plane pos[1]
| | mPlanarFreeAxis[2] && OccBitLocC[cbIdx][2] ~ occ plane pos[2]

9.2.10.5 Inference of a set bit

An occupancy bitmap bit occupancyhit[cbldx] shall be inferred to be 1, as specified by the expression
ccBitinferSet| cbldx], when:

o

- the bit is the last present bit and all previous coded bits are 0, or

- the bit is the penultifnate present bit, all previous coded bits are 0 and the node is required to have
two child nodes, or

—+ the bit is in alplane identified as occupied by planar occupancy coding, the bit is the last hit in the
plane and.allprevious bits in the plane are 0.

JeccBitInfenSét [cbIdx] :=

PlagerEligible[0] && PopCnt (OccKnownZero & (0x0F << 4 x OccBitLocC[cbIdx][0]))| == 3
|| RlanarEligible[l] && PopCnt (OccKnownZero & (0x33 << 2 x OccBitLocC[cbIdx][1]))| == 3
| W\ PlanarEligible[2] && PopCnt (OccKnownZero & (0x55 << 1 x OccBitLocC[cbIdx][2]))] == 3
4y cbIdx == 6 && PopCnt (OccKnown) == 0 && OccMinChildren ==
bt S&—PoptrttOccKow—=%5

The expression OccKnownMask is a bit mask that identifies bits of the node occupancy bitmap that have
a known value prior to coding occupancy_bit[chldx].

OccKnownMask :=
OccKnownMask = 0
for (1 = 0; 1 < cbIdx; i++)
OccKnownMask |= 1 << OccBitIdx[i]
for (i = 0; 1 < 8; 1i++)
OccKnownMask |= OccBitInferUnset[i] << OccBitIdx[i]

The expression OccKnown is the partially coded node occupancy bitmap comprising the bits coded
prior to occupancy_bit[chldx].
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OccKnown :=
OccKnown = 0
for

OccKnown |= occupancy bit[i] << OccBitIdx[i]

(1 = 0; 1 < cbIdx; i++)

The expression OccKnownZero is a bitmap of occupancy bits that are known to be 0.

OccKnownZero := (0xFF »~ OccKnown) & OccKnownMask

9.2.10.6 Contextualization

9.2.10.4

Context
are used to select a demi-CPM. Then, the demi-CPM is used to select the CPM that codes, the synta
element

A demi-

NOTE

certain, fespectively. The values 0 and 256 can never be attained due to the operation of the probability model}
update p

9.2.10.4.2 State variables

Context

9.2.10.64.3 Initial state
The den}i-CPMs shall be initialized at the start of every GDU.

When sl
restoratfion process (11.6.2.2).

Otherwise (slice_entropy_continuation is 0), all elements of OccCtxSel shall be set to 127.

9.2.10.4.4 DeterminationefCtxIdxOccBit for the syntax element occupancy_bit

The expgression OccCtgSelVar specifies the demi-CPM for the syntax element occupancy_bit[ChldX

The
contextualized by selNeigh, cbldx, selSib, selAdj and selPred.

using:

SelNeigh, thexeduced occupied neighbourhood context discriminator (9.2.10.6.6);

SelSjib, the'sibling occupancy context discriminator (9.2.10.6.7);

Sel

.1 General

halization of occupancy_bit syntax elements is a two-stage process. First, context discriminaton]

The values 0, 128 and 256 represent the probability of a zero bin as impossible, equiprobable an

focess.

selection is specified in terms of the following state variable:

array OccCtxSel; OccCtxSel[selNeigh][cbldx][SelSib][selAd]][selPred] is a demi-CPM

lice_entropy_continuation is 1, initialization shall be performed according to the parsing stat

CPM is an 8-bit unsigned integer that models the probability of a coded zero<valued occupancyf_
bit syntax element.

X N

T

P

[}

dj, the adjacent child neighbour context discriminator (9.2.10.6.8);

SelPred, the neighbour-predicted occupancy context discriminator (9.2.10.6.9).

OccCtxSelVar := OccCtxSel[SelNeigh] [CbIdx] [SelSib] [SelAd]j] [SelPred]

The CPM index, CtxIdxOccBit, shall be the value of the demi-CPM exclusive of the bottom three bits:

CtxIdxOccBit := OccCtxSelVar >> 3
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9.2.10.6.5 Update after each coded occupancy_bit syntax element

After each coded occupancy_bit syntax element, its demi-CPM shall be updated. The update specified by
Table 20 supplies a value for incrementing or decrementing the probability of a zero bin based upon the
upper four bits of the demi-CPM's value:

if (OccBitPresent[CbIdx])
if (occupancy bit[CbIdx])
OccCtxSelVar += OccCtxSelUpdate[255 - OccCtxSelVar >> 4]
else
OccCtxSelVar —= OccCtxSelUpdate[OccCtxSelVar >> 4]

Table 20 — Values of OccCtxSelUpdate[i]

1 0 1 2 3 4 5 6 7 8 9 |10 | 11 | 12013 | 14 | 15
DccCtxSelUpdateli] 0 1 1 2 4 7 9 |11 | 14 | 16 | 19 | 2322 | 18 | 13 | 6

9.2.10.6.6 Reduced occupied neighbourhood context discriminator

—

he reduced occupied neighbourhood context discriminator shall \distinguish between different
educed occupied neighbourhood patterns (OccNeighPatR) dependingupon the coded bit index (Cbldx)
s specified by Table 21 as the expression SelNeigh.

S

Table 21 — Discriminated values SelNeigh for occupancy_bit[ Cbldx] and OccNeighPqtR

OccNeighPatR
Cbldx
0|12 |3 4|5 |6 |78
0.3 |0 1|2 |83 4|56 7|38
4.5 10| 1] 2+ 3 1123 | 4] 4
6 0|1 Y| 2| 2 11222
7 0 D] 1 1 111 1 111

9.2.10.6.7 Sibling occupancy context discriminator

—

he sibling occupancy context discriminator shall distinguish between arrangements of previously
oded/inferred siblings far'the node coded by occupancy_bit[Chldx] as specified by the expression
elSib:

A Q

+ Ifthere are no dedes present in the occupied neighbourhood pattern, discrimination shall he by the
number of present child nodes identified by the syntax elements occupancy_bit[i] with i < {bldx.

+ Iftheredsatleast one node present in the occupied neighbourhood pattern, discrimination| shall be
by thé combination of present child nodes identified by the syntax elements occupancy_bif[i] with
i < Ebldx.

JetSib := OccNeighPat ? occPrevBits : PopCnt (occPrevBits)

The expression occPrevBits is the concatenation of occupancy_bit[{] for i < Chldx.

occPrevBits :=
occPrevBits = 0
for (1 = 0; 1 < CbIdx; i++)
occPrevBits |= occupancy bit[i] << i
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9.2.10.6.8 Adjacent child neighbour context discriminator

The adjacent child neighbour context discriminator for child the node coded by occupancy_bit[Chldx]
is specified by the expression SelAdj. When adjacent child neighbour contextualization is enabled

(occtree

_adjacent_child_enabled is 1), it distinguishes between contexts by:

— the number of child nodes from available, previously coded nodes in the same tree level (9.2.7.2)
that adjoin the coded child by a face; and

— whether any of the available, previously coded nodes in the same tree level that adjoin the coded

chil

An exan

node. There are two available previously coded nodes that adjoin C,, one of which does not-contain

child no

SelAd]
? 2 x
: 0

The expression adjOccN[k] identifies whether there is a spatially adjacent nade-along the k-th axi

[l node do not have a child node that also adjoins the coded child.
pleisillustrated in Figure 10. The child node C of the coded node N is adjoined by a single'chil

le that also adjoins C,,.

L= occtree adjacent child enabled
Min (2, adjCntC) + ((cbIdx < 4 || adjCntC == 1) && adjUnocc)

[SCpuen

[

@ wn

within the occupied neighbourhood availability window. Values for the expressions ds, dt and dv ar
specifiefl in Table 22 for each axis k.
adjoOccN[ k] := —=OccBitLocC[CbIdx][k] && OccNeigh[Ns + ds] [Nt + gty [Nv + dv]
The expression adjOccC[ k] identifies whether there is a spatially adjacent child node along the k-th axi
within the occupied neighbourhood availability window. Values<or the expressions ds, dt and dv ar
specifiefl in Table 22 for each axis, k.
adjoOccC| k] := adjOccN[k] && OccNodePresent[Dpth +.A¥fcs + ds][ct + dt][cv + dv] # O
where
cs [= NsC + OccBitLocC[CbIdx][0]
ct = NtC + OccBitLocC[CbIdx][1]
cv k= NvC + OccBitLocC[CbIdx][2]
Table 42 — Relative neighbour locations (ds, dt, dv) used in the computation of adjOccN[k] and
adjOccC[k]
k ds dt dv
0 -1 0
1 -1
2 0 -1
N
e
A S T Vv
| - € adjOccClKk] 01 0
. adjOccN[ k] 1 1 0
VI
t i

Key

N coded node
Co contextualized child with OccBitldx[cbldx] = 0

82

Figure 10 — Example of adjacent child neighbour context discrimination

© ISO/IEC 2023 - All rights reserve

d


https://standardsiso.com/api/?name=458b17f08c948477860ec1b8ac09b16b

ISO/IEC 23090-9:2023(E)

The expressions adjCntN and adjCntC are the number of spatially adjacent nodes and child nodes,
respectively, that are within the occupied neighbourhood availability window.

adjCntN := adjOccN[0] + adjOccN[1l] + adjOccN[2]
adjCntC := adjOccC[0] + adjOccC[1l] + adjOccC[2]

The expression adjUnocc identifies whether there exists a spatially adjacent node within the occupied
neighbourhood availability window that does not have a child node spatially adjacent to the coded child.

adjUnocc := adjCntN # adjCntC

.4.10.0.9 Neighbour-predicted-occupancy context discriminator

\0

.2.10.6.9.1 General

he neighbour-predicted-occupancy context discriminator shall, for eligible nodes (9.2.10.6.9.2),
istinguish between three predictions for the presence of the child node coded by-eccupancy_bit[ Cbldx].
he discriminator is specified by the expression SelPred. The three predictiohs are that the node is
resent, not present, or that it is unpredictable.

= o= Q. =

JelPred := SelPredEligible ? OccIntraPred : 0

9.2.10.6.9.2 Eligibility

o

he discriminator shall only form a prediction for eligible nodes as specified by the expression
elPredEligible. Eligible nodes shall have both:

(@2

— three free axes; and

- amaximum log2 node dimension less than ogctree_intra_pred_max_nodesize_log2.

JelPredEligible :=
OccFreeAxisCnt == 3 && MaxVec (NodeSigelog2) < occtree intra pred max nodesize logp

9.2.10.6.9.3 Occupancy prediction
(ccupancy prediction generates aternary prediction for the presence of a child node identified by
dccupancy_bit[Cbldx] of a coded‘node. The prediction is specified by the expression OcclntrfiPred. It
i
i

i$ based upon how many of the'nodes that neighbour the coded node also adjoin the volunje of the
iflentified child node by a face, edge or corner (as illustrated by Figure 11):

—+ A child node shallbe.predicted to be not present if there are two or fewer adjoining nodes.

-+ A child node(shall be predicted to be present if there is at least a threshold number of adjoining
nodes. Thedthreshold is specified by the expression OcclntraThreshold. The threshold is folir nodes
unless there are more than 13 neighbouring nodes; in which case the threshold is 5 nodes.

—+ Othéxrwise, the presence is unpredictable.

NOTE The size of the child node volume is half the size of the neighbour nodes' in each dimension.
OccIntraPred := (OccAdjCnt = 2) + x (OccAdjCnt 2 OccIntraThreshold)
OccIntraThreshold := 4 + (OccNeighCnt 2 14)

Figure 11 — Nodes that adjoin a child node by a face, edge or corner
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The expression OccAdj[ds][dt][dv] identifies whether a neighbouring node with a relative tree location
(ds, dt, dv) to the coded node would adjoin the identified child volume.

OccAdj[ds] [dt] [dv] := (OccBitIdx[CbIdx] & adjMask) == adjloc
where
adjMask Morton(ds # 0, dt # 0, dv # 0)

adjLoc Morton(ds > 0, dt > 0, dv > 0)

The expression OccAdjCnt is the number of neighbours that adjoin the identified child volume.

OccAdjCnt := SumN26[neighAdj]
where
neiphAdj[ds] [dt] [dv] := OccNeigh[Ns + ds] [Nt + dt][Nv + dv] && OccAdj[ds] [dt] [dvV]

The expression OccNeighCnt is the number of nodes that neighbour the coded node.

OccNeighCnt := SumN26[neighRel]
where
neipghRel [ds] [dt] [dv] := OccNeigh[Ns + ds] [Nt + dt][Nv + dv]

The expfession SumNZ6[expr] sums the result of applying expr to the relative tree location of each of
the 26 ppssible neighbouring nodes.

SumN26 [
SumN2p
for (@

IA

s -1; ds ds++)

for| ( = -1; d 1; dt++)

fpr (dv = -1; dv < 1; dv++)
if (ds # 0 && dt # 0 && dv # 0)
SumN26 += expr([ds] [dt] [dv]

1;
<

o

9.2.11 Planar occupancy coding

9.2.11.1 General
This sulclause applies when occtree_planar_enabled is 1.

Planar dgccupancy coding decomposes the nodé occupancy bitmap into axis-aligned planes. Each codefd
axis hag two perpendicular planes that™child nodes can occupy as illustrated by Table 23. For each
planar-gligible coded axis (9.2.11.5), planar occupancy coding specifies whether one of the two plangs
is unocdupied. Plane occupancy is then used by bitwise occupancy coding to constrain and infer the
coding df bits in the node occupancy bitmap.

There shall be at least one child node in each occupied plane.

[oN

NOTE The definition.ofan occupancy tree node requires that at least one plane is occupied along each code
axis.

For example, if a‘ngde has three planar-eligible coded axes, there is a total of six axis-aligned planes.
Along tHe S axis{k = 0), information about the occupied state of the two T-V planes is coded.

Table 23 — Plane, perpendicular to each planar axis, k

k Planar axis Plan axes
0 S T-V
1 T S-V
2 \" S-T

9.2.11.2 Syntax element semantics

occ_single_plane[ k] specifies, when present, whether (when 1) the locations of child nodes in the node
occupancy bitmap shall occupy a single plane or (when 0) both planes perpendicular to the k-th axis.
When equal to 1, the location of the single plane is specified by occ_plane_pos[k]. When not present,
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the child nodes can be located in either or both planes perpendicular to the k-th axis. The number of
occupied planes is illustrated in Table 24.

Table 24 — Interpretation of PlanarEligible[ k] and occ_single_plane[k]

PlanarEligible[k] |occ_single_plane[k] occﬁpied PlanarMinPlanes[ k]
planes
0 not present lor?2
0 2
1 1

o

cc_plane_pos[k] specifies the node-relative location along the k-th axis for thé)occupied plane
pecified by occ_single_plane[k] equal to 1.

wn

xamples of planar occupancy are illustrated in Figure 12. Each entry shows the-child node infices for

R
d node with three coded axes. If an axis k is eligible for planar coding and occlsingle_plane[k]|is 0, the
two occupied planes are marked with a dotted line. If occ_single_planefkj-is 1, the unoccupied plane
i$ marked by hatching and a dashed (red) line, with its child indices in\grey; the occupied plane is not
rarked for clarity. In the case where three axes are eligible and each-has occ_single_plane equal to 1,
there is only a single child node present; its location is fully constrained by the planes.
Y., occ_single_plane[k]
0 1 2 3
3.7
0 15
0 4
=
% 1
@
g G
S AN
= 02 46
W
3 1 N
3 !
0742 0%a VL
AN AN AN AN
3 2 1 0

Y., [PlanarMinPlanes[k] == 2]

Figure 12 — Example planar constraints on node occupancy bitmap

9.2.11.3 Minimum number of child nodes

Planar occupancy coding can require that the coded node has a minimum of either one or two child
nodes, as specified by the expression PlanarMinChildren.

A node shall have at least two child nodes if, for any planar-eligible axis k, occ_single_plane[k] specifies
that there shall be a minimum of two occupied planes; otherwise, the node shall have at least one child

node.

PlanarMinChildren := MaxVec (PlanarMinPlanes)
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9.2.11.4 Free axes

A free axis is a coded axis whose occupancy is not constrained to a single plane by occ_single_plane, as
specified by the expression PlanarFreeAxis[k].

PlanarFreeAxis[k] := —PlanarEligible[k] || PlanarMinPlanes|[k] ==

In Figure 12, a free axis is an axis with either two marked planes or no marked planes. In the case
where three axes are eligible, of which two have occ_single_plane equal to 1, PlanarMinChildren is 2.

9.2.11.§ Per-axis eligibility

9.2.11.5.1 Condition

Only cerftain axes are eligible for planar occupancy coding. Eligibility for the k-th axis is spécified by the
expression PlanarEligible[ k]. Eligibility shall be determined after any applicable update o, the eligibilitly
state (9.2.11.5.5).

An axis |s not eligible for planar coding when either planar occupancy coding is/disabled, or the axis i
not codgd. Otherwise, the determination of eligibility depends upon the use.ef the angular coding an
whethei| the node is eligible for angular contextualization (9.2.13.7.2) as specified in Table 25.

= wn

PlanarEfligible[k] :=
occtrpe planar enabled && AxisCoded[k]
&& (gpom angular enabled ? PlanarEligibleByAng[k] : PlanéariPligibleByRate[k])
PlanarEfligibleByAng[k] :=
AngulprEligible ? k
: k

k == AzimuthAxis

2 11
2 && PlanarEligibleByRate[2]

Table 25 — Method to determine'eligibility for an axis

. . . Angular coding enabled
Axis | k |Angular coding disabled . L.
AngularEligible == AngularEligible ==
S 0 PlanarEligibleByRate[ 0] Not eligible AzimuthAxislsS
T 1 PlanarEligibleByRate[1] Not eligible AzimuthAxislsQ
\Y 2 PlanarEligibleByRate[2] | PlanarEligibleByRate|2] Eligible

Axes whose eligibility is determined by the expression PlanarEligibeByRate[ k] are eligible if:
— the foded node is estimated to have fewer than, approximately, two other sibling nodes, and

— the pstimated probability that the axis has only a single occupied plane is greater than the threshold
spetified by PlanarRateThreshold[k].

Both estlimates ate)based upon exponential moving averages over previously coded nodes (9.2.11.5.3)

PlanarE[ligi#b¥é&ByRate [k] :=
OccupppreybDensity < 3 x 1024 && PlanarRate[k] > PlanarRateThreshold[k]

The threshold PlanarRateThreshold[k] is chosen according to the relative order of likelihood that each
axis would have a single occupied plane. The ordering PlaneThresholdldx[ k] is specified by Table 26.

PlanarRateThreshold[k] := 16 x occtree planar threshold[PlaneThresholdIdx[k]]
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Table 26 — Value for PlaneThresholdldx[ k] according to order of PlanarRate

Condition

PlanarRate[0] = PlanarRate[1] = PlanarRate[2]
PlanarRate[0] = PlanarRate[2] > PlanarRate[1]
PlanarRate[1] > PlanarRate[0] = PlanarRate[2]
PlanarRate[1] = PlanarRate[2] > PlanarRate[0]
PlanarRate[ 2] > PlanarRate[0] = PlanarRate[1]
PlanarRate[ 2] > PlanarRate[1] > PlanarRate[0]

NIHINRR[OC|IO|O
R INIOC|O (N[ =
oS|IgiR,r|IN|RININ

9.2.11.5.2 State variables

lwul

ligibility is specified in terms of the following state variables:

-+ The sparse array NodeOccMap of node occupancy bitmaps; NodeOccMap[dpth][ns][nt][n}] is the
coded node occupancy bitmap of the node located at (ns, nt, nv) in thetree level at depth dpth.

-+ The array PlanarRate; PlanarRate[ k] is the estimated probability:that only a single plane along the
k-th axis is occupied.

1+ The variable OccupancyDensity, an estimate for the number of child nodes.

9.2.11.5.3 State exponential moving average model

—

he estimates of the per-axis single-plane probability and the mean number of child nodes per hode are
xponential moving averages. The calculation ofithie updated average value from the current/average
dur and the value next is specified by the expression ExpMovAvg|cur][next].

[0)

HxpMovAvg[cur] [next] := DivExp2Fz (255" cur + next, 8)
The estimated single-plane probability-models the probability interval [0, 1] by the range 128 ]. 1 921.

The estimated number of child nodes models the interval [1, 8] by the range 1 152 .. 8 065.

9.2.11.5.4 Initial state

oy

t the start of every @ecupancy tree syntax structure, PlanarRate and OccupancyDensity |shall be
hitialized:

—e

flor (k = 0; k{\3; k++)
PlanarRatéflk] = 1024
(JccupancybDedAsity = 4096

=z

OTE The parsing state restoration process (11.6.2.2) reinitializes these state variables at thg start of
ertdin‘occupancy tree levels. It does not initialize them at the start of the occupancy tree.

o

9.2.11.5.5 State update at the start of every group of sibling nodes

After the root node, the eligibility state shall be updated at the start of every subsequent group of sibling
nodes, before any evaluation of PlanarEligible[k].

The sibling nodes are identified by their parent node's occupancy, as expressed by OccupancyMapP.

OccupancyMapP := NodeOccMap[Dpth - 1] [NsP] [NtP] [NvP]

The number of occupied sibling nodes shall be used to update the OccupancyDensity estimate.
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numSiblings = PopCnt (OccupancyMapP)
OccupancyDensity = ExpMovAvg[OccupancyDensity] [1024 x numSiblings]

The parent node's occupancy information shall be used to determine, along each axis, the presence of
a single occupied plane and to update the corresponding planar probability estimate PlanarRate[k].
The bit masks OccPlaneMask[planeLoc][ k] that identify planes in an occupancy bitmap are specified by
Table 27.

for (k = 0; k < 3; k++) {
plane0 = (OccupancyMapP & OccPlaneMask[0][k]) # O
planel = (OccupancyMapP & OccPlaneMask[1][k]) # 0
hasSipglePlane = plane0 ”~ planel
PlanafRate[k] = ExpMovAvg[PlanarRate[k]][2048 x hasSinglePlane]

Table 27 — Bit masks OccPlaneMask[planeLoc][k] that identify planes of a node oCctipancy

bitmap
k 0 1 2
OccPlaneMask[0][ k] 0x0F | 0x33 0x55
OccPlaneMask|[1][ k] 0xFO | 0xCC 0xAA

9.2.11.5.6 State update at the end of each node
This sufclause applies at the end of each occupancy tree node syntax structure.

The perjaxis single-plane probability shall be updated according to the signalled number of planes fq
each eligible axis:

—

for (k F 0; k < 3; k++)
if (PlLanarEligible[k])
PlaharRate[k] = ExpMovAvg[PlanarRate[k]] {2048 x occ single plane[k]]

The nodE occupancy is recorded for use by staté.ipdates in the next tree level:

NodeOccMap [Dpth] [Ns] [Nt] [Nv] = Occupah&yMap
9.2.11.4 Previous coded node for ¢entextualization of occ_plane_pos

9.2.11.4.1 General

This sulclause does not apply when occtree_planar_buffer_disabled is 1.

[72)

Planar dontextualization of occ_plane_pos[k] can use the following information about the previou
planar-gligible coded-node that is located in the same plane (9.2.11.6.2) as the coded node:

— The|zone within the plane that the node resides (9.2.11.6.3).

— The|values for occ_single_plane[k] and occ_plane_pos[k].

9.2.11.6.2 Identification of the plane

The plane normal to the k-th axis of a coded node is identified by its location along the axis modulo 214,

PlanarNodeAxisLoc[k] := Nloc[k] & Ox3FFF

9.2.11.6.3 Zone within a plane
The plane normal to the k-th axis of a coded node is partitioned into zones according to the /~ norm of

the node location within the plane. The expression PlanarNodeZone|[ k] identifies the zone for the coded
node.
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k == 0 ? Max (Nt
k == 1 ? Max(Ns & OxF8, Nv & O0xF8) >> 3 :
k == 2 ? Max(Ns & OxF8, Nt & OxF8) >> 3 : na
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Figure 13 illustrates the partitioning of an S-T plane (k = 0) according to node location.

PlanarNodeZone|[0]
0123

Nt

Nv

[ T I O P2 B
1)

.2.11.6.4 State variables

< =

planar-eligible node in the identified plafe.

256 264 272 280

Figure 13 — S-T plane divided into'zones

The array PrevOccPlanePos; PrevOccPlanePos| k][ axisLoc] is the value of occ_plane_pos[k
previous planar-eligible nede in the identified plane.

Ns

hformation about previous planar-eligible coded nodes is specified in terms of the following state
ariables; the indexes k and axisLoc identify the location of a plane along the k-th axis:

The array PrevPlanarNodeZone; PrevPlanakNodeZone|k][axisLoc] is the plane zone of the previous

The array PrevOccSinglePlane; PrevQe¢cSinglePlane[k][axisLoc] is the value of occ_single_plane[k]
for the previous planar-eligible node in the identified plane.

for the

9.2.11.6.5 Initial state
At the start of every-6ccupancy tree level, every element of PrevOccSinglePlane shall be initialized to 0.
9.2.11.6.6 State'update at the end of each node
After each.occupancy_tree_node syntax structure, the state shall be updated for each planarg-eligible
axis:
flo¥ )k = 0; k < 3; k++)
1T (PlanarEligible[K]T 1
PrevPlanarNodeZone [k] [PlanarNodeAxisLoc[k]] = PlanarNodeZone [k]
PrevOccSinglePlane [k] [PlanarNodeAxisLoc[k]] = occ single plane[k]
if (occ_single planel[k])
PrevOccPlanePos [k] [PlanarNodeAxisLoc[k]] occ plane pos[k]
}
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9.2.11.7 Determination of CtxIdxPlanePos for occ_plane_pos[k]

9.2.11.7.1 Case for angular-ineligible axes

Contextualization of occ_plane_pos[k] for nodes not eligible for angular contextualization
(AngularEligible is 0) is specified by the expression CtxIdxPlanePos.

CtxIdxPlanePos :=
occtree planar buffer disabled || —-PrevOccSinglePlane[k] [PlanarNodeAxisLoc[k]]

? adjPlaneCtxInc

1

The exp[{ession adjPlaneCtxInc discriminates by whether nodes have adjoining neighbours on a(sirgle

side alo

— thos
(adj

— whd
upp

adjPlan
where
adj

sib

NOTE

If occtre
eligible

The exp
previou
zoneCtx

where

a :
b

The exf
previou

prevPla

9.2.11.7

Context
is1)iss

9.2.12

:F PlanarNodeZone [k]

b X K + 4 X adjPlaneCtXlInc + x zoneCtXlInc + previPlanefPosCtXlInc + 5

g the k-th axis, and if so, on which of the two sides they are present. Adjoining neighbours are

e along the k-th axis identified by the corresponding bits of the occupied neighboushood patter
NeighHL); and

=

n the node is in the lower k-th axis plane of its parent, the sibling nodesin,the correspondinjg
er plane (identified by OccPlaneMask[1][k]).

bCtxInc := (adjNeighHL | sibPlaneH << 1) % 3

NeighHL :
PlaneH

(OccNeighPat >> 2 x k) & 3
(Nloc[k] & 1) # 1 && (OccupancyMapP & OccPianeMask[1l][k]) # O

Whenever occtree_coded_axis[Dpth — 1][k] is 0, sibPlaneH i$always 0.

e_planar_buffer_disabled is 0, contextualization uses.information about the previous planat
hode in the plane identified by the coded node location (9.2.11.6.2).

ression zoneCtxInc discriminates by whether the coded node is within +1 zones of the identified
5 node.

[nc := Abs(a - b) > 1

PrevPlanarNodeZone[k] [PlanarNedeAxisLoc[k]]

o

ression prevPlanePosCtxIne-discriminates by the occupied plane position of the identifie
5 node.

hePosCtxInc := PretvOgtPlanePos[k] [PlanarNodeAxisLoc[k]]

.2 Case for angular-eligible axes

[

halization af-occ_plane_pos[k] for nodes eligible for angular contextualization (AngularEligibl
becifiedby' 9.2.13.7.

Direct nodes

9.2.12.1 General

This subclause applies when occtree_direct_coding_mode is not 0.

Certain occupancy tree nodes may immediately code point positions as a direct node, instead of coding
a node occupancy bitmap for subsequent traversal. A direct node can represent either two distinct

point po

A direct

90

sitions, or a single position that is identical for every represented point.

node codes a position as a residual relative to the node position.
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Direct coding is limited to nodes that are both eligible and not prohibited by the planar direct n

023(E)

ode rate

limit. Eligibility shall be determined for each occupancy tree node based upon the degree of spatial

isolation as specified in 9.2.12.3.

9.2.12.2 Syntax element semantics

occ_direct_node equal to 1 specifies that the occupancy tree node is a direct node that codes the
position of at least one point. When occ_direct_node is not present, it shall be inferred to be 0.

t_point_
or more

direct_dup_point_cnt plus 1 specifies, when present, the number of points the direct’node represents

hen direct_point_cnt_eq2 is 0. When direct_dup_point_cnt is not present, it shall-be)inferred {

direct_joint_prefix[ k] specifies a sequence of identical MSBs in the k-th gomponent of tw

o be 0.

o coded

Josition residuals. The MSB position of the syntax element value indicates-the'number of posiftion bits

doded by the syntax element and does not form part of the reconstructed point position.

direct_joint_diff_bit[ k] specifies, when direct_joint_prefix[k] is present, the value of a bit in the binary
epresentation of the k-th component of the two coded position residuals. The bit is the most significant
on-identical bit of the two coded residual components. Its valueis that for the first point. When direct_

joint_diff bit[k] is not present, it shall be inferred to be 0.

direct_rem|[dnPt][ k], direct_rem_st_ang[dnPt] and diréct_rem_v_ang[dnPt] specify the re
Josition bits of the dnPt-th point. When present, directyrem codes the k-th component, direct|

maining
rem_st_

ang either the s- or t-component depending upon the node location and direct_rem_v_ang cpdes the

Vrcomponent.

numerated beam relative to a per-node prediction. The beam is used in the contextualizatid
yntax elements direct_rem_st_ang[dnPt}and direct_rem_v_ang[dnPt].

v o =

\0

2.12.3 Eligibility

9.2.12.3.1 Decision for each'occupancy tree node

[an)

DirectModeEligible. An'€ligible node:

—  is not the rgotnode;

-~ is not théToot node of a fully quantized subtree (9.2.14.2.6); and

- meets one of the following mode-dependent conditions:

eam_idx_resid_abs[dnPt] and beam_idx’resid_sign[dnPt] together specify the index of an

n of the

nly certain occupaney,tree nodes are eligible to be direct nodes. They are specified by the expression

3— when occtree_direct_coding_mode is 1: if there are no nodes in the occupied neighbpurhood

pattern of the parent node, the coded node has no siblings and the parent node has at most one

sibling;

— when occtree_direct_coding_mode is 2: if there are no nodes in the occupied neighbourhood

pattern of the parent node;

— when occtree_direct_coding_mode is 3: if the coded node has at least one sibling.

DirectModeEligible := occtree direct coding mode > 0
&& Dpth > 0
&& MaxVec (QuantizedNodeSizeLog2) > 0
&& (occtree direct coding mode # 1 || DirectModelEligible)
&& (occtree direct coding mode # 2 || DirectModeZ2Eligible)
&& (occtree direct coding mode # 3 || DirectMode3Eligible)
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DirectModelEligible := OccNeighPatEgO[Dpth - 1] [NsP] [NtP] [NvP]

&& OccNodeChildCnt [Dpth - 1] [NsP] [NtP] [NvP] == 1

&& (Dpth < 2 || OccNodeChildCnt [Dpth - 2] [NsG] [NtG] [NvG] < 2)
DirectMode2Eligible := OccNeighPatEgO[Dpth - 1] [NsP] [NtP] [NvP]
DirectMode3Eligible := OccNodeChildCnt[Dpth - 1] [NsP] [NtP] [NvP] > 1

9.2.12.3.2 Presence of occ_direct_node

-

The syntax element occ_direct_node shall only be present in occupancy tree nodes that are bot
eligible for direct coding and not prohibited by the rate limit for direct nodes that applies when plana
occuparicy coding is enabled.

—

The dirgct node rate limit mask is specified by the expression DnPresenceMask|[i],i € 0 .. 31:
DnPresehceMask[i] := occtree planar enabled && occtree direct coding mode =&
? dhRate x 1 % 32 + (dnRate = 32)
1
where
dnRpte := occtree direct node rate minusl + 1

The expression DirectNodePresent specifies the presence of the syntax element.

DirectNpdePresent := DirectModeEligible && DnPresenceMask[ (Dpthr”+ DnEligibleCnt) % 32]

9.2.12.3.3 State variables

<)

Eligibility is specified in terms of the following state variables; the indexes dpth, ns, nt and nv identify
node with location (ns, nt, nv) in the tree level at depth dpth:

— The| sparse array OccNeighPatEqO; OccNeighPatEqO[dpth][ns][nt][nv] identifies whether the
iderftified node has no nodes present in its occupied neighbourhood pattern.

— Thelsparse array OccNodeChildCnt; OccNadeChildCnt[dpth][ns][nt][nv] is the number of child nodes
of the identified node.

— The|variable DnEligibleCnt, a cumulative count of eligible nodes in a tree level.

9.2.12.3.4 Initial state

—_—

At the start of every occupancy_tree syntax structure, the OccNodeChildCnt array shall be cleared; a
elementp of OccNodeChildént are unset.

9.2.12.3.5 State update at the start of every occupancy tree level

~

At the sfart of €very occupancy_tree_level syntax structure, the count of eligible nodes DnEligibleCr
shall be settozero.

9.2.12.3.6 State update after each coded occupancy tree node
This subclause applies at the end of every occupancy_tree_node syntax structure.

The number of child nodes and the presence of any nodes in the occupied neighbourhood pattern are
recorded for use in subsequent eligibility decisions.

OccNodeChildCnt [Dpth] [Ns] [Nt] [Nv] = direct node ? 0 : OccChildCnt
OccNeighPatEqO [Dpth] [Ns] [Nt] [Nv] = OccNeighPat == 0

If the node is eligible for direct coding, irrespective of the presence of occ_direct_node, the count of
eligible nodes shall be incremented.
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if (DirectModeEligible)
DnEligibleCnt++

9.2.12.4 Points represented by direct nodes

9.2.12.4.1 General

The unscaled positions for the points coded by the direct node are specified by the expression
DnPtPos[dnPt][k]. They are the concatenation of:

+ the (quantized) node position,

— any bit corresponding to an occupied plane as determined by planar occupancy coding;

- any bits from joint direct position coding, and

- any remaining bits.

When geometry subtree scaling is enabled, direct nodes code partially quantized positions reflative to
the quantized node position.

OnPtPos [dnPt] [k] := Nloc[k] << QuantizedNodeSizelLog2[k] | DOEtPosRem[dnPt] [k]
OnPtPosRem[dnPt] [k] := DnPlanarPos[k] | DnJointPos[dnPt] kN DnRemPos[dnPt] [k]

OnPtPosS [dnPt] DnPtPos [dnPt] ]

lw)

MPtPosT [dnPt]
NPtPosV [dnPt]

[0
DnPtPos [dnPt] [1]
DnPtPos [dnPt] [2]

(w]

9.2.12.4.2 Output

oY

t the end of the direct node, the coded points, shall be scaled (9.2.14.6) and appended to thg output
doint list:

if (occ_direct node) {
for (dnPt = 0; dnPt < direct pqint cnt eqg2; dnPt++, PointCnt++)
for (k = 0; k < 3; k++)
PointPos[PointCnt] [k] =rOccPosScaleK(k, DnPtPos[dnPt] [k])

for (i = 0; i < direct dup ‘point cnt; i++, PointCnt++)

for (k = 0; k < 3; k&N
PointPos[PointCnptMNk] = PointPos[PointCnt - 1] [k]

9.2.12.4.3 Planar-inferred position bits

When an axisds-eligible for planar occupancy coding and it has a single occupied plane, the M$B of the
fosition cesidual for that axis k is specified by DnPlanarPos|[ k], equal to the occupied plane location.

OnPlaffapPos [k] := —-PlanarFreeAxis[k] ? occ_plane pos[k] << DnBitsAfterPlanar([k] : O

Theshumber of bits coded by each position residual exclusive of any bit derived from planar occupancy
coding is specified for each component by the expression DnBitsAfterPlanar|k].

DnBitsAfterPlanar[k] := QuantizedNodeSizeLog2[k] - —-PlanarFreeAxis[k]

9.2.12.4.4 Joint coded position bits

The position residuals shall be jointly coded for an axis when the direct node codes two positions, joint
coding is enabled and it has a residual bit to code. When angular coding is enabled, components coded
by direct_rem_st_ang and direct_rem_v_ang shall not be jointly coded.

DnJointCoded[k] := occtree direct joint coding enabled && direct point cnt eqg2
&& DnBitsAfterPlanar([k] > O
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&& (—geom angular enabled || == (1 ~ AzimuthAxis))

The joint-coded bits for the two positions are specified by the expression DnjointPos[dnPt][k]. For each
component k, they comprise the common MSB (9.2.12.5.2) and the first divergent bit (9.2.12.5.3), if any.
Joint coding is exclusive of any planar-inferred position bit.

DnJointPos [dnPt] [k] :=
DnJointCoded[k] ? DnJointPosCommon[k] | DnJointPosDiffBit[dnPt][k] : O

9.2.12.4.5 Remaining bits

The nunllber of bits coded by each position residual exclusive of any bits derived from planar occupanejy
coding dr joint coding is specified for each component by the expression DnRemBits[k].

DnRemBifs[k] := DnBitsAfterPlanar[k] - DnJointCommonBits[k] - DnJointDiffBits[k]

The expression DnRemPos[dnPt][ k] specifies the position bits coded by the syntax elements direct_remn,
direct_rpm_st_ang and direct_rem_v_ang.

DnRemPofg [dnPt] [k] :=
geom pngular enabled && k == AzimuthAxis ? direct rem st ang[dnPt]
geom_pngular enabled && k == ? direct rem v _ang[dnPt]
: direct rem[dnPt] [k]

9.2.12.5 Joint coding of point positions

9.2.12.5.1 Point order
The codgd order of two jointly coded points shall satisfy the,constraint DnPtPosConstraint equal to 1:

— Thels-coordinate of the first point shall be less than or equal to that of the second point.

=)

— Ifthe s-coordinates are equal, the t-coordinateof the first point shall be less than or equal to that ¢
the pecond point.

— Ifbqth the s- and t-coordinates are respectively equal, the v-coordinate of the first point shall be legs
than or equal to that of the second peint

DnPtPosfonstraint :=
DnPEPosS[0] < DnPtPosS[1]
|| PnPtPosT[0] < DnPtPosTJ1l] && dnPtPosSameS
|| PnPtPosV[0] < DnPtPosV[1l] && dnPtPosSameS && dnPtPosSameT

where
dnPEPosSameS := DiRP{PosS[0] == DnPtPosS[1]
dnPEPosSameT :=¢DhAPtPosT[0] == DnPtPosT[1]

9.2.12.5.2 Comunon position bits

The nunpber of position bits coded by direct_joint_prefix[k] is specified by DnjointPrefixBits[k].

DnJointbrefixRits[k] := DnJointCoded[k] 2 TntTog2(direct joint prefix[k]) : 0

The number of bits coded by the k-th component of each position residual, exclusive of any bits
derived from planar occupancy coding or a joint-coded prefix, is specified by the expression
DnBitsAfterjointPrefix[ k].

DnBitsAfterJointPrefix[k] := DnBitsAfterPlanar[k] - DnJointCommonBits[k]

The expression DnjointPosPrefix[k] specifies the value of the position bits coded by direct_joint_
prefix[k].

DnJointPosPrefix[k] :=
(direct joint prefix[k] "~ Exp2(DnJointPrefixBits[k])) << DnBitsAfterJointPrefix[k]
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9.2.12.5.3 First divergent position bit

The existence of a divergent bit in the k-th component of the two jointly coded positions is specified
by the expression DnjointPosDiffBits[k]. A jointly coded divergent position bit exists if direct_joint_
prefix[ k] is present and does not complete the coding of the k-th position component.

DnJointDiffBits[k] := DnJointCoded[k] ? DnBitsAfterPlanar[k] > DnJointPrefixBits[k] : O

The value of the jointly coded divergent bit is specified for the k-th component of each point by the
expression DnjointPosDiffBit[dnPt][k].

OndointPosDiffBit [dnPt] [k] := bit << DnRemBits[k]
where bit :=
DnJointDiffBitPresent [k] ? direct joint diff bit[k] ~ dnPt :
DnJointDiffBitInferred[k] ? dnPt
: 0 /* DnJointDiffBits[k] is 0 */

9.2.12.5.4 Presence of the syntax element direct_joint_diff_bit

The presence of direct_joint_diff_bit[k] is specified by DnjointDiffBitPresentjk].

OnJdointDiffBitPresent[k] := DnJointDiffBits[k] > 0 && —DnJointDiffBitInferred[k]

It is present when a divergent bit position exists in the k-th compdnent of the two jointly coded pgositions
and the bit value cannot be inferred from the ordering constraint on jointly coded positipns. The
ihference condition is specified by the expression DnjointDiffBitinferred|k].

OnJdointDiffBitInferred[k] :=
== 0 && DndointDiffBits[0]
1 && DnJointDiffBits[1]

1
1 && DnJdeintDiffBits[0] == 0
2 && DnJointDiffBits[2] 1 &

k
k =
k & DANFOIntDiffBits[0] + DnJointDiffBits[1l] H

I
o

9.2.12.6 Parsing of direct_joint_prefix

—]

he binarization of direct_joint_prefix[k] interleaves the prefix and suffix bins of the binarited exp-
olomb code (11.4.3). Every non-zero prefix bin shall be followed by a single suffix bin.

(on)

The binarization shall have no more than DnRemBits[ k] suffix bins.

maxVal = Exp2 (DnRemBits kN

The syntax element js, parsed as follows; the variable Binldx is the count of coded bins fised for

dontextualization.

Vlalue = 1

flor (BinIdx 9, value < maxVal && AeReadBin() == 1; BinIdx++)
BinIdx++
value # \(value << 1) + AeReadBin()

9.2,13" Angular coding

9.2.13.1 General
This subclause applies when geom_angular_enabled is 1.

Angular coding in the occupancy tree specifies the contextualization for the planar occupied plane
location occ_plane_pos and the direct position remainders direct_rem_st_ang and direct_rem_v_ang.
The contextualization uses rays cast from the angular origin.

9.2.13.2 Node position relative to the angular origin

The angular-origin-relative position of the occupancy tree node position p,,;, is specified by the
expression NposAng[ k].
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NposAng[k] := AngPosScaleK(k, Nloc[k] << QuantizedNodeSizeLog2[k]) - AngularOrigin[k]
NposAngS := NposAng[O0]
NposAngT := NposAng[l]
NposAngV := NposAng[2]

9.2.13.3 Azimuth coded axis

Contextualization using abeam's azimuth applies to either the S or T axis. The index of the contextualized
axis is specified by the expression AzimuthAxis. It is determined using the angular-origin-relative node
position.

AzimuthfxT T ADS (NPOSANgS) DS (NPOSAIIg T
AzimuthpxisIsS := AzimuthAxis == 0
AzimuthpxisIsT := AzimuthAxis == 1

9.2.13.4 State variables

Contextfialization of occ_plane_pos[AzimuthAxis] and direct_rem_st_ang is specified,in terms of the
followinjg state variables; the index beamlIdx identifies an SPS enumerated beam:

— The| array BeamPrevPhiValid; BeamPrevPhiValid[beamldx] indicates whetlier a value has beep
recqrded by BeamPrevPhi[ beamldx].

— The| array BeamPrevPhi; BeamPrevPhi[beamldx] records the azimuth of the identified bear
confputed from the most recently coded syntax element direct_remJst_ang.

=

9.2.13.5 Initial state

At the stlart of every occupancy tree, all elements of BeamPrevPhiValid shall have the value 0.

9.2.13.4 Closest beam to a point

This suljclause specifies the selection of the beamthat can emit the closest rays to an angular-origin
relative [point (as, at, av) by the expression BeamldxEst[as][at][av]. The selection shall use rays cas
from thg angular origin without application ofvertical beam displacements.

[

BeamIdxfst[as] [at] [av] := num beams\minusl ? BeamIdxFromGrad[aGrad] : 0O

.

The selection shall be performed byseomparing the gradient of a ray specified by the expression aGrq
to the elpvation gradients of the-enumerated beams. The ray is cast from the angular origin and passé
through|the point (as, at, av),

v

Unless gerforming beam-selection for planar occupancy coding (9.2.13.7.3), the expression aGrad sha|l
be definpd as:

aGrad :f av x IntReecipSqgrt(rs x rs + rt x rt) >> 14
where
rs k= as €73
rt [= atyx< 8

When p :anrming bheam selection for p]:\n:\r Qccupancy (‘nding (Q 2137 '2), the expression aGrad shall

be defined as:

aGrad := (2 x av — 1) x IntRecipSqgrt(rs x rs + rt x rt) >> 15
where
rs := (as << 8) - 128
rt := (at << 8) - 128

The beam search is specified by the expression BeamldxFromGrad. If the gradient rayGrad is half-way
between that of two beams, the beam with the lower index shall be chosen.

BeamIdxFromGrad[rayGrad] :=
for (1 = 1; i < num beams minusl; i++)
if (BeamElev[i] > rayGrad)
break
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if (rayGrad - BeamElev[i - 1] £ BeamElev[i] - rayGrad)
j___
BeamIdxFromGrad = i

9.2.13.7 Application to occupied plane location coding

9.2.13.7.1 Node dimensions and midpoint

The expression ScaledNodeSize[ k] specifies the scaled volume dimensions of the coded node.

JcaledNodeSize[k] := AngPosScaleK(k, Exp2 (QuantizedNodeSizeLog2l[k]))
JcaledNodeSizeS := ScaledNodeSize[0]
JcaledNodeSizeT := ScaledNodeSize[1l]
JcaledNodeSizeV := ScaledNodeSize[2]

The expression ScaledHalfNodeSize[k] specifies the midpoint within the scaled\volume of th

rjode.

JcaledHalfNodeSize[k] := AngPosScaleK(k, Exp2(QuantizedNodeSizeLog2/lk]) >> 1)
JcaledHalfNodeSizeS := ScaledHalfNodeSize[0]

JcaledHalfNodeSizeT := ScaledHalfNodeSize[1l]

JcaledHalfNodeSizeV := ScaledHalfNodeSize[2]

NOTE When geometry scaling is disabled, ScaledNodeSize[k] and ScaledHalfNodeSize[k] are
xp2(NodeSizeLog2[k]) and Exp2(NodeSizeLog2[k] >> 1) respeectiyely.

sl

The midpoint coordinates of the coded node relative'to the angular origin are specified

gxpression NposAngMid|[k].
NposAngMid[k] := NposAng[k] + ScaledHalfNodeSizel[k]
NposAngMids NposAngMid[0]

=

[oosAngMidT
[posAngMidV :

NposAngMid[1]
NposAngMid[2]

=z

9.2.13.7.2 Eligibility

(nly certain nodes are eligible*for angular contextualization of the occupied plane location.
pecified by the expression/AngularEligible. Eligibility prevents the use of angular contextu
hen a node is sufficiently'large to be intersected by rays from multiple beams.

< W0

AngularEligible sZ_geom angular enabled
&& (—num beams” minusl || CathetusV > (ScaledHalfNodeSizeV << 26))

Hligibility is.specified in terms of:
+ thesmallest difference in elevation gradient between any two beams, BeamMinDeltaGrad;

—+~the V-axis distance subtended (CathetusV) by a ray with elevation gradient BeamMinDeltaG

e coded

equal to

by the

hey are
hlization

ad, over

| 1 e - 4l Faliisal 1 £ 4l 1 . - b 4l | A | - b |
LIIC € UISLUAIILC IIT LIIT 571 l)ldllC ITUIIT U1IT dllguldl Ul lglll LU LUIIC 11IUUC uuupuuu, dllu
— the v-component of the scaled node size.

An example of an eligible node is illustrated in Figure 14.
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Cathetu
where

The expression BeamMinDeltaGrad is the smallest difference in elevation gradient between any twp

rs |
rt [

beams.

BeamMin

BeamM

for (

9.2.13.7.3 Beam selection

del
if
B

Every n

that purjpose. The selected beam is specified by PlanarBeamldx. It is either the same beam as used fd
the pargnt node or the closest beam to the node midpoint (9.2.13.6).

PlanarB
inher

The bea

the nodg

inherit
NodeB

9.2.13.7

Beam sd

identify

The

AngularEligible = 0 " AngularEligible = 1
Grad_
v I | BealinBQtﬂ -
= I LT
3 | |_—= S
ST == 7 <
) — )
%.I_ /,,/"’ | E
R | <
s It o ! = t
= AngularOrigin lIstll,

Figure 14 — Illustration of an eligible node

EV := BeamMinDeltaGrad x ((rs + rt) >> 1)
= Abs ( (NposAngMidS << 8) - 128)
= Abs ( (NposAngMidT << 8) - 128)

DeltaGrad :=

inDeltaGrad = BeamElev[0]

i = 1; i < num beams minusl; i++) {
Fa = BeamElev[i] - BeamElev[i - 1]
(delta < BeamMinDeltaGrad)
tamMinDeltaGrad = delta

pde that is eligible for angular contextualization (AngularEligible == 1) shall select a beam fq

= =

PamIdx :=
i tBeam ? NodeBeamIdx[Dpth - LINNSP] [NtP] [NvP]
: BeamIdxEst [NposAngMidS] [NposAngMidT] [NposAngMidV]

M selection is inherited fremthe parent node when both the parent node has a valid beam anfd

is not too small, as specified by the expression inheritBeam.
Beam :=
PamValid[Dpth — S JANsP] [NtP] [NvP] && CathetusV > (ScaledHalfNodeSizeV << 28)

.4 State variables

lection‘is.specified in terms of the following state variables; the indexes dpth, ns, nt and nyv
a node-with location (ns, nt, nv) in the tree level at depth dpth:

sparse array NodeBeamValid; NodeBeamValid| dpth][ns][nt][nv] indicates whether (when 1) the

identified node has a valid beam selection. Unset elements are inferred to be 0.

The

sparse array NodeBeamldx; NodeBeamldx|dpth][ns][nt][nv] is the selected beam, if valid, for

the identified node.

9.2.13.7.5 Initial state

At the start of every occupancy tree, elements of NodeBeamValid shall be unset.
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9.2.13.7.6 State update

After selecting a beam (9.2.13.7.3), the beam index and its validity shall be recorded for inheritance by
child nodes.

NodeBeamIdx [Dpth] [Ns] [Nt] [Nv] = PlanarBeamIdx
NodeBeamValid[Dpth] [Ns] [Nt] [Nv] = 1

9.2.13.7.7 Contextualization of occ_plane_pos[AzimuthAxis]

he syntax element occ_plane_pos[AzimuthAzis| shall be contextualized according to 9.2.13.9 with the
rgument phiRangeMulLog2 equal to 2 and the arguments beamldx, phiPosS, phiPosT, philntyiMidS and
philntvIMidT as specified in this subclause.

The argument beamldx is the index of the selected beam.

HeamIdx = PlanarBeamIdx

—

he arguments phiPosS and phiPosT are the angular-origin-relative coordinates of the lower dorner of
he occupancy tree node in the S-T plane.

—

hiPosS
hiPosT

NposAngsS
NposAngT

uolizo]

he arguments philntvIMidS and philntvIMidT are the angular-origin-relative coordinates of the scaled
ode midpoint in the S-T plane.

= =]

ghiIntvl1Mids
ghiIntvlMidT

NposAngMidS
NposAngMidT

9.2.13.7.8 Contextualization of occ_plane_pos[2]

—

he syntax element occ_plane_pos[2] shall be contextualized according to 9.2.13.10 with the argument
[vintviGradDivLogZ2 equal to 2 and the arguments beamldx, elvintvlPosS, elvintviPosT, elvintviMidV and
lvintviLenV as specified in this subclause.

QD

—

he argument beamldx is the index)of the selected beam.

HeamIdx = PlanarBeamIdx

—

he arguments elvintviPes$, elvintviPosT and elvintvIMidV are the angular-origin-relative coordjnates of
he scaled node midp@int. The argument elvintviLenV is the length of the V-axis interval represented by
he syntax element

=+

lvIntvlPosS
lvIntvl1PogT
1vIntvI1MadV
1lvIntvINenVv

NposAngMidS
NposAngMidT
NposAngMidVv
ScaledNodeSizeV

11

(OIORNONNO]

A0

.2:13.8 Application to direct node position coding

9.2.13.8.1 Beam selection

Context selection for direct_rem_st_ang[dnPt] and direct_rem_v_ang[dnPt] shall be performed using
the beam specified by the expression DnBeamldx[dnPt].

It is a requirement of bitstream conformance that DnBeamldx[dnPt] shall be in the range 0 .. num_
beams_minus1.

DnBeamIdx [dnPt] := DnBeamIdxEst + beamIdxResid
where
beamIdxResid := (1 - 2 x beam idx resid sign[dnPt]) x beam idx resid abs[dnPt]
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Every direct node shall determine an estimated beam index as specified by the expression
DnBeamldxEst. The beam is estimated from the angular-origin-relative, scaled partial point position
specified by dnBeamPosAng| k].

DnBeamIdxEst := BeamIdxEst[beamPosAngS] [beamPosAngT] [beamPosAngV]
where
beamPosAngS := dnBeamPosAng|[0]
beamPosAngT := dnBeamPosAng[1l]
beamPosAngV := dnBeamPosAng[2]
dnBeamPosAng [k] = NposAng[k] + AngPosScaleK(k, DnPlanarPos[k] + dnPlanarPosHalf)
where
dnPllanarPosHalf := Exp2 (DnBitsAfterPlanar[k]) >> 1
9.2.13.8.2 Scaled angular-origin-relative point positions and partial point positions
Contextfialization of direct_rem_st_ang and direct_rem_v_ang depends upon approximately scale
partially coded positions. A partially coded position is specified in terms of the MSBs ©f*the complet]
coded pésition.
Approximate scaling accumulates applications of geometry scaling to each bit’in-the partially code
position
The expfession DnPtPosAng[dnPt][k] is the k-th component of the scaled;\Coded point position relativj
to the appgular origin.
DnPtPosphng[dnPt] [k] := AngPosScaleK(k, DnPtPos[dnPt] [k]) —(AngularOriginl[k]
DnPtPoshngS [dnPt] = DnPtPosAng[dnPt] [0]
DnPtPosPngT [dnPt] = DnPtPosAng[dnPt] [1]

The expfession DnPartialPosAng|dnPt][remBits][k] is thé k-th component of the approximately scale

partially
DnPtPos|

DnParti
DnPar
for (

DnP

DnParti

DnParti
DnParti

9.2.13.8
The dire

binarizgtion. The length in bins shall be equal to the log2 quantized node size less any bit inferred b

the pres

The exp

r coded position for the dnPt-th coded point of\the direct node. It excludes the remBits LSBs (
[dnPt][k].

b 1PosAng [dnPt] [remBits] [k] :=

FialPosAng = NposAng[k]

i = remBits; 1 < QuantizedNodeSizelLog2[k]; i++)

hrtialPosAng += AngPosScaleK((ky* DnPtPosRem[dnPt] [k] & Exp2(i))

b 1PosAngS [dnPt] [remBits]
b 1PosAngT [dnPt] [remBitg]
b 1PosAngV [dnPt] [remBits]

DnPartialPosAng[dnPt] [remBits] [0]
DnPartialPosAng[dnPt] [remBits] [1]
DnPartialPosAng[dnPt] [remBits] [2]

.3 Binarization ofdirect_rem_st_ang and direct_rem_v_ang

ct_rem_st_angand direct_rem_v_ang syntax elements shall be entropy coded using fixed-lengt

ence of dsingle occupied plane.

Fession DnRemAngBitsST is the length in bins of the syntax element direct_rem_st_ang.

D =

o

—

-

DnRemAn

=l ' il

1 LN
o T THRE T 2T ST

The expression DnRemAngBitsV is the length in bins of the syntax element direct_rem_v_ang.

DnRemAngBitsV := DnBitsAfterPlanar([2]

9.2.13.8.4 Contextualization of direct_rem_st_ang

Each bin, identified by Binldx, of direct_rem_st_ang[dnPt] shall be contextualized according to
9.2.13.9 with the argument phiRangeMulLogZ equal to 1 and the arguments beamldx, phiPosS, phiPosT,
philntvIMidS and philntvIMidT as specified in this subclause.

The argument beamldx is the index of the selected beam.
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beamIdx = DnBeamIdx [dnPt]

The arguments phiPosS and phiPosT are the angular-origin-relative coordinates of the lower end of the
interval coded by the bin in the S-T plane.

phiPartialSTBits := DnRemAngBitsST - BinIdx
phiPosS = AzimuthAxisIsS ? DnPartialPosAngS[dnPt] [phiPartialSTBits] : DnPtPosAngS|[dnPt]
phiPosT = AzimuthAxisIsT ? DnPartialPosAngT [dnPt] [phiPartialSTBits] : DnPtPosAngT [dnPt]

The arguments philntvIMidS and philntvIMidT are the angular-origin-relative coordinates of the interval
midpoint in the S-T plane. The expression phiHalfIntviLen is the half-interval range.

ghiHalfIntvlLen := AngPosScaleK(AzimuthAxis, Exp2 (DnRemAngBitsST) >> 1 + BinIdk)

ghiIntvlMidS = phiPosS + (AzimuthAxisIsS ? phiHalfIntvlLen : 0)
ghiIntvlMidT = phiPosT + (AzimuthAxisIsT ? phiHalfIntvlLen : 0)

9.2.13.8.5 State update after each direct_rem_st_ang syntax element

After each coded direct_rem_st_ang[dnPt] syntax element, the azimuth' of the coded point|shall be
recorded as the azimuth of the selected beam.

glvIintvlPosS = AzimuthAxisIsS ? DnPartialPosAngS[dnPt] [0], NDnPtPosAngS [dnPt]

glvIntvlPosT = AzimuthAxisIsT ? DnPartialPosAngT [dnPt] [0y DnPtPosAngT [dnPt]

BeamPrevPhi [DnBeamIdx [dnPt]] = IntAtan2 (elvIntvlPosT, YelvIntvl1PosS)
BeamPrevPhiValid[DnBeamIdx [dnPt]] = 1

9.2.13.8.6 Contextualization of direct_rem_v_ang

Hach bin, identified by Binldx, of direct_rem_v_ang[dnPt] shall be contextualized according to 9.2.13.10
Uith the arguments beamldx, elvintvIPosS, elvintvIPosT, elvintviLenV, elvintvIMidV and elvintvlGradDivLogZ2
s specified in this subclause.

QO <

—

he argument beamldx is the index of.the selected beam.

HeamIdx = DnBeamIdx [dnPt]

—

he arguments elvintviPosS and elvintviPosT are the angular-origin-relative coordinates in the §-T plane
f the approximately scaled position of the coded point. The argument elvintviLenV is the length of the
terval represented by the syntax element before division by Exp2(elvintviGradDivLog?2).

—

glvIntvlPosS = AzifabthAxisIsS ? DnPartialPosAngS[dnPt] [0] : DnPtPosAngS|[dnPt]
glvIntvlPosT = @zimuthAxisIsT ? DnPartialPosAngT [dnPt] [0] : DnPtPosAngT [dnPt]
glvIintvlLenV_5 AngPosScaleV (Exp2 (DnRemAngBitsV) )

glvIntvlGradPivLog2 = BinIdx

NOTE When geometry scaling is disabled or the scaling step size is a power of two, DnPartialPosAng[dnPt]
[P1[k] ts-equal to DnPtPosAng|dnPt][k].

The argument elvintviIMidV specifies the midpoint of the V-axis interval relative to the angulalr origin.
The expression elvintviHalfLen is the half-interval range. The start of the V-axis interval, elvPartialPosV,
is the partially coded and approximately scaled point v-coordinate.

elvPartialPosV := DnPartialPosAngV[dnPt] [DnRemAngBitsV - BinIdx]
elvIntvlHalflen := AngPosScaleV (Exp2 (DnRemAngBitsV) >> 1 + BinIdx)
elvIintvlMidV = elvPartialPosV + elvIntvlHalfLen

9.2.13.9 Determination of CtxIdxAngPhi for a bin according to beam azimuth

Each contextualized bin represents a half-closed interval along the azimuth coding axis AzimuthAxis
located along the other S-T plane axis at a distance from the angular origin. The bin values 1 and 0
identify the upper and lower halves of the interval respectively.
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Contextualization discriminates by the intersection of a predicted ray with one of eight parameterized
azimuth ranges.

The process is parameterized by:

— beamldx, the index of the beam that casts the predicted ray;

— phiPosS and phiPosT, the angular-origin-relative S-T plane coordinates of a point that defines a
nominal azimuth;

- phlI ltVl’an{l.dS aud [Il’ll‘l’lltvl’ln"{l.d’}: tluc lllidl)uillt Uf t}lC iutc1 Vcl},
— phiRangeMulLog2, a syntax element dependent constant used to define the azimuth discriminatiop
ranges.

The azir]‘r:uth ranges are defined by a nominal azimuth phiNominal and the azimuth of\the intervs

midpoi

phiNomi
philIntv

The pre
the nom

The refgrence azimuth for the predicted ray is that of the previous,diréct-node-coded point recorded
by the selected beam (9.2.13.8.5); if no previous point has been«ecorded by the selected beam, thie
referende azimuth is the nominal azimuth.

phiRef [= BeamPrevPhiValid[beamIdx] ? BeamPrevPhi [beamldx] : phiNominal
The expression phiPred specifies the predicted ray azimuith.
phiPred| := phiRef - beamPhiStep[beamIdx] x phiBteps
where
phipteps := DivExp2Up ( (phiRef - phiNaomipal) x BeamPhiStepRecip[beamIdx], 30)
beaPhiStep := 6588397 / BeamStepsPerRev[beamIdx]
beapPhiStepRecip := (BeamStepsPerRéy{beamIdx] << 30) / 6588397
The context selection for the coded bin-isspecified by the expression CtxldxAngPhi.
CtxIdxAhgPhi := a + 2 x b + 4/X\e
where
philL := phiNominal - phiPtred
phiR := phiIntvlMid ,~\phiPred
a :F (phiL 2 0) ==.NphiR 2 0)
b :f Abs(phil) >-ADsS (phiR)
c :f Max (Abs (phil), Abs(phiR)) > (Min (Abs(phil), Abs (PhiR)) << phiRangeMulLog?2)
9.2.13.10 Determination of CtxldxAngTheta for a bin according to beam elevation
Each coptextualized bin represents a half-closed V-axis interval located at a radial distance in the S-

plane fromithe angular origin. The bin values 1 and 0 identify the upper and lower halves of the intervg

—

philntviMid.

hal := IntAtan2 (phiPosT, phiPosS)
IMid := IntAtan2 (phiIntv1MidT, phiIntv1Mids)

[72)

licted ray azimuth is derived from the azimuth of a reference point. The prediction quantizg
inal azimuth to be an integer number of azimuth steps from the reférence point.

—

respectively.

Contextualization discriminates by the intersection of a predicted ray cast by a beam with one of four
parameterized V-axis intervals.

The process is parameterized by:

— beamldx, the index of the beam that casts the predicted ray;

— elvintvlPosS and elvintviPosT, the coordinates of the V-axis interval in the S-T plane, relative to the

ang

ular origin;

— elvintviLenV, the length of the V-axis interval;
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— elvintviIMidV, the midpoint of the V-axis interval relative to the angular origin;
— elvintvlGradDivLogZ, the factor used to derive the sub-interval size.

The expression rRecip specifies the reciprocal radial distance of the V-axis interval in the S
from the angular origin.

-T plane

\r origin

it would

ring the

rRecip := IntRecipSqgrt(rs x rs + rt x rt)
where
rs := (elvIntvlPosS << 8) - 128
rt := (elvIntvlPosT << 8) - 128
The expression elvintviMidGrad specifies the gradient of a ray cast from the angular orilgin that
intersects the midpoint of the V-axis interval.
glvIntvlMidGrad := (2 x elvIntvlMidV - 1) x rRecip / Exp2(15)
The expressions esoTopGrad and esoBotGrad specify the gradients of rays cast{rom the angulj
that intersect the end points of a V-axis sub-interval.
gsoIntvlGrad := elvIntvlLenV x rRecip >> 18 + elvIntvlGradDivLog2
gsoTopGrad := elvIntvlMidGrad + esolntvlGrad
gsoBotGrad := elvIntvlMidGrad - esolIntvlGrad
The expression elvBeamGrad specifies the gradient of a ray cast.from the angular origin th3
intersect the predicted ray at the given radial distance.
glvBeamGrad := BeamElev[beamIdx] - BeamOffsetV [beaftddk] x rRecip / Exp2(17)
The context selection for the coded bin is specified bythe expression CtxldxAngTheta, comp3
gradients of rays cast from the angular origin to théSe of the threshold points.
QtxIdxAngTheta := a + 2 x b
where
a := elvBeamGrad 2 elvIntvlMidGrad
b := elvBeamGrad 2 esoTopGrad || elvBeamGrad < esoBotGrad
9.2.13.11 Conversion from€artesian to angular coordinates

This subclause specifies the conversion of decoded points' positions to angular coordinates.

A decoder is not required-to perform the conversion unless angular coordinates are requ
attribute decoding.

The angular-origin-relative position of every point is specified by the expression posAng|ptldx]

osAng [ptIdX K] := PointPos[ptIdx][k] - AngularOrigin[k]

o]

very angular-origin-relative point position is converted to angular coordinates. The radial di
he Eugelidean distance to the point in the S-T plane; the azimuth angle is the anti-clockwise an
-T_plane between the positive S axis and the point; the indexed elevation is the index of the b¢

ired for

[k].

stance is
cle in an
bam that

Q W ot

hSts the closest rays to the point (9.2.13.6). The conversion is:

for (ptlIdx = 0; ptldx < PointCnt; ptIdx++) {
as = posAng[ptIdx][0]
at posAng [ptIdx] [1]
av posAng [ptIdx] [2]
PointAng[ptIdx] [0]
PointAng[ptIdx] [1]
PointAng[ptIdx] [2]

IntSgrt(as x as + at x at << 16) >> 8
IntAtan2 (at << 8, as << 8) + 3294199 >> 8
BeamIdxEst[as] [at] [aV]
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9.2.14 Subtree scaling

9.2.14.1
This sub

Partially quantized coordinates

clause applies when geom_scaling_enabled is 1.

Certain subtrees (9.2.14.2.1) can represent point positions using partially quantized coordinates that

are para

The partially quantized representation comprises two concatenated parts:

meterized by a scaling volume (9.2.14.2.2) and an applicable QP (9.2.14.5).

— any
by t

— alof
the

An example of the representation is illustrated by Figure 15. The coded point e is represented withi

the scal
20ccScaIi

partially
— The
— The

Scaling expands L by 1 bit (OccQpScaleLog?2) to be 3 bits (OccScalingVolSizeLog2) in total.

— IfU

[72)

pper part that, when scaled, is the position of the scaling volume's lower corner, p,;,,; scalihg’}
he scaling volume size rounded down to the next power of two;

ver part that, when scaled, is a position relative to and within the scaling volume;csealing is bfy
QP derived scale factor.

ng volume A. The scaling volume size is 12; rounded down to the next\power of two as 8
gVolSizeLog2 The QP is 12; the derived scale factor (OccQpScale) is 3. The\two parts of the point
r quantized s-coordinate are marked U and L:

(L=

upper part, U, scaled by 20ccScalingVolSizeLog2 = 23 is the p, ;. position of A.

lower part, L, scaled by OccQpScale = 3 is the p_;, relative point position; for the S axis, 2 x 3 = §.

were 5, then p, ;. would be 5 x 23 = 40, and the point'$-3-coordinate would be 46.
OccVolScale X 2 OccScalingVolSizeLog2
V ZOCCScaIingVoISizeLogZ
1
AN X_._D,( bs b4 b3 bz b1 bo
}\ <~——A Puns= s, s, s, 0 0 0
P 'L'Qx:: o= ’S—SUT 5
S s L e

2 OccScalingVolSizeLog2

Key
A dcalingwolume
U, L ypper and lower parts of partially quantized representation
b; i-th bit
NOTE This figure illustrates the S-V plane in 2D.
Figure 15 — Example of partially quantized coordinates
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9.2.14.2 Quantized subtrees

9.2.14.2.1 Identification
Subtrees that code partially quantized coordinates are started by:
— every node at depth OccQpSubtreeDepth;

— every direct node at a shallower depth than OccQpSubtreeDepth; in this case, the subtree consists
only of the subtree root node as a direct node.

—

he lower parts of partially quantized point coordinates are represented by the location of)a-lgaf node
ih the subtree or by a direct node that codes a subtree-relative position.

NOTE Identification of a subtree from a direct node at a shallower depth than OccQpSubtreeDepth happens
after any planar occupancy coding for that node (9.2.14.2.5).

9.2.14.2.2 Subtree scaling volume

oy

scaling volume is identified by every quantized subtree. Its size depends upon the tree level |n which
he quantized subtree starts:

—

— If the quantized subtree starts at a shallower depth than OceQpSubtreeDepth and planar occupancy
coding is enabled, the scaling volume dimensions are equal to those of the scaled child-nod¢ volume
of the subtree root node.

-+ Otherwise, the scaling volume dimensions are identical to those of the scaled subtree r¢ot node
volume.

—

he expression OccScalingVolSizeLog2[k] specifies the integer log2 size of the scaling volume. The
scaled dimensions (9.2.14.2.3) are RoundUp(@ccVolScale x Exp2(OccScalingVolSizelLog2[k])).

JccScalingVolSizeLog2 [k] :=
Dpth 2 OccQpSubtreeDepth ? OccLviNodeSizeLog2[OccQpSubtreeDepth [k]
occtree planar enabled ? ChildN8deSizeLog2[k] : NodeSizeLog2[k]

Hor example, a quantized subtree’root node identifies a volume with dimensions 32x16x32 and an
dpplicable QP of 10 (OccQpScale = 2.5). The quantized node size would be 16x8x16 and the scaled node
sfize 40x20x40.

A0

.2.14.2.3 Scaled occupancy tree node volume dimensions

scaled node yolume is the geometric expansion of the volume associated with a node in thg general
ccupancy trée(9.2.2.1). The expansion is by a QP derived scale factor for the subtree, OccVolS¢ale, and
b relative to/the lower corner, p;,,, of the subtree scaling volume. Scaling by OccVolScale rounds half-
alues up.

< = 0O

QccVolScale := OccQpScale _  OccQpScale —1+0CCQp mod8

2L022(0cc0n5bak) _-ZOCCODSCGELOGZ — Q

The quantized node size QuantizedNodeSize is a power-of-two contraction by OccQpScaleLogZ2 of the
node size for ordinary nodes in the tree level.

OccQpScalelog?2 := OccQp / 8
QuantizedNodeSizeLog?2 [k]

= Max (0, NodeSizelLog2[k] - OccQpScalelLog2)
QuantizedChildNodeSizeLog2 [k]

:= Max (0, ChildNodeSizeLog2[k] - OccQpScaleLog2)

NOTE The scaled node volume dimensions are equivalent to the rounded expansion of the quantized node
size by the subtree scale factor OccQpScale.
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9.2.14.2.4 Quantized subtree nodes

A node in a quantized subtree shall identify the presence of at least one point contained within the
scaled node volume.

Leaf nodes in the quantized subtree represent indivisible volumes with dimensions equal to the unit
cube scaled by the subtree scale factor. Scaled point positions outside the unscaled subtree volume
shall be clipped to be within it (hatched area in Figure 15). For example, point = in the figure is clipped
to -.

Two exajmple subtrees are illustrated over three tree [evels by Figure 16. The subtree root node volumé
have daphed outlines; the coded nodes in each level have a thick, solid outline. The top subtree uss
QP 12, the bottom QP 0. The position of the point e is coded, starting from depth n, by the locations (
the grey| child nodes. The top subtree identifies its leaf node at depth n + 1, the bottom subtree at dept
n+2.

o Rl 7

Depth n Depthn+1 Depthn'+ 2

ScaledNodeSize ScaledChildNodeSize

Yro . | -

- - ey b
B : | : }
N R T

= = =

A

|

HI|||I|||I|||I HI|||I|||I|

el S S

NodeSize ChildNodeSize
NOTE QP 12 (top) and QP 0 (bottom).

Figure 16 — Example decomposition of two quantized subtrees

9.2.14.2.5 Direct nodes before OccQpSubtreeDepth
This sufclause applies wheriplanar occupancy coding is enabled.

Until a hode is identified as a direct node through the coding of occ_direct_node, it shall not be
considefed to startiaguantized subtree.

Coding ¢perations that are specified to occur:

— befqreocc_direct_node shall use the ordinary node volume, equivalent to QP 0;

— after occ_direct_node shall use the scaled node volume derived from the direct node QP (DnQp),
i.e. the QP and scaled node volume dimensions change during the coding of the node.

This case is illustrated by Figure 17. When planar occupancy coding is enabled (left), the scaled node
dimensions are initially equal to NodeSize, but changes to OccScalingVolSize after occ_direct_node.
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NOTE Planar occupancy coding enabled (left); planar occupancy coding disabled (right).

Figure 17 — Example subtree scaling volume for subtrees shallower than'OccQpSubtree

9.2.14.2.6 Fully quantized subtrees

Sufficiently large subtree QPs can cause a subtree root node to have@log2 quantized node size g
Ih this case, the subtree root node is a terminal node that:

-~ is ineligible to be a direct node (9.2.12.3.1)

- has its points represented by a single implicit childleaf node (9.2.6.3); the child node has t
dimensions as the root node - i.e. no axes are coded

9.2.14.3 Syntax element semantics

o

cc_subtree_qp_offset_present specifies whether (when 1) or not (when 0) per-subtree QP of
dresent in the tree level. QP offsets can(only be present in a single tree level. When occ_sub
ffset_present is not present, it shall be.inferred to be 0.

o

gcc_subtree_qp_offset_abs[ns]|[nt][nv] and occ_subtree_qp_offset_sign|[ns][nt][nv] togethe
an offset to the slice geometry. QP used to scale point positions. The offset is specified by the ex
(QccSubtreeQpOffset|ns][nt}nv]. The offset applies to all points coded in the subtree of the nodg
at (ns, nt, nv) in the tree-level at depth OccQpSubtreeDepth. When occ_subtree_qp_offset_sigr
[[v] is not present, it shall'be inferred to be 0.

JccSubtreeQpOffsetfns] [nt] [nv] :=
(1 - 2 x ocg~Subtree gp offset sign[ns][nt][nv]) x occ subtree gp offset abs[ns]|

9.2.14.4 State variables

(Qccupancy tree scaling is specified in terms of the following state variable: The
ceQpSubtreeDepth that identifies the tree level where occ_subtree_qp_offset_presentis 1.

o

eDepth

f 0x0x0.

he same

fsets are
tree_qp_

" specify
bression
located
[ns][nt]

nt] [nv]

variable

9.2.14.5 The subtree QP

9.2.14.5.1 General
The subtree QP is specified by the expression OccQp. It is determined for a coded node as:
— when geometry scaling is disabled: 0;

— when the nodeis adirect node at a depth shallower than OccQpSubtreeDepth: specified by 9.

2.14.5.2;

— when the node is at a depth equal to or deeper than OccQpSubtreeDepth: specified by 9.2.14.5.3.
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NOTE The provisions of 9.2.14.2.5 affect evaluations of OccQp during certain nodes.

OccQp :=
—geom scaling enabled 20 :
Dpth 2 OccQpSubtreeDepth ? OccSubtreeQp
occ _direct node ? DnQp : O

9.2.14.5.2 Determination for a direct node before OccQpSubtreeDepth

The subtree QP is specified by the expression DnQp. It is the slice's direct-node QP limited by the

1 L 1. 1 ol -
smalles TOgZ STAlITg VOTUNIC UIMCITSTON:

DnQp :=|Min (dnSliceQp, OccSubtreeQpMax)
where
dnSfliceQp := geom gp + occtree direct node gp offset << geom gp mul log2

9.2.14.5.3 Determination for nodes at or after OccQpSubtreeDepth

The subfree QP is specified by the expression OccSubtreeQp.

OccSubtfeeQp := sliceQp + (OccSubtreeQpOffset[ss][st][sv] << geom gp\mM log2)
where
slifeQp := geom gp + slice geom gp offset << geom gp mul log2
ss = OccSubtreeQpLoc[0]
st = OccSubtreeQpLoc[1l]

sv = OccSubtreeQpLoc[2]

The expression OccSubtreeQpLoc is the subtree root node location in the tree level at depth
OccQpSybtreeDepth for the node at (Ns, Nt, Nv).

OccSubtfeeQpLoc[k] := Nloc[k] >> NodeSizeLog2[k] s0ccScalingVolSizeLog2[k]

9.2.14.53.4 Maximum QP

The majimum QP for a subtree is specified by the expression OccSubtreeQpMax.

OccSubtfeeQpMax := MinVec (OccScalingVor8izelLog2) x 8

It is a|requirement of bitstream conformance that when occ_subtree_qp_offset_present is 1,
OccSubtieeQp shall be in the range-0%: OccSubtreeQpMax.

9.2.14.4 Scaling of a position,component
This sufclause specifies€he scaling of the k-th partially quantized coordinate by the expressions:
— OccPosScaleK(k posk) that clips the scaled position to be within the subtree volume, and

— AngPosScaleK(k, posk) that does not clip the scaled position.

[oN

NOTE When either geom_scaling_enabled or OccNodeQp is 0, the expressions OccPosScaleK(k, posk) an|
AngPosSgaleK(k, posk) are both equal to posk.

The expressions upperPartQ and lowerPartQ represent the upper and lower parts of the partially
quantized coordinate.

osk >> OccScalingVolSizeLog2[k] - OccQpScalelog2

upperPartQ :
0 osk & Exp2(OccScalingVolSizeLog2[k] - OccQpScalelog2) - 1

=P
lowerPartQ := p

The 3-fractional-bit, fixed-point scale factor used to scale the low part is specified by the expression sF.

sF := 8 + (OccNodeQp & 7) << OccNodeQp / 8

The upper and lower parts are scaled as specified by the expressions upperPart and lowerPart.
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upperPart := upperPartQ << OccScalingVolSizeLog2[k]
lowerPart := DivExp2Up (lowerPartQ x sF, 3)

The scaled upper and lower parts are combined to produce the scaled position component:

OccPosScaleK (k, posk)
AngPosScaleK (k, posk)

upperPart | Min(lowerPart, Exp2 (OccScalingVolSizeLog2[k])
upperPart + lowerPart

9.3 Predictive tree

- 1)

9.3.1 General

—

his subclause specifies the reconstruction of point positions from parsed predictive trees. |
'hen geom_tree_type is 1.

<

—

he slice geometry can be represented by a sequence of one or more predictive trees of predic
odes. Every tree node specifies a single position for one or more points. Traversal of a predic
5 in depth-first order.

—

9.3.2 Syntax element semantics

9.3.2.1 Predictive tree

slice_ptree_qp_period_log2_offset specifies an offset to the‘'GPS-signalled period at which pi
tree QP offsets are signalled. When slice_ptree_qp_period_log2_offset is not present, it shall be
tp be 0.

A QP offset is signalled once every Exp2(PtnQpinterval) nodes.
HtnOpInterval := Exp2 (ptree gp period logk\ + slice ptree gp period log2 offset)

ptn_resid_abs_log2_bits[ k] specifies the number of bins used for the fixed-length binarizatio
resid_abs_log2[k].

tree_end_of_slice specifieswhether (when 0) or not (when 1) there is a subsequent predictiv
he DU.

o=

9.3.2.2 Predictivetree node

o~

odes in the predictive trees are numbered and coded according to their position in the de
Faversal order. The semantics specified in this subclause are for the nodeldx-th coded node.

—

The syntax'structure parameter depth is the tree depth of the node.

ptn.qp_offset_abs[nodeldx] and ptn_qp_offset_sign[nodeldx] together specify, when presen

ptn_radius_min specifies the minimm angular radius coordinate for nodes where ptn_pred]

[ applies

Live tree
tive tree

edictive
inferred

h of ptn_

mode is

e tree in

pth-first

t and in

Depn O ffontlnadaldy] o Lot o+l o3 aratr OD

sitions.

rda i+ ad + ala 1t
coraahce— Wit T PO S et TToaCTaxT ,atr O sttto—Tnt SHee BbUlll\le)’ QT Hseato-seate lJUlllL lJ

ptn_qgp_offset_sign specifies whether (when 0) the offset's sign is positive or (when 1) negative. When

ptn_qgp_offset_sign is not present, it shall be inferred to be 0.

PtnQpOffset[nodeldx] :=
(1 - 2 x ptn _gp offset sign[nodeldx]) x ptn gp offset abs[nodeIdx]

The QP for a node is specified by the expression PtnQp[nodeldx].

PtnQp[nodeldx] :=
—~geom scaling enabled 2 0
nodeldx % PtnQpInterval ? PtnQp[nodelIdx - 1]
sliceQp + PtnQpOffset[nodeldx] << geom gp mul log2
where

© ISO/IEC 2023 - All rights reserved

109


https://standardsiso.com/api/?name=458b17f08c948477860ec1b8ac09b16b

ISO/IEC 23090-9:2023(E)

sliceQp := geom gp + slice geom gp offset

It is a requirement of bitstream conformance that PtnQp[i] shall be in the range 0 .. 167 for each node

index i.

ptn_dup_point_cnt[nodeldx] plus 1 specifies the number of points represented by the node. When ptn_
dup_point_cnt[nodeldx] is not present, it shall be inferred to be 0.

ptn_child_cnt_xor1[nodeldx] xor 1 specifies the number of child nodes.

ptn_phi
abs_mi
PtnPhi

azimuth
anticloc
ptn_phi]

PtnPhiM
where
abs

ptn_res
and ptn
compon
(when 0
resid_si
present

PtnResi
where
abs

ptn_sec
with Pt

mul_abs_prefix[nodeldx], ptn_phi_mul_abs_minus2[nodeldx], ptn_phi.mu
us9[nodeldx] and ptn_phi_mul_sign[nodeldx] together specify, in accordanée -wit
ul[nodeldx], an integer number of ptree_ang_azimuth_step_minusl + 1 steps thathform a
prediction residual. ptn_phi_mul_sign specifies whether (when 0) the step change is in t

kwise or (when 1) clockwise direction. Any of ptn_phi_mul_sign, ptn_phi_mulCabs_minus2 g
mul_abs_minus9 that are not present shall be inferred to be 0.

b1l [nodeIdx] := (1 - 2 x ptn phi mul sign[nodelIdx]) x absVal

Val := ptn phi mul abs prefix[nodeIdx]
+ ptn phi mul abs minus2[nodeIdx] + ptn phi mul abs m¥fius9[nodeIdx]

id_abs_gt0O[nodeldx][k], ptn_resid_abs_log2[nodeldx][k],, ptn_resid_abs_rem]|nodeldx][X
| resid_sign|[nodeldx][ k] together specify, in accordance with PtnResidual[ nodeldx][ k], the k-t
ent of the first coordinate-prediction residual. ptn_resid_Sign[nodeldx][ k] specifies whethd

bn[nodeldx][ k], ptn_resid_abs_log2[nodeldx][ k] or pti_resid_abs_rem[nodeldx][k] that are nd
Khall be inferred to be 0.

Jual [nodeIdx] [k] := (1 - 2 x ptn resid sign[nodeIdx][k]) x absVal[k]

Vallk] ptn resid abs gtO[nodeIdx] [Xk]

(Exp2 (ptn_resid abs log2{nodeIdx] [k]) >> 1)
ptn resid abs rem[nodelldx] [k]

+ + |

| resid_abs[nodeldx][k] and ptn_sec_resid_sign[nodeldx][k] together specify, in accordand
hSecResidual[nodeldx][k], the k-th component of the second coordinate-prediction residug

that applies after conversion fremiangular to Cartesian coordinates. ptn_sec_resid_sign[nodeldX

[k] sped
sign[no(

PtnSecR|
(1 -

9.3.3

9.3.3.1

jeldx][ k] is not present it shall be inferred to be 0.
bsidual [nodeIdxl N] :=
b x ptn sec p€s¥d sign[nodeldx] [k]) x ptn sec resid abs[nodeIdx] [k]

Tree traversal for reconstruction of point positions

State variables

the residual's sign is positive or (when 1) negative. Any:of ptn_resid_abs_gt0[nodeldx][ k], ptn_

ifies whether (when 0)(the residual's sign is positive or (when 1) negative. If ptn_sec_resid_

= o

—

— —

The reconstruction of point positions from predictive tree nodes is speciiied in terms of the rollowing
state variables:

— Thearray PtnStack, a stack of ancestor node indexes; PtnStack[dpth] is the node index of the ancestor
at depth dpth in the predictive tree for the current node.

— The variable PtnDepth, indicating the size of the stack of ancestor node indexes and equivalent to
the depth of the current node in its predictive tree.

— The
— The

110

variable Ptnldx, the node index of the current node in the node traversal order.

variable PtnCnt, a count of nodes parsed from the bitstream.
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9.3.3.2 Decoding a sequence of predictive trees

Each predictive tree is decoded according to the recursive application of 9.3.3.3, starting from its root

node:
— At the start of each tree, the stack of ancestor node indexes is empty, PtnDepth = 0.

— The root node of the first tree has node index Ptnldx = 0.

— The index of each subsequent tree's root node is the successor to the index of the last node in the

1. +
PIELTUIlly LI CC.

Hredictive trees are decoded while Ptnldx is less than PtnCnt.

flor (PtnIdx = 0; PtnIdx < PtnCnt; PtnIdx++) {
PtnDepth = 0
. /* decode predictive tree with root node index PtnIdx; see 9.3.3.3.%/

9.3.3.3 Recursive decoding of a subtree
This subclause specifies the reconstruction of a node with index Ptnldx and the remainder of its

1+ The point positions for the node are reconstructed and appended to the output pointlistsas g
by 9.3.4.

—+ The node's index is appended to the stack of ancestor‘niode indexes.

1+ The subtrees for every child node are reconstructed in turn by the recursive applicatio
subclause: the index of the first child node is-Rtnldx + 1; each subsequent child node ind
successor to the last node index of the preceding subtree.

xv]

tnStack[PtnDepth++] = PtnIdx /* push &
tnChildCnt = ptn child cnt xorl[PtnIdx] ~ 1
or (1 = 0; i < ptnChildCnt; i++) {
PtnIdx++
. /* Recursively reconstructsghé i-th child subtree (9.3.3.3) */

(= iO]

oy

fter the node's subtree hassbeen reconstructed, the node is removed from the stack of ances
hdexes.

—

HtnDepth—-—- /* pop *{/
9.3.4 Reconstruction of point coordinates

9.3.4.1 <«General

—

hissubclause specifies the reconstruction of the point positions for a node with index Ptnldx
taDepth of a predictive tree.

~

subtree:

pecified

h of this
bxX is the

tor node

at depth

9.3.4.2 Reconstructed STV coordinates

The node's reconstructed STV coordinates are specified by the expression PtnPos[k]. They are

the sum

of a prediction (predStv) and a scaled residual (residStv), with negative coordinates clipped to 0. The

predicted position is:

— when angular geometry coding is disabled: derived from the reconstructed STV coordinates of

ancestor nodes (9.3.4.6);

— when angular geometry coding is enabled: a conversion from the node's reconstructed
coordinates (9.3.4.5).
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PtnPos[k] := Max (0, predStv[k] + residStv[k])
where
predStv[k] := geom angular enabled ? PtnAngStv([k] : PtnPred[k]

The scaled STV coordinate residuals, specified by residStv[ k], are:

— coded by the node's first residual when angular geometry coding is disabled, and by its second
residual when enabled; and

— scaled by the 3-fractional-bit, fixed-point, geometry scale factor specified by the expression sf for
the pode's QP; scaling shall round to the nearest integer with half-values rounded up

residSty[k] := DivExp2Up (resid[k] x sf, 3)
where
sf = 8 + (PtnQp[PtnIdx] & 7) << PtnQp[PtnIdx] / 8
resfid[k] := geom angular enabled ? PtnSecResidual [PtnIdx] [k]

: PtnResidual [PtnIdx] [k]

9.3.4.3 | Reconstructed RPI node coordinates

When angular geometry coding is enabled, the node's reconstructed RPI coordihates are specified bly
the exprfession PtnAng[k]. They are the sum of an angular coordinate prediction (9.3.4.6) and a residug
(residAng).

—_—

It is a r¢quirement of bitstream conformance that PtnAng[2] shall be’in the range 0 .. num_beamg_
minus1.

PtnAng[k] := PtnPred[k] + residAngl[k]

The residual RPI coordinates specified by residAng[k] are the sum of the coded primary residual and p
@-comppnent offset, phiOffset.

residAnp[k] := PtnResidual [PtnIdx] [k] + (k ==(2"? phiOffset : 0)
where
phipffset := PtnPhiMul [PtnIdx] x (ptregeyang azimuth step minusl + 1)

9.3.4.4 | Points represented by a node

[72)

The rec¢nstructed STV and, if applicable, RPI point coordinates are appended to the output point list
PointPod and PointAng for each pointiepresented by the node.

for (1 £ 0; 1 < ptn _dup podntZcnt[PtnIdx]; i++, PointCnt++)
for (k = 0; k < 3; k+t)\{

PoihtPos[PointCnt] [K]/= PtnPos[k]
if |(geom angular_efiabled)
PpintAng[Poin{Cnt] [k] = PtnAnglk]

9.3.4.5 | Predicted STV coordinates for angular coded geometry

When apgular geometry coding is enabled, the node’s RPI coordinates are converted to Cartesian STV
coordinates, as specified by PtnAngStv[K], Tor prediction of the coded position.

PtnAngStv[k] := AngularOrigin[k] + (
k == 0 ? DivExp2Fz (p x IntCos (¢, ptree ang azimuth pi bits minusll + 11), 24)
k == 1 ? DivExp2Fz (p x IntSin(¢, ptree ang azimuth pi bits minusll + 11), 24) :
== 2 ? DivExp2Fz (DivExp2Fz (BeamElev[i] x p, 15) - BeamOffsetVI[i], 3) : na)
where
o := PtnAng[0] << ptree ang radius scale log2
¢ := PtnAng[l]
i := PtnAngl[2]
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9.3.4.6 Prediction from ancestor nodes

Node coordinates can be predicted from up to three ancestor nodes. Depending upon whether angular
geometry is enabled or disabled, the prediction is for either RPI or STV coordinates. The coordinates of
the parent, grandparent and great-grandparent nodes are specified by ptnP[k], ptnG[k] and ptnU[k],
respectively.

ptnP[k] = PtnRef[1] [k]
ptnGlk] := PtnRef[2] [k]
ptnU[k] := PtnRef[3] [k]
HtnRef [ancestor] [k] := geom angular enabled ? PointAng[ptIdx][k] : PointPos[ptIdx{k]
where
ptIdx := PtnStack[PtnDepth - ancestor]
The predicted coordinates, specified by PtnPred|[k], are:

-+ when the prediction mode is 0 and if angular geometry is:
— disabled, the origin (0, 0, 0);

— enabled, a coordinate specified by predAngMode0[k] whose-g~component is ptn_radjius_min,
and whose @- and i-components are the same as the parentnode, or zero if the predicted node
is the root node of a predictive tree.

—+ when the prediction mode is 1, the coordinates of the pat€nt node;

-+ when the prediction mode is 2, the coordinates of the parent node, translated by the vector from the
second to first ancestor;

+ when the prediction mode is 3, the coordinate§ of the parent node, translated by the vector from the
third to the second ancestor.

HtnPred[k] :=
predMode == 0 && geom angular emapled ? predAngModel [k]
predMode == 0 ? 0 :
predMode == 1 ? ptnP[k]
predMode == 2 ? ptnP[k] +/ptnP[k] - ptnGlk]
predMode == 3 ? ptnP[k] +wtnG[k] - ptnU[k] : na
where
predMode := ptn pred-~mode[PtnIdx]
dredAngModeO[k] :=
k=20 ? ptn Jradius min :
PtnDepth > 0 ?<pLnP[k] : 0

10 Slice attributes

10.1 General

—

his ‘elause specifies the reconstruction of a single slice attribute for the coded slice geomdtry. The

recanstructed attribute values are stored in the array PointAttr.

10.2 Point coordinates

10.2.1 General

Attribute coding can use either the slice's reconstructed STV point positions or the points' scaled
angular coordinates.

The expression AttrPos|ptldx][ k] specifies the coordinates of each point for attribute coding:

— When attr_coord_conv_enabled is 0, AttrPos is equivalent to PointPos.
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— Otherwise, AttrPos[ptldx][ k] are angular point coordinates as specified by 10.2.2.

AttrPos[ptIdx] [k] := attr coord conv enabled
? AttrPosAng[ptIdx] [k]
: PointPos[ptIdx] [k]

10.2.2 Conversion to scaled angular coordinates

The conversion is specified by the expression AttrPosAng|[ptldx][k]. The point's angular coordinates
shall be offset by the minimum angular coordinates and scaled. Any negative coordinate after
conversjon shall be clipped to U.

AttrPosphng[ptIdx] [k] := DivExp2Up (relPos x attr coord conv_scalelk], 8)
where
relpPos := Max (0, PointAng[ptIdx][k] - minAng[k])
minfng[k] := geom tree type == 1 && k == 1
?| -Exp2 (ptree ang azimuth pi bits minusll + 10)
H R

It is a rejquirement of bitstream conformance that attr_coord_conv_scale shall not cause any converted
coordingite, AttrPosAng[ptldx][k], to be greater than Exp2(MaxSliceDimLog2) ~~I<

10.3 Syntax element semantics

10.3.1 Attribute data unit coefficients

The array AttrCoeff, with elements AttrCoeff|coeffldx][c], :conitains transform coefficient values.
Elementfs of the array shall be initialized to zero.

zero_rzE_length_prefix, zero_run_length_minus3_div2, zero_run_length_minus3_mod2 an{d
zero_run_length_minus11 together specify, in accordance with the expression ZeroRunLength, thie
number|of consecutive transform coefficient tuples-with all components equal to zero. Any of zerd_
run_length_minus3_div2, zero_run_length_minus3_mod2 and zero_run_length_minus11 that are nqt
present ghall be inferred to be 0.

ZeroRunfength := zero run length prgfix

+ 2 x zeroirunilengzhiminus37div2 + zero_run_length minus3 mod2
+ zerp run length minusll

10.3.2 Attribute coefficient tuples

Attribute coefficient values-are signalled for a coeffldx-th coefficient tuple when at least one componerjt
is not equal to zero.

=

coeff alps[c] and.Coeff_sign[c] together specify the c-th transform coefficient componer
AttrCoefff| coeffldx][c]. coeff_sign[c] specifies whether (when 0) the coefficient's sign is positive g
(when 1) negative. If coeff_sign[c] is not present, it shall be inferred to be 0.

—

The coefficients of the coeffldx-th tuple are specified by the derivation of AttrCoeff:

for (¢ = 0; ¢ < AttrDim; c++) {
absVal = coeff abs[c]

if (¢ == AttrDim - 1)
if (AttrDim == 1
|| AttrDim == 2 && coeff abs[0] == 0
|| AttrDim == 3 && coeff abs[0] == 0 && coeff abs[l] == 0)
absVal++
AttrCoeff[coeffIdx][(c + 1) % AttrDim] = (1 - 2 x coeff sign[c]) x absVal

}

NOTE When a point is eligible for direct prediction, the LSBs of coeff_abs encode the direct predictor mode.
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10.3.3 Raw attribute values

023(E)

raw_attr_component_length, when present, specifies the length in bytes of each syntax element raw_

attr_value.

raw_attr_value[ptldx][c] specifies the attribute value for the c-th component of the ptldx-th point
in canonical point order. The length in bits of each syntax element is specified by the expression

RawAttrValueBits.

RawAttrValueBits := raw attr width present

o — — .
T O W _aCcCr COmMPOUITTITC  TrolirgcIir

: AttrBitDepth

10.4 Raw attribute decoding

This subclause applies when attr_coding_type is 3.

s

ttribute values shall be set equal to the corresponding raw_attr_value syntax)elements.

flor (ptIdx = 0; ptlIdx < PointCnt; ptIdx++)
for (c = 0; ¢ < AttrDim; c++)
PointAttr([ptIdx][c] = raw attr value[ptIdx] [c]

10.5 Attribute decoding using the region-adaptive hierarchical transform

10.5.1 General

]

he region-adaptive hierarchical transform specified-by 10.5 is a recursive two-point tranj
applies when attr_coding_type is 0.

The transform constructs a spatial tree of 3D.transform blocks using the slice geometry (10.5.|
viectors are calculated for each application.gf-the transform, weighted in proportion to the sigy
df each coefficient. A transform domain prediction process predicts AC coefficients from|
doefficients of certain adjoining blocks.

—

he reconstruction process is spécified for a single attribute component Cidx € 0 .. AttrDim - 1.
y:

jow

- mapping coded coefficients to the transform tree (10.5.3); and

- scaling the coded'coefficients (10.5.4).

Then in turn for-@ach level, starting from the root of the transform tree (Lvl = RahtRoot|
droceeding dewn'the tree until completing level 0:

- perfofming transform domain prediction of coded coefficients (10.5.5); and

- applying the inverse transform (10.5.6)
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10.5.2 Transform tree

10.5.2.1 General
The tree of transform bocks is defined recursively:

— Intreelevel 0, each block groups together points with identical attribute coordinates.

— Each subsequent tree level I shrinks the preceding level I - 1 by a factor of two in each dimension;

each 2x2x2 block groups together up to eight blocks from the preceding level.
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An example tree is illustrated in Figure 18. The points a to f are grouped into blocks according to their
attribute coordinates: C groups together c, d and e. The weight of each block is the number of points
spanned by the block (10.5.2.3): C has a weight of 3; B with a weight of 5 groups together C, b and f; A
with a weight of 6 groups together B and a.

Key

atof
AtoC

1tog

10.5.2.2

The RAHT tree is specifiedin terms of the following state variables:

116
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0 [

o
N}
L
w

RahtCoeff

points

transform blocks

transform coefficients at input to inverse transform\for labelled block
inverse transformed coefficient

inherited DC coefficient (See RahtDcCoeff)

coefficient weights (See RahtCoeffWeightM)

Figure 18 — Example RAHT tree, block weights and transform structure

State variables

sparse arrayRahtCoeff of transform block coefficients; RahtCoeff[Ivi][bs][bt][bv][i] is the i-t
ficient for.the block located at (bs, bt, bv) in transform level Ivl. Unset elements shall be inferre
e 0.

[oFp-y

nldx

arftay RahtBlkLoc of transform block locations; RahtBlkLoc[Ivl][nldx][k] is the location of thle
-th’coded block in transform level Ivi.

The

array RahtBIkCnt of node counts per tree level; RahtBlkCnt[Ivl] is the number of blocks in

transform level Ivl.

The

variable RahtLvICnt, the number of transform levels.
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10.5.2.3 Transform block weight

The weight of the DC transform coefficient for a block located at (bs, bt, bv) in transform level vl is
specified by the expression RahtBlkWeight[Ivi][bs][bt][bv]. It is equal to the number of points that the
coefficient applies to.

NOTE1 The sum of all block weights in any transform level is equal to the number of coded points (PointCnt).

NOTE 2  Ablock's weight is equal to the sum of its child block weights.

P LD 1l l-T] ng%['\vy'\] b ][k%][k ] P

RahtBlkWeight 0

for (ptIdx = 0; ptIdx < PointCnt; ptIdx++)
RahtBlkWeight += isPointInSubtree[ptIdx]

r
T

where
isPointInSubtree [ptIdx] =
bs == AttrPos[ptIdx][0] >> 1vl
&& bt == AttrPos[ptIdx][1l] >> 1lvl
&& bv == AttrPos[ptIdx][2] >> 1lvl

10.5.2.4 Number of transform levels and per-level block order

The root node of the transform tree is the lowest block in the tree évith a DC coefficient that spans the
gntire geometry; i.e. it has a weight equal to the number of coded‘points, PointCnt.

The tree level containing the root node is RahtRootLvl:
HahtRootLvl := RahtLvlCnt - 1

Vithin a transform level, blocks are ordered for coefficient coding by ascending Morton-codgd block
pcation, as specified by the derivation of RahtBlkLoc. Empty blocks are ignored.

_—

flor (RahtLv1lCnt = 0; !done; RahtLv1Cnt+4#)
for (mIdx = 0, nIdx = 0, wSum = 0; wSum < PointCnt; mIdx++) {
(bs, bt, bv) = FromMorton (mIdx)

wSum += RahtBlkWeight [RahtLvA€nt] [bs] [bt] [bv]
if (RahtBlkWeight [RahtLvlienty[bs] [bt] [bv] == 0)
continue

RahtBlkCnt [RahtLv1Cntiy=+

RahtBlkLoc [RahtLvlCrnt)] [nIdx] [0] = bs
RahtBlkLoc [RahtLviCnt] [nIdx] [1]
[

= bt
RahtBlkLoc [RahtLwlCnt] [nIdx] [2] = bv
nIdx++
done = RalitBTkWeight [RahtLvlCnt] [bs] [bt] [bv] == PointCnt

10.5.2.5-2%2x2 transform block coefficient weights

t trpnsform
brHm]; the

Transform coefficient weights are specified for each directional stage of the two-poin
.
T

f DaeDseD) & £, Ll 1 I +h 3 Robsl LA it AL LI o W bhcllhel
Ul [“EaY “Ear ] LI dIISIUTL 11 UIUCRS U_y LIICT CAPICDDIUII uulu.,uucl_/ VVClyllblVlLlVlJlDLMyCJlUDJLULJ

parameter(s):

— bs, bt and bv specify a transform block location in tree level Ivi, vl > 0;

— m specifies the transform coefficient index in forward transform stage stage.

RahtCoeffWeightM[1lvl] [stage] [bs] [bt] [bv] [m] := RahtCoeffWeight[lvl] [stage][s][t][V]
where
s := 2 x bs + FromMorton[m] [0]
t := 2 x bt + FromMorton[m] [1]
v := 2 x bv + FromMorton[m] [2]
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Within a block, coefficient weights are determined iteratively starting from its child block weights
(stage 0) to the transform block coefficient weights of stage 3. At each transform stage and for each pair
of inverse-transformed values a and b, the weight for the DC (wL) and AC (wH) coefficient is the sum of
the weights for a and b. If the weight for either a or b is 0, the AC coefficient weight is 0.

The expression RahtCoeffWeight[Ivl][stage][s][t][v] specifies the derivation of a weight in transform
stage stage for the coefficient corresponding to the block located at (s, ¢, v) in tree level Ivi - 1.

RahtCoeffWeight[1lvl] [stage] [s][t] [Vv] :=

stage == 0 ? RahtBlkWeight[lvl - 1] [s][t][V]
Staj\—, —_— P WL[U] [u] [l] n WH[U] [u][ 1]
stape == 2 ? t $ 2 == 0 ? wL[O][1][0] : wH[O][-1][O] =
stape == 3 ? s $ 2 == 0 2 wL[1][O][O0] : wH[-1][O0]J[O] : na
where
wL[fs] [dt] [dv] := wSum[ds] [dt] [dV]
wH[fs] [dt] [dv] := wSum[ds] [dt] [dv] x wHnz[ds] [dt] [dv]
wSup[ds] [dt] [dv] := wP[s][t][v] + wP[s + ds][t + dt][v + dv]
wHnk [ds] [dt] [dv] := wP[s][t][v] x wP[s + ds][t + dt]l[v + dv] > 0
wP[p]l[t][v] := RahtCoeffWeight[lvl][stage - 1][s][t][V]

NOTE RahtBlkWeight[IvI][s][t][v] = RahtCoeffWeight[IVI][3][2 x s][2 x t][2 x v]; Ivi&0:

[72)

In the example of Figure 18, block B has stage 0 coefficient weights of 1, 3 and’1; stage 1 and 2 weight
of 1, 4 apd 1; and stage 3 weights of 5, 4 and 5. RahtCoeffWeight[1][1][3][0J}2] would be 4.

10.5.3 [oefficient order

10.5.3.1 General

This suljclause specifies the correspondence between codéd transform coefficients and the transform
tree.

Starting from the root of the transform tree and\proceeding in breadth-first order, coefficients are
coded fdr each transform block; all transform blocks within one tree level are coded before those of thie
next level. Within a tree level, blocks shall be traversed in ascending Morton order of block location.

[72)

The order of coefficients within a transfonm block is specified by 10.5.3.2 for 2x2x2 blocks (tree level
greater than 0) and 10.5.3.3 for blocks of co-located points (tree level 0).

The mapping from the coded order to the transform tree is specified in terms of the following variables:
— Lvi, the index of the mapped transform level;

— Coeffldx, the index into the decoded coefficient array AttrCoeff for the next mapped coefficient.

CoeffIdk = 0
for (Lv[L = RahtkyiCnt; Lvl =2 0; Lvl-—-) {
if (Ll > 0)N\%
.. /F See~1N0.5.3.2 */
} elsg ¢
. /F&8re 10.5.3.3 */

}
}

10.5.3.2 Mapping for a tree level of 2x2x2 transform blocks
This subclause applies to tree levels greater than 0.

For each 2x2x2 transform block, up to 7 AC coefficients are mapped from the bitstream to coefficient
indexes within the block. In the case of the root transform block, the DC coefficient is additionally
mapped.

Table 28 specifies the order in which transform block coefficients are coded; RahtCoeffOrder([i] is the
block index of the i-th coded coefficient.
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Only coefficients with a non-zero transform coefficient weight are coded.

Table 28 — 2x2x2 RAHT coefficient coding order

i 0|12 |3 ]4]|5
RahtCoeffOrder[i] | 0 | 4 | 2 | 1 | 6 | 5 | 3

for (nIdx = 0; nIdx < RahtBlkCnt[Lvl]; nIdx++) {

bs = RahtBlkLoc[Lvl] [nIdx][0]
bt = RahtBlkLoc[Lvl] [nIdx][1]
bv = RahtBlkLoc[Lvl] [nIdx] [2]

for (i = 0; 1 < 8; i++) {
/* skip the DC coefficient that will be inherited */
if (1 == 0 && Lvl < RahtRootLvl)
continue

if (RahtCoeffWeightM[Lv1l] [3] [bs] [bt] [bv] [RahtCoeffOrder[i]] > O0)
RahtCoeff[Lvl] [bs] [bt] [bv] [RahtCoeffOrder[i]] = AttrCoeff[COeffIdx++][Cidx]

10.5.3.3 Mapping for co-located points
This subclause applies to the final tree level (Lvl == 0), after-all other tree levels have been mapped.

Hach transform block with a node weight w greater than 1 codes w - 1 AC coefficients with the same
attribute coordinates.

flor (nIdx = 0; nIdx < RahtBlkCnt[0]; nIdx++)\ Y
ns = RahtBlkLoc[0] [nIdx] [0]
nt RahtBlkLoc[0] [nIdx] [1]
nv RahtBlkLoc[0] [nIdx] [2]

for (i = 1; 1 < RahtBlkWeight[Q] [nxs] [nt] [nv]; i++)
RahtCoeff[0] [ns] [nt] [nv] [1], #ttrCoeff[CoeffIdx++] [Cidx]

10.5.4 Coefficient scaling

10.5.4.1 General

This subclause specifies the scaling of coded coefficients for a block located at (Bs, Bt, Bv) in tree level
Lvl. It shall be applied to every block in every tree level in any order.

]

F a regional(QP offset is present (i.e. attr_region_cnt > 0), a tree (10.5.4.4) is specified that blends QP
ffsets alang region boundaries according to the structure of the RAHT tree.

o

10.5,4.2 For a transform block

Within a transform block, coded coefficients shall be scaled according to a per-coefficient QP. The DC
coefficient is not scaled except when coded in the root node of the transform tree.

mCnt := Lvl > 0 ? 8 : RahtBlkWeight[O0] [Bs] [Bt] [Bv]
for (m = 0; m < mCnt; m++) {
/* skip the DC coefficient that will be inherited */

if (m == 0 && Lvl < RahtRootLvl)
continue
RahtCoeff[Lvl] [Bs] [Bt] [Bv] [m] = RahtCoeffScaled[Lvl] [Bs] [Bt] [Bv] [m]

}
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The scaling of the m-th coded coefficient of a transform block located at (bs, bt, bv) in tree level vl is
specified by the expression RahtCoeffScaled|Ivl][bs][bt][bv][m]: it is scaled by the fixed-point step size
AttrQstep[gp] (10.7.4) and represented as a 15 fractional-bit, fixed-point coefficient value.

RahtCoe
where
coe

apP

ffScaled[1lvl] [bs] [bt] [bv][m] := coeff x AttrQstep[gp] << 7
ff := RahtCoeff[lvl] [bs] [bt] [bv] [m]
:= RahtCoeffQp[lvl] [bs] [bt] [bv] [m]

10.5.4.3 Per coefficient QP

The exp
block lo

— rgn
— dpth
RahtCoe

where

dpt
rgn

10.5.4.4

The intg
specifie

— bs, H

— m specifies the transform coefficient index from thefinal forward transform stage.

RahtTre
1vl

where
ms

mt [
mv [

The fixg
specifie

— For

— For
turri

"ession RahtCoeffQp[IvI][ bs][bt][bv][m] specifies the QP for the m-th coefficient of the transfory
rated at (bs, bt, bv) in tree level IV for the Cidx-th attribute component:

Dffset[qc] is the per-coefficient offset from the region-dependent QP offset tree.

is the depth of the transform block in the RAHT tree.
FfOp[1lvl] [bs] [bt] [bv] [m] := AttrQpl[dpth] [rgnOffset] [Cidx > 0]
h := RahtRootLvl - 1vl

Dffset[gc] := RahtTreeQpOffsetM[lvl] [bs] [bt] [bv][m] [gc]

Region-dependent QP offset tree

ger, averaged region-dependent QP offset for each coefficient of a 2x2x2 transform block i
l by the expression RahtTreeQpOffsetM[Ivl][bs][bt][bv][m]. The parameter(s):

t and bv specify a transform block location in tree level Iv];

EQpOffsetM[1vl] [bs] [bt] [bv] [m] :=
== 0 ? RahtTreeQpOffset[ 0][3][bs][Dbt][bv][gc] >> 4
: RahtTreeQpOffset[lvl] [3] [m&Pmt] [mv] [gc] >> 4

2 x bs + FromMorton[m] [0]
2 x bt + FromMorton[m][1]
2 x bv + FromMorton[m] [2]

d-point, region-dependent QP offset tree is structurally identical to the transform tree. It i
1 recursively for a QP component qc by RahtTreeQpOffset[IVI][s][t][v][qc]:

tree level 0, the offset is the regional QP offset for a point with attribute coordinates (s, ¢, v).

each subsequent'tree level [, a 2x2x2 block of QP offsets is averaged for each transform stage i
. Each QP offSet in a block at stage 0 is that of the DC transform block coefficient for a child bloc

int

Within g bleck; each subsequent transform stage averages, along the transformed axis, adjacent pairs ¢
QP offseftsfrom the preceding stage that have a non-zero transform coefficient weight. For a pair of QP

e preceding level - 1.

=l

[72)

a and b with respective weights wa and wb:

— The weight for the corresponding DC coefficient is a + b divided by 2 if wa and wb are non-zero, or 1
otherwise.

— The

weight for the corresponding AC coefficient is b if wa and wb are non-zero, or 0 otherwise.

Averages shall be calculated using four fractional bits.

RahtTreeQpOffset[lvl] [stage] [s][t][Vv][gc] :=

1lvl == 0 ? RahtRegionQpOffset([qgs][gt][gv][gc] << 4 :

stage == 0 ? RahtTreeQpOffset[lvl - 1][3][2 x s][2 x t][2 x v][qgc]
stage == 1 2?2 v $ 2 == 0 2 gpL[O0][0][1] : gpH[O][O][-1]

stage == 2 ? t & 2 == 0 ? gpL[0][1][0] : gpH[O][-1][0]

120
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stage == 3 ? s $ 2 == 0 2?2 gpL[1][0]([0] : gpH[-1][0][0] : na

where
gpL[ds] [dt] [dv] = gpSum[ds] [dt] [dv] >> gpHnz[ds] [dt] [dV]
geH[ds] [dt] [dv] := gpC[s][t]([v] x gpHnz[ds] [dt] [dv]
gpSum[ds] [dt] [dv] := gpCls][t][v] + gpCl[s + ds][t + dt][v + dv]
gpHnz [ds] [dt] [dv] := wC[s][t][v] x wC[s + ds][t + dt][v + dv] > O
geCls][t] [Vv] = RahtTreeQpOffset[lvl][stage — 1][s][t][v]I[gc]
wC[s][t] [V] = RahtCoeffWeight[lvl][stage - 1][s][t][V]

An example tree is illustrated in Figure 19 for the transform tree of Figure 18. The hatched area has a
regional QP offset of +6; co-located points c, d and e have an offset of +6; points b and f, 0. In block A,
the stage 3 QPs are used to scale the transtorm coefficients. For the coellicient at m = U, 3%, jhe QP is
the mean of the stage 2 QPs 1% and 6; for the coefficient at m = 4, it is 1%. Scaling of coefficient|uses the
ihteger part of the fractional QP.

RahtTreeQpOffset RahtRegionQpOffset
=1 vl=0 \
b
4 v
O]«—e
f 2 Slol~—d v Jolo.
£ 37 3 ol glo~—c¢ 6.1 f
/ ~ b i Led___Jes
a
0 Ly
| ———
A B C 0 2 4 B
Key
Htof points (See Figure 18)
Ato C transform blocks (See Figure 18)
X transform coefficients at input to inverse transform for labelled block
9 inverse transformed coefficient
° inherited DC coefficient (See RahtDcCoeff)

oftos QP values (See RahtTreeQpOffset)

Figure 19'= Example region-dependent QP offset tree

10.5.5 Transform domain prediction

10.5.5.1 General

—

his subclaus@applies when raht_prediction_enabled is 1. It specifies the transform domain prjediction
br a block Ioeated at (Bs, Bt, Bv) in tree level Lvl. It shall be performed for every eligible block (10.5.5.2)
h the treelevel, in any order, by:

— —y

- generating a prediction block (10.5.5.4);

— welghting the values of the prediction block (10.5.5.5) and applying the forward transtorm (10.5.5.6);
— adding the resulting AC transform coefficients to the coefficient residuals in the coefficient tree.

The prediction block and its transform is specified in terms of the eight-element array RahtPredBlk;
RahtPredBIk[m] is the prediction block value for the Morton-coded location m.

if (RahtPredkEligible[Lvl] [Bs] [Bt][Bv]) {
for (m = 0; m < 8; m++)
RahtPredBlk[m] = RahtPredW[m]
. /* in-place, forward transform of RahtPredBlk (10.5.5.6) */

for (m = 1; m < 8; m++)
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RahtCoeff[Lvl] [Bs] [Bt] [Bv] [m] += RahtPredBlk[m]

10.5.5.2 Eligibility

When enabled, transform domain prediction shall be performed for 2x2x2 transform blocks unless the
block:

— istheroot of the transform tree;

— hasfan ancestor, except the root block, that is adjoined by fewer than raht_prediction_subtrée, mip
nontempty blocks.

ot

The expression RahtPredEligible[IVI][bs][bt][bv] specifies whether the transform bleek located 4
(bs, bt, Bv) in tree level vl is eligible.

RahtPrefiEligible[1lvl] [bs] [bt] [bv] := raht prediction enabled
&& vl > 0
&& [Lvl < RahtRootLvl
&& RahtNeighCnt[1lvl] [bs] [bt] [bv] 2 raht prediction samples min
&& RahtNeighCntMinAncestor[lvl] [bs] [bt] [bv] 2 raht predictionbsubtree min

10.5.5.3 Adjoining blocks

A predigtion block is generated from up to 19 transform blockS<¢that contain a DC coefficient: the ca
located block and those that adjoin the predicted block by a face'or an edge.

The expression RahtNeighCnt[IVI][bs][bt][bv] is the numbét of non-empty blocks that can be used tp
predict the block located at (bs, bt, bv) in tree level Ivl.

RahtNeiphCnt [1v1l] [bs] [bt] [bv] := SumN19[neighWeightGtO]
where
neighWeightGtO[ds] [dt] [dv] := RahtBlkWeight[lvl][bs + ds][bt + dt][bv + dv] > 0

The exgression RahtNeighCntMinAncestorx[Ivl][bs][bt][bv] is lowest value of RahtNeighCnt for anl
ancestor of the block located at (bs, bt, bvYin tree level lvl. In determining eligibility, the root node sha
be considered to have 19 adjoining blocks.

—<<

RahtNeiphCntMinAncestor [1v1]([bs] [bt] [bv] :=
1vl| >= RahtRootLvl - 1=2,19 : Min(neighCntP, minAncestorCnt)

where
neiphCntP := RahtNeighCnt[lvl + 1][bs / 2][bt / 2][bv / 2]
minfncestorCnt := RahtNeighCntMinAncestor[lvl + 1][bs / 2][bt / 2][bv / 2]

The expfession SumN19[expr] sums the result of applying expr to the relative tree location of each of
the 19 ppssible adjacent blocks.

SumN19 [gxpr] =
SumN1p ~ 0
for (Hs== —1: ds < 1: ds++)
for (dt = -1; dt < 1; dt++)
for (dv = -1; dv < 1; dv++)

1
if (Abs(ds) + Abs(dt) + Abs(dv) < 3)
SumN19 += expr[ds] [dt] [dv]

10.5.5.4 Upsampling

10.5.5.4.1 Normalized DC values

The samples used to generate an upsampled prediction block are transform-block DC coefficients
(10.5.6.2) normalized by their weight as specified by RahtDcNorm; RahtDcNorm|[Ivl][bs][bt][bv] is the
sample value for the block located at (bs, bt, bv) in tree level IvL.
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RahtDcNorm[lvl] [bs] [bt] [bv] :=
DivExp2Fz ( (coeff >> wShift) x (IntRecipSqrt(w) >> 25 - wShift), 30)
where

w := RahtBlkWeight[lvl] [bs] [bt] [bV]
coeff := RahtDcCoeff[lvl] [bs] [bt] [bV]
wShift := w > 1024 ? IntLog2(w — 1) >> 1 : O

10.5.5.4.2 Exclusion of adjoining blocks

Adjoining blocks shall be excluded from the upsampling process if either their weight is zero or the

— less than or equal to 0,2 times that of co-located block; or

— greater than or equal to 2,5 times that of the co-located block.

The expression RahtPredExcluded|[ds][dt][dv] specifies whether the block with relative |location
(ds, dt, dv) is excluded from contributing to the upsampled prediction of the block’(Bs, Bt, Bv).
RahtPredExcluded[ds] [dt] [dv] :=

Cidx == 0 ? empty || sample < limitMin || sample 2 limitMax

. /* Value of RahtPredExcluded[ds] [dt] [dv] for\Cidx == 0 */
where

empty := RahtBlkWeight[Lvl] [Bs] [Bt] [Bv] == 0

sample := 10 x RahtSample[Lvl][Bs + ds][Bt + dt][Bv M\dv]

limitMin := 2 x RahtSample[Lvl] [Bs] [Bt] [Bv]

limitMax := 25 x RahtSample[Lvl] [Bs] [Bt] [Bv]

[

0.5.5.4.3 Upsampled prediction block

he samples of the 2x2x2 prediction block are the;weighted averages of the adjoining blocks' nofmalized
C values. For each sample, the weight for the adjoining block depends upon the relative positiops of the
lock and the sample location.

o ol aw |

he expression RahtPred[m] specifies thevalue for the Morton-coded sample location m; wherg:
4+ SumN19[w] is sum of the weiglit'of each adjoining block;
4+ SumN19[wNeigh] is the suni of the weighted normalized DC values for each adjoining blockj

—+ the 15 fractional-bit, fixed-point reciprocal of the sum of weights, RahtPredRecipW[x] is spefified by
Table 29.

NOTE Samples_tliat correspond to child blocks with block weights equal to zero do not contribyte to the
upsampled predietion block.

RahtPred[m} %= SumN19[wNeigh] x RahtPredRecipW[SumN19[w]]
where
w(dsi¥dt] [dv] := RahtPredExcluded[ds] [dt] [dv] ? 0 : RahtPredWeight[ds] [dt] [dv] [fn]
wNedgh[ds] [dt] [dv] := w[ds][dt] [dv] x RahtDcNorm[Lvl] [Bs + ds][Bs + dt][Bs + dv]

The expression RahtPredWeight[ds][dt][dv][m] is the weight to be applied to the normalized PC value
of the block with relative tree location (ds, dt, dv) for the Morton-coded prediction block sample location
m. The weight shall be 4 for the co-located block, 2 for blocks that adjoin by a face and 1 for blocks that
adjoin by only an edge.

RahtPredWeight [ds] [dt] [dv] [m] := (m & adjMask) == adjLoc ? weight : O
where
weight := 4 >> (ds # 0) + (dt # 0) + (dv # 0)
orton(ds # 0, dt # 0, dv # 0)

adjMask :=

M
adjLoc Morton(ds > 0, dt > 0, dv > 0)
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Table 29 — Values of RahtPredRecipW|x]

b.¢ 0 1 2 3 4 5 6 7 8 9
RahtPredRecipW[x] 8192 | 6554 | 5461 | 4681 | 4096 | 3641 | 3277 | 2979 | 2731 | 2521

10.5.5.5 Weighted prediction block

The forward transform of an upsampled prediction block shall use weighted sample values. Each
sample shall be weighted by its corresponding transform coefficient weight. The weighted sample value
is speciffedby RuttPredit i forthe blocktocatedat (B, Bt B imrtree tevet vt

RahtPrefiW[m] := DivExp2Fz (RahtPred[m] x w, 15)
where
w :f IntSgrt (RahtCoeffWeightM[Lv1][0] [Bs][Bt][Bv][m] << 30)

10.5.5.4 Forward transform for a 2x2x2 block prediction block

The forward transform for a 2x2x2 prediction block comprises transforming pairs-of Coefficients alonjg
each axik.

First, algng the V axis:

rahtFwd[LD[2
rahtFwdLD[2
rahtFwd[LD[2
rahtFwd[D[2

Second, plong the T axis:

rahtFwdD[1] [0] [
rahtFwdllD[1][1][
rahtFwdllD[1][4] [
rahtFwdD[1] [5] [

Third, along the S axis:

rahtFwd[lD[0] [0] [
rahtFwd[ID[0] [1] [
rahtFwd[D[0][2] [
rahtFwd[lD[0] [3] [

(s

The explression rahtFwd1D[k][aldx][bldx] specifies the invocation of the in-place, forward, two-poir
transform for the aldx-th and-bldx-th coefficients along the k-th axis.

rahtFwd[lD[k] [aldx] [bEdX] := RahtFwd(aCoeff, bCoeff, wa, wb)
where
aCopff := RahtPredBlk[aldx]
bCopff := REREPredBlk[bIdx]
wa = RahtGoéffWeightM[Lvl] [stage] [Bs] [Bt] [Bv] [aldx]
wb = RahtCoeffWeightM[Lvl] [stage] [Bs] [Bt] [Bv] [bIdx]
stapeS="'2 - k

10.5.5.7 Forward two-point transform

This subclause specifies the in-place, forward, two-point transform RahtFwd(aCoeff, bCoeff, wa, wb). Its
parameters are:

— the expressions aCoeff and bCoeff that identify the coefficients to be transformed in-place;
— the weights wa and wb that are the coefficient weights for aCoeff and bCoeff, respectively.

NOTE The specification of the forward two-point transform applies only to prediction blocks for the
reconstruction of point attributes.

The transform basis vectors 15-fractional-bit, fixed-point coefficients a and b:
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IntSgrt (wa << 30) x IntRecipSgrt(wa + wb) >> 40
IntSgrt(wb << 30) x IntRecipSqgrt(wa + wb) >> 40

a :
b :

If both wa or wb are 0, the transform result is:

if (wa == 0 && wb == 0)
yl = vh =0

If either wa or wb is 0, the transform result is:

if (wa == 0 || wb == 0) {

_Yl = WwWd U . ClCUCJr:J. . lJN\JCJ.Jr:
yvh = 0
}
NOTE If either wa or wb is zero, the respective opposing coefficient b or a is not necessarily, 215.

(Qtherwise (both wa and wb are greater than 0), the transform result is:

idf (wa # 0 && wb # 0) {
vl DivExp2Fz (aCoeff x a, 15) + DivExp2Fz (bCoeff x b, 15)
vh DivExp2Fz (bCoeff x a, 15) - DivExp2Fz(aCoeff x b, 15)

The transform result replaces the input coefficients:

Coeff

E at
HCoeff

vh

10.5.6 Inverse transform

10.5.6.1 General

his subclause specifies the inverse transfori for a block located at (Bs, Bt, Bv) in tree level Ly
e applied to every block in the tree levelinany order.

lowli—|

10.5.6.2 DC transform coefficient inheritance

Q

orresponding inverse-tranSformed coefficient in its parent block. The inherited coefficient
rpunded to retain two fractional bits, with half values rounded away from zero.

iif (Lvl < RahtRootLyl)

RahtCoeff[Lv1] {B8) [Bt] [Bv] [0] = DivExp2Fz (RahtDcCoeff[Lv1] [Bs] [Bt][Bv], 13) << 13
Hor a block loeated at (bs, bt, bv) in tree level Ivl, the corresponding coefficient in the parent|
specified by-RahtDcCoeff[IvI][ bs][ bt][bv].

HahtDcGeaFff [1v1l] [bs] [bt] [bv] := RahtCoeff[lvl + 1][bs / 2]([bt / 2]1[bv / 2] [mP]

Wh;;e:: Morton[bs & 1] [bt & 1][bv & 1]

/. It shall

ach block other than the root.node of the transform tree shall inherit its DC coefficient firom the

shall be

block is

10.5.6.3 For a 2x2x2 transform block

The inverse transform for a 2x2x2 block located at (Bs, Bt, Bv) in tree level Lvl comprises transforming

pairs of coefficients along each axis.

First, along the S axis:
rahtInvl1D[0] [0]
rahtInv1D[0] [1]
rahtInv1D[0] [2]
rahtInvl1D[O0] [3]

Second, along the T axis:
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rahtInvlD[1] [0] [
rahtInvlD([1] [1] [
rahtInvlD[1][4] [
rahtInvlD[1] [5] [

rahtInvlD[2] [
rahtInv1lD[2] [
rahtInvl1D[2] [
rahtInvlD[2] [

The exp
the aldx

rahtInv
where

aCo

bCo
wa
wb

10.5.6.4 For co-located points

The invérse transform for a block of co-located points located at (Bs, B¢, Bv) in tree level 0 comprise
iterativdly transforming the block's DC coefficient paired with each successive block coefficient.

for

sta

(i

rahtT

The expression rahtinvDup[i] specifies the invocation,gf*the in-place inverse transform for the i-th

coefficignt.
rahtInvpup[i] := RahtInv(aCoeff, bCoeff, wa,\l)
where
aCopff := RahtCoeff[0] [Bs] [Bt] [Bv] (]
bCofpff := RahtCoeff[0] [Bs] [Bt] [Bv.] {1y
wa = RahtBlkWeight[O0] [Bs] [Bt][Bvi+— 1

10.5.6.5 Inverse two-point transform

This suljclause specifies the in-place, inverse, two-point transform RahtInv(aCoeff, bCoeff, wa, wb). It
parametfers are:

— the

coefficients;

— the

The transfornt basis vectors use 15-fractional-bit, fixed-point coefficients a and b:

a
b :

In
In

Iression rahtinvliD[k][aldx][bldx] specifies the invocation of the in-place inverse transforny fgr
th and bldx-th coefficients along the k-th axis of the block.

[D[k] [aldx] [bIdx] := RahtInv (aCoeff, bCoeff, wa, wb)
bff := RahtCoeff[Lvl][Bs][Bt][Bv][aldx]

bff := RahtCoeff[Lvl] [Bs] [Bt] [Bv] [bIdx]

= RahtCoeffWeightM[Lvl] [stage] [Bs] [Bt] [Bv] [aldx]

= RahtCoeffWeightM[Lvl] [stage] [Bs] [Bt] [Bv] [bIdx]

e := 2 - k

[72)

= 1; 1 < RahtBlkWeight[0][Bs][Bt][Bv]; i++)
hvDup [1]

[72)

=}

expressions aGeeff and bCoeff that respectively identify low- and high-frequency transfory

weights.wag and wb that are the respective coefficient weights for aCoeff and bCoeff.

L oSt (1 230 ITotR T oSort (12 o) A0
o1 Y =t T

g
tSgrt (wb << 30) x IntRecipSqgrt(wa + wb) >> 40

If either wa or wb is 0, the transform result is:

if (wa

va
vb
}

NOTE

== 0 |l wb == 0) {
wa # 0 ? aCoeff : 0
wb # 0 ? aCoeff : 0

If either wa or wb is zero, the respective opposing coefficient b or a is not necessarily 215,

Otherwise (both wa and wb are greater than 0), the transform result is:
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if (wa # 0 && wb # 0) {

ya = DivExp2Fz (aCoeff x a, 15) - DivExp2Fz (bCoeff x b, 15)
yb = DivExp2Fz (bCoeff x a, 15) + DivExp2Fz (aCoeff x b, 15)
}

10.5.7 Reconstructed attribute values

Reconstructed attribute values are specified by the expression RahtRecon[s][t][v][i] for an i-th co-
located point with attribute coordinates (s, t, v). They are:

de. apa o H 4= £, Ja i | 1 a 4] 1 dade. 4= 4= 1 1 - e £
CALIALITU TTUIIT HIIVET ST LT AIISTUT HITU DIULCRS TIT LHT DUTLUIT TWU LT TTITVELS, UITTYUuT PDUITILS 1 om tree

level 1; duplicate points from tree level 0; then

-+ rounded to discard the 15 fractional bits of the fixed-point representation, with /halve values
rounded away from zero; then

- clipped to be within the attribute value range [0, AttrMaxVal].

RahtRecon([s] [t][v][1i] := Clip3(0, AttrMaxVal, DivExp2Fz(value, 15)9
where
value := RahtBlkWeight[0][s][t][v] == 1

? RahtDcCoeff[0][s][t][V]
: RahtCoeff[0] [s][t][v]I[i]

The mapping of the slice geometry to reconstructed attribute ¥alues shall map points with jdentical
attribute coordinates to successive elements i of RahtReconfs{[t][v][i] in canonical point ordet. i.e. the
iith element shall be the i-th instance of the attribute coordinates (s, ¢, v) from the start of AttrPos.

The following is specified in terms of the sparse array dupPtldx; dupPtldx[s][t][v] is the cumulative
dount of points with attribute coordinates (s, ¢, v). Unset elements of dupPtldx shall be inferred|to be 0.

flor (ptIdx = 0; ptldx < PointCnt; ptIdx++)\ {
AttrPos[ptIdx] [0]

AttrPos|[ptIdx][1]

AttrPos[ptIdx] [2]

dupPtIdx[s] [t] [V]

dupPtIdx([s] [t] [v]++

PointAttr[ptIdx] [Cidx] = RahtRecon[s][t][v][1i]

10.6 Attribute decoding using levels of detail

10.6.1 General

—

he attribute . decoding processes specified by 10.6 are distance-based prediction schemes that use a
ierarchical\level-of-detail representation of the slice geometry. They apply when attr_coding_type is
ither 1.012.

D =

Detail levels are defined by an iterative subsampling process (10.6.5). The finest detail level cqmprises
ints | i i iterati < illevel i brevious

coarsest detail level.

Every detail level comprises a list of points present in the detail level, and is associated with a list of
refinement points. A refinement point is a point that is present in a detail level and not present in any
coarser detail level; the refinement points for detail level Ivl, when combined with the coarser detail
level lvl + 1, form detail level Ivl.

For each refinement point, a set of neighbouring points is determined (10.6.6) using inter- and intra-
detail-level searches. The neighbouring points form a predictor set that is used to predict attribute/
transform coefficient values.
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Attribute reconstruction (10.6.7) proceeds from the coarsest to the finest detail level. Transform
coefficients are coded in the same order.

A coded transform coefficient is associated with each refinement point. The transform (10.6.12)
comprises two operations: an update step that modifies the predicting points and a prediction step that
adds the transform coefficient to a predicted attribute/coefficient value.

L0D0=AttrPOS Q@ 0.00 , O
XO0OODOOODOOOD®OOXO0OO0OODOOODOOODOO0OXO

/ \ NN\ g
LoD, =l LoD, R = LoD \ LoD, /4 °

E][]DX[]DDXOOOOOOOO‘OIOOOOOOOOOOOOOOOO

[} © o
9] Q O~b
. \....
LoD, R = LoD \ LoD, A @
- o NS
XX Ooooooao \2a )
> O Q A M\ N
R X o) y

2

Higure 20 — Example of points in three detail levels and their spatial arrangement

An example level-of-detail hierarchy is illustrated in Figure 20. LoDp)is the finest detail level and
corresppnds to all points in the slice. The generation of subsequeft detail levels is performed USiEE
periodid subsampling with samplingPeriod equal to 4. The number.of detail levels is limited to 3. T
points iff LoD that are not assigned to LoD, are in refinement list R,. The attribute value for the markefd
point e ih R, for LoD is predicted from a set of spatially neighbouring points found using an inter-detai
level seqrch of LoD; and an intra-detail-level search of points earlier in R,. Transform coefficient value
are assogiated with each refinement point and coded from R, to R,. The refinement list R, comprises a
points in LoD,.

—_— W

10.6.2 Pyntax element semantics

lod_dis§_log2_offset specifies an offset to'the APS-specified finest detail level block size lod_initial_
dist_logP for LoD generation and predictor searches. When lod_dist_log2_offset is not present, it sha
be inferred to be 0.

—_—

10.6.3 Reconstruction process

The recgnstruction of pointattribute values comprises:

— deriving a set of détail levels from the slice geometry (10.6.5);
— seayching foppoint predictors (10.6.6);

— detdrmining transform coefficient weights (10.6.11); and

— recqnstructing attribute values from coded coefficients (10.6.7).

The reconstructed values are stored in the array PointAttr.

10.6.4 State variables

Levels of detail are specified in terms of the following state variables; the index Ivl identifies a detail
level:

— The variable Lod(Cnt, a count of detail levels generated from the slice geometry.

— Thearray LodPtCnt, the size of each detail level; LodPtCnt[Ivl] is the number of points in the identified
detail level.
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— The array LodPtldx, identifying points in each detail level by their canonical point order index;
LodPtldx[Ivl][i] is the AttrPos index of the i-th point in the identified detail level.

— The array LodRfmtPtCnt, the size of each detail level's refinement list; LodRfmtPtCnt[Ivl] is the
number of points in the refinement list for the identified detail level.

— The array LodRfmtPtldx, identifying points in each refinement list by their canonical point order
index; LodRfmtPtldx[IvI][i] is the AttrPos index of the i-th refinement point for the identified detail
level.

Hoint predictors are specified 1n terms of the following state variables, the index ptldx identiies a point
by its index into AttrPos:

1+ The array PredCnt; PredCnt[ptldx] is the size of the predictor set for the identified-point.

1+ Thearray PredPtldx,identifies point predictors by their canonical pointorder index; PredPtldx| ptldx]
[ni] is the AttrPos index of the ni-th point in the predictor set for the identified point.

—+ The array PredWeight of point predictor weights; PredWeight|ptldx][ni]is the prediction weight for
the predictor identified by PredPtldx[ptldx][ni].

+ The array CoeffWeight of transform coefficient weights; CoeffWeight|ptldx] is the normalization
weight for the transform coefficients associated with the identified point.

10.6.5 Levels of detail

10.6.5.1 General generation process

he effect of this process is to represent the LoD structure in the state variables LodCnt, LpdPtCnt,
odPtldx, LodRfmtPtCnt and LodRfmtPtldx.

= I~ ]

he finest detail level shall contain the entire'slice geometry (10.6.5.2). It is identified by the defail level
ndex 0.

—

=

etail levels shall be iteratively subsampled (10.6.5.4), starting from the finest detail level, until either
single point remains or lod_max’ levels_minus1 subsampled detail levels have been produged. The

QO

vlariable Lvl identifies the detail level to be subsampled.
vl = 0
flor (; Lvl < lod max_levels minusl; Lvl++) {

if (LodPtCnt[Lvl]( == 1)

break
. /* subsample~LodPtIdx[Lvl] */

—

[odCnt = Lvhd+= 1

The coarsest detail level is identified by the detail level index LodCnt — 1. All points in the foarsest
detail level shall be assigned to the coarsest level's refinement list (10.6.5.3).

3 £ PR Bl I | 1
1'67675.‘. IIHIT IIITS U UTTLdll ITVC]

The AttrPos point indexes of the finest detail level shall have an initial one-to-one correspondence with
the canonical point order of the slice geometry.

for (ptIdx = 0; ptIdx < PointCnt; ptIdx++)
LodPtIdx[0] [ptIdx] = ptIdx
LodPtCnt[0] = PointCnt

Unless attr_canonical_order_enabled is 1, the point indexes of the finest detail level shall be sorted
in ascending order of their respective Morton-coded attribute coordinates. The sorted order shall be
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identical for the decoding of all attributes in a single slice with identical attribute coordinate arrays
(AttrPos).

NOTE

Performing a stable sort for each attribute or reusing the reordered points would satisfy the

requirement for identical orders.

An example (inefficient) sorting process is:

for (1 = 0; 1 < LodPtCnt[0]; i++)
for (j = i + 1; j < LodPtCnt[0]; j++) {

1iPtIdx = LodPtIdx[0][i]
JPtlldx = LodPtIdx[0][7]
iMokton = Morton (AttrPos[iPtIdx][0], AttrPos[iPtIdx][1l], AttrPos[iPtIdx][2])
jMofton = Morton (AttrPos[jPtIdx] [0], AttrPos|[jPtIdx][1l], AttrPos[jPtIdx][2])
if |(iMorton > jMorton)

S
}

10.6.5.3

After ge
refinem

for (i
LodRf

10.6.5.4
The coa
The foll

— The
leve

— The
leve

— The
detd

— The
detd

— The
refi

Subsam
for the i
input de

vap (LodPtIdx[0] [1], LodPtIdx([0][]j])

The coarsest detail level

wn

heration of the LoD hierarchy, all points in the coarsest detail level shall be assigned to the if
ent list.

= 0; 1 < LodPtCnt[LodCnt - 1]; 1i++)
mtPtIdx[LodCnt - 1][i] = LodPtIdx[LodCnt - 1][1i]

Generation of a single detail level
'ser detail level Lvl + 1 shall be produced by subsampling the points of detail level Lvi.

wing definitions are used in the specification of thie,subsampling processes:

—_—

expression InLodPtCnt is an alias for LodPtCut[Lvl], the number of points in the input deta
.

—_—

expression InLodPtldx[i] is an alias for-LodPtldx[Lvl][i], the point indexes of the input deta
.

t

expression OutLodPtCnt is an alias for LodPtCnt[Lvl + 1], the number of points in the outpy
il level.

[

expression OutLodPtldx[i}’is an alias for LodPtldx[Lvl + 1][i], the point indexes of the outpu
il level.

expression OutRfmtPtldx[i] is an alias for LodRfmtPtldx[LvI][i], the point indexes of the
nement list for‘detail level Lvl.

bling partitions points in the input detail level into an output detail level and the refinement ligt
hput detail level. The partitioning process shall preserve the relative ordering of points in thie
taillevel.

Subsam

ﬂingqhnllprnrppdnrrnrdingfn-

— block-based subsampling (10.6.5.8) if lod_scalability_enabled is 1, or lod_decimation_mode is 2;

— periodic subsampling (10.6.5.5) if lod_decimation_mode is 1; or

— distance-based subsampling (10.6.5.6) otherwise.

10.6.5.5 Periodic subsampling

Periodic

subsampling generates a subsampled output detail level by sampling every one-in-sampling-

period points in the input detail level.
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The sampling period for the current detail level is subsamplingPeriod.

samplingPeriod := 2 + lod sampling period minus2[Lvl]

Input points shall be assigned to either the output detail level or the refinement list according to their
index in the input detail level modulo the sampling period:

OutLodPtCnt = outRfmtPtCnt = 0
for (1 = 0; 1 < InLodPtCnt; i++) {
if (i % samplingPeriod)

OutRfmtPtIdx [outRfmtPtCnt++] = InLodPtIdx[i]
else
OutLodPtIdx [OutLodPtCnt++] = InLodPtIdx[i]

10.6.5.6 Distance-based subsampling

[}istance-based subsampling generates a subsampled output detail level by:

2BIkSizeLog 2

- spatially partitioning the input detail level into a lattice of sized cubic blocks; and

- assigning at most one point from each block to the subsampled détail level.

BlkSizeLog2 := lod initial dist log2 + lod dist log2 offsethv+ Lvl + 1

—

he subsampling process is specified in terms of the following state variables; the indexes bs, §t and bv
Hentify the block location (bs, bt, bv):

—

— The sparse array MapSub; MapSub|bs][bt][bv] equalto 1 indicates that the identified block fontains
a single point previously assigned to the subsampled detail level. Unset elements of MapSub are
inferred to be 0.

1+ The sparse array MapPtldx, identifies @oints assigned to the subsampled detail level. When
MapSub|[bs][bt][bv] is 1, MapPtldx|bsi{bt][bv] is the AttrPos index of the point assigned to the
subsampled detail level.

The points in the input detail level'shdll be processed sequentially. For each input point:
—+ The variable Ptldx is the AttrPos index of the point.
-+ The block location (Bs,Bt, Bv) is determined from the point's attribute coordinates.

1+ Depending upon the result of a per-point test (10.6.5.7), the point shall be assigned to either the
output detaildevel or the refinement list. The result of the test is the variable IsSubsampledPoint.

utLodPtCnt A WUtRfmtPtCnt = 0
or (1 = 0§y < InLodPtCnt; i++) {
PtIdx € ThLodPtIdx([i]

O

Bs =«AbfrPos[PtIdx] [0] >> BlkSizeLog?2
Bt, s7AttrPos [PtIdx] [1] >> BlkSizeLog2
Bv = AttrPos[PtIdx][2] >> BlkSizeLog2

. /* IsSubsampledPoint = result of per-point test (10.6.5.7) */

if (MapSub[Bs] [Bt] [Bv] || —IsSubsampledPoint)
OutRfmtPtIdx [outRfmtPtCnt++] = PtIdx

else {
OutLodPtIdx[OutPtCnt++] = PtIdx
MapSub[Bs] [Bt] [Bv] =1
MapPtIdx[Bs] [Bt] [Bv] = PtIdx

}
}
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10.6.5.7 Per-point decision for distance-based subsampling

The der
level.

A point
previou

ivation of IsSubsampledPoint specifies whether the point shall be assigned to the output detail

shall be assigned to the output detail level unless the squared distance between it and any
sly assigned point from a set of adjacent blocks within an availability window is less than

or equal to sqRadius. Each availability window shall be a 128x128x128 block volume identified by
(Bs>>7,Bt>>7 Bv>>7).

sgqRadiuf = 3 X (BlksizeLogZ - 1)
v/ sqRadius
=L \ : X
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Figure 21 — Example decisions using distance-based subsampling
Examplg per-point decisions are illustrated in Figure:21. Subsampling generates three detail levels. Thie

points a

of any dther point in LoD;. The block size uséd-to subsample LoD, is BlkSizeLog2 = 1. All points ar
within 4

The arr

blocks of the output detail level that‘are within the availability window. Table 30 specifies the relativj

location

neighCn
for (i
ns =
nt =
nv =
unava
if (u
con
if (M

neighPtIdx [neighCnt++]

132

bsigned to LoD, by subsampling LoD, (wher Lvl = 0) are not within the shaded radius +/sqRadiu;

[¢)

single availability window.

hy neighPtldx is a neighCnt-element list of AttrPos indexes of points present in the adjacer

D

5 of the adjacent blocks.

=0

0; 1 < 19; i4+)
Bs + adjBlkOffset [
Bt + adjBlk@ffiset|
Bv + adjBIkOffset|
i lable (ns ~ Bs)
havailakle)

L inue

T

{
i
i
i

110]
101]
1102]
>> 7 || (nt ~ Bt) >> 7 || (nv ~ Bv) >> 7

bosub [ns] [nt] [nv])

MapPtIdx[ns] [nt] [nv]
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Table 30 — Adjacent block coordinates, adjBlkOffset[i][ k], relative to (Bs, Bt, Bv)

_ k _ k _ k ] k
! 0 1 2 ! 0 1 2 ! 0 1 2 ! 0 1 2
0 | -1 0 5 | -1 1 0] 10 | 11 o| -1 15 1] -1 ]
1 -1 6 0 1] -1 11| -1 <1 0| 16 | -1 1| -1
2 ol -1 7 1 0] -1]12] 1 1117 | .1 | 1 1
3 -1 1| 8 1] 1 0| 13 1| 1 118 ] 1| -1
4 -1 0] 1 9 [§) -1 -1 14 1 1 -1

The point's attribute coordinates shall be compared to those of each point identified by-the'ndighPtldx
drray to determine the value of IsSubsampledPoint.

TsSubsampledPoint = 1
flor (1 = 0; 1 < neighCnt; i++) {

sgbhist = 0
for (k = 0; k < 3; k++) {
d = AttrPos[neighPtIdx[i]][k] - AttrPos[PtIdx] [k]

sgDist += d x d
}

if (sgDist < sgRadius)
IsSubsampledPoint = 0

10.6.5.8 Block-based subsampling

Hlock-based subsampling generates a subsampled output detail level by:

ZBlkSizeLogZ

- spatially partitioning the input detail levelinto a lattice of sized cubic blocks;

- grouping together blocks, in Morton order, according to the number of points they contain; and

- assigning one point from each block group to the subsampled detail level.

HlkSizeLog2 := lod initial dist log2 + lod dist log2 offset + Lvl + 1

=z

OTE Under certain conditions, blocks correspond to nodes of the occupancy tree. For instance, When lod_
ralability_enabled is 1.

(%)

A list of block groups.shall be generated by traversing the input detail level in canonical poipt order.
(Jonsecutive blocks\shall be grouped together until the group spans at least minGrpPts points.

=

inGrpPts :s~blod scalability enabled ? 0 : 2 + lod sampling period minus2[Lod]

=

he array grpBdry, with elements grpBdry[grpldx], identifies block group boundaries as indgxes into
he input-detail level array InLodPtldx.

—

flor. (i = 1, grpStart = 0; 1 < InLodPtCnt; i++) {
pETdx = TnlodPtTdx[i]
ptIdxPrev = InLodPtIdx[i - 1]
bdrys (AttrPos[ptIdx] [0] " AttrPos|[ptIdxPrev][0]) >> BlkSizeLog2
bdryT (AttrPos[ptIdx] [1] ~ AttrPos|[ptIdxPrev][1l]) >> BlkSizelog2
bdryV = (AttrPos|[ptIdx][2] "~ AttrPos[ptIdxPrev][2]) >> BlkSizeLog2
if (bdryS | bdryT | bdryV)

if (i - grpStart = minGrpPts)

grpBdry[grpCnt++] = grpStart = i

}
grpBdry[grpCnt++] = InLodPtCnt

For each group of blocks, a test (10.6.5.9) shall be performed to determine the index of the point to
be assigned to the output detail level. All other points shall be assigned to the refinement list. The
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variables GrpStart and GrpEnd identify the start and end of a block group. The result of the test is the
variable IdxOfSubsampledPoint.
OutLodPtCntSize = outRfmtPtCnt = 0
for (GrpStart = grpldx = 0; grpldx < grpCnt; GrpStart = grpBdry[grpldx++]) {
GrpEnd = grpBdry[grpIldx]

. /* IdxOfSubsampledPoint = result of per-point test (10.6.5.9) */

for (i = GrpStart; i < GrpEnd; i++) {

if (IdxOfSubsampledPoint == 1)

OfTLOJPTIOX [OUCLOJPTCNCTT] = INLOJPCIOX 1]
elsg

OptRfmtPtIdx [outRfmtPtCnt++] = InLodPtIdx[i]

10.6.5.9 Per block-group decision for block-based subsampling

The der]vation of IdxOfSubsampledPoint specifies the input detail level index of the point in the block
group that shall be assigned to the output detail level.

The distlance to the block group centroid shall be used to select the point assigned to the output deta
level. The block group centroid and point distances shall be calculated\using attribute coordinate
quantize¢d by Exp2(BlkSizeLog2 — 1). The distance metric shall be the Manhattan distance.

(20 =]

o o ° °
9 a I [
o (X
o ol o o oelfn X X »
o o
AN
o S [e
LoD, : o —_— LoD, : o Em—— LoD, : x

RO: ° RZ: ]
Higure 22 — Example decisions using block group subsampling with minGrpPts = 3

Exampl¢ per-point decisiafis)are illustrated in Figure 22. Subsampling generates two detail levels. Tp
subsample LoD, the points are grouped into block groups containing a minimum of three points. Ip
this example, the block.size for LoD, (Lvl = 0) is BlkSizeLogZ2 = 1. The first block group (solid shading)
comprises four points from three blocks each with one, one and two points, respectively. The first poirt
that is the closest.to the centroid of the points in the block group is assigned to LoD;.

The blogk gfoup centroid shall be the sum of all quantized attribute coordinates, centroidSum, dividefd
by the nphfiber of points in the block group, numPtsinGrp.

numPtsInGrp := GrpEnd - GrpStart

for (k = 0; k < 3; k++)
centroidSum[k] = 0

for (i = 0; i < numPtsInGrp; i++) {
ptIdx = InLodPtIdx[GrpStart + 1i]
for (k = 0; k < 3; k++)
centroidSum[k] += AttrPos[ptIdx][k] >> BlkSizeLog2 - 1
}

The array ptDist maps the index of each point in the block group to the distance between it and the
centroid.
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for (i = 0; 1 < numPtsInGrp; i++) {
ptIdx = InLodPtIdx[GrpStart + 1i]

ptDist[i] = 0
for (k = 0; k < 3; k++) {
posk = AttrPos[ptIdx][k] >> BlkSizeLog2 - 1
ptDist[i] += Abs(posk x numPtsInGrp - centroidSuml[k])

}
}

The point closest to the block group centroid shall be assigned to the output detail level. In the case that
the block group contains multiple closest points, the selected point is the closest point with:

- when lod_scalability_enabled is 1 and Lvl is odd: the greatest InLodPtIdx index;

- when lod_scalability_enabled is 0 or Lvl is even: the lowest InLodPtldx index.

Jast := lod scalability enabled ? Lvl & 1 : 1
mMinIdx = 0
flor (1 = 1; 1 < numPtsInGrp; i++)
if (last ? dist[i] < dist[minIdx] : dist[i] < dist[minIdx])

minIdx = i
IdxOfSubsampledPoint = GrpStart + minIdx

10.6.6 Predictor search

10.6.6.1 General process

The points used to predict the refinement points of each“detail level shall be determined by p search
(IL0.6.6.3).

The effect of this process is to represent the point'predictors in the state variables PredCnt, PredPtldx
and PredWeight.

When attr_coding_type is 2, no searches shall be performed for the refinement points of the foarsest
detail level.

maxLvl = LodCnt - (attr coding type == 2)
flor (Lvl = 0; Lvl < maxLvl; Iul+)
for (RfmtIdx = 0; RfmtIdx «< LodRfmtPtCnt[Lvl]; RfmtIdx++) {
. /* find predictors (10.6.6.3) of the current point */
}

10.6.6.2 Minimumreference detail level for inter-level predictor searches

=]

he variable MjnlnterRefLvl identifies the finest detail level that shall be used as a reference fpr inter-
etail level prediction. When lod_scalability_enabled is 1, it shall be the finest detail level with fewer
efinement points than the total number of refinement points associated with all finer detail leyels.

=S Qo

=

inIntétReflvl = 1
f (dod scalability enabled) {
fory (lvl = 1; 1vl < LodCnt - 1; 1vl++) {
1f (TodRfmtPECnt (1511 slice npum pmw'rﬁ— minnsl — TodPECnt[1x17)
break
MinInterRefLvl++
}

|-

}

10.6.6.3 Predictor search for a single refinement point

For a refinement point with index Rfmtldx in detail level Lvi, a search shall be performed to find the
closest neighbouring points from a set of candidate neighbours.

The search process is specified in terms of the following variables:

— The variable Ptldx, the AttrPos index of the refinement point.
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— The variable RefLvl, the reference detail level used for inter-level predictor searches.

PtIdx = LodRfmtPtIdx[RfmtIdx]
RefLvl = Max(Lvl + 1, MinInterRefLvl)

An inter-detail-level search shall be performed prior to any intra-level search. Except for the coarsest
detail level, the following inter-level searches shall be performed:

— aninitial search (10.6.6.6);

D

j=ni

After completing the searches, weights shall be calculated for each predictor (10.6.6.9), during whic
the predictor set is pruned and re-sorted. When pred_blending_enabled is 1, predictor weights shall b
blended|(10.6.6.10).

[}

b C
®
f LoD, R,
a Bis abcdef afyd
a d
(D -~ -
A + pred_inter_lod_search_range pred_intra_lod_search_range

Figure 23 — Example of searches performed for a single refinement point

(s

An example predictor search is illustrated in Eigure 23. Searches are performed for the refinemer
pointyip R; of LoD ; other points in R are denoted a, f and 4. Points in the next coarsest detail leve],

LoDq, are marked a to f. After the initial inter-level search, the predictor setis { ¢, b }. Then, since fewqr

than thiiee predictors were found, an extended inter-level search is performed over +pred_inter_lod_
search_range points in the LoD, point list. This search adds predictor d to the predictor set { ¢, b, d }.

Finally, pn intra-level search is_penformed over pred_intra_lod_search_range previous points in R{.
The finall predictor set for yis{ ¢;pB, a }.

10.6.6.4 Inclusion of acandidate point in the predictor set (InsertPredictor)

This suljclause defines-the function InsertPredictor(candPtldx) that conditionally inserts a candidate
point info the predictor set of the current refinement point. Each candidate shall be tested against thie
refinement point's’predictor set to determine if and where it is to be inserted.

The parameter candPtldx is the AttrPos index of the candidate point.

A candidate shall only be inserted into the a point's neighbour set once. If candPresent is 1, the candidate
is not inserted into the predictor set.

candPresent = 0
for (i = 0; i < PredCnt[PtIdx]; i++)
candPresent |= PredPtIdx[PtIdx][i] == candPtIdx

Otherwise (the candidate is not already present), the spatial distance between the candidate and the
refinement point shall be used to decide the inclusion in the predictor set. The distance shall be

calculated as the biased ¢! norm weighted by PredBias.

dist = BiasedNorml (PtIdx, candPtIdx)
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The point shall be inserted into the predictor set, with elements ordered according to the biased A
distance to the refinement point. Points at the same distance shall be ordered by insertion order, with
earlier members being ordered before later members.

for (i = 0; 1 < PredCnt[PtIdx]; i++)
if (dist < BiasedNorml (PtIdx, PredPtIdx[PtIdx][i1]))
break
for (j = PredCnt[PtIdx]; J > i; j—-)
PredPtIdx [PtIdx] [j] = PredPtIdx[PtIdx][] - 1]
PredPtIdx[PtIdx][1i] = candPtIdx

The size of the predictor set shall be limited to three elements by discarding the furthest pregdictor if
rlecessary.

HredCnt [PtIdx] = Min (3, PredCnt[PtIdx] + 1)

10.6.6.5 Distance computation using the biased L1 norm (BiasedNorm1)

—

his subclause defines the function BiasedNorm1(ptldxA, ptldxB) that {s,the weighted Mdnhattan
istance between two points.

Q.

The parameters ptldxA and ptldxB are two AttrPos indexes.

—

he result of this function is specified by the expression BiasedNorm1. The expression pos|[ptldx][k]
pecifies the attribute coordinates used to calculate the distance: when lod_scalability_enalled is 1,
doordinates shall be quantized according to the detail level.

%)

HiasedNorml (ptIdxA, ptIdxB) := dist[0] + dist[l]\% dist[2]
where
dist[k] := Abs(pos[ptIdxA][k] - pos[ptIdxB] [k]) x PredBias|[k]
pos|[ptIdx] [k] := lod scalability enabled

? (AttrPos[ptIdx][k] >> Lvl) << Lvl
: AttrPos[ptIdx] [k]

10.6.6.6 Initial inter-level predictor search

he initial inter-level search shall be performed by spatially partitioning the reference detail lgvel into

il

d lattice of 28/KS7€Log2 gi764 cubic blocks. Only blocks adjacent to the block containing the refinement
doint that are within an availability window shall be searched.
5

1kSizeLog2 := lod initial dist log2 + lod dist log2 offset + Lvl + 1

—

he block location {bs, bt, bv) identifies the block containing the refinement point.
Hs :
gt :
gv

AttrPos,NtIdx] [0] >> BlkSizeLog2
AttrRPo§ [PtIdx] [1] >> BlkSizeLog2
AtgrPOs [PtIdx] [2] >> BlkSizelLog2

The aviailability window shall be a 128x128x128 block volume identified by (bs >> 7, bt >> 7, bv|>> 7).

The-search shall proceed over the search blocks in the order specified by Table 31. Within each search
block, points shall be searched in ascending order of index within the reference detail level.

for (si = 0; si < 27; sit++) {
ss = bs + searchBlkOffsets[si] [0]
st = bt + searchBlkOffsets[si][1]
sv = bv + searchBlkOffsets[si] [2]
unavailable = (ss ”~ bs) >> 7 || (st ~ bt) > 7 || (sv » bv) >> 7
if (unavailable)
continue

for (i = 0; 1 < LodPtCnt[RefLvl]; i++) {
candPtIdx = LodPtIdx[RefLvl] [i]
cs = AttrPos[candPtIdx] [0]
ct AttrPos[candPtIdx] [1]
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cv = AttrPos[candPtIdx] [2]

inSblk = cs 2 (ss << BlkSizelLog2) && cs < (ss + 1 << BlkSizeLog2)
inSblk &= ct 2 (st << BlkSizelLog2) && ct < (st + 1 << BlkSizeLog2)
inSblk &= cv 2 (sv << BlkSizeLog2) && cv < (sv + 1 << BlkSizeLog2)

if (inSblk)
InsertPredictor (candPtIdx)

NOTE Eoraach caqarch hloclk thaoindicac i forvvuhich fpChlly ic tviig ara cancacntivg
O-eae-5Sedtren-Bro- e ere-Hetee S HreoWrHen-Hio oS eate HSectteves

Table 31 — Search block coordinates, searchBlkOffsets[i][ k], relative to (bs, bt, bv)

_ k _ k _ k _ K
! 0| 1| 2 ! o | 1| 2 ! o | 1] 2 ! o1 | 2
0 0 o] o] 7 0 1 1| 14 | 1 0] -1 [ 21 1| -1 1
1 | [ o] o] 8 1 0 1| 15 1| 1 0 | 22 1 1| 1
2 0| -1 o] 9 1 1 0o 16| ol 1] -1 [28 1] 1]
3 0 o] -1]10] o] 1 1|17 ] 1 0| --P24 | 1 1| 1
4 1 o] o] 11 ] 1 0 1 18] -1 | =1 07| 25 | -1 | 1 1
5 0 1 0| 12 | 1 0 | 19 1 1 126 1| 1]
6 0 0 1|13 ] o 1| -1]20] 1

10.6.6.7 Extended inter-level search

The ext¢nded inter-level search evaluates predictor candidates over a span of indexes in the referende
detail leyel.

The spap shall be centred around the index centrein the reference detail level. It shall be the index of:

— if at]least one predictor has been found for-the current point: the first predictor; or

if (PrefiCnt[PtIdx])

for (fentre = 0; centre < LodP&Cnt[RefLvl] - 1; centre++)
if |(LodPtIdx[ReflLvl] [centref¥= PredPtIdx[PtIdx][0])
bfeak

— oth¢rwise (no predictors have been found): the first point with Morton-coded attribute coordinates
gregter than those of the’current point.

if (PreflCnt[PtIdx] &</0) {
mortohCurPt = Mo¥ton[AttrPos[PtIdx]]
for (fpentre =~0¥ centre < LodPtCnt[RefLvl] - 1; centre++) {

morfonCentxe/= Morton[AttrPos[LodPtIdx[RefLvl] [centre]]]
if |(mortenCurPt < mortonCentre)
break
}
}

The extended search shall proceed over each index offset i of the following, in order: 0, +1, -1, +2, -2,
+3 .. pred_inter_lod_search_range, and —(3 .. pred_inter_lod_search_range).

A predictor candidate shall be evaluated for each valid search index centre + i that is within the range
specified by pred_inter_lod_search_range and does not exceed the bounds of the reference detail level.

if (Abs (i) £ pred inter lod search range)

if (centre + 1 > 0 && centre + i < LodPtCnt [RefLvl])
InsertPredictor (LodPtIdx[RefLvl] [centre + i])
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10.6.6.8 Intra-level search

The intra-level search evaluates predictor candidates over a span of indexes in the refinement list
of the current detail level. Intra-level predictor candidates shall precede the refinement point in the
refinement list.

A predictor candidate shall be evaluated for each valid search index offset —i from the refinement point,
fori=1. pred_inter_lod_search_range, that does not exceed the bounds of the refinement list.

1; 1 < Min(RfmtIdx, pred intra lod search range); i++)

e = RE OO I S DR o S T B i =N SO . | —
OTICTOTr (DOUNRTMCr CITOX OV L [ZTrre et )

10.6.6.9 Predictor set pruning and generation of prediction weights

oY

fter the predictor search for a refinement point is complete, its predictor set shall-be pruned,|weights
omputed for each qualifying predictor and the predictors ordered according to eight.

Q

he size of the predictor set shall be limited to pred_set_size_minusl + 1 elemients by discarding the
irthest predictors if necessary.

—_

[av}

redCnt [PtIdx] = Min(pred set size minusl + 1, PredCnt[PtIdx})

law]

redictor weights shall be calculated using the biased squared distance between each prediftor and
he current point.

—

flor (ni = 0; ni < PredCnt[PtIdx]; ni++)
dist[ni] = BiasedNorm2 (PtIdx, PredPtIdx[PtIdx] [ni])

]

Fthe first predictor is spatially coincident with the current point, all other predictors shall be digcarded.

ilf (dist[0] == 0)
PredCnt [PtIdx] = 1
When lod_scalability_enabled is 1, predictors with an unbiased squared distance greateit than a

hreshold shall be discarded:

—

if (lod scalability enabled) [
threshold = 3 x (pred max repge minusl + 1) << 2 x Lvl
for (ni = 1; ni < PredCnt[BtIdx]; ni++)
if (Norm2 (ptIdx, PredB&Idx[PtIdx][ni]) > threshold) {
PredCnt [PtIdx] =_RQi
break
}

|

he predictors&hall be reordered according to their biased squared distance to the current pojnt:

-+ An array order shall have elements such that dist[order[i]], for i = 0 .. PredCnt[Ptldx] —| 1, is an
ascending stable sorting of the array dist.

- -"The members of the predictor set and the dist array shall be permuted according to the elements of
the array order.

The predictor distances shall be normalized by the smallest distance to produce initial weights.

n = Max (0, IntLog2(dist[0] - 8))
for (ni = 0; ni < PredCnt[PtIdx]; ni++)
weight[ni] = DivExp2Up (dist[ni], n)

Any predictors with a weight 256 times greater than or equal to the smallest weight shall be discarded.

if (PredCnt[PtIdx] == 3 && weight[2] 2 256 x weight[0])
PredCnt [PtIdx] = 2
if (PredCnt[PtIdx] == 2 && weight[l] 2 256 x weight[0])
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PredCnt [PtIdx] = 1

The final weights shall be derived as:

if (PredCnt[PtIdx] == 1)
PredWeight [PtIdx] [0] = 256

if (PredCnt[PtIdx] == 2) {
PredWeight [PtIdx] [1] = Div(weight[0], weight[0] + weight[1l], 8)
PredWeight [PtIdx] [0] = 256 - PredWeight[PtIdx][1]

if (PregoatfReTdx]

dld2 E weight[l] x weight[2]

dod2 weight[0] x weight[2]

dod1l weight[0] x weight[1]

sum =|dld2 + d0d2 + d0dl

PredWgight [PtIdx] [2] = Div(d0dl, sum, 8)

PredWgight [PtIdx] [1] Div (d0d2, sum, 8)

PredWgight [PtIdx] [0] 256 - PredWeight [PtIdx][1] - PredWeight[PtIdx] [2]

=23\ L
T

10.6.6.10 Blending of predictor weights

When a|point has three predictors in its predictor set and pred_blending-enabled is 1, the predicto
weights|shall be blended according to the distance between the predictifg points.

—

The squared distance between each of the three predictors shall be-determined:

distA :F Norm2 (PredPtIdx[PtIdx][0], PredPtIdx[PtIdx][1]9
distB :f Norm2 (PredPtIdx[PtIdx][0], PredPtIdx[PtIdx] [2N
distC :f Norm2 (PredPtIdx[PtIdx][1], PredPtIdx[PtIdx][2])

Blending weights shall be selected according to distance:

bl := djistA < distB 2 1 : 5
b2 := djistA £ distC 2?2 5 : 1
b3 := dfistB < distC 2 1 : 5

The preglictor weights shall be blended and\ipdated:

if (PrefiCnt[PtIdx] == 3 && pred klending enabled) {
w0 = PredWeight [PtIdx] [0]
wl = PredWeight [PtIdx][1]

w2 PredWeight [PtIdx] [2]

wlp =[w0 x 10 + wl x (9= b2) + w2 x b3 >> 4
wlp =[w0 x bl + w2 ¥ (6 - b3) + wl x 10 >> 4
PredWgight [PtId=x{J07 = wOp

PredWgight [PtId®$+ (1] = wlp

PredWgight [PE&Idx] [2] 256 — wOp - wlp

10.6.6.11 Distance computation using the biased L2 norm (BiasedNorm2)

This subclause defines the function BiasedNorm2(ptldxA, ptldxB) that is the weighted squared distance
between two points.

The parameters ptldxA and ptldxB are two AttrPos indexes.

The result of this function is specified by the expression BiasedNorm2. The expression pos[ptidx][k]
represents the attribute coordinates used to calculate the distance: when lod_scalability_enabled is 1,
coordinates shall be quantized according to the detail level.

BiasedNorm2 (ptIdxA, ptIdxB) := dist2[0] + dist2[1] + dist2[2]
where
dist[k] := Abs(pos[ptIdxA][k] - pos[ptIdxB][k]) x PredBiasl[k]
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dist2[k] := dist[k] x dist[k]
pos[ptIdx][k] := lod scalability enabled
? (AttrPos[ptIdx][k] >> Lvl) << Lvl
: AttrPos[ptIdx] [k]

10.6.6.12 Distance computation using the unbiased L2 norm (Norm2)

This subclause defines the function Norm2(ptldxA, ptldxB) that is the squared distance between two

points.

lgph} . ol ol a | ol lan]d 4= AdedezalD H |
LT AT gUILITIHLS ULIUAA dllU DUUAD dI'C UWU AL TUS THTUTATS.

—

he result of this function is specified by the expression Norm2. The expression (pas|
epresents the attribute coordinates used to calculate the distance. when lod_scalability,ena
doordinates shall be quantized according to the detail level.

—

Norm2 (ptIdxA, ptIdxB) := dist2[0] + dist2[1] + dist2[2]
where
dist[k] := Abs (pos[ptIdxA][k] - pos[ptIdxB][k])
dist2[k] := dist[k] x dist[k]
pos [ptIdx] [k] = lod scalability enabled

? (AttrPos|[ptIdx][k] >> Lvl) << Lvl
: AttrPos[ptIdx] [k]

10.6.7 Reconstruction of attribute values

10.6.7.1 General process

(il vl

b attr_coding_type (10.6.7.3, 10.6.7.4). The variable-Lvl is the index of the current detail level.

flor (Lvl = LodCnt - 1; Lvl 2 0; Lvl--)
. /* process a detail level */

10.6.7.2 Coefficient processing order within a detail level

=

Vithin a detail level, processing ‘proceeds in coded coefficient order. The variable Ptldx is thg
hdex of the current coefficient. The variable Coeffldx is the AttrCoeff array index of the
oefficient.

o =

flor (rfmtIdx = 0; rfmtTdx < LodRfmtPtCnt[Lvl]; rfmtIdx++) {
PtIdx = LodRfmtPRP£Tdx [Lvl] [rfmtIdx]

CoeffIdx = LodPtCnt[Lvl] - rfmtIdx

. /* process.clrrent coefficient */

10.6.7.3< Processing a detail level (attr_coding_type = 1)

-l

Vhen attr_coding_type is 1, the following operations shall be performed in turn for each coeff
he coefficient processing order of the current detail level:

—

— Prediction mode information is decoded from an encoded coefficient tuple (10.6.8.1). The
the variable PredMode.

— The unencoded coefficient tuple is scaled (10.6.9.1) to produce transform coefficients.

— Transform coefficient components are divided by 256 with half-values rounded up.

for (c = 0; ¢ < AttrDim; c++)
PointAttr[PtIdx] [c] = DivExp2Up (PointAttr[PtIdx][c], 8)

tldx][k]
led is 1,

ach detail level shall be processed in turn, proceeding from the coarsest to the finest level, agcording

AttrPos
current

icient in

result is

— Transform coefficient components are predicted using inter-component prediction (10.6.10.2) to

form prediction residuals.
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— The attribute value is predicted and combined with the prediction residual (10.6.12).

— The reconstructed attribute value is clipped.

for (¢ = 0; ¢ < AttrDim; c++)
PointAttr[PtIdx] [c] = Clip3 (0, AttrMaxVal, PointAttr[PtIdx][c])

10.6.7.4 Processing a detail level (attr_coding_type = 2)

When attr_coding_type is 2, the following operations shall be performed in turn, each over all the
coefficidnts 1n the detail level:

— Coefficient tuples are scaled (10.6.9.1) to produce transform coefficients.
— TraIsform coefficient components are predicted using last-component prediction (10.6.10)3).
— Trapsform coefficients are weighted by transform coefficient weights (10.6.11.4).

If Lvl is lpss than LodCnt - 1, the transform shall be applied (10.6.12):

=3

— Attijibute values predicted from the coarser detail level, Lvl + 1, are modified by the transfory
updpte operator (10.6.12.1).

— Attijibute values corresponding to coefficients in the current detail level are predicted and combinefd
witl the scaled transform coefficient to produce the detail level©output (10.6.12.1).

When Lyl is 0, the reconstructed attributes values shall be divided by 256 with half-values rounded
away fr¢m zero and clipped to the maximum attribute value;

if (Lvl|== 0)
for (ptIdx = 0; ptIdx < PointCnt; ptIdx++)
for| (¢ = 0; ¢ < AttrDim; c++)
PpintAttr[ptIdx] [c] = Clip3 (0, AttrMaxVdads, DivExp2Fz (PointAttr[ptIdx][c], 8))

10.6.8 Prediction mode coding

10.6.8.1 General

This suljclause specifies the conditienal coding of the prediction mode PredMode in coefficient tuples.
It applies when pred_direct_max_jdx_plus1 is greater than zero; when pred_direct_max_idx_plus1 is (),
PredMode shall be 0.

=

A per-trjansform-coefficient test (10.6.8.2) shall be performed to determine whether the coefficien
tuple enfodes a predictionf mode. The result of the test is the variable PredModePresent.

If PredModePresent\s:
— fals¢, PredMode shall be 0;

— trug, the coded prediction mode (PredModeCoded) shall be decoded according to the number qf
attribute components (10.6.8.3, 10.6.8.4) and the maximum codable prediction mode PredModeMax.
As a side-effect of decoding the prediction mode, the coefficient tuple (in AttrCoeff) is updated.

PredModeMax := pred direct max idx plusl + -pred direct avg disabled

The prediction mode shall be derived from the coded prediction mode:

PredMode = PredModePresent ? PredModeCoded + pred direct avg disabled : 0
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10.6.8.2 Presence of an encoded direct prediction mode
The derivation of PredModePresent specifies the presence of an encoded direct prediction mode:

— Adirect prediction mode shall not be coded when disabled, or for refinement points with fewer than
two predictors.

if (PredCnt[PtIdx] < 2 || pred direct max idx plusl == 0)
PredModePresent = 0

—  QOtherwise 2 prpdirﬁnn maode shall be coded for a rpﬁnpnunﬂ'pninfiﬁ for anv mmnpnrent'the

absolute difference in attribute value between any of its predictors exceeds a bit-depthypdjusted
threshold.

flor (ni = 0; ni < PredCnt[PtIdx]; ni++) {

ptIdx = PredPtIdx[PtIdx] [ni]
for (¢ = 0; ¢ < AttrDim; c++) {
minVal[c] = ni ? Min(minVal[c], PointAttr([ptIdx][c]) PointAttr [(eEIdx] [c]
maxVal[c] = ni ? Max(maxVal[c], PointAttr[ptIdx][c]) : PointAttf|ptIdx][c]
}
}
mMaxDiff = 0
flor (¢ = 0; ¢ < AttrDim; c++)
maxDiff = Max (maxDiff, maxVal[c] - minVal[c])
threshold = pred direct threshold << Max (0, AttrBitDepth\> 8)

[av]

redModePresent = maxDiff 2 threshold

10.6.8.3 Decoding process for single-component attributes

1

or single-component attributes (AttrDim == 1), théprediction mode PredModeCoded is encoddd by the
SBs of the coefficient magnitude:

—

lav}

redModeCoded = 0

lbsCoeff = Abs (AttrCoeff[CoeffIdx] [0])
ilf (PredModeMax == 4) {

PredModeCoded = absCoeff & 3
absCoeff >>= 2

Q

ilf (PredModeMax == 3) {

PredModeCoded = absCoeff & 1

absCoeff >>= 1

if (PredModeCoded) ¥
PredModeCoded (k= absCoeff & 1
absCoeff >>= %

-

f (PredMo@eMax == 2) {
PredModefobded = absCoeff & 1
absCogff >>= 1

After dpr‘nding the prpdi(‘finn made, the coefficients shall he npd;\fpd

AttrCoeff[CoeffIdx][0] = Sign (AttrCoeff[CoeffIdx][0]) x absCoeff

10.6.8.4 Decoding process for multi-component attributes

For multi-component attributes (AttrDim > 1), the prediction mode PredModeCoded is encoded by the
LSB of the last two component's coefficient magnitude:

PredModeCoded = 0

absCoeffA = Abs (AttrCoeff[CoefflIdx] [AttrDim - 2])

absCoeffB = Abs (AttrCoeff[CoeffIdx] [AttrDim - 1])

if (PredModeMax == 4) {
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PredModeCoded
absCoeffA >>=
absCoeffB >>=
}
if (PredModeMax
PredModeCoded
absCoeffA >>= 1
if (PredModeCoded) {
PredModeCoded += absCoeffB & 1
absCoeffB >>= 1
}
if (PredMadelMa = 2) {
PredMpdeCoded = absCoeffA & 1
absCofpffA >>= 1

((absCoeffA & 1) << 1) + (absCoeffB & 1)

ol

3) |
absCoeffA & 1

}

After defcoding the prediction mode, the coefficients shall be updated.

sgnCoefffA
sgnCoeffB

Sign (AttrCoeff[CoeffIdx] [AttrDim
Sign (AttrCoeff[CoeffIdx] [AttrDim -

21)
11)

AttrCoeff[CoeffIdx] [AttrDim - 2]
AttrCoeff[CoeffIdx] [AttrDim - 1]

sgnCoeffA x absCoeffA
sgnCoeffB x absCoeffB

10.6.9 Bcaling

10.6.9.1 Derivation of per-point QP

The QP |for a point depends upon the detail level and its attribute coordinates as specified by thie
expressjon LodCoeffQp[qc] for a QP component qc:

— rgn@ffset[qc] is the per-coefficient offset from the region-dependent QP offset tree.

— dpth is the depth of detail level in the LoD hierarchy.

LodCoeffQplgc] := AttrQpldpth] [rgnOffset]yCidx > 0]
where
s

:E AttrPos[PtIdx] [0]
t

 AttrPos[PtIdx][1]
v :f AttrPos[PtIdx][2]
dpth := LodCnt - 1 - Lvl
rgnpffset[gc] := AttrRegign@pOffset[s][t][v] [gc]

10.6.9.7 Scaling by quantization step size

The coefficient tuple shall’be scaled by the quantization step size (10.7.4) for the primary and secondarly
attributg components)

for (¢ ¥ 0; ¢ < AttrDim; c++)
PointAttr [Pehdx] [c] = AttrCoeff[CoeffIdx][c] x AttrQstep[LodCoeffQplc > 0]]

10.6.10Coeéfficient prediction

10.6.10.1 Syntax element semantics

last_comp_pred_coeff_diff[dpth] specifies in accordance with LastCompPredCoeff[dpth] the two-
fractional-bit, fixed-point scale factor applied at depth dpth of the LoD hierarchy to second coefficient
components to predict third coefficient components. The syntax element codes the scale factor relative
to LastCompPredCoeffPrev[dpth].

LastCompPredCoeff [dpth] := last comp pred enabled
? LastCompPredCoeffPrev[dpth] + last comp pred coeff diff[dpth]
: 0
LastCompPredCoeffPrev|[dpth] := dpth == 0 ? 4 : LastCompPredCoeff[dpth - 1]
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It is a requirement of bitstream conformance that LastCompPredCoeff[dpth] shall be in the range
-128..127 for dpth € 0 .. lod_max_levels_minusl1.

inter_comp_pred_coeff_diff[dpth][c] specifies in accordance with InterCompPredCoeff[dpth][c] the
two-fractional-bit, fixed-point scale factor applied at depth dpth of the LoD hierarchy to first coefficient
components to predict c-th coefficient components. The syntax element codes the scale factor relative
to InterCompPredCoeffPrev|dpth]|c].

InterCompPredCoeff [dpth] [c] := inter comp pred enabled
? predCoeff + inter comp pred coeff diff[dpth] [c]

.y

InterCompPredCoeffPrev[dpth] [c] := dpth == 0 ? 4 : InterCompPredCoeff[dpth - 1A ¢4

et

[ is a requirement of bitstream conformance that InterCompPredCoeff|dpth][c] shall\be in the range
128 ..127 for dpth € 0 .. lod_max_levels_minus1.

10.6.10.2 Inter-component prediction

el

Vhen attr_coding_type is 1 and inter_comp_pred_enabled is 1, seCondary attribute coefficient
omponents are residuals to a prediction by the first scaled coefficient-component. The predicted value
shall round the two fractional bits from the scale factor, with half-yvalies rounded up.

Q

flor (¢ = 1; ¢ < AttrDim; c++) {
icpCoeff = InterCompPredCoeff[LodCnt - 1 - Lvl]|[c]
PointAttr [PtIdx] [c] += DivExp2Up (icpCoeff x PointAttr [PtIdx][0], 2)

10.6.10.3 Last-component prediction

When attr_coding_type is 2 and last_comp_pred, enabled is 1, the third attribute coefficient component
i$, if present, a residual to a prediction by theecond scaled coefficient component. The predictied value
shall round the two fractional bits from the-scale factor towards negative infinity.

iJf (AttrDim == 3) {
lcpCoeff = LastCompPredCoeff{ledCnt - 1 - Lvl]
PointAttr[PtIdx] [2] += DivExpRFloor (lcpCoeff x PointAttr[PtIdx][1l], 2)

10.6.11Transform coefficient weights

0.6.11.1 General

[

oefficient weights represent the relative significance of a coefficient. Coefficients with larger|weights
ave a greateriinfluence on the decoded attribute values.

o B uill e

he arrayCoeffWeight is initialized by setting all elements to 256.

flor b = 0; 1 < PointCnt; i++)
CoeffWeight[i] = 256

The derivation of coefficient weights depends upon whether LoD scalability is enabled.

10.6.11.2 Non-scalable case

When lod_scalability_enabled is 0, coefficient weights are calculated accumulatively, proceeding from
the finest to the coarsest detail level.

The accumulated coefficient weight of each refinement point in a detail level shall be distributed to the
points in its predictor set. The distribution is proportional to the respective predictor weights:

for (lvl = 0; 1lvl < LodCnt - 1; 1lvl++)
for (rfmtIdx = 0; rfmtIdx < LodRfmtPtCnt[lvl]; rfmtIdx++) {
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ptIdx = LodRfmtPtIdx[lvl] [rfmtIdx]
coeffW = CoeffWeight [ptIdx]
for (ni = 0; ni < PredCnt[ptIdx]; ni++) {
predW = PredWeight [ptIdx] [ni]
CoeffWeight [PredPtIdx[ptIdx] [ni]] += DivExp2Up (coeffW x predW, 8)
}

10.6.11.3 Scalable case

When lqd_scalahility enabled is 1 _a single weight shall he assigned to all refinement points within
detail leyel:

for (1lvl = 1; 1vl < LodCnt - 1; 1lvl++) {
weighf (slice num points minusl + 1) / LodPtCnt[lvl]
for (pfmtIdx = 0; rfmtIdx < LodRfmtPtCnt[lvl]; rfmtIdx++)
CoefffWeight [LodRfmtPtIdx[1lvl] [rfmtIdx]] = weight x 256

10.6.11{4 Application to coefficient scaling

[

Transform coefficients shall be scaled by the integer reciprocal square root of'their coefficient weigh
and divided by 236 with half-values rounded away from zero.

weight F IntRecipSqrt (CoeffWeight [PtIdx])
for (¢ ¥ 0; ¢ < AttrDim; c++)
PointAttr[PtIdx] [c] = DivExp2Fz (PointAttr[PtIdx][c] x welght, 36)

10.6.12[fransform

10.6.12)1 Update operation

When aftr_coding_type is 2, the transform update operator shall redistribute coefficient values tp
predicting points in the coarser detail level.

for (ptfdx = 0; ptlIdx < PointCnt; ptIidx++)
updatgN[ptIdx] = updateD[ptIdx] =0
for (rfjntIdx = 0; rfmtIdx < LodRfmtPtCnt[Lvl]; rfmtIdx++) {
rfmtPEIdx = LodRfmtPtIdx[Lvl]{nfmtIdx]
coefff = CoeffWeight [rfmtPtIldXx]
for (hi = 0; ni < PredCnt[rfimtPtIdx]; ni++) {
nPtfldx = PredPtIdx[rfutPtIdx] [ni]
nWefight = DivExp2Up (BxedWeight [rfmtPtIdx] [ni] x coeffW, 8)
updpteD[nPtIdx] +z nWeight
for| (¢ = 0; ¢ < At&rDim; c++)
updateN [nPtLdxMc] += nWeight x PointAttr[rfmtPtIdx] [c]
}
}
for (ptfdx = @ ptlIdx < PointCnt; ptIdx++)
if (updateDfptIdx])
PoihtAtsr[ptIdx] —-= Div(updateN|[ptIdx], updateD[ptIdx], O0)

10.6.12.2 Direct prediction

When attr_coding_type is 1 and PredMode for a refinement point is greater than zero, its value shall be
predicted to be the same as the point with predictor set index PredMode - 1. If the indicated predictor is
invalid, prediction shall not be performed.

It is a requirement of bitstream conformance that PredMode shall be less than or equal to
PredCnt| Coeffldx].

if (PredMode && PredMode < PredCnt[PtIdx])

for (c = 0; ¢ < AttrDim; c++)
PointAttr [PtIdx] [c] += PointAttr[PredPtIdx[PtIdx] [PredMode - 1]][c]
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10.6.12.3 Average prediction

When attr_coding_type is 2 or PredMode for a refinement point is 0, the weighted average of the
predictor set shall predict the value of the refinement point:

if (PredMode == 0)
for (c = 0; ¢ < AttrDim; c++) {
sum = 0
for (ni = 0; ni < PredCnt[PtIdx]; ni++)
sum += PredWeight [PtIdx] [ni] x PointAttr[PredPtIdx[PtIdx][ni]][c]
PointAttr[PtIdx] [c] += DivExp2Fz (sum, 8)

}
10.7 Attribute quantization parameters

10.7.1 Syntax element semantics

ttr_gqp_offset[qc] specifies per-slice offsets used to derive QPs for the primary (qc = 0) pnd any
secondary (qc = 1) attribute components. When attr_qp_offset[qc] is not ptesent, it shall be inflerred to
e 0.

ttr_qp_layers_present specifies whether (when 1) or not (when 0}-pér-transform-layer QP offsets are
dresent in the ADU.

attr_qp_layer_cnt_minus1 plus 1 specifies, when present, the.number of levels in the LoD hierprchy or
HAHT tree for which QP offsets are signalled.

attr_gp_layer_offset[dpth][qc] specifies QP offsets used for the primary (qc = 0) and any secondary
(fgc = 1) attribute components. Each offset applies®o transform coefficients at depth dpth of|the LoD
Hierarchy or RAHT tree. If the LoD hierarchy or RAHT tree has a greater number of levels thanjattr_qp_
layer_cnt_minusl + 1, attr_gp_layer_offset[attiigp_layer_cnt_minus1][qc] also specifies the QP offsets
fpr transform coefficients at a depth greater‘than attr_qp_layer_cnt_minus1.

—

he expression AttrQpLayerOffset|dpth]fqc] specifies the per layer QP offsets at depth dpth of{the LoD

Hierarchy or RAHT tree.

NttrQpLayerOffset [dpth] [gc] .:=7attr gp layers present > 0
? attr gp layer offset[Mbn (attr gp layer cnt minusl, dpth)][gc]
: 0

attr_qp_region_cnt specifies the number of spatial regions within the slice that have a region P offset
sfignalled.

NOTE In profiles specified in this version of this document, all but the first region are ignored.

dttr_gp_region_bits_minus1 plus 1 specifies the length in bits of each syntax element attr_qp| region_
drigin_xyz,/ attr_qp_region_size_minusl_xyz, attr_qp_region_origin_rpi and attr_qp_region_size_
minusd.rpi.

attt)gp_region_origin_xyz[i][k] and attr_qp_region_size_minus1_xyz[i][k] specify, when |present,
the i-th spatial region in the slice where attr_qp_region_offset[i][gc] applies. The region is a bounding
box in the slice coordinate system with lower corner XYZ coordinates attr_qp_region_origin_xyz[i][ k]
and dimensions attr_qp_region_size_minusl_xyz[i][k] + 1.

attr_qp_region_origin_rpi[i][k] and attr_qp_region_size_minus1_rpi[i][k] specify, when present,
the i-th spatial region in the slice where attr_qp_region_offset[i][gc] applies. The region is a bounding
box in the scaled angular coordinate system (10.2.2) used for attribute coding with lower corner RPI
coordinates attr_qp_region_origin_rpi[i][k] and dimensions attr_qp_region_size_minus1_rpi[7][k] + 1.

The expressions AttrRegionQpOrigin[i][ k] and AttrRegionQpSize[i][ k] specify the k-th component of the
bounding box origin and size for the i-th QP region in attribute coordinates.
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