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ISO (the International Organization for Standardization) and IEC (the International Electrotechnical
Commission) form the specialized system for worldwide standardization. National bodies that are
members of ISO or IEC participate in the development of International Standards through technical
committees established by the respective organization to deal with particular fields of technical activity.
ISO and IEC technical committees collaborate in fields of mutual interest. Other international
organizations, governmental and non-governmental, in liaison with ISO and IEC, also take part in the
work.

The
desc
diffe

Atte
pate
of an
on t
decl

Any
cons

For

expr
Wor
WWV

procedures used to develop this document and those intended for its further main
ribed in the ISO/IEC Directives, Part 1. In particular, the different approval critetia he
rent types of document should be noted.

tion is drawn to the possibility that some of the elements of this document may be th
ht rights. ISO and IEC shall not be held responsible for identifying any or all' such patent ri
y patent rights identified during the development of the document will be in the Introdugd
he [SO list of patent declarations received (see www.iso.org/patents) or the IEC li

irations received (see https://patents.iec.ch).

trade name used in this document is information given forthe convenience of users a
titute an endorsement.

an explanation of the voluntary nature of stamdards, the meaning of ISO specific
essions related to conformity assessment, asiwell as information about ISO's adher
d Trade Organization (WTO) principlesi-&in the Technical Barriers to Trade
V.iso.org/iso/foreword.html. In the IEC, se&www.iec.ch/understanding-standards.

This
rules
Suba

Alis
Any

com
comi]

document was prepared by ITU-T fas ITU-T - T.816) and drafted in accordance with
, in collaboration with Joint -Technical Committee ISO/IEC JTC1, Information
ommittee SC 29, Coding of audio,/picture, multimedia and hypermedia information.

of all parts in the [SO/LEG.15444 series can be found on the ISO and IEC websites.

feedback or questiens on this document should be directed to the user’s national stand:
blete listing of these bodies can be found at www.iso.org/members.html and www.iec.

fenance are
bded for the

e subject of
ghts. Details
tion and/or
5t of patent

nd does not

terms and
ence to the
(TBT) see

its editorial
technology,

rds body. A
th /national-

nittees.

© ISO/IEC 2023 - All rights reserved

iii


https://www.iso.org/iso-standards-and-patents.html
https://patents.iec.ch/
https://www.iso.org/foreword-supplementary-information.html
https://www.iec.ch/understanding-standards
https://www.iso.org/members.html
https://www.iec.ch/national-committees
https://www.iec.ch/national-committees
https://iecnorm.com/api/?name=5cc278f7def5416d4fc5bb8fdfe4cfcb

ISO/IEC 15444-17:2023 (E)

INTERNATIONAL STANDARD ISO/IEC 15444-17

RECO

MMENDATION ITU-T T.816 (V1)

Information technology — JPEG 2000 image coding system:
Extensions for coding of discontinuous media

Summajry

Rec. IT
Rec. IT

image t
disconti

J-T T.816 | ISO/IEC 15444-17 provides extensions of the scalable imagev_coding tools defcribed in
J-T T.800 | ISO/IEC 15444-1 and Rec. ITU-T T.801 | ISO/IEC 15444-2, of-two types. First, new wavelet-like
ansforms known as "breakpoint-dependent” transforms are defined, whose-underlying basis functipns can be
huous at defined locations within the image component to which they.aresapplied. Second, new scaldble coding

tools arg described for a new type of image component known as a "breakpoint component", which provides a sliccessively
refinabl

initial cgmponent or components within a codestream conforming to thisRecommendation | International Stan

breakpo

breakpojnt-dependent transform that depends upon one of the breakpoint components in the same codestream.
tools to
Animp

This R4

rtant example of such imagery is depth maps.

ISO/IEQ 15444-17.

History

Edition
1.0

Recommendation ~ Approval  Study Group Unique ID*
ITUST-F.816 (V1) 2023-02-13 16 11.1002/1000/15206

p and hierarchical description of the breakpoint locations used by the breakpoint-dependent transformd. Any non-

dard can be

nt components and any of the components in the codestfeam other than breakpoint components| can use a

These new

ether allow for the scalable coding of imagery that naturally exhibits strong discontinuities in the spatjal domain.

commendation was developed jointly with ISQAEC JTC 1/SC 29/WG 1 (JPEG) and is common text with

iv

To access the Recommendation, type the URL http://handle.itu.int/ in the address field of your web browser,
followed by the Recommendation's unique ID. For example, http://handle.itu.int/11.1002/1000/11830-en.

Rec. ITU-T T.816 (V1) (02/2023)

© ISO/IEC 2023 - All rights reserved


http://handle.itu.int/11.1002/1000/15206
http://handle.itu.int/11.1002/1000/11830-en
https://iecnorm.com/api/?name=5cc278f7def5416d4fc5bb8fdfe4cfcb

ISO/IEC 15444-17:2023 (E)

FOREWORD

The International Telecommunication Union (ITU) is the United Nations specialized agency in the field of
telecommunications, information and communication technologies (ICTs). The ITU Telecommunication
Standardization Sector (ITU-T) is a permanent organ of ITU. ITU-T is responsible for studying technical,
operating and tariff questions and issuing Recommendations on them with a view to standardizing
telecommunications on a worldwide basis.

The World Telecommunication Standardization Assembly (WTSA), which meets every four years, establishes
the topics for study by the ITU-T study groups which, in turn, produce Recommendations on these topics.

The approval of ITU-T Recommendations is covered by the procedure laid down in WTSA Resolution 1.

In somg areas of information technology which fall within ITU-T's purview, the necessary standards are
prepared on a collaborative basis with 1SO and IEC.

NOTE

In this [Recommendation, the expression "Administration™ is used forconciseness to indicate| both a
telecommunication administration and a recognized operating agency.

Complignce with this Recommendation is voluntary. However, the Recommendation may contair| certain
mandatqry provisions (to ensure, e.g., interoperability of¢ applicability) and compliance with the
Recommendation is achieved when all of these mandatory provisions are met. The words "shall" or some other
obligatory language such as "must" and the negative equivalents are used to express requirements. THe use of
such wards does not suggest that compliance with the Recommendation is required of any party.

INTELLECTUAL PROPERTY RIGHTS

ITU draps attention to the passibility that the practice or implementation of this Recommendation may| involve
the use pf a claimed Intellectual Property Right. ITU takes no position concerning the evidence, validity or
applicafjility of claimedIntellectual Property Rights, whether asserted by ITU members or others oytside of
the Recommendatiorrdevelopment process.

As of the date of approval of this Recommendation, ITU had not received notice of intellectual groperty,
protected by~ patents/software copyrights, which may be required to implement this Recommendation.
Howevdr, 4mplementers are cautioned that this may not represent the latest information and are therefore
strongl HH—the tate base ilable—via—the pebsite  at
http://www.itu.int/ITU-T/ipr/.
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All rights reserved. No part of this publication may be reproduced, by any means whatsoever, without the prior
written permission of ITU.
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Introduction

The JPEG 2000 core coding system specified in Rec. ITU-T T.800 | ISO/IEC 15444-1 and its extensions specified in Rec.
ITU-T T.801 | ISO/IEC 15444-2 provide a suite of scalable coding technologies that are particularly suitable for
photographic media, but less effective at coding media with hard discontinuities. An important example of such media is
depth imagery, where each image sample is related to the length of the 3D line segment between the corresponding scene
point and the camera. Depth imagery includes stereo disparity maps, where sample values are reciprocally related to
depth. Another example of media with strong discontinuities is optical flow data, where each sample location is a two-
dimensional vector. In these examples, discontinuities arise naturally at the boundaries of scene objects. Moreover, where
this happens, intermediate values that might be obtained by bandlimited image resampling or interpolation operations
have no physical meaning — i.e., they do not correspond to the depth or flow vector of any object in the original scene.
The discrete wavelet transform (DWT) employed in JPEG 2000 is not well suited to the coding of such media, both from
the perspective of coding efficiency and considering the nature of distortions that result when the wavelet sub-band
samples are quantized.

spatial wavelet transforms that are dependent on an auxiliary image component, known as a "breakpoint conmponent.”
This Regommendation | International Standard also introduces scalable coding technologies for breakpoint components.
Any nontinitial component or components within the codestream can be designated as breakpoint components, [allowing
them to Be used as the source of breakpoints for other components, or tiles thereof, which specify the use of brg¢akpoint-
dependent wavelet transforms.

This Redommendation | International Standard specifies two different types of breakpointycomponents, designated as
"QuadBRT" and "TriBPT" components, with associated decoding and synthesis toels. “Associated with the type of
breakpoint component is a corresponding breakpoint-dependent wavelet transform; with its synthesis tqols. The
reconstryction procedures described in this Recommendation | International Standard produce individual sample values.
Inthe TriBPT case, it is possible instead to directly reconstruct a deformable triangular mesh, whose complexity fis related
to the number of non-zero wavelet coefficients and the number of decoded breaks, which are identified here as "Yertices."
In each qase, breakpoints introduce tears in the mesh. This feature can be'‘valuable in computer graphics applications,
where thg¢ mesh elements provide a more convenient description of thé.data than individual samples.

To address these challenges, this Recommendation | International Standard introduces alternate "breakpoint—djpendent"

The normative material of this Recommendation | International Standard is contained within the main body together with
Annex Al Additionally, Annex B describes ways of encapsulating breakpoint data within a linear file structure| that can
be used gs a source for encoding and a target for decoding precedures.
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INTERNATIONAL STANDARD
ITU-T RECOMMENDATION

Information technology — JPEG 2000 image coding system:
Extensions for coding of discontinuous media

1 Scope

This Recommendation | International Standard defines QuadBPT and TriBPT image components, collectively known as
"breakpoint components”, and specifies decoding and reconstruction procedures for recovering breakpoint component
sample values from the codestream. This Recommendation | International Standard also specifies "breakpoint-dependent”

spatial wavelet transforms that can be used in place of the transforms specified |n Recommendatlon ITU-T T.800 |
ISO/IEC : G = = syntax of
Rec. ITU-T T.800 | ISO/IEC 15444- 1 are speC|f|ed to enable the identification of breakpomt components of Cofnponents
that can pise a breakpoint-dependent spatial wavelet transform, and the association of breakpoint components \vith such
breakpoint-dependent wavelet transforms.

2 Normative references

The follgwing Recommendations and International Standards contain provisions which, through reference in [this text,
constitute provisions of this Recommendation | International Standard. At the time of publication, the editions jndicated
were valfid. All Recommendations and Standards are subject to revision, and parties to agreements based on this
Recommiendation | International Standard are encouraged to investigate the possibility/of applying the most receft edition
of the Rgcommendations and Standards listed below. Members of IEC and_ISO ‘maintain registers of currently valid
Internatipnal Standards. The Telecommunication Standardization Bureau of the ITU maintains a list of currently valid
ITU-T Recommendations.

2.1 Identical Recommendations | International Standards

— Recommendation ITU-T T.800 (2019) | ISO/IEC. 15444-1:2019, Information technology — JPEG 2000
image coding system: Core coding system.

— Recommendation ITU-T T.801 (2021) JMSO/IEC 15444-2:2021, Information technology — JPEG 2000
image coding system: Extensions.

3 Definitions

3.1 Terms defined elsewhere

For the purposes of this Recommendation | International Standard, the terms and definitions given in Rec. ITU-T T.800 |
ISO/IEC|15444-1 apply.

ITU, 1ISQ and IEC maintaif terminological databases for use in standardization at the following addresses:
— ITU Tenmsand definitions database: available at https://www.itu.int/go/terms

— 1SQOnline browsing platform: available at https://www.iso.org/obp

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

32 TCI 1o dCf;l ICd ;I 1 th;o RCbUI et Id(}lt;ul I i :I ItCI 1 Iat;Ul |a= Stal |da| d
This Recommendation | International Standard defines the following terms:

3.21 2-span: Square configuration of width 2 and height 2, with 9 grid-points, such that the four corner grid-points
all have coordinates that are divisible by 2.

3.2.2 4-span: 2 x 2 configuration of 2-spans (3.2.1), involving 25 grid-points, such that the four corner grid-points
all have coordinates that are divisible by 4.

3.23 ambivalent break: Induced break (3.2.5) that has insufficient precision to determine whether the break occurs
in the first or second half of the arc.

3.24 arc: Line segment connecting grid-points with even valued coordinates at any resolution of a breakpoint tile-
component.

© ISO/IEC 2023 - All rights reserved Rec. ITU-T T.816 (V1) (02/2023) 1
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3.25 break: Explicitly decoded or inferred location within an arc (3.2.4) that indicates a boundary within an image
component.

NOTE 1 — Breaks modify the behaviour of breakpoint-dependent transforms on that other image component.
NOTE 2 — An arc has at most one break.

3.2.6 breakpoint: Data structure consisting of break type, location and precision information for an arc (3.2.4).
NOTE — Type-0 breakpoints have no break at all.

3.2.7 breakpoint component: JPEG 2000 codestream image component that represents arc breakpoint (3.2.6)
information.

3.2.8 breakpoint tile-component: All the breakpoints of a given tile, within a breakpoint component (3.2.7).

3.2.9 cell: 2 x 2 configuration of grid-points within a resolution of a breakpoint tile-component (3.2.8).
NOTE - Cells belong to a well-defined partition that is anchored at the global code-block anchor point.

3.2.10 |CL band: The sole sub-band associated with each resolution of a breakpoint tile-component (3.2.8)-dther than
the lowest resolution.

3.2.11 |code-block anchor point: Origin of the coding partitions, which is one of the locations (0,0)7(0,1)f (1,0) or
(1,D).
[SOURCE: Rec. ITU-T T.801 | ISO/IEC 15444-2]

3.2.12 [directly induced break: Break (3.2.5) on an arc that is inferred from a break on a.parent arc.

3.2.13 [extrapolation qualifier: 2-bit quantity e, which controls the way gradients are obtained for extrapolation
within a [TriBPT-dependent transformation.

3.2.14 [indefinite break: Induced break (3.2.15) on an arc that is derived from-one or more ambivalent breaks (3.2.3),
such thatl there is insufficient precision to determine whether any break at all'eXists on the arc.

3.2.15 [induced break: Break (3.2.5) on an arc that is inferred fromy’breaks on other arcs.

3.2.16 [induction block: Condition on an arc (3.2.4) that is explicitly recovered from the decoding of breakpdint code-
blocks, indicating that no break (3.2.5) shall be induced on thatarc:

3.2.17 [non-root arc: Arc (3.2.4) that is not a root arc.

3.2.18 |parentarc: Arc (3.2.4) at depth d + 1 in the*reakpoint decomposition that contains an arc at depth d.
NOTH — At most two arcs at depth d can have the same.parent at depth d + 1.

3.2.19 |[pass-complete: Code-block within a breakpoint component for which one or more coding passes gre found
within the codestream packets and the last such coding pass is identified as completing the code-block's repregentation
via the pcket header signalling mechanisms.

3.2.20 [QuadBPT: Breakpoint (3.2.6) arrangement involving only horizontal and vertical arcs (3.2.4).

3.2.21 |rootarc: Arc(3.2.4) that.is not contained within any arc projected from the next lower resolution of a bfeakpoint
tile-component (3.2.8), regardiess of whether that next lower resolution actually exists within the tile-component's
resolutiop hierarchy.

3.2.22 |[spatially induced break: Induced break (3.2.15) that is inferred from breaks on non-parent arcs.
3.2.23 [tick-point)Possible break (3.2.5) location along an arc.
3.2.24 | TriBPRT: Breakpoint (3.2.6) arrangement involving horizontal, vertical and diagonal arcs (3.2.4).

3.2.25 L|TxiRPT-1 R: TriRPT (3.2 24) hreakpoint arrangement involving diagonal arcs that run from the tap-left to the
bottom-right of a 2-span within any resolution of a breakpoint tile-component (3.2.8).

3.2.26  TriBPT-RL: TriBPT (3.2.24) breakpoint arrangement involving diagonal arcs that run from the top-right to the
bottom-left of a 2-span within any resolution of a breakpoint tile-component (3.2.8).

3.2.27  vertex: Explicitly coded break (3.2.5) location.

3.2.28  zero-complete: Code-block within a breakpoint component (3.2.7) that makes no contribution to any
codestream packet and is identified as complete by the first packet header of its precinct.

4 Abbreviations
For the purposes of this Recommendation | International Standard, the following abbreviations apply:

BD-IDWT  Breakpoint-Dependent Inverse Discrete Wavelet Transformation
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BGP
BIL
BIP
BLN
BSA
CBAP
DiB
HDT
HGP
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Base Grid Point

Break Inducing Line
Base Intersection Point
Base Line

Base Arc

Code-Block Anchor Point
Directly Induced Breaks
Hierarchical Data Type

Horizontal Grid-Point

MPS
RAC
RTN
SBR
SPB
TPS
VMR
VRT
WDA

5
This Rec

6.1
A codest|

6.2
A decods

More Probable Symbol
Round Away from Centre
Round to Nearest

Source Breaks

Spatially induced Break
Tick-Points

Vertex Mapping Rule
Vertex

Wedge Area

Conventions

pmmendation | International Standard uses the following conventions:
CBAP (z,,z,) — code-block anchor point

MAX_WDG — maximum search distance for the gradient extrapolation algorithm used during the
dependent prediction step associated with‘@spatially induced arc.

BPT_INTER — binary flag that is 4P code-blocks of a breakpoint component use the inter-band cod
and O if the code-blocks of a breakpoint component are coded without reference to any other code-blo

Conformance

Codestream conformance

ream conforming to this Specification shall conform to Annex A.

Decoder

specified

Specification, wi

TriBPT-

ng mode
k data.

E manner

r«conforming to this Specification shall process a codestream that conforms to this Specification in th

dependent spatial wavelet transform, in which case the following shall apply:

breakpoint components shall have the structure specified in clause 7;

d in this

th the exception of breakpoint components and tile-components that identify the use of a breakpoint-

tile-components that use a breakpoint-dependent spatial wavelet transform shall be processed in accordance with

clause 8; and

breakpoint components shall be reconstructed from breakpoint code-blocks in accordance with clause 10, where

breakpoint code-blocks are decoded in accordance with clause 9.

This Recommendation | International Standard is compatible with the coding technologies specified in both Rec. ITU-T
T.800 | ISO/IEC 15444-1 and Rec. ITU-T T.801 | ISO/IEC 15444-2. However:
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1. Breakpoint components, as specified herein, are not compatible with the multiple component transformations
specified in Rec. ITU-T T.800 | ISO/IEC 15444-1 and Rec. ITU-T T.801 | ISO/IEC 15444-2, nor are they
compatible with the non-linear transformations specified in Rec. ITU-T T.801 | ISO/IEC 15444-2; and

2. Breakpoint code-blocks, as specified herein, are not compatible with the region of interest coding and extraction
techniques specified in Rec. ITU-T T.800 | ISO/IEC 15444-1 and Rec. ITU-T T.801 | ISO/IEC 15444-2.

7 Breakpoint component structure

7.1 Breakpoint components and the reference grid

Breakpoint components have a "hierarchical data type", meaning that they are described at multiple resolutions, in a
dyadic hierarchy. Breakpoint components are identified via the HDT marker segment defined in A.4. In particular,
component ¢ isa hrpnkpninr component if Ihdtc lies in the range 1t0 3

Breakpoint component c is defined with respect to the same reference grid as other JPEG 2000 components, in terms of
the glob3l image dimensions (Xsiz, Ysiz), image offset (XOsiz, YOsiz) and sampling factors (XRsiz¢,¥Rsiz€) that are
recorded|in the S1Z marker segment. The grid-points of component ¢ consist of all integer coordinatés‘in the rectangle
with uppkr left hand corner at (x,, y,) and lower right hand corner at (x; — 1,y;, — 1), where

XOsiz Xsiz YOsiz Ysiz
[XRsizC]' = [XRsizC] Yo = [YRSlzC] P = [YRSlzC] @
These fofmulae are identical to the equations for x,, x;, ¥, and y, in Rec. ITU-T T.800.| ISO/IEC 15444-1, but[note that
the term prid-points is used here for the locations of a breakpoint component, ratherthan samples.

Xo

As with ¢ther components, breakpoint components are partitioned into tile-compenents, following the partitioning of the
referencq grid into tiles, so that the grid-points of a breakpoint tile-componentshaving component index ¢ belgng to the
rectanglg with upper left corner at (tcx,, tcy,) and lower right hand corner atv(tcx; — 1, tcy, — 1), where

- [XtR::;C]' tex = [XR 1z‘f]' Yo = [YR lZC] ey = YRslzC]' @)

where the tile in question occies the rectangle with top left corneréat (tx,, ty,) and lower right corner at (tx; + 1,ty, —
1) on thq reference grid. These formulae are identical to the equations for tcx,, tcx;, tcy, and tcy, in Rec. ITU-T T.800
| ISO/IECQ 15444-1, except that the breakpoint tile-component's locations are identified as grid-points rather than[samples.

tcx

S

Like othg¢r JPEG 2000 components, each breakpoint titexcomponent has an associated number of decomposition levels
N,, that Js identified via the applicable COD or COC marker segment, imputing the component with N, + [l distinct
resolutiop levels, denoted r = 0,1, ..., N, ; these_are“the resolutions of the hierarchical breakpoint representation. Level
r = N, ip the full resolution of the tile-component, while r = 0 is the lowest resolution, also known as|the tile-
compongnt's LL band. The grid-points associated with the resolution r of a breakpoint tile-component correspgnd to the
integer-vplued coordinates within the.rectangle with upper left corner at (trx,, try,) and lower right hand forner at
(trx, — 1,try, — 1), where

tcxo
ZNL—T' 4

t tc t

ZNCLX—IT ’ tT'yo = [ZNzlor , LT ry, = [2152/—[7“] (3)
Each resplution r has a_cerresponding depth d within the hierarchical representation. The highest resolution r = N,
correspods to depth«d\="1, while the resolution » = 1 corresponds to depth d = N, . Unlike other JPEG 2000
compongnts, for which-the LL band at resolution = 0 has the same depth d = N, as resolution 1, the LL Band of a
breakpoipt compenent has depthd = N, + 1.

trx | = [ trx; =

7.2 Bivision of breakpoint resolutions into cells, arcs and the CL band

Breakpoint components, their tile-components and their resolutions, do not have samples, but their grid-points may
correspond to the sample locations of other components. Instead of samples, the coded information associated with a
breakpoint component belongs to arcs.

There are two fundamental arrangements for these arcs, known as QuadBPT and TriBPT, and two mirror-image variants
for the TriBPT arrangement, known as TriBPT-LR and TriBPT-RL. All three arrangements are defined in terms of 2 x 2
cells within each resolution of a breakpoint tile-component. To understand these arrangements, it is helpful to start by
introducing the concept of a 2-span, which consists of 9 grid-points. As shown in Figure 1, each arc runs between grid-
points on the boundary of its 2-span. The central grid-point of a 2-span always has odd-valued coordinates in the resolution
to which it belongs, while the corners of each 2-span have even-valued coordinates. Within any given resolution arcs have
length 2, if we measure the length of diagonal arcs in the vertical direction only. This is equivalent to a length of 2¢ at
the component's full resolution.
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QuadBPT TriBPT-LR TriBPT-RL
T.816(23)

Figure 1 — Arc arrangements within a single 2-span. A 2 x 2 cell is shown here with solid grid-points.
See Figure 2 for other geometric relationships between cells and 2-spans

Each 2-span is associated with a cell that contains only 4 unique grid-points. The grid-points of each resolution are
partitioned into cells, such that the upper left corner of each cell has coordinates of the form (2¢, + z,, 2c, + z,) and
(24, z,) §orresponds to the code-block anchor point (CBAP) identitied Dy DIts 3 and 4 of the Scod paramefer in the
extended| COD syntax specified in Rec. ITU-T T.801 | ISO/IEC 15444-2. The four possible combinations’of CBAP
coordinafes, (z,,z,) = (0,0), (0,1), (1,0) and (1,1), lead to four different cell partitions, that enable geometric
manipulgtion (flipping and rotation) in the compressed domain. Figure 2 illustrates the four different relationships
between fells and their 2-spans that result from the different anchor-points.

@ Q O O @ @ O O o O Q O
@ @ O O @ @ o @ O O L @

O O O O O 0O e e GFNO e e
. z,)=(0,0) (z,2,)=(1,0) (z, 2,) = (041) . z)=(1,1)
T.816(23)

Figure 2 — Cell-span geometry for each of the feurypossible code-block anchor points

NOTH 1 — The code-block anchor point is also the anchor point forithe precinct partitions in JPEG 2000. This means that the cell
partitipn always aligns with the precinct partition for the same resolution of a tile-component.

The cellg associated with a resolution of a breakpoint tile-component have coordinates (c,, c, ), covering the yectangle
with uppgr left corner at (clx,, cly,) and lower right-hiand corner at (clx; — 1, cly, — 1), where

R e e g

2 2

clx

(=)

That is, the resolution's cells consist of al'2-x 2 elements from the partition that intersect with the resolution's yegion of
support, fegardless of whether the intersection involves 1, 2 or all 4 grid-points.

Ignoring(the LL band (resolution,0) for the moment, each other resolution r = 1, ..., N, of a breakpoint tile-component is
assigned|a single "detail band:similar to the LH, HL and HH sub-bands described in Rec. ITU-T T.800 |{ISO/IEC
15444-1 | This single detailband is denoted the CL band. Each element of a CL band is a 2 x 2 cell (or a piece thereof, if
the tile-domponent boundaries dissect the cell). The hierarchical representation of the breakpoint tile-compopent then
consists ¢f one LL bandsand N, CL bands. Each CL band is clx; — clx, cells wide by cly, — cly, cells high, wHere these
quantitiep are deriyed\from the corresponding resolution's dimensions using Formula (4). The set of cells that ¢onstitute
a CL barld determine the properties of its code-blocks and precincts, as explained next.

The dimgnsions of the LL band are expressed in grid-points rather than cells, and are identical to the dimepsions of
resolutioh-0-as—derived from Formula ('2) withy =0 -The L L band of a hmql./pninf filn-rnmpnnnnf isused to record
breakpoints that would have been found in a CL band at depth N, + 1, except that they are encoded with extra information
to reveal whether or not the breakpoints should be considered to have been induced from even lower (uncoded) levels in
the hierarchy. This is explained further in clause 9.

NOTE 2 — Unlike regular image components, the LL bands of breakpoint tile-components are commonly devoid of any significant
information — i.e., they need signal no breaks at all — but this might not always be the case.

7.3 Division of breakpoint resolutions into precincts and code-blocks

Like all JPEG 2000 components, each resolution of a breakpoint component is partitioned into precincts, and the
associated bands are partitioned into code-blocks, such that each code-block belongs to exactly one precinct. The number
of precincts which span a breakpoint tile-component at resolution r is given by
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trxl—zx] _ ltrxa—sz e > trx
precinctswide = {[ 2PPx 5PPx 1 o
0 trx, = trx,
tTyz—zy] ltryo —zyJ
i i - try, > tr
precinctshigh = {[ 2PPy 2PPy N J’o’
0 tryl = tryo

where PPx and PPy are signalled in COD and COC marker segments. These formulae for precinctswide and precinctshigh
are the same as those found in Rec. ITU-T T.800 | ISO/IEC 15444-1, modified to account for the possibility of non-zero
CBAP coordinates (z,, z,). However, the values of PPx and PPy associated with breakpoint components shall be no
smaller than 1. Moreover, for resolutions r > 0, the values of PPx and PPy for breakpoint components with TriBPT
arrangements, shall be no smaller than 2. These constraints are summarized in Table 1.

Table 1 — Constraints on PPx and PPy precinct size parameters breakpoint components

Breakpoint Arrangement Resolution PPx PPy
QuadBPT r=20 =1 >1
QuadBPT r>0 =1 =1

TriLR or TriRL r=0 =1 =1
TriLR or TriRL r>0 =2 =2

Each CLband is divided into code-blocks which are organized into precincts in exaCtly the same way as regplar sub-
bands, except that each precinct for a breakpoint tile component at resolution r >%Q’contains code-blocks from just the
one CL pand at that resolution, as opposed to HL, LH and HH sub-bands. Each nominal code-block at regolution r
contains |a rectangular array of cells that is 2*® cells wide and 2Y®"" cells high, except at the boundaries of| the tile-
compongnt, where code-blocks contain only those cells that intersect with‘the' CL band region, as given by Formula (4).
The codg-block partition is anchored at the CBAP location (z,, z, ) introduced above (code-block anchor pdint), and
consists pf all code-blocks that have a non-empty intersection with/the-CL band region. This means that each CL code-
block's cgll indices occupy a rectangle whose upper-left corner has’coordinates (bx,, by,) and whose lower-right corner
has coordinates (bx; — 1, by, — 1), where

bx, | max {k,2*?, clx,}, bx; = min {(k, + 1)2*%5clx,},
by, | max {k,2Y%, cly,}, by, = min {(k, + 1)2*®, cly,},

(ky, k) pre the integer-valued code-block indices;.and the set of code-blocks corresponds to all (k,, k,,) such that bx;, >
bx, and py, > by,. In the above,

min {xcb, PPx—1} r >0 b = {min {ycb,PPy—1} r >0 5
min {xcb, PPx}  r =20 Y =1 min {ycb,PPy} r=0" ©)

where xdb and ycb are signalled.in COD and COC marker segments. These formulae are identical to the formulae for
xcb’ and]ycb’ in Rec. ITU-T 800 | ISO/IEC 15444-1.

NOTH 1 — The CL band rggior, given by Formula (4), can differ slightly from the regions associated with LH, HL or HHl bands of
a nonjbreakpoint tile-component at the same resolution, as given by determined in accordance with Rec. ITU-T T.800 | ISO/IEC
15444-1. It turns outthat every precinct of a breakpoint tile-component is non-empty, in the sense that it contains at leastjone code-
blockthat contaips.at Teast one cell. By contrast, it is possible for a precinct of a non-breakpoint tile-component to be empity, having
no codle-block frem any LH, HL or HH sub-band, as explained in Rec. ITU-T T.800 | ISO/IEC 15444-1.

xcb'|= {

The LL Band'of’a breakpoint tile-component is also partitioned into code-blocks, where the partition is anchofed at the
CBAP Iication (z,,2,), with code-blocks of width 2*®" and height 2", where xcb' and ych' are still found using
Formula (5). However, LL code-blocks are measured in grid-points rather than cells, and code-blocks on the boundary of
the tile-component contain only those grid-points that belong to the region associated with resolution 0, as given by
Formula (3) with » = 0. Specifically, each LL code-block’s grid-points have indices that lie within a rectangle whose
upper-left corner has coordinates (Bx,, By,) and whose lower-right corner has coordinates (Bx; — 1,By; — 1), where

Bx, = max {z, + k,2*?, trx,}, Bx; = min {z, + (k, + 1)2*%, trx;},
By, = max {z, + k, 25, try,}, By, = min {z, + (k, + 1)2¥®,try,},

(ky, k) are the integer-valued code-block indices, and the set of LL code-blocks corresponds to all (k,, k,) such that
Bx, > Bx, and By, > By,

NOTE 2 — The number and sizes of LL code-blocks from a breakpoint tile-component are identical to those of an identically
dimensioned non-breakpoint component with the same N, PPx, PPy, xcb and ycb parameters.
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Even though LL code-blocks of a breakpoint tile-component are dimensioned in terms of grid-points, their coded
information is based on 2 x 2 cells. Each LL code-block's grid-points are separately partitioned into cells, such that the
upper-left corner of the top-left cell in the code-block, and the lower-right corner of the bottom-right cell in the code-
block have coordinates

(2LLx, + 2., 2LLYy, + z,) and (2LLx, + z, — 1,2LLy, + z,, — 1),
respectively, where the inclusive lower and exclusive upper bounds on the block's cell coordinates are
_ Bxo—2z _ ByO_Zy _ Bx|—z _ Byz_Zy
b = 255 b1y, = 255, b, = [ a1y = [22]

This means that the left half of each cell on the left boundary of the LL code-block lies outside the block if Bx, mod 2 #
z,., a condition that can only occur for code-blocks on the left edge of the LL band. Similarly, the upper half of each cell
on the top boundary of the code-block lies outside the block if By, mod 2 # z,, a condition that can only occur for code-
blocks on the upper edge of the L 1 band. The right half of cells on the right edge of a code-block will lie outside the block
if Bx; mpd 2 # z,,, while the lower half of cells on the bottom edge of a code-block will lie outside if By, med 2 # z,,;
these corjditions can only occur for code-blocks on the right and bottom edges of the LL band, respectively.”Regardless
of whether all grid-points of a cell lie within the code-block to which it belongs, the block decoding procedures described
in 9 regafd all arcs associated with such grid-points as if they belong to the block.

The numper of cells that are found within any code-block is given by
Wi = bx; — bx, and Hyy = by, — by,,
where bx,, by,, bx; and by, become LLx,, LLy,, LLx; and LLy, for LL band code-blocks.

7.4 Root and non-root arc breakpoint associations

Breakpoints are associated with the grid-points of a 2 x 2 cell, and serve tq describe possible breaks along one of the arcs
that span|the corresponding 2-span.

For the QuadBPT arrangement shown in Figure 1, there are four breakpoints per cell, as follows:

o orizontal non-root arc breakpoints are associated with each of a resolution’s grid-points (p,,p,) for which p,
s odd and p,, is even, serving to describe possible breaks along the horizontal arc that is centred at (p,, p,).

) ertical non-root arc breakpoints are associated.with each of a resolution’s grid-points (p,, p,) for which p, is
even and p,, is odd, serving to describe possible-breaks along the vertical arc that is centred at (p,, p,)

. orizontal root arc breakpoints and vertical“root arc breakpoints are both associated with each of a regolution’s
grid-points (p,, p,) for which p, and py\are both odd, serving to describe possible breaks along the horizontal
and vertical arcs that are centred at'(p;, p,, ).

The term} non-root arc here is used to-deseribe an arc that shares an end-point with an arc of the same orientatjon at the
next lowgr resolution (whether it exists or not); each non-root arc thus corresponds to one half of an arc at the lower

. orizontal arc breakpoints are associated with each of a resolution’s grid-points (p,, p,) for which p, i$ odd and
,, is even, senving to describe possible breaks along the horizontal arc that is centred at (p,,p,,).

o ertical.arc)breakpoints are associated with each of a resolution’s grid-points (p,,p,,) for which p, isjeven and
, i:0dd, serving to describe possible breaks along the vertical arc that is centred at (p,, p,).

. |agonal arc breakpomts are assouated with each of a resolutlon S grld pomts (px,py) for which px and p,, are
‘ S : 5 se"diagonal

arcs run from the top-left to bottom- rlght corners of the 2 -span in the TrlBPT LR case, and from the top-right to
the bottom-left corners of the 2-span in the TriBPT-RL case.

The TriBPT arrangements also have root and non-root arcs that can be observed across four 2-spans, known collectively
as a 4-span. The corners of a 4-span correspond to grid-points whose coordinates are divisible by 4. Figure 3 identifies
the root and non-root arcs for all configurations.
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https://iecnorm.com/api/?name=5cc278f7def5416d4fc5bb8fdfe4cfcb

ISO/IEC 15444-17:2023 (E)

n 2n+1 2n+2 4n 4n+2 4nt4 4n 4dn+2 4n+4
: 4mC 4m Se——sl
4m+2- dm + 2 e
4m +4 4m+ 4
QuadBPT TriBPT-LR TriBPT-RL

T.816(23)

Figure 3 — Root arc (dotted lines) and non-root arcs (solid lines)
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Breakpoint values and vertices

bkpoint tile-component has an associated parameter Fj; that controls the cardinality of the set of possiple break
on each arc. Each arc at resolution r has length 2 in its own resolution, which is equivalentito alength of 2¢ at
psolution of the tile-component, where

d = NL + 1 - T',
such arc has 2¢+F8 possible break locations, of the form
L kposition = (2k, + 1)2-FB+1) ©)

isan integer intherange 0 < k, < 24*F8 foranarc b. These possible break locations, indexed by k,,, are known
ck-points. Note that diagonal arcs and their tick-points are projected-onto the vertical axis for measurement
so their lengths are still equal to 2¢.

ration between tick-points, also known as the tick-interval, i$,2~75. The smallest possible value for Hg is 0, in
se the tick-interval is 1 and arcs at the finest resolution (A= N, d = 1) can have breaks at only twd possible
, corresponding the centres of the first and second halves of the arc. This is minimally sufficient to allow the
Nts to be used in guiding the prediction processes of atireakpoint-dependent transform, as discussed in{clause 8.
lues of F5 allow breaks to be more precisely located along an arc. Figure 4 illustrates the tick-points|resulting
pical value of Fz = 2, for the case of the QuadBRT arrangement, at the finest resolution level.
— The Fp parameter can be interpreted as the number of "fraction bits" associated with the break location index Hp.

bn to the break index k,, each arc has a\break-type value t,, in the range 0 to 3 and an integer break-precision

(tp, Py,

that relates to the amount of information derived from the decoding of breakpoint code-blocks, frgm which
inferred. For the TriBPT arrangement, breakpoints are also associated with an extrapolation-qualifigr e, that

nformation for performing extrapolation for arcs containing directly induced (¢, = 2) or spatially induged (¢, =

ing discussions, for thenQuadBPT arrangement the parameters of a breakpoint on an arc b are depoted by
L) while for the TriBPT arrangement the breakpoint parameters are given by (t,, P,, k5, e;,). Each|of these
rs and the values that they can represent are discussed below.

t, = 3_means that there is an explicitly coded break on the arc, known as a vertex; vertices are the significant
alues recovered from decoded breakpoint code-blocks. Vertex decoding is discussed in clause 9.

induced
nduction

t, = 1 means that there is a spatially induced break on the arc; spatial induction occurs when breaks are induced
onto root-arcs based on breaks found in surrounding arcs at the same resolution, after which the condition is
passed on recursively (through direct induction) to sub-arcs in finer resolutions. Spatial induction is discussed in
10.3 and 10.4.

t, = 0 means that there is no break on the arc.

The meaning of the break-precision value P, depends upon the break-type t,, as discussed next.
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VRT vertex

TPS tick-points

VMR | vertex mapping rule of mapping vertex to nearest tick-point "away from arc centre"

NOTE |- This figure depicts the case where d = 1, P = precision bits = 2 and Fg =2-With arc length given by 2

o

Figurel4 — Possible break locations (tick-points) at the finest resolutionywith Fg = 2, shown for the QupdBPT
case. Also shows the mapping of vertices with precision P, to tick-points

Vertex Hrecision: For vertices (t, = 3), the break-precision P, shallsatisfy
1<|P,—1<d+F )

where P} — 1 is the number of bits of the vertex V,, that were actually decoded. The value (2V, + 1) isa P, -bitunsigned
integer, gnd the relationship between the tick-point k, andthe decoded vertex value V,, is as follows:

0, if(2V, + )2 >1
(2V, + 1)24+FB=Pp 4 2 )]

kb . —-pP
-1, if @y P2 <1

Figure 4 Jllustrates this mapping of the (P, 1) bit vertex value V,, to tick-point k, . The quantity (2V, + 1)27%p € (0,1)
can be inferpreted as a relative vertex position. As seen in the figure, the role of the offset on the right hand side of|Formula
(8) is to[round this relative position~eutwards (away from the centre of the arc at relative position %) to the nearest
availablgtick-point.

Induced|break precision: Directly induced breaks (¢, = 2) are obtained on non-root arcs, from vertices or othef directly
induced breaks at the next lower resolution, by decrementing P, and discarding the most significant bit of k,, . Spqcifically,
using thg term "parent;“to identify the corresponding arc in the next lower resolution,

Pind ed = Max {1’Pparent - 1}' kinduced = kparent mod 2¢+F5~1 (9)

Spatially|induced breaks (t, = 1) are derived from breaks on surrounding arcs at the same resolution, and their precision
is the smplest'value of P, associated with those surrounding arcs whose breaks are involved in the induction.

Induced breaks with P, = 1 are said to be ambivalent, since insufficient information is preserved to determine whether
the break occurs in the first or second half of the arc. Both directly and spatially induced breaks can be ambivalent.

The special value P, = 0 is used to identify indefinite breaks; these are induced breaks whose existence is uncertain
because one or more of the arcs used in the induction process has break-precision P, < 1 that is too small to determine
whether a break should exist. Both directly and spatially induced breaks can be indefinite.

No-break precision: When t,, = 0, meaning that there is no break on an arc, the value of k, is meaningless, but the
parameter P, can be either 0 or 1. The combination ¢, = 0, P, = 1 means that the arc contains an induction block.
Induction blocks prevent any break from being induced on the arc. Induction blocks are derived from decoding breakpoint
code-blocks.

The extrapolation-qualifier e, is comprised of two binary flags e, , and ey, 1, such that e, = (e, 1, €;,). A break divides
an arc into two parts and the binary value of e, , conveys information required for performing extrapolation for the first

© ISO/IEC 2023 - All rights reserved Rec. ITU-T T.816 (V1) (02/2023) 9
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part while e, ; corresponds to information for the second part of the arc. These binary flags have specific and distinct
meaning for directly induced (t, = 2) and spatially induced (t, = 1) breaks for the TriBPT arrangement as detailed
below.

For a directly induced break, e, ; = GRAD1_FLAG ;,4yceq @Nd €, ; = GRAD2_FLAG ;4,04 - The predict step for an arc
containing a directly induced break is conditional on these flags as described in 8.2.4. The values for
GRAD1_FLAG ;,4yceq @nd GRAD2_FLAG ;,4uceq €aN be derived during the breakpoint synthesis stage and this is detailed
in 10.2.2.

If an arc contains a spatially induced break, then e, , = DRCTN1_FLAG g,4¢iq; and e, ; = DRCTN2_FLAG gpq¢i0;- AS
detailed in 8.2.5, these binary flags signify a direction of search for an external gradient and are utilized in the predict step
for arcs containing spatially induced breaks. The values for DRCTN1_FLAG gpq¢iq; and DRCTN2_FLAG g, 4414, Can be
determined from the 4-span triangle and inducing line geometry as explained in 10.4.4. For both flags a value of 1
indicates a search in the increasing x-coordinate direction for horizontal arcs and in the increasing y-coordinate direction
for vertiqat—amddiagomatarcs.Conversely, & vatue of 0-imditatesa search i the decreasing x-coordimate ditgction for
horizontal arcs and in the decreasing y-coordinate direction for vertical and diagonal arcs.

8 Breakpoint-dependent spatial wavelet transformation

8.1 Overview

To perfgrm breakpoint-dependent inverse discrete wavelet transformation (BD-IDW.TF), this Recommenpdation |
Internatipnal Standard uses the synthesized breakpoints, as described in clause, 10y, to adapt a two-dinpensional
reconstryction of sub-band samples obtained by processing the codestream in aeCordance with Rec. ITU-T T.800 |
ISO/IEC|15444-1 together with any additional signalled capability.

The BDDWT is performed in stages for a given tile ¢t of a non-breakpoint.\cemponent with index ¢, progresging from
coarse toffine resolutions r = 1,2, ..., N,. The BD-IDWT uses spatial sub-band samples found within that tile-component,
that are gbtained by processing the codestream in accordance with Rée. ITU-T T.800 | ISO/IEC 15444-1, together with
any additional signalled capability.

The BD-IDWT also uses breakpoint data from the same tile t of\a separate breakpoint component with index ., where
the valud D, is communicated via the SEcod field specified in;Annex A.

Each stage r utilizes the four spatial sub-bands LL,., HL;,; LH, ,, HH, , that belong to resolution r of the non-bfeakpoint
tile-component indexed by c, together with a corresponding breakpoint band LLy,_, which contains all breakpoint
informat{on at resolution r for the designated breakpoint tile-component indexed by D,. The breakpoint data prgvided by
LLp_, corresponds to the (partially) reconstrueted breakpoints that appear at the same resolution r as determimed using
the recorystruction procedure in clause 10. Stage r uses this information to synthesize a sub-band LL. (..., for ise in the
next stage, if any. The iterative procedure.is illustrated in

LLp,; |denotes the breakpoint LL band-for resolution r=i.

Figure 5where the output of the'final stage LL. , .1, Constitutes the decoded samples of the tile-component c.

LL, | —]
t
HL, , =5 LL_,
' Stage 1 G2
LH(‘, 7 2
HL(,A g m— LLL N
HH N — LH Stage2 —— L
l 2 — HLL N —
HH , — L Stage N, — L] Ny
LLD‘. 1 T LH, y, —*
HH, y —s
LLDE.z L f
LLy, T.816(23)

LLp,; denotes the breakpoint LL band for resolution r=i.

Figure 5 — Stages of the breakpoint dependent inverse discrete wavelet transform

In the simplest case, where both components have the same number of decomposition levels N, and identical sampling
factors XRsiz! and YRsiz! reconstructed breakpoint data for resolution r is combined directly with the four spatial sub-
bands LL.,,HL.,,LH,,, HH,, to perform the reconstruction at stager = 1, 2,...,N;.
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If the breakpoint component and breakpoint-dependent component have different sampling factors XRsiz® and YRsiz!,
the transformation process is not well defined. Some decoders might be capable of producing meaningful results when
this happens, but this Recommendation | International Standard does not define the behaviour under such circumstances.

If the breakpoint component provides A, more decomposition levels N, than the breakpoint-dependent component, the
transformation processes described here shall be applied after renumbering the resolutions of the breakpoint component
so that original resolution r is interpreted as resolution r — A, . This effectively discards the unnecessary lower resolutions
of breakpoint information.

If the breakpoint component provides only N, — 1 decomposition levels, for the breakpoint-dependent component's N;,
decomposition levels, the transformation processes described here shall be performed after renumbering the resolutions
of the breakpoint component so that original resolution r is interpreted as resolution r 4+ 1. This leaves the breakpoint
component's LL band at resolution 0 providing the breakpoint data for the first stage of the transform at r = 1. If the

breakpoint component provides even fewer decomposition levels, the transformation process is not defined by this
Recommendation I International Standard

Each stafje of the BD-IDWT is performed in two steps. First the four spatial sub-bands LL.,, HL.,, LH} 7HH, . are
subjected to a mapping procedure 2D_GP_MAPPING that produces a single interleaved output band £,~A bfeakpoint
dependent 2D sub-band reconstruction procedure BD_2D_SR is then applied to I, ,. that depends on\the corresponding
breakpoipt band LLp, - -

8.2 TriBPT-dependent irreversible transforms

8.2.1 Introduction

For the |TriBPT case, the 2D_GP_MAPPING procedure maps the spatial-sub-bands LL.,,HL.,,LH_, ,[HH,, to
corresponding grid-point locations to form an interleaved band [g-ysuch that I, = 2D_GP_MAPPING
(LL,, HLr, LH, ,, HH, ., trx,, trx;, try,, try,) where (trx,, try,) specifies the upper left corner and (trx;, — 1, try, —
1) the lopver right corner of the rectangular grid-point region at resolution' that corresponds to I.... The mappir{g of sub-
band samples to grid-point locations for a given resolution r is illustrated in Figure 6; while the specific example shown
relates tg the TriBPT-LR case, the mapping remains identical for{fiBPT-RL.

NOTHE — As shown in Figure 6, the grid-point mapping procedute associates the samples of the HL ,.,LH. ,, HH., spatial sub-
bands|at the same locations as horizontal, vertical and diagonal‘ares from the breakpoint component D, respectively.

In the defcription that follows, it is convenient to identify different triangular elements within a 4-span (see Figure 3) by
means of two variables, s, and s;5. The first variable distinguishes between the mirror-image geometries Tr|BPT-LR
and TriBPT-RL, with s, = 1 for the TriBPT-LLRVarrangement and s;; = —1 for the TriBPT-RL arrangenment. The
second vpriable distinguishes between the upper-and lower triangles within the 4-span, denoted TOP_Tri and BOT _Tri,
with s;5|= 1 and s;p = —1, respectively.

This clayse defines the TriBPT-dependentirreversible transforms. The reversible version of these transforms arg defined
in 8.3.

The intefleaved band I, produced by the 2D_GP_MAPPING procedure, is subject to 2D filtering BD_2D_SR, which
consists pf two lifting steps. The update step is applied first, modifying sub-band samples at grid-points (p,, p,}) that are
(even, evien), based on sub=band samples and breakpoint values at connected neighbouring grid-points with (even, odd),
(odd, evgn) and (odd, gdd)locations. The update step is implemented by making the following assignment for each (even,
even) logation (2n;2fm) of I, ,..

I..(2n, 2m) = I, (2n,2m) — z U(ley, LLy,_p 21 + 8, 2m + 8,,) (10)
(Bn.6m)eENy

Here, Ny ={(1,0),(0, 1), (S, L), (—1,0),(0,— 1), (=5, — L) [dentifies the update nefghbourtiood, and the update
function U is given by

U(IC - LLD - px’py) — {,U * IC,T (va py)v if tb(px'py) = 0, (11)
’ ¢ 0, otherwise

where u = iand t, (Dx, Dy) is the arc break-type found from LLDC,r(px,py). As defined in clause 7, t, = 0 means that

there is no break on the arc. Figure 7 shows the operation of the update step for the TriBPT-LR arrangement, providing

examples with no breakpoints and when breakpoints are present on neighbouring arcs.

After the update step, the (even, even) indexed sub-band samples located at end points of arcs at resolution r are utilized
in performing the second (predict) lifting step. The predict step is implemented by making the following assignment for
each (even, odd), (odd, even) and (odd, odd) location within I .:
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I.,(p) =1.,(®) + P(I.,, LLp,,, P), Where p = (p,,p,) and p,, p, are not both even. (12)

For a root or non-root arc centred at location p = (p,,p,), the predict function P() is dependent on the corresponding

break-type t, (p,,py), as well as the location of the break k;, (p,,p, ), as given by LLDC’T(px,py). There are in total five
distinct cases that give rise to specific breakpoint dependent predict functions, as detailed in 8.2.2 through 8.2.5.

HL_ (n, m)
LL, (n, m)
s AQFH v 2n : 2
2m )
2n+1

LH, (n,m)_--7

2m+ 2 _

TriBPT-LR T816(23)

Figure 6 — Interleaving of sub-band coefficients to a triangular gridsfor a given resolution r

2m+20 2m+2C
T816(23)
h) Update step in the absenee of breakpoints b) Update step in the presence of breakpoints
BRL breakpoint location
Figure 7 — Update step examples for TriBPT-LR arrangement
BRL
1 1
2 2., ol
L - ~ ] 4 B
P P ! P NN
2m C Op 2m C C P
2n 2n+1 2n+2 2n 2n+1 2n+2
T816(23)
a) Predict step in the absence of breakpoints b) Predict step in the presence of a breakpoint

BRL breakpoint location

Figure 8 — Predict step examples for a horizontal arc

822 Arcswitht, =0
For arcs without any breaks (t, (p) = 0), the predict function is given by
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1
P(Ic,r: LLDC,r: p) = E (Ic,r (pA) + Ic,r (pB))

where the prediction source locations p# and p® are given by
[(2n,2m), (2n + 2,2m)] ifp=_>2n+1,2m)
[P4,pB] = [(2n,2m), (2n,2m + 2)] ifp=_02n2m+1)
[(2n,2m), 2n+ 25,5, 2m + 2)] ifp = (2n+ sz, 2m+ 1)

An example involving a horizontal arc is shown in Figure 8 (left).

823 Arcswitht, =3

For arcs containing a vertex (t, (p) = 3), the predict function is given by

:2023 (E)

(13)

(14)

I A k > 2d+FB—1
P(IC' :LLDCr' ) — { c,r(p ) b(p)

I.,(%) ky(p) <24FB1

where thp prediction source locations p# and p® are given by Formula (14). An example involving a horizon
shown il Figure 8 (right).

8.2.4 [Arcswitht, =2
For arcs fontaining a directly induced break (¢, (p) = 2), the predict function is given by

_ I.,(p*) +G,(p.2p* —p) ky(p) > 2%B71
LLDC‘r: )—

P(I.},
( ’ Ic,r(pB) + Gb(p'zpB -p) k(< Dd+Fp—1

3}

Where the prediction source locations p# and p? are given by Formufa (14) and G, (p, p™") refers to a gradien

1 p-— pnbr p - pnbr
_ nbr L S nbr __ : nbr
b ) = 12 [Ic_r (p +— ) I, <p ;| ifSMOOTH@,p"")

0 otherwise

D
o
~—~

e [p™ belongsto LL,_, and
e [p(p™)=0and
o RADX FLAG ipaycea (P) = 1

GRAD1_FLAG jpgucea  kp(p) > 29%FB71
GRAD2_FLAG jngucea  kp(p) < 29%FB71

GRA DX_FLAG induced (p) . {

(15)

tal arc is

(16)

value

function

qualifier

n pnbr —

rrent arc

GRADZ_FLAG induced = 1 to |nd|cate that the nelghbourlng arc nbr is a sub-arc of the ancestor arc anc. Since nbr is
free from breaks and a sub-arc of anc, the samples at both endpoints of nbr are used to determine the gradient value

G, (p, p™™). The extrapolation-qualifier for the first half of the current arc GRAD1_FLAG ;pgyceq = 0.

NOTE — As explained in clause 7, t,, (p) = 2 means that the arc at p contains a break that is recursively induced from a decoded
vertex on some ancestor arc at a coarser resolution 2" < r. The predict function allows for linear extrapolation within the span

of this ancestor arc.
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Figure 9 — Example of direct induction of a breakpoint

Figure 10 illustrates examples of spatially induced breaks on root arcs by sourcé breaks on non-root arcs for the

LR arran
case is s

BIP
BIL

14

pement. The base-arc and base-grid-point along with the configuratiorof the corresponding wedge areg
own.

BIP

\ .
\l phu.u’-ml(’rwcr base, - /
BLN

T.816(23)

b) Example illustrating spatially induced break on horizontal root arc

base-intersection-point ~ BGP base-grid-point BLN base-line
break-inducing-line WDA wedge area SBR source breaks

Figure 10 — Example illustrating spatially induced breaks

TriBPT-
for each
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Figure 11 gives an example of spatial induction for a non-root arc.
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Figure 1
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b) Source breaks and inducing ‘lihe for parent-4-span at resolution ™t = r — 1

base-grid-point SPB spatighy induced break NRA  non-root arc
base-intersection-point ~ BLN base-line WDA  wedge area
break-inducing-line SBR source breaks

e 11 — Example of a spatiallyinduced breakpoint on a non-root arc for the TriBPT-LR arrange

P identifies the corresponding base-arc for the spatial induction cases illustrated in Figure 10.

ment
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BLN

T.816(23)

a) Vertical root arc with binary flags ORN = Horizontal and DRCTNX_FLAG ;,quceq = 1.

. BLN

T.816(23)
b) Horizontal root arc with binary flags ORN = Diagohal and DRCTNX_FLAG ;,4ycea = 1.

BIP base-intersection-point BSA base-arc
BLN base-line BIL  break-inducing-line

Figure 12 — Examples showing base-arc bsa and gradients G?s¢ and 6*%9 along with corresponding binary flags
ORN and DRCTNX FLAG ,,4yccq TOr root arcs

Figure 18 identifies the base-arc for the spatial-induction configuration presented in Figure 11.

BSA
BIP
Y
ng
WDA
BIL
X T.816(23)
BIP base-intersection-point ~ BSA base-arc BLN base-line
BIL break-inducing-line WDA wedge area NRA non-root arc

For the diagonal non-root arc containing a spatially induced break, the corresponding binary flags ORN = Horizontal
and DRCTNX_FLAG ;pgucea = 1-

Figure 13 — Example showing base-arc bsa and gradients G?s¢ and ¢*%9 along with corresponding binary flags
ORN and DRCTNX_FLAG ;,4,..q fOr diagonal non-root arc containing a spatially induced break

16 Rec. ITU-T T.816 (V1) (02/2023) © ISO/IEC 2023 - All rights reserved


https://iecnorm.com/api/?name=5cc278f7def5416d4fc5bb8fdfe4cfcb

ISO/IEC 15444-17:2023 (E)
825 Arcswitht, =1

8.2.5.1 Introduction

Foran arc a centred at location p with ¢, (p) = 1, two options are pursued to infer a gradient along the arc. These options
involve other arcs at the same resolution and within a specified spatial proximity of the arc a.

Let p = 2g + &8 denote the location of the centre of an arc a which contains a spatially induced break, where
9 = (g, 9m) is aninteger valued vector and § = (5, 5,,) € {(1,0),(0,1),(s.r, 1)} . The end point of the arc a that falls
on the same side of the break as the centre of the arc is identified as the base-grid-point p®»¢ and is given by

- { 2g if ky, (p) > 24+Fs—1

17
29+26 ifk,(p) <24+fB-1 @n

At resolution r of the current arc a. the grid line which contains the base-grid-point and having orientation ORN is
referred to—as—thebase-tine—TFhe wicutatiuu, eithet hmiLunta:, verticat-ot diaguua: ts—determined by the operator

ORN_4SPAN as shown below and defined in 8.2.5.5.
ORN = ORN_4SPAN(p, k;, (p))

For an arc with a spatially induced break, there are always two breaks defined on other arcs that aré.the source preaks of
the spatigl induction. The line formed by these two induction source breaks, is referred to as the break-induging-line.
Examplep of spatial induction for root arcs is shown in Figure 10 while an example of spatialjinduction for a non-root arc
is illustrgted by Figure 11.

For the grc a centred at location p with t,(p) = 1 two options, known as WDG and)PRL, are considered tp infer a
gradient plong the arc. Each of these two options has an associated validity flag, and a gradient value that is meaningful
if the corresponding validity flag is TRUE. The validity flags and gradient valugs\are listed below.

o Flag VALID_WDG is set to TRUE if the WDG option identifies ayalid'gradient G,‘)’"dg, derived from args located
n the wedge region WDG_REGION bounded by the base-ling and the break-inducing-line.
e [Flag VALID PRL is set to TRUE if the PRL option identifi€s.a valid gradient Glf”, derived from an drc that is
parallel to the arc a and shares the base-grid-point pbs¢ <

The conglitions for setting the flags VALID_WDG and VALID_PRL and the process of determining the associated
gradient falues are detailed below. In these discussions, an, operator GRAD(p ), as defined in Formula (18), is used to
determing the gradient of an arc at resolution r,Centred at location p = (2n + 6,,2m+ §,,) with (4,,5,,) €

{(110)1 ( 11)' (SLRi 1)}
GRAD(p) = I, (2n+ 28,,2m + 268,) — I,y(Zn,2m) (18)

8252 |VALID_WDG and G,

There arg two arcs at resolution . that are on the base-line and share the base-grid-point p"¢. Of these two arcs, the arc
with its gentre located away frofm-p®3 in the direction DRCTNX_FLAG ;,,4,,ceq 1S identified as the base-arc bsa With pbs2
corresponding to the centre Jlocation of the arc. The direction DRCTNX_FLAG ;,4uccq Of the current arc a centred at
location p is determinedas;shown below.

DRCTN1_FLAG jnguced  kp(p) > 207571
DRCTN2_FLAG jguced  kp(p) < 207571

where th¢ values of the binary flags DRCTN1_FLAG ;,4yceq @nd DRCTN2_FLAG ;,,4uceq are defined by the extrapolation-
qualifier ke, far the arc as specified in 7 5_The lacation of the base arc p®3 _along the base-line having arientation ORN,
is given by

P> = p*™* + (2 X DRCTNX_FLAG ingucea (P) = 1) 8oy

(1,0) ifORN = Horizontal
6ory =1 (0,1) if ORN = Vertical
(sz,1) if ORN = Diagonal

DROTNX_FLAG ) qucea (P) = {

The orientation value ORN of the base-line is determined as explained in 8.2.5.5.

If base-arc bsa contains a break, that is t,(p°?) > 0, then the flag VALID_WDG is set to false (VALID_WDG =
FALSE). Otherwise, a process is initiated to identify a specific arc wdg located inside the WDG_REGION and to
determine its gradient G49 and validity flag VALID_WDG, as detailed below.
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To evaluate G¥%9, a set of candidate arcs W from the current resolution r is first determined such that the centre location
pY of an arc in this set is given by

pY = p + c.(2 X DRCTNXpaG jpayced @) = 1) orn

where ¢ € (1,2,3,...C) with increasing values of ¢ corresponding to increasing distance from p and the maximum index
value C determined by the maximum allowed distance MAX_WDG.

The candidate arcs in the set W are evaluated in order of increasing distance from p to identify a specific arc wdg as
detailed below.

The evaluation process starts with ¢ = 1 and proceeds as follows:

Step 1
If ¢ > C then the evaluation process is terminated and VALID_WDG = FALSE.

Ifinthe g
GRAD(p
parallel t
gradient
gradient

Step 2

If the arc centred at p¥¥ contains a vertex (i.e., t,(p¥) = 3) or directly induced break (i.e., t;PY)
the evaluation process is terminated and VALID_WDG = FALSE.

Step 3

If the arc centred at pYis devoid of any breaks, that is t, (p¥) = 0, then wdg is gguated to the arc g

pY (i.e., pv9 = pV ). The operator PARENT_RES_4_SPAN() is used to detérmine the highest r
%49 at which a 4-span arrangement is inclusive of both arcs wdg and a.

rawds = pARENT_RES_4_SPAN (p¥%,p)

= 2) then

entred at
bsolution

If the value for r®%49 js less than 1 then this implies that a common 4-span arrangement does not] exist for

arcs wdg and a, hence VALID_WDG = FALSE. However, if+*"49 is within permissible limits, r
value from r — 1 to 1, then VALID_WDG = TRUE. Finally, the evaluation process is terminated at

Step 4

If the arc centred at p!¥ contains a spatially dnduced break (i.e., t,(p¥') =1) then ¢ = ¢ + 1
evaluation process continues by returning to Step'1.

\valuation process above the flag VALID_WDG:is set to true (VALID_WDG = TRUE) then the gradien
wdd ) across the arc wdg is calculated in-aecordance with Formula (18). The identified arc wdg sha
b the current arc a . In such cases the gradient G?S¢ observed along the base-arc bsa is also calculated
pperator such that G?s* = GRAD(p2$%). Examples of base-arc bsa and corresponding gradient G5¢, a
;w99 of the identified arc wdg located inside the wedge area are shown in Figure 12 and Figure 13 for t

induction cases illustrated in Figure 10~and Figure 11 respectively. Since wdg and bsa represent two non-paral

vector ad
non-root

Gy

If the arc

Otherwig

dition of their respective. gradients G*%9 and G is utilized to provide a candidate gradient G,
arc a. The general equation for calculating G;’”dg is shown in Formula (19).

wdg

d,
9 — Sp (awdgGwdg + absaGbsa)

e, the following rules apply for the corresponding weights a” where n € {wdg, bsa}

hnging in
this step.

and the

Gwdg —
Il not be
using the
ong with
he spatial
el arcs, a
hlong the

(19)

wdg is parallél to arc a then the corresponding weights 49 and a?** in Formula (19) are given belpw.

ywdd_=Fand a5 = 0.

e If current arc a is a diagonal arc then a” = s, if n is a horizontal arc otherwise 7 is a vertical arc and a7 = 1.

e Ifcurrentarc a isavertical arc then a” = 1 if n is a diagonal arc otherwise 7 is a horizontal arcand a” = —s;5.

e If current arc a is a horizontal arc then a” = s, if n is a diagonal arc otherwise n is a vertical arc and a” =

—SIR:

For arc a centred at location p, the sign value s, in Formula (19) is determined based on the location of break on arc a
and is given by

(. ko () > 2047571
Sp = _

18
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Figure 14 and Figure 15 show examples of arcs centred at p.

T.818(23)

Figuie 14 — Examples of arcs prl parallel in orientation to root arcs centred at p and containing a spgtially
induced break. Gradient calculated across arc prl is denoted as G2

pri
\ _ seB
G /

base

T.816(23)

SPB spatially induced break

NRA non-root arc

Ei

dure 15 — Example of arc prlparallel to the non-root arc centred and at p and containing a spatially
induced break-Corresponding gradient across arc prl is shown as GP™

8.2.5.3 | VALID_PRL and\GP™

The arc 4t resolution r<that shares the base-grid-point p®s¢ and has the same orientation as the current arc a i$ labelled
prl. If the arc prlcontains a break, that is t,(p?™) > 0, then the flag VALID_PRL is set to false (VALID_PRL =
FALSE)| Alternatively, if prl is free of any breaks, that is t, (p”) = 0, then the highest resolution »?™ atl which a

4-span afrangement is inclusive of both arcs prl and arc a is determined using the operator PARENT_RES_4 {SPAN()
as showr| helow.

roPT = PARENT_RES_4_SPAN(p™, p) (21)

If the value for r%P™ is less than 1 then this implies that a common 4-span arrangement does not exist for arcs prl and a,
hence the flag VALID PRL is set to false (VALID_PRL = FALSE). However, if %P is within permissible limits,
ranging in value from r — 1 to 1 then, the flag VALID_PRL is set to true (VALID_PRL = TRUE) and the gradient G?™
is calculated, such that GP™ = GRAD(p”").

For performing extrapolation along current arc a centred at location p, a candidate gradient G{,’” is determined using the
gradient GP™ of the neighbouring parallel arc prland the sign value s, that depends on the location of break on the
current arc. The formula for determining G{,’” is shown below where the value for s, is specified by Formula (20).

G;Jrl =s, Grrl (22)
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Examples of arcs prl, having parallel orientation with arc a centred at location p, are shown in Figure 14 and Figure 15
along with the associated gradient GP™.

8.2.5.4 Predict function

The predict function for an arc a with a spatially induced break (i.e., t,(p) = 1) is given by
I.,(2n,2m) + G, k,(p) > 2%+F-1
I..(2n+26,,2m +268,,) + G, k,(p) < 24+Fs~1

and the procedure for determining G, from the evaluated validity flags VALID_WDG and VALID_PRL, and
corresponding gradients G,*’ and GP™ is specified in Figure 16.

Pl Loy 2n + 6, 2m+.5,) = | @)

IF (VALID_WDG = FALSE) AND (VALID_PRL = FALSE) THEN

G, =0
ELSE IF (VALID_.WDG = TRUE) AND (VALID_PRL = FALSE) THEN
Gy =0.5%G'%
ELSE IF (VALID_.WDG = FALSE) AND (VALID_PRL = TRUE) THEN
Gy = 05GP
ELSE IF (VALID_WDG = TRUE) AND (VALID_PRL =7RUE) THEN
IF (rawds > parrt)
G, = 0.5% G,
ELSE IF (roprt > pawds)
G, =0.5%G"

ELSE

Figure 16 — Algorithm for determining the gradient G, based on validity flags VALID_WDG anq
VALID_PRL and corresponding attributes

NOTH - If both flags VAKID_WDG and VALID_PRL are false, then the predict function essentially reverts to performinp constant
extragolation along theatc. a. If only one of the validity flags is true, then the corresponding valid gradient is utilized in performing
linear|extrapolation.Jfboth flags are true, then the resolution at which there is a common shared parent becomes the ddtermining
factor| If both r $%4% and r %P are equal, then an average of the gradients Gl‘,”dg and G{,’” is used to perform linear extrapolation,
otherwise thevgradient corresponding to the higher resolution is chosen for the extrapolation function.

8.2.5.5 [ ldentifying orientation ORN

For an arc a at resolution r, the operator PARENT_RES_ROOT_ARC() is used to identify the resolution level ™ at
which a is either a root arc or becomes a sub-arc of a root arc. This is shown below.

1™ = PARENT_RES_ROOT_ARC(p) @4)

where for arc a with a spatially induced break, "¢ can range in value from r to 1. The root arc at resolution level "* that
is inclusive of a is labelled rt.
NOTE — If r"t = r then this means that vt = a. If r™* < r then a is a sub-arc of rt.

The 4-span arrangement at resolution ™ that is inclusive of the root arc rt is referred to as the parent-4-span. An example
of a non-root arc a with a spatially induced break for the TriBPT-LR arrangement at resolution r is shown in Figure 11
(top). The corresponding parent-4-span at resolution ™ is shown in Figure 11 (bottom) where in this example
rt=r—1,

The centre coordinates p’* of root arc rt, in terms of the coordinates p = (n.m) of arc a, is given by
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J.2+(nmodZ),lLJ.2+(mmod2)>

2r—rTte1

n

pl‘t — (an,mTf) — (lm
The two endpoints of arc rt are labelled end-pointl and end-point2. The first endpoint, end- pointl, is located on the left
side of the arc for horizontal arcs or on top for vertical and diagonal arcs and the second endpoint, end- point2, is located
on the right side for horizontal arcs or at the bottom for vertical and diagonal arcs. In the parent-4-span arrangement, there
are two non-root arcs of the same orientation ORN1 that share end-pointl. Similarly, there are two non-root arcs of
orientation ORN 2 that share the end-grid-point2. An example is provided in Figure 17 where for a non-root arc a at
resolution r and centred at p, the corresponding root-arc rt in the parent-4-span arrangement occurs at resolution
r™ =r — 1. The two endpoints of rt and the orientations of the non-root arcs at each endpoint are shown.

" NRI

T.816(23)

EP1 end-pointl

EP2 end-point2

NR1 non-root arcs at resolution r"* sharing end-pointl

NR2 non-root arcs at resolution r"* sharing end-peint2

a non-root arc at resolution r

rt root arc in the parent-4-span arrangement at resolution r "¢

The origntation of the non-root arcs at\the endpoints of rt determine the values for ORN1 and ORNZ2 such that in this example
ORN1=Horizontal and ORN2=Vertical.

Figufe 17 — Parent 4-span arrangement at resolution r™* = r — 1 for arc a at resolution r and centred at p

For an drc a centredat'p containing a break at location k;(p), the operator ORN_4SPAN(p, k;,(p)) identifies the
corresponding orientation ORN as shown below.

ORN1 ky(p) > 24+FB-1
ORN2 ky(p) < 29+F5-1

ORN_4SPAN(p,k,(p)) = {

8.3 TriBPT-dependent reversible transforms

In this clause, the reversible update and predict functions for TriBPT case is defined, relying upon the notations and
definitions presented in 8.2.

The reversible update step is implemented by making the following assignment for each (even, even) location (2n,2m)
of I,.
Yeusmeny Uller LLp, p 20+ 8,,2m + 8,) + 4 (25)

I..(2n,2m) =1,.,.(2n,2m) — 3
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where, as defined in 8.2, V', identifies the update neighbourhood.
The update function U is given by

ler(Pxpy),  ifty(Pepy) =0
ULy, L,y D ={“*”"y b\PxPy
Uer:LLpr:PrPy) 0, otherwise (26)
where u = 1.

The predict step is defined in Formula (12) and the associated predict function P(Ic,rﬁLLDC,r'p) for each breakpoint type
is define below for the reversible transform.

831 Arcswitht, =0

For arcs without any breaks (t, (p) = 0), the predict function is given by

(27)

1
P(Ief. Loy p) = |5 Uer ) + 10,0

Q

where p1 and p? are determined in accordance with Formula (14).

8.3.2 |Arcswitht, =3

For arcs pontaining a vertex (t, (p) = 3), the predict function for the reversible transformdsyidentical to that d¢fined by
Function| (15).

833 [Arcswitht, =2
For arcs fontaining a directly induced break (¢, (p) = 2), the predict function-is-given by

L )= I.,(") + 1Gy(p,2p* — )| ky(p) > 24FBT (28)
T D¢, - I ( B) +1G 2 B __ k <2d+FB—1
er(D [Gy(p. 2P — D) kp(D)

where the derivation of G,and corresponding locations p# and p®+are specified in 8.2.2.

P(I

834 Arcswitht, =1
The predjct function for an arc with a spatially inducedbreak (i.e., t, (p) = 1) is given by

I.,2n,2m) + G, k,(p) > 24+FB-1

P(I),, LLy ,,2n+6,,2m+6,,) =
(g Lo " m) {Icyr(2n+ 26,,2m+268,) +G, k,(p) < 24*+fB-1

The prodedure for determining G, for the reversible transform is specified in Figure 18. The required validity flags
VALID_WDG and VALID_PRL, and-carfesponding gradients 6" and G?'™ are defined in 8.2.5.
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IF (VALID_WDG = FALSE) AND (VALID_PRL = FALSE) THEN
G, =0

ELSE IF (VALID_WDG = TRUE) AND (VALID_PRL = FALSE) THEN
o= o]

ELSE IF (VALID_WDG = FALSE) AND (VALID_PRL = TRUE) THEN

oot

ELSE IF (VALID_ WDG = TRUE) AND (VALID_PRL = TRUE) THEN

IF (.ra,wdg > ra,prl)
1
6 = |5+ 6]
ELSE IF (rorrt > rewds)
1
G =3+6"|

ELSE

Figure 18 — Algorithm for determining the gradient G, fof\the reversible transform, based on validity flags
VALID_WDG and VALID_PRL and corresponding attributes

8.4 QuadBPT-dependent transforms

8.4.1 Introduction

For QuadBPT, the 2D_GP_MAPPING procedure maps the spatial sub-bands LL,,,HL,,LH,,, HH, , to corresponding
grid-poirt  locations to  form ant- interleaved band ., such that I..= 2D_GP_MAPPING
(LLeypyHLcro LH, o, HH, ., trx,, trx, 4735, try;), Where (trx,, try,) specifies the upper left corner and (trx; —[1,try, —
1) the lojver right corner of the rectangular grid-point region at resolution  that corresponds to I..,.. The mappir{g of sub-
band sanjples to grid-point locations for a given resolution r is illustrated in Figure 19.

NOTH — As shown in Figure.19, the grid-point mapping procedure associates the samples of the HL,- and LH,,. spatial sub-bands
at the pame locations as respgctive horizontal, vertical non-root arcs from the breakpoint component D, while HH_ . is af the same
locatipn as where both the*horizontal, vertical root arcs are associated in D.

HL, (n, m)
LL, (n, m)

S 2n 2n+1 -7 2p40

il L

2m O - @)

A
2m+ ]4;( N3 A >
LH_ (n,m)-- HH._ (n, m)
2m+20 ’Y O

QuadBPT T.816(23)

Figure 19 — Interleaving of sub-band coefficients to a quadrilateral grid for a given resolution r
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The interleaved band I, produced by the 2D_GP_MAPPING procedure, is subject to a breakpoint adaptive 2D sub-band
reconstruction BD_2D_SR, which consists of four lifting steps conducted in two phases. At the completion of Phase 1,
samples at (odd, odd) locations are reconstructed after which performing Phase 2 reconstructs the remaining samples at
locations (even, even), (even, odd) and (odd, even).

8.4.2 BD_2D SRphasel

In Phase 1, an update step is applied first, modifying sub-band samples at grid-points (p,, p, ) that are (even, even), (even,
odd) and (odd, even). The update step is dependent on sub-band samples at (odd, odd) locations (2n + 1,2m + 1) of I..,.
and corresponding binary variables 8 (2n + 1,2m + 1) determined by

B2n +12m +1) = {1 iftb(ZTL +6,2m+6,) =t,2n+12m+1,H) =t,2n+12m+1,V)=0 (29)
0 otherwise
where (8,,6,,) = {(1,0),(0,1),(1,2),(2,1}, t,(2n + 8,,2m + &,,,) is the arc break-type found from LL, ,(2n+

8y, 2m 4 &8,,) for non-root arcs and t,(2n+ 1,2m+ 1,H) and t,(2n + 1,2m + 1,V) refer to the breakpoing type for
horizontal and vertical root arcs respectively at LL,_,.(2n + 1,2m + 1). As defined in clause 7, t, = 0 means’that there

is no bregk on the arc.

NOTH — f(2n + 1,2m + 1) is equal to 1 if all 6 arcs of the 2-span centred at (2n + 1,2m + 1) are free of any breaks, [otherwise
itissqtto 0.

The upddte step that modifies (even, even) locations during Phase 1 is defined below.

I..(Zn,2m) = I.,(2n,2m) — Z ute(l,,, LLp,,,2n+68,,2m+ 5m) (30)

(5nv5m)EN1,a
Here, V[, = {(1,1),(1,-1),(—1,1),(—1,—1)} identifies the update neighbdurhood, and the update functign U4 is
given by

U (lep, LDty = {F Yr Ly (Popy) i B(Papy) =1 (32)
’ ¢ Y 0, otherwise

where p}* = 0.04701. Figure 20 shows the operation of theupdate step for an (even, even) location, providing gxamples
with no Breakpoints and when breakpoints are present on a-neighbouring 2-span QuadBPT arrangement.

BRK
2n-2 2n 2042 2n-2 2n /\ 2nt2
2m-20 L O R O 2m-20 }( O R l/ g4
< < & > o >
g \\\ #\.u
v v \\\A b v i
2m O 2m O R /_7‘\.,\“ Q C
VA TN
<A I A /) S >
2mM+£20 - ) - ) 2m+2 ¢ - 0O - ¢
T.816(23)
a) Update step in the absence of breakpoints b) Update step in the presence of breakpoints

on arcs of a neighbouring 2-span arrangement

BRK breakpoint locations

Figure 20 — Phase 1 update step for (even, even) location (2n,2m)
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The update step that modifies (odd, even) location is defined below.

I, (2n+1,2m) = I, (2n + 1,2m) — z U (I, LLp, ) 27 + 8y, 2m + 6, (32)
(8n‘5m)€]‘r1,b

where V; , = {(1,1),(1,—1)} identifies the update neighbourhood and the update function U*? is given by

YLy (popy) i B(Pwpy) =1 (33)
UYP(I..,LLp Dy :{“ *ler\Pxo Py ) x Py
(e Der'Pxr Py ) 0, otherwise

with u'? = 0.1479.

The update step that modifies (even, odd) locations is given by

P—1

I, Znzm+ 1) =1,,(2n2m+1) - Z‘w o U™ (I, LLppr 270 + Oy, 211 + Oy (34)
nOmJ)EN1 ¢

where M . = {(1,1),(—1,1)} identifies the update neighbourhood and the update function U*? is ‘defined pbove in
Formula|(33).

Examplep of the update step for locations (2n + 1,2m) and (2n, 2m + 1) are shown in Figure 21.

BRK
2n-2 2n 2n+2 2n-2 2n /\ 2nt2
2m—-20 X @) R O 2m—-2 0 ’X @] R d
X
DE L3 @ MP<E @& >(

2m O 2m O . q
b
z
w420 — o) — O 2m+20 — O — g
T.816(23)
a) Update step in the absenee-of breakpoints b) Update step in the presence of breakpoints

BRK breakpoint locations

Figure 21 — Phase 1 update’step for (even, odd) location (2n,2m + 1) and (odd, even) location (2n + 1,2m)

After the update step/a-prediction step is performed that modifies (odd, odd) locations of I.... To perform th(s predict
step an iptermediate’interleaved band 17, is first created, to store intermediate values at (odd, even) and (even, odd)
locationd as shown below.

( L@®+ (@Y if t,(p) # 0 and ky(p) > 2%+75~1
B i d+Fg-1
I, (p) = Ic,r(pl) +( Iii 3(_': 1). - ift,(p) # 0and k,(p) < 2978 )
—I.,(p) + er P cr P , ift,(p) =0
6" 2
where p € {(2m + 1,2n), (2m, 2n + 1)} and locations p# and p? are given by
pA Bl = {[(Zn. 2m),(2n+2,2m)] ifp = 2n+1,2m)
PLPI = 112n, 2m), (2n,2m+2)] ifp = (2n,2m + 1) -
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The predict step, which reconstructs the sample at (odd, odd) locations by utilising the intermediate interleaved
band I, values at neighbouring (odd, even) and (even, odd) locations is shown below.

I.,(2n+1,2m+1)

1
=l (2n+1,2m+ 1)+ 5Py (i LLp 20+ 1,2m + 1)
1 (37)
ok (12 LLp, 20+ 1,2m+ 1)

where the predict functions P, and P, utilize intermediate values located at endpoints of horizontal and vertical root arcs

respectively. For horizontal and vertical root arcs centred at p = (2n+ 1,2m + 1), the predict functions Py and P, are
defined below.

1 . 2
S U P T TP P =0
Py (I} LLp, . D) =4 4 , -
H\ e = =ber IZ-(") ift,(p,H) # 0andk,(p) > 24751 (38)
I;,.(p®) ift,(p,H) # 0andk,(p) < 2¢+Fe-1

Here souce locations p4 = (2n,2m + 1) and p® = (2n + 2,2m + 1) in the predict function By above.

1
SULPY +1@D) 6®Y) =0
Py (leh Lo r.p) = 12" if t,(p,V) # 0 and k, (p) > 2475

(39)
IZ-(p®) ift,(p,V) # 0and k,(p) €29 Fs-1

Source lpcations p? = (2n+ 1,2m) and p® = (2n + 1,2m + 2) inthe-predict function P,. Examples of the source
locationg of I; . used in the predict function are shown in Figure 22

BRK
2n n+l 2n+2 2n n+1 ) 2n+2
2m O N ) 2m S (
a1
L 1 x 1
A4S 4 4 4
T T LT T T LT TNy LT T TN
N LN
i \ \
e b
= )
' v
2m+20 > O 2m+20 . O
T.816(23)
a) Predict step in the absence of breakpoints b) Predict step in the presence of breakpoints

BRK breakpoipt.lacations

Figurg 22 & Phase 1 predict step for (odd, odd) location (2n + 1, 2m + 1) with source locations of I'; ,.4hown

8.4.3 D_2D_SR phase 2

In Phase 2, an update step is applied first, modifying sub-band samples at grid-points (p,, p,) that are (even, even). The
update step is dependent on sub-band samples at (even, odd) locations (2n,2m + 1) and (odd, even) locations (2n +
1,2m) of I.,.. The update step is implemented by making the following assignment for each (even, even) location
(2n,2m)of I_,.

I.,(2n,2m) = 1., (2n,2m) — Z UD(I,y, LLp, ., 20 + 8y, 2m + 6,,) (40)
(6n,86m)EN,
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Here, IV, = {(1,0),(0,1),(—1,0),(0,—1)} identifies the update neighbourhood, and the update function U® is

given by

u® (Ic,r: LLDC,r» Px py) = {

ﬂ(z) * Ic,r(pxrpy)’ if tb(px'py) =0

0, otherwise

(41)

where u® = % and ¢, (p,,p,) is the arc break-type found from LLDC,r(pxﬁpy)' Figure 23 shows the operation of the

update step for an (even, even) location, providing examples with no breakpoints and when breakpoints are present on a
neighbouring arc.

After the update step of Phase 2, the (even, even) indexed sub-band samples located at end points of arcs at resolution r
are utilized in performing a predict lifting step by making the following assignment for each (even, odd) and (odd, even)
location p within I, ,.:

Ic,r(n) = Ic,r(p) + PKZ) (Ic,r: LLDC,T" p)’ (42)
For a non-root arc centred at location p = (p,,p, ), the predict function P@)() is dependent on the correspording break-
type t, (., py), as well as the location of the break k, (p, p, ), as given by LLDc,r(prpy)' The predict function is given
by
1 A B —
z (Ic,r(p ) + Ic,r(p )) tb(p) =0
2 — . —
PO(lop LLp, 1, P) = I.(p%) if t,(p) # 0and k, (p) >2%"57 43)
I..(p®) if t,(p) # 0and k,(p)&2*" "
where sdurce locations p# and p® are given by Formula (36). Examples ©f\the Phase 2 predict function are shown in
Figure 24.
BRK
2n-2 2n 2n+2 2n-2 2n 2nt2
2 -20 S 0 S 0 2m—-20 S 0 S q
< @ >g - 5% < & >¢< @
v, Tty TN Y Vo T T Ty
2m O — *lo“ 4 O 2m O — 30 \f . g
S (BN Y@
i S i
< (} T rrrrrrrrrrrrr ( P 4 £ e ¢
wml+2 & S 4 & Im+2 0 -4 & 4 d
T.816[23)
a) Update step in the absence of breakpoints b) Update step in the presence of breakpoints
on a neighbouring arc
BRK breakpoint locations
Figure 23 — Phase 2 update step for (even, even) location (2n,2m)
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1 1 BRK
2 2 1
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2m+ 1 (P<- © ! ) 2m+ 1< 4D ()
A V1
/2 /2
2m +2 O & 0 2m+2C = O
2n+1 2n+1 T.816(23)
BRK breakpoint locations
Figure 24 — Phase 2 predict step examples
9 Decoding of breakpoint code-blocks
9.1 Embedded bit-plane decoding of breakpoints

Breakpoint code-blocks are decoded progressively, following a sequence of -coding passes, each associated with a
particulaf bit-plane in the binary representation of possible vertices V,,. Similarito-the block decoding algorithm glescribed
in Rec. ITU-T T.800 | ISO/IEC 15444-1, there are three coding passes per bit-plane and each arc within a code-block has
an associated binary state variable g, called its significance state. Significance states are initialized to O (insignificant)
and may pecome 1 (significant) during the course of the decoding of the code-block. A significant arc is one thaf contains
a vertex. [The coding passes employed in breakpoint decoding are.classified as follows:

) ass-0: Position refinement coding pass
ass-1: Non-root significance coding pass

ass-2: Root significance coding pass

15444-1.
where

The max{mum number of bit-planes for a code-block:isthe value M,,, as specified in Rec. ITU-T T.800|ISO/IEC
Decoding proceeds from the most significant bit-plane p = p,..«, down to the least significant bit-plane p = 0,

Pmax = Mp —1—P

and P is
15444-1.
and so fd

NOTH
descri

Each deg
the relev
Pass-2 (1
arcs in th
been fou

he number of missing most significant bit-planes (or zero bit-planes), as specified in Rec. ITU-T T.800 |
Decoding starts from Pass-1 in bit-plane p,,,,, followed by Pass-2, proceeding to Pass-0 in bit-plane
rth, so that the maximum humber of coding passes for the code-block is 3pye +2 = 3(M, — P) — 1

1 — This maximum number of coding passes is one more than the corresponding value for non-breakpoint code
ped in Rec. ITU-T T-:800’| ISO/IEC 15444-1.

oding pass visits\a defined subset of the arcs within the code-block, decoding new information for th
hnt bit-planep: Pass-1 (non-root significance coding) visits only the non-root arcs that are not yet si
Dot significance coding) visits only root arcs that are not yet significant. Pass-0 (position refinement)
e code-hlock that have been found significant in a previous (more significant) bit-plane, except those
nd<do hold induction blocks or whose vertex position cannot be refined any further, as explained below

ISO/IEC
-1,

)max

blocks, as

at arc for
pnificant.
visits all
that have

For code-blocks 1n the LL sub-band of a breakpoint tile-component, all arcs are considered to De root arcs, so that Pass-1
has no members at resolution r = 0.

All coding passes employ the MQ binary arithmetic decoding procedures defined in Rec. ITU-T T.800 | ISO/IEC 15444-1,
together with a set of contexts that are specific to the coding pass and breakpoint configuration type (QuadBPT or TriBPT,
as appropriate).

In significance coding passes, a binary significance symbol is decoded for each member arc b, which becomes the arc's
new significance state a;,. If this leaves g, = 1, additional symbols are decoded, as required, to determine the break-type
t,, and the most significant bit m, of any vertex V,, for the arc. Specific details of these decoding steps are provided in 9.4
and 9.5. A newly significant vertex is assigned type t, = 3, precision P, = 2 and vertex value V,, = m,, while a newly
discovered induction block is assigned t,, = 0 and P, = 1, as explained in 7.5.
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A vertex that first becomes significant in bit-plane p is also assigned a priority indicator g, that is equal to M, — 1 — p.
The value of g, is thus O if the vertex becomes significant in the highest (earliest) possible bit-plane M, — 1. In general,
the larger the value of q,,, the less significant the vertex was considered to be during encoding. In the intra-band decoding
mode, the value of g, is purely informative, but in the inter-band decoding mode, g, is used to form decoding contexts
for code-blocks in higher resolutions, as explained in 9.2.

The refinement coding passes are governed by a termination counter 7, that identifies the maximum number of
refinement symbols that can be decoded for arc b. Induction blocks are immediately assigned 7, = 0 (refinement
terminated immediately), because they have no position information that can be refined. For each arc b with g, = 1 and
7, >0, an "early termination" symbol is decoded to determine whether or not z, should become 0 (refinement
terminated); in this case, no refinement symbol r;, is decoded. If not terminated, a refinement symbol r,, is decoded, the
termination counter 7, is decremented, and the break-precision and vertex value for the arc are updated as follows (a
refinement step):

P. D_1 1 andl1r . 217 | o
b * Th I Lratdvy ZVhp t 1p

NOTH 2 — The number of bits in a vertex value V,, is always P,-1. The break-precision P, can be understood as the precision of
the ngn-zero value 2V}, + 1, from which the tick-point position is recovered according to Formula (8).

Each brepkpoint tile-component has an associated integer parameter F,,, = 1 that determines the maxXimUm prgcision of
a decodefl vertex. Specifically, each P, shall satisfy

P, 4 d+ F,,

where d = N, + 1 —r. This means that arc b can be subjected to at most d + F,,, — 2 refinement steps, ard so the
terminatifon counter t, for each arc b in a code-block is initialized prior to any decoding,steps according to:

Tp A d+FVtX_2

Note that when d and F,,, take their minimum values of 1, all arcs are initialized with t,, = 0 and so no significant arc
can be refined at all — the refinement pass will be empty in this case.

F,, and [, play closely related roles, with F,,, constraining the préeision of coded vertices and F, constrajning the
precision| of break locations on an arc. These quantities shall satisfy

1< F<F,

NOTH 3 — The precision and value of a decoded vertex do not inherently depend upon the bit-plane in which the arc is first found
to be significant, and the same is true for induction blocks~Mowever, if only some of the coding passes are decoded, the break-
precisjon and even the significance of arcs that first becomesignificant in later bit-planes are most strongly affected. Thus, encoders
can b¢ expected to arrange for arcs whose breakpointiinformation is more important to become significant in earlier it-planes.
This ip discussed further in B.3, which provides an'dinformative description of a breakpoint media format that can prgserve the
imporfance of breakpoint information on an arc b-through a quality value Q,. Encoders can use Q, to determine the bit-plane in
whichl an arc should first become significant,»while decoders can recover the value of Q,, by taking note of the bit-plang¢ in which
the arg first becomes significant.

After all fecoding passes have been performed, the vertex value V, of a significant arc is converted to a tick-poin location
k,, using|Formula (8).

9.2 Inter-band coding'mode (BPT_INTER)

This Redommendations.International Standard describes two different modes for breakpoint coding, known @s "intra-
band coding™ and "intér-band coding." In the intra-band coding mode, corresponding to BPT_INTER = 0, each decoding
pass depgnds only‘upon state information produced by previous decoding steps within the same code-block. In the inter-
band codjing mode, corresponding to BPT_INTER = 1, significance information, denoted o; (p), is imported for gach non-
root arc |in{the” code-block from the breakpoint component's next lower resolution, if there is one. The jmported
informatten n-l;/p\ =1 if the part;mf arcbh' in the lower resglution has f—b. =3 and = < )\/I =1 =5 herW|56
o, (p) = 0. That is, o5, (p) = 1 if the parent arc b’ was coded as a significant vertex (not an mductlon block) at the same
point or an earlier point than the current bit-plane p, where "earlier” is assessed in terms of the priority value g,, which
indicates how far beyond the first possible bit-plane for a code-block the vertex was first coded as significant.

NOTE 1 - The value of g;, (p) depends on the bit-plane p for which significance decoding is being performed within a code-block.

As p decreases between successive significance decoding passes for an arc, the value of g, (p) can increase from 0 to 1, but not
decrease.

If there is no lower resolution, or BPT_INTER = 0, g, (p) is taken to be 0 for all p. Otherwise, significance decoding
within bit-plane p is only possible if the code-block or code-blocks that contain all of the block's parent arcs in the lower
resolution have either been completely decoded or have been decoded at least to the bit-plane p + M, — M,.

That is, for each parent arc b’, o, (p) can be evaluated in the block decoder only if b" has been subjected to significance
decoding in bit-plane p + M, — M,, where M, is the maximum number of bit-planes for the parent resolution, as
specified in Rec. ITU-T T.800 | ISO/IEC 15444-1, except in the case where all originally encoded bit-planes for the parent
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arc are known to have been decoded. A decoder can deduce whether or not all originally encoded bit-planes have been
decoded for a code-block from the zero-completeness and pass-completeness information recovered during packet header
decoding, as described in 9.6.
NOTE 2 — The second condition above, related to the decoding of all originally encoded bit-planes, arises because an encoder is
not obliged to produce all possible M, bit-planes for the code-block containing parent arc b’. Encoders can terminate their
encoding process early, in which case a decoder that has decoded all encoded content can be sure that it can reconstruct all inter-
band conditioning information o, (p) that was used by the encoder.

9.3 Cell-based scanning patterns and CBAP-based block flipping

As explained in 7.3, code-blocks of breakpoint components are associated with arrays of 2 x 2 cells, consisting of Hy,
cell rows, with Wy, cells on each row. For all LL band coding passes, and for the position refinement passes of CL band
code-blocks cells are scanned in raster order.

For CL band-code-blocks -however the non-root-and-root :ignifinnnnn nnr{ing passes nmpln\]/ adifferent chnnnirg pattern
that invo]ves scanning through 2 x 2 groups of 2 x 2 cells. For QuadBPT components, the CL band significange coding
passes sdan groups in raster order, scanning the cells within each group also in raster order, as illustratecif Fligure 25.
Only thope cells of a group that are actually contained within the code-block are visited in this scanning pattern

T816(2d)

Figune 25 — Canonical/scanning pattern used for the significance coding passes of CL band code-blocKs in a
DuadBPT component. In this case, missing cells within a 2 x 2 group are not included in the scan

For TriBPT components, each group within a CL band code-block represents a single 4-span; the groups are yisited in
on acell
s of the

s g 3 s Lrations are
shown in Flgure 26 and Flgure 27 respectlvely, prowdlng Iabels for each of the 12 arcs of each 4- span group Notice that
the TriLR and TriRL cases are substantially similar, except that the locations of root (DR1 and DR2) and non-root (NR1
and NR2) diagonal arcs change.
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1816(23)

Figure 26 — Canonical scanning pattern used for the significance d@g passes of CL band code-blocks in TriLR
components. Arcs belonging to cells that lie b the code-block boundaries
are included in the signific\:@ coding passes
B T

T816(23)

Figure 27 — Canonical scanning pattern used for the significance coding passes of CL band code-blocks in TriRL
components. Arcs belonging to cells that lie beyond the code-block boundaries
are included in the significance coding passes
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These various scanning patterns all have geometric variants that correspond to different values of the CBAP coordinates
(24, 2y). If the CBAP coordinate z, = 1, groups and cells are scanned from right to left instead of left to right, and groups
are aligned with the right edge of the code-block, so that there might be missing cells on the left but not the right edge of
a block for which W is odd. Similarly, if z,, = 1, groups and cells are scanned from bottom to top, rather than from top
to bottom, and groups are aligned with the lower edge of the code-block.

Equivalently, all block decoding operations can be performed by following the canonical scan associated with z, = z,, =
0, after which the decoded breakpoint data for the code-block is flipped horizontally if z, = 1 and flipped vertically if
z, = 1. Inthis clause, all block decoding procedures are described from this canonical decoding point of view, assuming
that the horizontal and vertical flipping operations will be performed as required, as a post-processing step.

The canonical decoding procedures, that involve only the canonical scan, involve cells whose upper-left corner always
corresponds to a grid-point with even-valued coordinates. Figure 1 shows the arcs for which breakpoint information is
decoded Wlthln any glven cell in the canonlcal scan, along with thelr relatlonshlps to the grid- pomts of the cell. For
' ' [ r always

corresponds to a grid-point Whose coordlnates are divisible by 4, meaning that each group corresponds tosan-aligned 4-
span. These alignment constraints follow from the constraints on precinct size parameters PPx and PPy found ir] Table 1.
NOTH 1 — To appreciate the significance of this, observe that the vertical and horizontal arcs associated with'the top-left|cell in the
canonjcal scan both terminate at the top left grid-point in the code-block, while no arcs can terminate at the*bottom right grid-point

in the code-block. If the CBAP coordinates are (zy, z,) = (1,1), so that the arc breakpoint data is flippedhdrizontally and vertically
after qanonical decoding, the top left canonical cell's arcs ultimately terminate at the bottom right corper of the code-blpck, while

no args terminate at the top left corner of the block.

As alreadly explained, it can happen that the canonical decoding steps need to be fellowed by horizontal or flipping
operatior)s, depending on the CBAP coordinates (z,, z,). To be more precise, horizontal flipping (z, = 1), invplves the
following steps:

e |The breakpoint data for an arc centred on a grid-point in column ¢ 0f.the canonical decoded result, is moved to
the arc centred at the corresponding grid-point in column 2W — 1 — ¢ in the flipped result, where ¢ = 0
corresponds to the left edge of the code-block.
o |The tick-point value k, of any break on a horizontal or diagonal arc is converted to a tick-point value|2¢*F8 —
1—k,.

Similarly, vertical flipping (z,, = 1), involves the following steps:

o |The breakpoint data for an arc centred on a grid-point in row r of the canonical decoded result, is moved to the
arc centred at the corresponding grid-point in column 2H, — 1 —r in the flipped result, whare r =0
corresponds to the top edge of the code=block.
e |The tick-point value k, of any break.on a vertical or diagonal arc is converted to a tick-point value|24+F8 —
1— k.
If horizoptal and vertical flipping are-both required (z, = z, = 1), then both of the conversions described gbove are
applied gnd the order of application is-not important.

NOTH 2 - The k;, conversions fordiagonal arcs cancel each other when (z, = z, = 1).

Flipping|in either direction,also/causes a change in geometry for code-blocks belonging to one of the TriBPT compponents,
from TriBPT-LR to TriBPT-RL and from TriBPT-RL to TriBPT-LR. These geometry changes cancel when z}, = z, =
1. If, howyever, z, # z;,the canonical decoding of code-blocks that belong to a TriBPT-LR component shall be performed
as if the gomponernt had the TriBPT-RL geometry, and vice-versa.

94 QuadBPT decoding procedures

9.4.1  MQ Coder contexts and initial states for QuadBPT decoding

Up to 33 different MQ coder contexts are used for decoding QuadBPT CL band code-blocks. Table 2 lists all context
labels, along with the initial states for each context. Up to 6 contexts are used for non-root arc significance decoding, the
last of these being a special "PARENT" context that is used only in the inter-band coding mode (BPT_INTER = 1). Nine
contexts are used for root arc significance and induction block decoding. Sixteen contexts are used for the skip symbols
used to identify the point at which magnitude refinement is skipped, if any, while just one context is used for magnitude
refinement itself. Finally, a uniform context is provided for use with a run mode that plays the same role as the run mode
used for significance decoding of non-breakpoint components in Rec. ITU-T T.800 | ISO/IEC 15444-1.

For LL band code-blocks, decoding procedures are much simpler, using only a subset of the context labels shown in
Table 2 and with different interpretations, but the same initial state values. The LL band context labels and their usage
are provided in Table 3.
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Qe values and probability estimation transitions tabulated in
Rec. ITU-T T.800 | ISO/IEC 15444-1

Table 2 — MQ coder contexts for QuadBPT CL code-block decoding passes. State index values correspond to the

Usage in CL band code-blocks T;%le()t Initial state index
MQ probability state index Initial MPS value

Non-root significance NO-ODD 0 42 0
Non-root significance ANY-ODD-OLD 1 40 0
Non-root significance ONE-ODD-NEW 2 0
Non-root significance TWO-ODD-NEW 3 0
Non-rooft significance RUN 4 42 0
Non-root significance PARENT 5 28 0
Root pair significance INSIG 6 38 0
Ropt pair significance ANY-SIG-OLD 7 40 0
Ropt pair significance ONE-SIG-NEW 8 0
Roof{ pair significance MULTI-SIG-NEW 9 0
Root pair significance RUN 10 44 0
Root pair induction block 11-12 0
Root significance PRIMARY-DIR 13 0
Ropt significance SECONDARY-DIR 14 0
Magnitude bit 15 0
Mpgnitude refinement TERMINATE 16-31 40 0
UNIFORM 32 46 0

Table 3 — Context labels from Table 2 that are usedfor QuadBPT LL code-block decoding passe

Usape in LL band code-blocks Context label(s) Initial state index (unchanged from Table 2
MQ probability state index Initial MPS yalue

Sjgnificance flag decoding 1 40 0

Vertex flag decoding 2 4 0

Direct flag decoding 3 0

Degenerate flag decoding 4 42 0

Magnitude bit 15 0 0

Magnitude refinement TERMINATE 16-31 40 0

UNIFORM 32 46 0

9.4.2 |Derivation‘of context labels for QuadBPT CL band significance coding passes

Context |abels-employed when processing a (current) 2x2 cell during any of the CL band significance decoding passes
are derivedusing a context neighbourhood that is depicted in Figure 28. In this figure, the root arcs of the current cell are

denoted "CV" and "CH", while its non-root arcs are denoted "NV" and "NH". Significance decoding contexts are formed
using the significance of additional non-root arcs from neighbouring cells. These neighbouring cells are above (top
neighbour), above and to the right (top-right neighbour), to the left (left neighbour), to the right (right neighbour), below
(bottom neighbour) and below and to the left (bottom-left neighbour). The relevant non-root arcs are denoted "TV", "TH",
"TRV", "LV", "LH", "RV", "BH" and "BLH", respectively. If any of these neighbouring cells lies outside the bounds of
the code-block then its arcs are considered to be insignificant for the purpose of context formation.
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for the imclusive OR of an arc b's significance og;, and its iner-band significance oy (p) for the current bit-pl3

" NVII no
CUP,
and
CUP,
Meanwh
CUP,
and
CUP;
Significa
denoted
if only if]
property

T.816(23)

Figure 28 — Neighbouring cells and arcs involved in forming coding,contexts for QuadBPT
significance decoding in CL band code-blocks

nce coding contexts for the non-root arcs "NV" and "NH" depend-on four "cupping" values, each
he significance of the non-root neighbouring arcs that "cup" each_side of the non-root arc being decode
0, 1, 2 or 3. Specifically, writing

) =0, | 9 (p)

h-root arc has cupping context values

bie = O (p) + 0oy (p) + G (p)

ight = Onu(P) + Ory (P) + Gpu(p)
le, the "NH" non-root arc has.elpping values

op = Orv(p) + Gy (P) + Grry (D)

ottom = Ony (P Gy (P) + Gry(P)

nce coding<Contexts for the non-root arcs "NV" and "NH" also depend on two binary "life" state
LIFE,,, and LIFE,,, that are initialized to O before decoding for the code-block commences. LIFE,,, is €
the valte'of CUP, or CUP,q, has increased since the last significance decoding step for non-root arc

isachieved by setting LIFE,, to 1 after any significance decoding step which leaves any of the arcs cor

t0 CUP;

of which
d, taking

ne p, the

ariables,
qual to 1
NV. This

tributing

or (‘IIP‘%:“ newly significant and then resetting LIFE __to 0 after each significance decoding step for

V itself.

Similarly, LIFE,, is equal to 1 if and only if the value of CUP,,, or CUP,,,, has increased since the last significance

decoding

step for non-root arc NH.

In the inter-band coding mode (BPT_INTER = 1), an increase in cupping values can occur due to a change in any of the
g, (p) values involved in the construction of that cupping value, in comparison to o, (p + 1), unless arc b was already
significant in an earlier coding pass. To clarify this point, a decoder can correctly incorporate the inter-band coding mode
by recomputing all g, (p) values immediately before the first significance decoding pass for a bit-plane p, updating all
cupping values accordingly, and setting life state variables to 1 if any of the relevant cupping values increases in this

process.

The significance context label from Table 2 for non-root arc "NV" or "NH" is derived from these quantities as

K" = KAPPAY (CUP, g, CUP g, LIFE,,, Oy (D))

34
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and

Kr?ﬁpt = KAPPAqbpt(CURDP,CUPmem,LIFEnh, onu(P))

nrt
where function KAPPA®" is defined as follows

nrt
{0 if’ = 0, MOD(C,p,2) + MOD(C,,2) = 0
1 ife’ = 0,L = 0,and MOD(C,,2) + MOD(Cy,2) # 0
KAPPAY(C,, C,,L,6") =32 ifa’ = 0,L = 1,and MOD(C,,2) + MOD(Cy,2) = 1
3 ifo’ = 0,L = 1,and MOD(C,y, 2) + MOD(C,,2) = 2
5 ife’' =1
Here, MOD(C, 2) isequal to 0 if C € {0,2}and 1 if C € {1,3}.

NOTE 1 — The KAPPAZETpt function returns one of the context labels 0 through 3 or else 5 (in inter-band coding mode). Context
label 4 from Table 2 is used for RUN symbol decoding, which is explained in 9.4.3.

Root arg significance decoding is performed jointly on the CH/CV arc pair. The MQ coding context-for| root arc
significahce decoding is formed using the significance of the neighbouring non-root arcs NV, NH, RV anchBH shown in
Figure 28. Specifically, horizontal and vertical significant boundary count variables are formed as

CNT

Ly = Orv(P) + ayy (D)
and

CNTL, = G () + owu (@)

Additionglly, a binary "life" state variable LIFE,,,, is employed to derive the MQ coding-context for significance flecoding
of each CH/CV root arc pair. Similar to the other "life" state variables, LIFE, ., \Is.initialized to 0, set to 1 if|either of
CNT,, orf CNT,, has increased since the last significance decoding step for the-CH/CV root arc pair, and is reset|to O after
each sigrtificance decoding step for the root arc pair.

by recomputing all g, (p) values immediately before the first significance decoding pass for a bit-plane p, upgating all
significant boundary counts CNT,, and CNT,,, accordingly, and setting LIFE,,,, to 1 if either of the associated boundary
counts irfcreases in this process.

As with nLhe other life state variables, a decoder can correctly incorporate the inter-band coding mode (BPT_INJER = 1)

From thgse three quantities, the root arc pair significance context label k%Pt from Table 2 is formed from

root
dbp L)1 if(CNT,, + CNT,,) # 0 and LIFE, ;= 0
roof 2 if (CNT,, + CNT,;,) = 1'and LIFE,,, = 1
3 if (CNT,, + CNT,;) 22 and LIFE, = 1

The quantities CNT;,, and CNT,,, are used-to derive two other important quantities for significance decoding of{root arcs
CH and €V. The first of these is the'cantext label k™ that is used to decode an induction block symbol for & root arc
pair that pas just become significant: This label is found from
qbp{ __ {11 lfCNTbh + CNTbV e 2

kP = ¢
iblogk {12 otherwisé

The second quantity.derived from CNT,, and CNT,, is a primary direction label

Dbl — {0 i CNT,;, > CNT,,
t = {1,V ifCNT,, < CNT,,

rog

which identifies whether the significance of CH (D**?" = 0) or CV (D" = 1) is decoded first, once a root-arg pair has
been found to be significant and not an induction block.

NOTE 2 — The root significance coding context labels defined above take values from 6 through 9 and 11 through 14. Context
label 10 from Table 2 is used for RUN symbol decoding, which is explained in 9.4.4.

9.4.3  Non-root significance decoding for QuadBPT CL code-blocks

The non-root significance decoding pass for bit-plane p within a QuadBPT CL band code-block processes groups of 2x2
cells in raster order, as shown in Figure 25. For each such cell group, the decoder enters a special "/RUN mode" if all cells
in the group are found to have entirely insignificant context. A cell's context is entirely insignificant if the cell's four
cupping values CUPg, CUP,igp¢, CUP, and CUP,qy0m, are all 0, and its root arcs CH and CV are also insignificant.
Equivalently, a cell's context is entirely insignificant if all of the labelled arcs b shown in Figure 28 have g, = 0 and
g, (p) = 0, this second condition being relevant only in the inter-band coding mode. When all cells of the group satisfy
this condition, the MQ decoder is invoked with context label k¥ = 4 (non-root significance RUN context — see Table 2) to
decode an end-of-run symbol.
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If the end-of-run symbol is 0, the entire group remains insignificant and decoding proceeds to the next cell group, if any.
If the end-of-run symbol is 1, then at least one of the non-root arcs in at least one of the group's cells is significant. The
MQ decoder is then used with context label k = 32 (UNIFORM context — see Table 2) to decode three consecutive
symbols R,, R, and then R.. A cell run-length is formed as R = 2R, + R,,, identifying the first cell in the group that
contains a significant non-root arc, following the raster order shown in Figure 25. If R.=0, decoding continues from the
identified cell with flag SKIP_TO_NH set to true, meaning that the cell's NV arc is insignificant and the first significant
arc of the cell is NH. Otherwise, if R.=1, decoding continues from the identified cell with flag SKIP_TO_NV set to true,
meaning that the cell's NV arc is significant.

After processing the cell identified by run-length R, any remaining cells in the group are processed in raster order, with
flags SKIP_TO_NH and SKIP_TO_NV both set to false. If a cell group does not have an entirely insignificant context,
all of its cells are processed in raster order, with flags SKIP_TO_NH and SKIP_TO_NV both set to false.

For each cell, the decoder performs decoding steps first for the vertical non-root arc NV and then for the horizontal non-
root arc NH Qpnnifinn”y’ I SKIP_TO NHis false and Fre— 0,-the decoder pnrfnrme the fnlln\/\ling N\/decod ng steps:

V1. [If SKIP_TO_NV is false, the MQ decoder is invoked with context label Kﬁi’pt to decode the!SIG| symbol;
ptherwise, the SKIP_TO_NV is true, and the decoder sets SIG to 1.
V2. [If SIG = 1, significance state ayy is setto 1, the cupping values CUPg, CUP, gy, CUP,,, and CUR, o off all cells
that depend on ayy are updated, and the life values LIFE,,, LIFE,;, and LIFE,,,, of all cells‘that deper{d on ayy
are set to 1.
V3. If SIG = 1, the MQ decoder is invoked with context label k = 15 (magnitude bit context — see Table 2) {o decode
the most significant value bit m, of the arc b=NV. Then, the type, precision and'value for the arc are s¢t to ¢, =
B, P, =2andV, =m,,.

V4. [The LIFE,, state variable for the processed cell itself is reset to 0.

If oyy =[0, the decoder then performs the following NH decoding steps:
H1. [If SKIP_TO_NH is false, the MQ decoder is invoked with context label xr‘}ﬁpt to decode the SIG| symbol;
ptherwise, the SKIP_TO_NH is true, and the decoder sets SIG-t01.
H2. [If SIG = 1, significance state ayy is set to 1, the cupping, values CUPg, CUP, g, CUP,,, and CUR,od,,, OFf all
cells that depend on oy are updated, and the life values LIFE,,, LIFE;, and LIFE,,, of all cells that depend on
onyg are set to 1.
H3. [If SIG = 1, the MQ decoder is invoked with context label k = 15 (magnitude bit context — see Table 2) {o decode
the most significant value bit m,, of the arc b=NH. Then, the type, precision and value for the arc gre set to
t, =3, P, =2and V, = m,,.
H4. [The LIFE,, state variable for the processed cell itself is reset to 0.

9.4.4  [Root significance decoding for QuadBPT CL code-blocks

The root gignificance decoding pass for-bitsplane p within a QuadBPT CL band code-block processes groups of 2x2 cells
in raster prder, as shown in Figure 25. For each such cell group, the decoder enters a special "RUN mode" if a]l cells in
the group are found to have entirely insignificant context. Exactly as in 9.4.3, a cell's context is entirely insignificant if
all of the|labelled arcs b shownsinFigure 28 have g, = 0 and g, (p) = 0, this second condition being relevant ofily in the
inter-band coding mode (BRT_INTER = 1). When all cells of the group satisfy this condition, the MQ decoder i§ invoked
with confext label k = 15 (root significance RUN context — see Table 2) to decode an end-of-run symbol.

If the end-of-run symibol is 0, the entire group remains insignificant and decoding proceeds to the next cell group, if any.
If the engl-of-run.symbol is 1, then at least one of the root arcs in at least one of the group's cells is significant.[The MQ
decoder {s then used with context label ¥ = 32 (UNIFORM context — see Table 2) to decode two consecutivel symbols
ontains a
cell with

flag SKIP_TO_SIG set to true.

After processing the cell identified by run-length R, any remaining cells in the group are processed in raster order, with
flag SKIP_TO_SIG set to false. If a cell group does not have an entirely insignificant context, all of its cells are processed
in raster order, with flag SKIP_TO_SIG set to false.

For each cell, if gy = 0 and a.; = 0, the decoder performs the following steps:

1. If SKIP_TO_SIG is false, the MQ decoder is invoked with context label Kf:(it to decode the SIG symbol;
otherwise, the SKIP_TO_SIG is true and the decoder sets SIG to 1.

2. 1f SIG = 1, the MQ decoder is invoked with context label k", to decode symbol IBLOCK. If IBLOCK=1, the
decoder sets g, = 1, t, = 0, P, = 1 (induction block) and 7, = 0 (not refineable), for both of the root arcs b €

{CV,CH}. Otherwise, IBLOCK=0 and the decoder performs the following sub-steps:
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a. The MQ decoder is invoked with context label k = 13 (PRIMARY-DIR context — see Table 2) to
decode symbol SIG. If SIG 0 flag SKIP_TO_SECONDARY is set to true. Otherwise,
SKIP_TO_SECONDARY s set to false and the MQ decoder is invoked with context label k = 15
(magnitude bit context) to decode the most significant value bit m,, of the primary root arc b, setting

o, = 11tb =31Pb =ZandVb =mb,Where
CH
if DIPY = 1

{CV root

If SKIP_TO_SECONDARY s set to false, the MQ decoder is invoked with context label k = 14
(SECONDARY-DIR  context see Table 2) to decode symbol SIG; otherwise,
SKIP_TO_SECONDARY is true, and SIG is set to 1.
If SIG =1, the MQ decoder is invoked with context label k = 15 (magnitude bit context — see Table 2)
to decode the most significant value bit m, of the secondary root arc b, setting g, = 1, ¢, = 3, P, = 2
and V,, = m,,, where

{ if DI = 1

The LIFE,,,, state variable for the processed cell is reset to 0.

ic nabpt _
ifD,, =0

if DPPt =

root

Ccv
CH

3.
9.4.5

The sign|ficance decoding pass for bit-plane p within a QuadBPT LL band code-blockprocesses 2x2 cells in ra
In the caponical scan, rows of cells are visited from top to bottom, cells of each rowtare visited from left to righ

Root significance decoding for QuadBPT LL code-blocks

ter order.
, and the

four arcs

For each
flag cont
are perfog

1.
2.
3.

NOTH
expec
comm
medid

b of each cell are visited in the order NV, CV, NH then CH.

arc b, following this scanning order, if g, = 0, the MQ decoder is invoked with context label k=1 (sig
bxt — see Table 3) to decode symbol SIG. If SIG =0, arc b remains.insignificant. Otherwise, the follow
fmed:

The significance state for arc b is changedto g, = 1
The MQ decoder is invoked with context label k¥ = 2 (vertex flag context — see Table 3) to decode sym
If VTX =1, the breakpoint type for arc b is set to &= 3. Otherwise, the MQ decoder is invoked wit
abel x = 3 (direct flag context — see Table 3).to‘decode symbol DIRECT, and the type for arc b is s4
1 + DIRECT.
VTX =0, the MQ decoder is invoked with.cantext label x = 4 (degenerate flag context —see Table 3) t
symbol DEGEN; otherwise DEGEN is_setto 0.
If DEGEN = 1, the following steps are, performed:
a. The MQ decoder is invoked with context label k¥ = 32 (uniform context — see Table 3) t
symbol AMBIVALENT:
b. The precision and _value parameters for arc b are set to P, = AMBIVALENT and V,, = (
refinement counter is set to T, = 0 (not refineable).
Otherwise, DEGEN =%0-and the MQ decode is invoked with context label 15 (magnitude bit context) {
the most significant vialue bit m,, of arc b. Then, the precision and value for the arc are set to t,, = 3, P,
V, = m,.
1 - Coding procedures for LL band code-blocks are intended to be very simple, since in most cases all LL code-
ed to be entirely insignificant. Coding tools are provided for the LL band of a breakpoint component primarily toj

unication~of‘breaks when N, is heavily constrained, or even 0. For example, the breakpoints described by the |
format Suggested in Annex B can be encapsulated directly within the LL band of a breakpoint component wi

deco
NOTE

information ¢

pesition levels.

Na avad a-id a a a h o a d a

nificance
ing steps

pol VTX.
h context
t tO tb =

0 decode

D decode
and the

0 decode
=2 and

blocks are
allow the
reakpoint
th NL = 0

an be recorded (as a hint) within the breakpoint media format suggested in Annex B. Induction blocks p’)Iay

\ereas this
no role in

breakpoint dependent transforms and so there is no need to record them within resolution » = 0 of a breakpoint component.

9.4.6

Position refinement decoding for QuadBPT code-blocks

Position refinement decoding is the same for CL and LL band code-blocks of a QuadBPT component, using MQ coder
context labels 15 through 31 from Table 2 and Table 3, and processing 2 x 2 cells in raster order. In the canonical scan,
rows of cells are visited from top to bottom, cells of each row are visited from left to right, and the four arcs b of each

cell are visited in the order NV, CV, NH then CH.
For each arc b, following this scanning order, if g, = 1 and t,, > 0, the following steps are performed:

1. The MQ decoder is invoked with context label k = 16 + min {(P, — 2),15} to decode symbol TERM.
2. If TERM =1, the decoder sets 7, = 0
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3. Otherwise, TERM = 0 and the MQ decoder is invoked with context label k¥ = 15 (magnitude refinement context)
to decode refinement bit r;,, after which the decoder the arc's state variables as follows: P, :== P, + 1; V,, :=
2V, +n,and 1y, :== 1, — 1.

9.5 TriBPT decoding procedures

9.5.1 MQ Coder contexts and initial states for TriBPT decoding

Up to 27 different MQ coder contexts are used for decoding TriBPT CL band code-blocks. Table 4 lists all context labels,
along with the initial states for each context. Up to 4 contexts are used for non-root arc significance decoding, the last of
these being a special "PARENT" context that is used only in the inter-band coding mode (BPT_INTER = 1). 5 contexts
are used for root arc significance and induction block decoding. 16 contexts are used for the skip symbols used to identify
the point at which magnitude refinement is skipped, if any, while just one context is used for magnitude refinement itself.
Finally, a uniform context is provided for use with a run mode that plays the same role as the run mode used for
significapce decoding of non-breakpoint components in Rec. ITU-T T.800 | ISO/IEC 15444-1.

For LL bpnd code-blocks, decoding procedures are much simpler, using only a subset of the context labelsshown in Table
4 and with different interpretations, but the same initial state values. The LL band context labels and their yisage are
provided|in Table 5.

Table 4 — MQ coder contexts for TriBPT CL code-block decoding passes. State index \ralues correspond to the
Qe values and probability estimation transitions tabulated.in
Rec. ITU-T T.800 | ISO/IEC 15444-1

Usafie in CL band code-blocks Context label(s) Ihitial state index
MQ probability state index Initial MPS yalue

Ndn-root significance INSIG 0 38 0
Non{root significance ANY-CUP 1 5 0
Npn-root significance RUN 2 43 0
Nont-root significance PARENT 3 38 0
Root significance INSIG 4 38 0
Ropt significance ANY-VTX 5 3 0
Root significance RUN 6 40 0
Root induction block 7 43 0
Root induction block 8 0
Magnitude bit 9 0
Magnifude refinement TERMINATE 10-25 40 0
UNIFORM 26 46 0

Table 5 — Context labels from Table 4 that are used for TriBPT LL code-block decoding passes

Usage in LL band code-blocks Context label(s) Initial state (unchanged from Table 4)
MQ probability state index Initial MPS palue

Significance flag decoding 1 5 0

Vertex flag decoding 5 3 0

Direct flag decoding 8 4 0

Degenerate flag decoding 6 40 0

Magnitude bit 9 0 0

Magnitude refinement TERMINATE 10-25 40 0

UNIFORM 26 46 0
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9.5.2  Derivation of context labels for TriBPT CL band significance coding passes

Context labels employed when processing a (current) 4-span group during any of the CL band significance decoding
passes are derived using context neighbourhoods that are depicted in Figure 29 and Figure 30, for the TriLR and TriRL
orientations, respectively. In these figures, neighbouring arcs are labelled according to the relative location of their 4-span
group, using a notation derived from directions on the compass: arcs coming from the 4-span group above the one being
processed are labelled with the suffix "n" for "north™; arcs coming from the 4-span group to the right are labelled with the
suffix "e" for "east™; arcs coming from the 4-span group above and to the right of the one being processed are labelled
with the suffix "ne" for "north-east"; and so forth. If any of the neighbouring cells (shaded grey in Figure 29 and Figure
30) lie outside the boundaries of the code-block, their arcs shall be treated as insignificant for the purpose of generating
context labels.

VNIn DNIn

DN2n

3
4
b
4

HNIw ||  HN2w

DNl1w

DN2w

T.816(23)

Figure 29 —(Neighbouring cells and arcs involved in forming coding contexts for TriLR
significance decoding in CL band code-blocks

For non-foot significance decoding, arcs are grouped into pairs (VN1,VN2), (HN1,HN2) and (DN1,DN2). The context
label usef for(the arcs in each pair are formed using two binary "cupping" values. The cupping values CUP,, and CUP,
identify fhe'significance of any of the neighbouring non-root arcs that surround the (VN1,VN2) pair on the left and right,
respectivety.-Specificatty, writing

a,(p) = 0y, | 0,(p)

for the inclusive OR of an arc b's significance g, and its inter-band significance a;, (p) for the current bit-plane p, the
vertical non-root arc cupping values are given by

CUP.,. = { Fin1w (P) | Gunzw(P)] Gpniw (P) | pnzw(p)  for TrilR
va Fun1sw (D) | Ounzsw (@) Fpn1w(®) | Gpnzw () for TriRL
Oun1s (D) | Gunzs(P)] 0pn1 (D) | Gpn2(p)  for TrilR

CUP, ={ - _ _ _ .
Vb oun1 () | Gun2 ()] Gpn1 (P) | Gpn2 () for TriRL
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The horizontal non-root arc pair cupping values, denoted CUP,, and CUBy,, are given by

CUP.. = { oyN1n () | Oynzn (P)| GpN1n(P) | OpNzn(p)  for TrilR
12 AGun1ne (@) | Gunzne )] Gon1n(P) | Gonzn(P)  for TriRL

CUP... = {5VN1e(p) | Gyna2e(P) | Gpni (P) | Opna(p)  for TriLR
e ovn1 () | Oyna(P)| Gpni (P) | pna(p)  for TriRL

Finally, the diagonal non-root arc pair cupping values, denoted CUP,, and CUP,,, are given by

CUP.. = {5VN1 (®) | yn2(P)| Gun1s(P) | Gunzs(p)  for TrilR
ba oyn1 (D) | Gunz ()] Gunt (P) | Gun2(p)  for TriRL

CUP,,, = { vnie (D) | Fynae @) Gni (P) | G (p)  for TriLR
pb ovn1e(P) | Fyn2e(@)] Gunis(P) | Oinas(p) - for TriRL

DNIn VNIlne

DNlw |:

DN2w

h
A 4
3
y

HN1sw CCHN2sw

T.816(23)

Figure30 — Neighbouring cells and arcs involved in forming coding contexts for TriRL
significance decoding in CL band code-blocks

The MQ|context labels used for significance decoding of any of the non-root arcs in the 4-span group are given{by

b b) ’
Ky = KAPPA ' (CUP,,,CUPy, 04y (P));

nrt

b b ’
Ky = KAPPAP'(CUR,,,CUPR, 64y, (P));

nrt

b b ’
Kiy = KAPPAT'(CUP,,CUPy,, 0y (P));

nrt

kB2 = KAPPA™ ! (CUPy, CUPyy, Ofon; (P));

b b; ’
Kpw, = KAPPA R (CUP,,,CURyy, 6}y, (p)); and

b b ’
Kpwy = KAPPAR (CUP,,,CURyy, 6y, (P))

nrt
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where function KAPPA™"" is defined as follows

nrt
max {C,,C,} ifa’' =0
3 ifo' =1
Each of the context labels is evaluated immediately prior to decoding an MQ symbol to determine whether the non-root
arc in question is transitioning from insignificant to significant.

NOTE 1 — The KAPPA:’KTpt function returns one of the context labels 0, 1 or else 3 (in inter-band coding mode). Context label 2
from Table 4 is used for RUN symbol decoding, which is explained in 9.5.3.

KAPPA™!'(C,, C,, ") = {

nrt

The MQ context labels used in the root significance pass are based on two quantities for each "root arc complex." A root
arc complex consists of 3 root arcs that are surrounded by 6 non-root arcs. It is convenient to label the root arc complexes
at the top and bottom of a 4-span group as C; = (Vy, Hy, D) and Cz = (Vg, Hg, Dg), respectively, and to label the 6 non-
root arcs surrounding each complex as (V1;,V24,H1y,H27,D1,D21)and (V1g,V25,H15,H25,D15,D25). These
labels are associated with the arcs shown in Figure 29 and Figure 30, for the TriLR and TriRL configurations, as follows:

(V H. D )_{(VRLHRZ,DRl) for TriLR
T Z1) = (VR1,HR1,DR1) for TriRL

(Vo lH,, D )_{(VRZ,HRLDRZ) for TriLR
B8 Y8) = \(VR2,HR2,DR2) for TriRL

(VN1le,VN2e,HN1,HN2,DN1,DN2) for TriLR
(VN1,VN2,HN1,HN2,DN1,DN2) for TriRL

(VN1,VN2,HN1s,HN2s,DN1,DN2) (for TriLR
(VN1le,VN2e,HN1s,HN2s,DN1,DN2)/ for TriRL

The first{ quantity used to determine root significance context labels for each{complex is the joint significance of the
surroundjng non-root arc pairs, given by

NBR; =(Gy17,0) | 82 )1 (Gusr (0) 1 Gz @)1 (Go1 (0) |33y (1) ) € (0,13

NBR = (1, () | 325 ®)) | (G (0 | Gy @) 1 (501 @) 1502, (1)) € (0,13

The secopd quantity is a binary flag indicating whether or not-any other root arcs in the complex has been fodind to be
significant as a vertex — i.e., not an induction block. These'flags, denoted VTX; and VTX are updated after ¢ach root
arc is prdcessed in the root significance decoding pass. Specifically, VTX; and VTXy can be understood as binary state
variabled| that are initialized to O at the start of theiblock decoding procedure and set to 1 after any root grc in the
corresponding root arc complex is decoded as a vértex.

(V1},V2,, H1,,H27,D14,D2;) = {

(Vl ;,VZB,H].B,HZB,DlB,DZB) = {

The MQ|context labels used in the root significance coding pass are given by

keP| = KAPPAYY! (NBRy, VTXy)

root

and

ker| = KAPPALY| (NBRG, VTX;)

root

where fupction KAPPA™®L is defined as follows:

root

KAPPA™ (N(V)*= 4 + max {N,V}

root

The quarftitie§ NBRy, NBRg, VTX; and VTX, are also used to derive context labels k72 and x5 that are used {o decode
induction black symbols for each newly significant root arc in complex Cy. or Cg, as appropriate. These labels gre found
from

— {7 ifNBRy < 2 or VTX; # 0

bT ~ 18 ifNBRy = 2and VIX; =0
and

qbpt _ {7 ifNBRg < 20or VIXz # 0

B "~ |8 ifNBRg = 2 and VTX; =0

NOTE 2 — The root significance decoding contexts described above involve context labels 4, 5, 7 and 8 only. Context label 6 from
Table 4 is used for RUN symbol decoding, which is explained in 9.5.4.
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9.5.3  Non-root significance decoding for TriBPT CL code-blocks

The non-root significance decoding pass for bit-plane p within a TriBPT CL band code-block processes 4-span groups in
raster order, as shown in Figure 26 and Figure 27. For each 4-span group, the decoder enters a special "RUN mode" if the
4-span group has an entirely insignificant context, meaning that all cupping values are 0 and all root arcs within the group
are also insignificant. That is, a 4-span group has entirely insignificant  context if
CUP,,=CUP,, =CUPy,=CUPy,=CUP,,=CUPy, = 0, 0yr; = Gygz =0, Oyrs = Oyrz = 0 and opg; = dpgr, = 0. When
this condition is satisfied, the MQ decoder is invoked with context label k = 2 (non-root significance RUN context — see
Table 4) to decode an end-of-run symbol.

If the end-of-run symbol is 0, the entire group remains insignificant and decoding proceeds to the next 4-span group, if
any. If the end-of-run symbol is 1, then at least one of the 6 non-root arcs in the 4-span group is significant. The MQ
decoder is then used with context label 26 (UNIFORM context — see Table 4) to decode either 2 or 3 symbols, so as to
determine values SKIP_TO_NV, SKIP_TO_NH and SKIP_TO_ND in accordance with the following steps:

1. BKIP_TO_NV,SKIP_TO _NHand SKIP_TO_ND are first nitalized to 0.
2. [The MQ decoder is invoked with context label k = 26 to obtain symbol Ra.

3. [If Ra=1, the MQ decoder is invoked with k = 26 to obtain symbol Rc, setting SKIP_TO_NV=2:Rc
4. therwise, Ra = 0, and the following steps are performed:

a. SKIP_TO NVissetto?2

b. The MQ decoder is invoked twice with k = 26 to obtain symbol Rb and then Symbol Rc:

c. IfRb =1, the decoder sets SKIP_TO_NH=2-Rc

d. Otherwise, Rb = 0 and the decoder sets SKIP_TO_NH=2 and SKIP_TQ® YND=2-Rc

If the 4-span group does not have an entirely insignificant context, SKIP_TO_NV, SKIP) TO_NH and SKIP_TQ_ND are
all set to|0. In this case, and in the case where an end-of-run symbol of 1 was decoded, the decoder performs flecoding
steps firgt for the vertical non-root arcs VN1 and VN2, then for the horizontal hon-root arcs HN1 and HNZ2, and finally
for the diagonal non-root arcs DN1 and DN2, of the 4-span group, as follows:

If SKIP_[TO_NV < 2 and ay; = 0, the decoder performs the following decoding steps for arc VNL1.:

V1. [If SKIP_TO_NV =0, the MQ decoder is invoked with context label ;cf,l;qpf to decode the SIG symbol; otherwise,

SKIP_TO_NV = 1 and the decoder sets SIG to 1.

V2. [If SIG = 1, significance state ayy; is set to 1 and the following steps are performed:

a. The cupping values of all cells that depend on oy, are updated.

b. The MQ decoder is invoked with contéxt label k = 9 (magnitude bit context — see Table 4) to decode
the most significant value bit m,, ofthe arc b=VNL1, and the type, precision and value for the grc are set
tot, =3,P, =2and V, = my.

Next, if $KIP_TO_NH = 0 and ayy, = 0, thedecoder performs the following steps for arc VN2:

V3. [If SKIP_TO_NV < 2, the MQ.decoder is invoked with context label Kf,l;qut to decode the SIG symbol; otherwise,

the SKIP_TO_NV = 2 and thedecoder sets SIG to 1.

V4. [If SIG = 1, significance state ayy, is set to 1 and the following steps are performed:

a. The cuppingwalues of all cells that depend on oy, are updated.

b. The MQ, decader is invoked with context label k = 9 (magnitude bit context — see Table 4) o decode
the mast'significant value bit m,, of the arc b=VVN2, and the type, precision and value for the grc are set
totp =3, P, =2and V, = m,.

Next, LIFEy is decremented, unless it is already 0, and then if SKIP_TO_NH <2 and ayy; = 0, the decoder performs the
following stepsforarc HN1:

H1. [fSKIP_TO_NH =0, the MQ decoder is invoked with context label K;bﬁ to decode the SIG symbol; atherwise,
SKIP_TO_NH =1 and the decoder sets SIG to 1.
H2. If SIG = 1, significance state ay;y, is set to 1 and the following steps are performed:
a. The cupping values of all cells that depend on oy, are updated.
b. The MQ decoder is invoked with context label k = 9 (magnitude bit context — see Table 4) to decode
the most significant value bit m,, of the arc b=HN1, and the type, precision and value for the arc are set
tot,=3,P,=2and V, =m,,.

Next, if SKIP_TO_ND =0 and gy, = 0, the decoder performs the following steps for arc HN2:

H3. If SKIP_TO_NH < 2, the MQ decoder is invoked with context label x*s to decode the SIG symbol; otherwise,
the SKIP_TO_NH = 2 and the decoder sets SIG to 1.
H4. If SIG = 1, significance state gy, is set to 1 and the following steps are performed:
a. The cupping values of all cells that depend on oy, are updated.
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b. The MQ decoder is invoked with context label k = 9 (magnitude bit context — see Table 4) t
the most significant value bit m,, of the arc b=HNZ2, and the type, precision and value for the a
tOtb=3,Pb =2andVb =mb.

2023 (E)

o0 decode
rc are set

Next, LIFEy is decremented, unless it is already 0, and then if SKIP_TO_ND < 2 and apy; = 0, the decoder performs the
following steps for arc DN1.:

D1.

D2.

If SKIP_TO_ND = 0, the MQ decoder is invoked with context label [ +: to decode the SIG symbol; otherwise,

SKIP_TO_ND = 1 and the decoder sets SIG to 1.
If SIG =1, significance state ap)y; is set to 1 and the following steps are performed:
a. The cupping values of all cells that depend on oy, are updated.
b. The MQ decoder is invoked with context label k = 9 (magnitude bit context — see Table 4) t
the most significant value bit m,, of the arc b=DNL1, and the type, precision and value for the a
tot, =3,P,=2and V, =m,,.

o decode
rc are set

Next, if
D3.

D4.

9.54

The root
raster ord

4-span gifoup has an entirely insignificant context, meaning that all cupping values are 0 and all root arcs within

arealsoi

condition is satisfied, the MQ decoder is invoked with context label ¥ = 6 (root significance RUN context — see

to decod

If the endl-of-run symbol is 0, the entire group remains ingignificant and decoding proceeds to the next 4-span

any. If th
isthenu
values S

If the 4-3
set to 0.

first for the top root are-complex C;, and then for the bottom root arc complex Cg of the 4-span group. In the

descripti
while thé
descripti

Fonz = 0, the decoder performs the following steps for arc DN2:

If SKIP_TO_ND < 2, the MQ decoder is invoked with context label ;cgbﬁzt to decode the SIG symbol; o

the SKIP_TO_ND = 2 and the decoder sets SIG to 1.

If SIG = 1, significance state oy, is set to 1 and the following steps are performed:

c. The cupping values of all cells that depend on oy, are updated.

d. The MQ decoder is invoked with context label k = 9 (magnitude bit context — see Table 4) {
the most significant value bit m,, of the arc b=DNZ2, and the type, precisior’and value for the g
tot, =3,P,=2and V, =m,.

Root significance decoding for TriBPT CL code-blocks

therwise,

0 decode
rc are set

er, as shown in Figure 26 and Figure 27. For each 4-span group, the decoder enters a special "RUN mo
hsignificant. This is exactly the same condition described formon-root significance decoding in 9.5.3.

 an end-of-run symbol.

e end-of-run symbol is 1, then at least one of the.6 root arcs in the 4-span group is significant. The M(
ed with context label 26 (UNIFORM context— see Table 4) to decode either 2 or 3 symbols, so as to g
KIP_TO_TOP and SKIP_TO_BOTTOM:in/accordance with the following steps:

The MQ decoder is invoked with ceritext label x = 26 to obtain symbol Ra

The MQ decoder is then invokedwith k = 26 to obtain symbol Rb

If Rb = 0, the MQ decoder is.inveked again with x = 26 to obtain symbol Rc; otherwise, Rc=0

If Ra=1, SKIP_TO_TOP issetto 3 — 2+ Rb — Rcand SKIP_TO_BOTTOM is set to O

Otherwise, Ra=0and SKIP_TO_TOP is set to 3 and SKIP_TO BOTTOM issetto 3 —2-Rb — Rc.

pan group does notthave an entirely insignificant context, SKIP_TO_TOP and SKIP_TO _BOTTOM

bn of this process, the root arcs of complex C; are identified using the labels V., H; and Dy, as defined
root arcs-ef complex Cy are identified using the labels Vg, Hg and Dg. This relabelling of the arcs |
bn of the decoding process independent of whether the breakpoint configuration is TriLR or TriRL.

significance decoding pass for bit-plane p within a TriBPT CL band code-block processes 4-span Foups in

e" if the
he group
Vhen this
Table 4)

group, if
decoder
etermine

are both

n this case, and.inthe case where an end-of-run symbol of 1 was decoded, the decoder performs decoqing steps

ollowing
in 9.5.2,
eeps the

If SKIP

TOMTOP < 2 and oy, =0, the decoder performs the following decoding steps for arc b = V.:

V1.
V2.

V3.
V4.
V5.

Context labels Ké"T'" and rc,"" are evaluated from NBRy and VTXy, as described in 9.5.2.

If SKIP_TO_TOP = 0, the MQ decoder is invoked with context label Kg;,pt to decode the SIG symbol; o
SKIP_TO_TOP =1 and the decoder sets SIG to 1.

If SIG = 1, the MQ decoder is invoked with context label rcitf,’? to decode symbol IBLOCK.

If SIG =1 and IBLOCK =1, the decoder sets g5, = 1, t, = 0, P, = 1 (induction block) and t;, = 0.

therwise,

If SIG = 1 and IBLOCK = 0, VTXy is incremented and then the MQ decoder is invoked with context label 9
(magnitude bit context — see Table 4) to decode symbol m,,, settingo, =1,t, = 3, P, = 2and V, = m,,.

If SKIP_TO_TOP < 3 and g, = 0, the decoder performs the following decoding steps for arc b = Hy:

H1.

Context labels ;™ and x> are evaluated from NBRy and VTXr, as described in 9.5.2.
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H2.

H3.
H4.

If SKIP_TO_TOP < 2, the MQ decoder is invoked with context label KE"T‘“ to decode the SIG symbol; otherwise,

SKIP_TO_TOP = 2 and the decoder sets SIG to 1.
If SIG = 1, the MQ decoder is invoked with context label xi’{“ to decode symbol IBLOCK.
If SIG =1 and IBLOCK =1, the decoder sets g, = 1, t,, = 0, P, = 1 (induction block) and t,, = 0.

H5. If SIG = 1 and IBLOCK = 0, VTX is incremented and then the MQ decoder is invoked with context label 9
(magnitude bit context — see Table 4) to decode symbol m,,, setting o, = 1,t, =3,P, = 2and V, = m,,.

If SKIP_TO_BOTTOM = 0 and a,,. = 0, the decoder performs the following decoding steps for arc b = Dr:

D1.
D2.

D3.

tbpt

tbpt
Context labels k. and r;;

are evaluated from NBRyand VTX, as described in 9.5.2.

If SKIP_TO_TOP < 3, the MQ decoder is invoked with context label « " to decode the SIG symbol; otherwise,

cr

SKIP_TO_TOP = 3 and the decoder sets SIG to 1.
If SIG =1, the MQ decoder is invoked with context label Kf}fﬁ‘ to decode symbol IBLOCK.

D4.
Ds5.

If SKIP_|

V6.
V7.

V8.

VO.
V10

If SKIP_|

H6.
H7.

H8.
HO.
H10

Ifop, =

D6.
D7.

Ds.
Do.
D10

If SIG =1 and IBLOCK =1, the decoder sets g, = 1, t, = 0, P, = 1 (induction block) and t,, = 0z
If SIG = 1 and IBLOCK = 0, VTXy is incremented and then the MQ decoder is invoked with_conte>
magnitude bit context — see Table 4) to decode symbol m,,, settingo, =1,t, =3, P, =2and V}, =

TO_BOTTOM < 2 and gy, = 0, the decoder performs the following decoding steps for are. b = Vj:

Context labels . and «;%' are evaluated from NBR, and VTX, as described in 9512

If SKIP_TO_BOTTOM = 0, the MQ decoder is invoked with context label Kg*;;t to decode the SIG
ptherwise, SKIP_TO_BOTTOM = 1 and the decoder sets SIG to 1.
If SIG = 1, the MQ decoder is invoked with context label k"' to decode.sytbol IBLOCK.

If SIG =1 and IBLOCK =1, the decoder sets g, = 1, t, = 0, P, = 1 (induction block) and t,, = 0.
If SIG =1 and IBLOCK = 0, VTXj is incremented and then the MQ decoder is invoked with conte
magnitude bit context — see Table 4) to decode symbol m,, settingo, =1,t, =3,P, =2and V, =

TO_BOTTOM < 3 and gy, = 0, the decoder performs the folfowing decoding steps for arc b = Hp:

Context labels . and k% are evaluated from NBRy-aitd VTX, as described in 9.5.2.

If SKIP_TO_BOTTOM < 2, the MQ decoder is ihvaked with context label Kébet to decode the SIG
ptherwise, SKIP_TO_BOTTOM = 2 and the deeoder sets SIG to 1.

If SIG = 1, the MQ decoder is invoked with context label xi’s}‘;‘ to decode symbol IBLOCK.

If SIG =1 and IBLOCK =1, the decoder sets g, = 1, t, = 0, P, = 1 (induction block) and ¢, = 0.
If SIG =1 and IBLOCK = 0, VTXj is-incremented and then the MQ decoder is invoked with conte
magnitude bit context — see Table 4).to decode symbol m,,, settingo, =1,t, =3,P, =2and V, =

0, the decoder performs the following decoding steps for arc b = Dg:

Context labels . and k% are evaluated from NBR, and VTX, as described in 9.5.2.

If SKIP_TO_BOTTOM'< 3, the MQ decoder is invoked with context label Kg*;;t to decode the SIG
ptherwise, SKIP_TQBOTTOM = 3 and the decoder sets SIG to 1.

If SIG = 1, theMIQ decoder is invoked with context label k%' to decode symbol IBLOCK.

If SIG = 1.and-IBLOCK = 1, the decoder sets g5, = 1, t, = 0, P, = 1 (induction block) and t;, = 0.
If SIG =\Vand IBLOCK =0, VTXj is incremented and then the MQ decoder is invoked with conte
magnitude bit context — see Table 4) to decode symbol m,, settingo, =1,t, =3,P, =2and V, =

(t label 9
ﬂb.

symbol;

t label 9
an.

symbol;

t label 9
%b.

symbol;

t label 9
ﬂb.

9.5.5

00t significance decoding for TriBPT LL code-blocks

The significance decoding pass for bit-plane p within a TriBPT LL band code-block processes 2x2 cells in raster order.
In the canonical scan, rows of cells are visited from top to bottom, cells of each row are visited from left to right, and the
three arcs b of each cell are visited in the order V (vertical), H (horizontal) then D (diagonal).

For each arc b, following this scanning order, if g, = 0, the MQ decoder is invoked with context label k=1 (significance
flag context — see Table 5) to decode symbol SIG. If SIG =0, arc b remains insignificant. Otherwise, the following steps

are perfo

1.
2.
3.

44

rmed:

The significance state for arc b is changed to g, = 1

The MQ decoder is invoked with context label x = 5 (vertex flag context — see Table 5) to decode symbol VTX.
If VTX =1, the breakpoint type for arc b is set to t,, = 3. Otherwise, the MQ decoder is invoked with context
label x = 8 (direct flag context — see Table 5) to decode symbol DIRECT, and the type for arc b is set to ¢, =

1 + DIRECT.
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4. If VTX = 0, the MQ decoder is invoked with context label k = 6 (degenerate flag context — see Table 5) to
decode symbol DEGEN; otherwise DEGEN is set to 0.
5. If DEGEN = 1, the following steps are performed:
a. The MQ decoder is invoked with context label k = 26 (uniform context — see Table 5) to decode
symbol AMBIVALENT.
b. The precision and value parameters for arc b are set to P, = AMBIVALENT and V, = 0 and the
refinement counter is set to 7, = 0 (not refinable).
6. Otherwise, DEGEN = 0 and the MQ decoder is invoked with context label k = 9 (magnitude bit context) to
decode the most significant value bit m,, of arc b. Then, the precision and value for the arc are set to t, = 3,
P, =2andV, =m,.
7. If VTX =0and DEGEN = 0, the MQ decoder is invoked twice with context label kx = 26 (uniform context —
see Table 5) to decode symbol E, and then Eg, and the extrapolation qualifier for arc b is settoe, = 2-E, +
Eg.
NOT'_ 1 — C\Jd;llu PIUdeuICD fUI LL bﬂlld L:UdC b:Ub:’\J arc ;IItCIIdCd tU bC VCIy Q;IIIP:C, Q;IIL;C ;II IIIUDt CUOTO C\:: LL bUdC |OCkS are
expecfed to be entirely insignificant. Coding tools are provided for the LL band of a breakpoint component primarily‘tg]allow the
communication of breaks when N; is heavily constrained, or even 0. For example, the breakpoints described by. the breakpoint
medial format suggested in Annex B can be encapsulated directly within the LL band of a breakpoint component with N, = 0
deconpposition levels.
NOTH 2 — No means is provided to identify whether or not an arc without a break might hold an induction block, whereas this
infornpation can be recorded (as a hint) within the breakpoint media format suggested in Annex B. Induction blocks play{no role in
breakpoint dependent transforms and so there is no need to record them within resolution » = 0 of & breakpoint comporfent.

9.5.6  [|Position refinement decoding for TriBPT code-blocks

Position Jrefinement decoding is the same for CL and LL band code-blocks of a. J+iBPT component, using MIQ coder
context Ipbels 9 through 25 from Table 4 and Table 5, and processing 2 x 2 cells\in raster order. In the canonical scan,
rows of ¢ells are visited from top to bottom, cells of each row are visited fromasleft to right, and the three arcs p of each
cell are Misited in the order V (vertical), H (horizontal) then D (diagonal).

For eachlarc b, following this scanning order, if o, = 1 and 7, > 0, the following steps are performed:

1. [The MQ decoder is invoked with context label k = 10 ¥umih {(P, — 2),15} to decode symbol TERM|
2. [f TERM =1, the decoder sets 7, = 0
3. [Otherwise, TERM = 0 and the MQ decoder is invokeg-with context label k = 9 (magnitude refinement context)
to decode refinement bit r,, after which the decader the arc's state variables as follows: P, == P, 4 1; V, =
PV, + 1, and T, =1, — 1.

9.6 Quality layers and packets for breakpoint components

As with ¢ther JPEG 2000 components, the coded information for a breakpoint tile-component is distributed acrgss one or
more layprs in the codestream, each layef consisting of zero or more consecutive coding passes from each codefblock in
the tile. The number of coding passeS ifn the layer can vary from code-block to code-block and the number of |ayers for
the tile-qomponent is signalled in the COD marker segment, exactly as for other JPEG 2000 components. Each layer
correspods to one packet of each precinct in each resolution of the tile-component.

The pacHKets of a breakpoifit component have the same structure as packets of other components, as describefl in Rec.
ITU-T T[800 | ISO/IEC 15444-1, with the same packet header syntax, except that additional signalling is intrqduced to
identify the point atOwhich a code-block's representation can be considered complete. Completeness is an important
concept for breakpoint code-blocks. As mentioned in 9.1, the maximum bit-plane index for a code-block is

Pmad =Mp—1—P,

where P lis the number of missing most significant bit-planes that is signalled via the packet header of the first packet to
which the code-block contributes, and the maximum number of coding passes for the code-block is then

Zmax = 3pmax + 2'

However, not all of these coding passes need appear within packet headers. Certainly, the code-block’s representation is
complete if all of its Z,,,,, coding passes are found within codestream packets. A transcoder or other intermediate agent
may truncate the representation, discarding packets so that fewer than Z,,,,,. coding passes are available for decoding. In
this case, the representation is incomplete and in the inter-band coding mode (BPT_INTER = 1) this lack of completeness
can prevent a decoder from processing some coding passes of other code-blocks that depend upon the information that
has been removed. Alternatively, though, an encoder can choose to produce only a subset of the possible Z,,,, coding
passes, or indeed it can choose to produce no data at all for some code-block. This is fundamentally different from the
removal of content by transcoding, because a decoder can still recover all originally encoded content, allowing it to be
sure that all information required for decoding other code-blocks in the inter-band coding mode is actually available. To
address the difference between these two ways in which the number of coding passes available for a code-block can be
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less than Z,,,,, , the packet header syntax for breakpoint components is augmented to support the explicit signalling of
code-block completeness.

Two specific types of completeness are identified as zero-completeness and pass-completeness. A code-block is said to
be zero-complete if it has no coding passes at all, but is nonetheless complete. This is a very common and important
condition. A code-block for which no coding passes have yet been communicated via packet headers might have important
information in later (possibly discarded) packets that is required to support the decoding of other code-blocks in the inter-
band coding mode. However, a code-block which is zero-complete will never contribute any information and any other
code-block that depends on the zero-complete code-block can assume that o,/ (p) = 0 for all bit-planes p and all arcs b’
belonging to the zero-complete code-block.

Zero-completeness for all code-blocks of a breakpoint precinct is signalled within the precinct's very first packet header,
using an augmented version of the "code-block inclusion™ signalling procedure. If the first packet for the precinct is a
zero length packet, as defined in Rec. ITU-T T.800 | ISO/IEC 15444-1 (i.e., if the first bit in the packet header is 0), then

ZEero-com Inlm‘nnnc: is not coded in any Innr*l(nt header for the prm‘inr’r and no code-hlock of the Inrpr‘inr‘t is 7pm-r'omp|ete_

In the vely first packet of a breakpoint component's precinct, the code-block inclusion signalling procedureris ajgmented
with infofmation that signals all-completeness and any-completeness values for each node in the precinct’s tag treg. During
the original code-block inclusion parsing process for layer 0, the nodes of the tag tree are traversed in the'manner gescribed
in Rec. ITU-T T.800 | ISO/IEC 15444-1 to determine answers to the question "do any code-blocks covered by this node
contribute coding passes to layer 0?" For each node visited within the tag tree scan, the original code-block jnclusion
parsing grocess decodes one bit i, such that the answer to the question is "yes" if i = 1 and,"no™ifi = 0.

For breakpoint components, this process is augmented to simultaneously answer the following two questions: 1) "are all
code-blogks covered by this node zero-complete?" and 2) "is any code-block covered.by this node zero-completd?" These
three qudstions are answered by first decoding a bit z. If the value of z = 1 then the<nswers are "no", "yes" and "yes" —
that is, all code-blocks covered by the node are zero-complete and hence no codesblock covered by the node makes any
contributlion to layer 0. If the value of z = 0, the usual inclusion bit i is decaded to answer the first question|(“do any
code-blogks contribute?") and a second bit n is then decoded to answer>the third question ("is any code-block zero-
completd?"). If the node is a leaf node, meaning that it represents only one code-block, then the n bit is not [decoded,
because the answer to the second and third questions must be the sameé)(n = z). If a parent node has already ansyvered the
first quegtion with "no", then the i bit is not decoded because thecanswer i = 0 is known. If a parent node hap already
answered the second question with "yes", then no bits are decoded because the answers to all questions are known (i = 0,
z =1anfln = 1). If a parent node has already answered the third question with "no", then no z or n bit is decogled since

the answers to the second and third questions are knowng(z= n = 0).

A code-fJlock is said to be pass-complete if at least one coding pass of the code-block appears within codestream packets
and the Igst such coding pass has been signalled as.¢ompleting the representation. A pass-complete code-block ¢annot be
zero-confplete, because it contributes at least.one coding pass. Pass completeness is signalled via a single bit|c, that is
decoded jmmediately after the "code-block inelusion information™ for a code-block that has one or more includdd passes.
Equivaleptly, bit ¢ is decoded immediately-before the "zero bit-plane information” for the code-block, if present, or else
immediately before the "number of coding passes information™ for the code-block, as described in Rec. ITU-T T.800 |
ISO/IEC|15444-1. If the value of bit c'is 1, then the code-block is pass-complete.

Code-blgcks that have beenidentified as pass-complete or zero-complete do not contribute "code-block inclusion™
informat{on to subsequent packets of their precinct.

There ar¢ only two types of codeword segments for breakpoint code-blocks. Multiple codeword segments arjse when
terminatiion of the MQ arithmetic coder occurs between coding passes which are included in a packet. Howgver, the
selective|arithmetic-coding bypass mode has no meaning within breakpoint components, so that termination of the MQ
coder ocgurs €ither at the end of every coding pass or only at the end of the code-block. Thus, the two types of godeword
segmentg that.can arise for a breakpoint component are: a) one segment per code-block; and b) one segment pgr coding
pass.

Apart from selective arithmetic coding bypass and vertically causal contexts, all other block coding modes signalled via
the code-block style information within SPcod and SPcoc fields of COD and COC marker segments apply to breakpoint
components. Specifically, context probabilities may be reset on coding pass boundaries, the arithmetic coder may be
terminated on each coding pass, the use of predictable arithmetic codeword termination may be identified, and
segmentation symbols may be used. These all have the same meaning that they have for other JPEG 2000 component
types, as specified in Rec. ITU-T T.800 | ISO/IEC 15444-1.
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10 Reconstruction of breakpoint components

10.1 Overview

This clause describes the synthesis of breakpoint values for each arc of each resolution in a breakpoint tile-component,
using vertex and induction-block values recovered by decoding all relevant breakpoint code-blocks. Similar to the inverse
wavelet transform, synthesis of a breakpoint tile-component proceeds in stages, from low to high resolution. Each stage
combines breakpoint values from an LL band with a CL band, to form an intermediate LL band at the next higher
resolution. This is illustrated in Figure 31.

N LL,
_l—» Stage 1 -t

LL,
CL1 _1 rrrrrr —| StageN, ——

T.816(23)

LL

CcL1 CL band at resolutionr =1
CL2 CL band at resolution r =2
CLN CL band at resolution r = NL

LLy, input LL band at resolutionr =0
LLy,—1| intermediate LL band at resolution r =1
LLy,_,| intermediate LL band at resolution r = 2

LL output LL band

Figure 31 — Breakpoint synthesis stages

There is|one synthesis stage for each non-base resolution ¥’='1,2, ..., N,. The input to stage r consists of bfeakpoint
values frpm an "LL band" at resolution » — 1 and a CL band at resolution r, where these values consist of the bfeakpoint
type t, precision P, and tick-point k, as introduced in*%:5. Input values from the CL band can only have types t = 3
(vertex) pr t = 0 (no signalled break, or inductioptblock). Output values from synthesis stage r preserve|decoded
informat{on from the CL band at resolution r, but'add induced breaks, having types t = 2 (direct induction) gnd ¢t = 1
(spatial induction).

Synthesis stage r involves three steps. In the-first step, each arc breakpoint from the CL band at resolution r is transferred
to the sypthesis stage's output, whosg-réctangular region of support corresponds exactly to that of resolution r|as given
by Formuila (3). This transfer step discards any CL band breakpoints that do not exist in the output, because the grid-point
at the centre of the arc lies outside.the region of support for resolution . This can happen, because the CL band includes
a whole fpumber of 2 x 2 cellS,'some of which might only partially intersect the resolution’s region of support.

In the sefond step, LL hreakpoints at resolution » — 1 are used to directly induce breaks at resolution r, mergfing these
into the pynthesis stage's output, wherever they do not conflict with breaks transferred in the first step. Thjs step is
discussed further in-10.2.

In the third step,\the resolution r arc breakpoints produced by the first two steps are used to spatially induce gdditional
breaks atfresolution r. This is the spatial induction step and is the one that is most involved. This step is the subje¢t of 10.3
and 10.4

10.2Direct induction step

10.2.1 Introduction

For each non-root arc within the support of resolution r, there is almost always a corresponding "parent” arc breakpoint
that exists within the support of resolution  — 1. The parent arc breakpoint, if it exists, belongs to the LLy, ,,_, band
that enters synthesis stage r, and it has arc length 24+* when expressed at the full resolution of the tile-component, where
d=N +2-r.
NOTE — As defined in 7.4, non-root arcs necessarily have a corresponding parent arc in the next lower resolution, such that the
two arcs are parallel and share an end-point. However, that parent arc's breakpoint, corresponding to the grid-point at its centre,

might lie outside the rectangular region associated with resolution » — 1, as given by Formula (3), even though the non-root arc's
breakpoint lies within the rectangular region for resolution r.
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The non-root arc has arc length 2¢ when expressed at the full resolution of the tile-component. Both arcs are co-linear
and share one end-point, when projected onto the full resolution of the tile-component. In particular, the non-root arc
coincides either with the first or the second half of its parent arc. This relationship is illustrated in Figure 32 for the
specific case of horizontal arcs, but the same principals apply to vertical and diagonal arcs.

NRA
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non-root arc at resolution r

—parent arcat resalution x—1

horizontal grid-point ordinates at resolution r

Lire 32 — Relationship between non-root and parent arcs during direct induction in synthesis stag
shown for the case of horizontal arcs

If the pafent arc exists within resolution r — 1 and has a break that lies within the span of¢the*non-root arc at
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b non-root arc has no break of its own in the CL band at resolution r, a directlyinduced break is add
arc. The directly induced break is assigned breakpoint type t,quceq = 2, WithJtick-point k;,4,ceq @nd
btained from those of the parent arc according to Formula (9).

= 1 then the directly induced break that is added to the non-root arc.is-identified as an ambivalent br
ent arc at resolution r — 1 contains a break with precision P, < 1, then each of the two non-ro
h r are assigned an indefinite break with t;,4,..q = 2 and precision P, 4,ceq = 0.

Extrapolation Qualifier for TriBPT direct induction

riBPT arrangement, each directly induced breakpoint.ata resolution r is associated with extrapolation
nt-dependent transform stage. As explained in 7.5, the two bit extrapolation qualifier e, is equated to th

epo = GRAD1_FLAG ;,4yceq and €, ; = GRAD2_FLAG ;;,4yccq - The process of determining the binary
ctly induced break is defined below.

with a vertex at resolution r — 1y ‘flags GRAD1_FLAG ,,¢pn; aNd GRAD2_FLAG ,,4pen, are initiali
. The flag values GRAD1_FLAGY;5,ceq @3N GRAD2_FLAG ;,,4uceq @SSOCiated with the corresponding
break at the finer resolution levelr is determined in accordance with the following procedure.

arent arc, if the breakpaint.is located in the second half of the arc at resolution » — 1 (i.e., right or boj
ent arc) then

iD1_FLAG nguced.= 1 (TRUE)
D2_FLAG iganpea = GRAD2_FLAG pgrent

e, if theireakpoint on the parent arc is located in the first half of the arc at resolution r — 1 (i.e., left g
ent arc)\then

solution
ed to the
precision

pak.

t arcs at

nualifiers

d of a pair of binary flags GRAD1_FLAG;,,4,,624 and GRAD2_FLAG;,,4.,cea Which are utilized diyiring the

pse flags,
flags for

zed to O
directly

ftom half

r top half

\DIFLAG jpipceq = GRAD1_FLAG orons

GRAD2_FLAG jnguceq = 1 (TRUE).

As direct induction proceeds to subsequent finer resolutions, the flags are determined at each resolution following the
same procedure as that described above with the current induced arc at resolution r becoming the parent arc of the
subsequent induced arc at the finer level r + 1.
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10.3 QuadBPT spatial induction

10.3.1 Introduction

Spatial induction applies only to root arcs. As shown in Figure 3, for the QuadBPT arrangement, each intersecting pair of
horizontal and vertical root arcs lies within a 2-span, surrounded on all sides by non-root arcs. QuadBPT spatial induction
is based on breaks found on these surrounding non-root arcs alone. Breaks on the surrounding non-root arcs can
correspond to decoded vertices at resolution r, direct induction at resolution r, or spatial induction at resolution r — 1. It
can happen that some (or even all) of these surrounding non-root arcs do not actually exist within the rectangular support
of resolution r, as given by Formula (3); any such non-root arc that does not exist is taken to have no break (i.e., t =0
and P = 0) for the purpose of spatial induction.

It is useful to label the non-root arcs L (left), R (right), T (top) and B (bottom), designating them as perimeter arcs. It is
also helpful to label the vertical and horizontal root arcs V and H, respectively. All of these arcs have length 2¢ when
assessed at the top resolution of the tile-component, and any break on arc b is located on one of the tick-points identified
in Formyla (6), characterized by a tick-point index k, in the range 0 < k,, < 24*F8, The breakpoint parametdrs for all
quantitiep involved in spatial induction are denoted (t,,P,,k.), (tg, Pr, kg), (t7, Pr, k), (tg, Pg, kg), &iPyh ky) and
(ty, Py, By), where the arc-identifying subscripts here correspond to the perimeter labels introduced aboye:

Spatial ipduction to the V and H root arcs shall take place only if the following two conditions are both satisfied:
1. [Exactly 2 of the four perimeter arcs have breaks —i.e., two of t,, tz, t; and tg are nonszero.
2. Neither of the root arcs has its own vertex or induction block; equivalently, P, =/0\@nd P,, = 0 prior fo spatial

nduction.

Subject tp the above conditions, labelling the two perimeter arcs with breaks as B1.and-B2, if either of these is Indefinite
(i.e., if Py, - Pg, = 0), then both root arcs are assigned indefinite breaks —i.e., t;-='t, = 1 and P; = P, = 0. If either of
the breaks B1 or B2 is ambivalent, that is min{Pg,, Pz,} = 1, then both root-ares are assigned ambivalent breaks — i.e.,
ty =t, £ 1and Py, = P, = 1. Otherwise, spatial induction is performed by*generating a line segment betweer the tick-
point locations associated with the perimeter breaks, as given by kg, and;,, and finding its intersection, if any, with
each of the V and H root arcs, rounding the resulting location to the rearest tick point. Writing R for the generig label of
a root afc V or H, if an intersection exists with root arc R;‘it/is assigned break-type t, =1, break-precision
P = mip{Pg,, Pg,} and tick-point index kp = f,.q(B1,B2,R k1, kp,), Where fi.q4 is the QuadBPT infersection
evaluatidn function, that depends on the locations and geométry of the three arcs B1, B2 and R, along with the perimeter
break tick-points kg, and kg,.

ion f,.aq rounds the intersection between the, line segment induced by the two perimeter breaks and thg root arc
R to the pearest available tick-point k. If the line Segment induced by the two perimeter breaks is equidistant from two
s, the induced break location is obtained by rounding away from the centre of the root arc. This is donsistent
with the vay in which decoded vertices are mapped to breakpoints, as given by Formula (8).

It remains to resolve the rounding ambiguity that arises when the line segment between perimeter breaks passes exactly
through the centres of the two root arCs.) This is only possible when inducing breaks from two horizontal perimeter breaks
or from fwo vertical perimeter breaks that are located on opposite sides of their arc centres. To ensure that the[spatially
induced breakpoints have absolute’geometric meaning, that can be preserved under horizontal or vertical geometric flips,
transposifion and rotation by ‘'multiples of 90°, this ambiguity is resolved by rounding towards the nearest root grcs at the
next lowegr resolution, regardless of whether or not they actually exist. Equivalently, this last case is resolved by founding
towards [the centre ofthe 4-span to which the V and H root arcs belong. These rounding policies are i|lustrated
in Figurg 33.
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RAR Root arcs at resolution r—1

Figdre 33 — Rounding policies used in QuadBPT spatial induction, showing different induction examples
in three of the four 2-spans within a 4-span

10.3.2 [Image boundary handling for QuadBPT

For the QuadBPT case, a set of implied breaks are assumed for arcs that intersect the right and bottom image bopndaries.
As descrjbed in 7.1, the rectangular region of image‘samples, is defined by (x,, y,) for the upper left hand cgrner and
(x; — 1,y, — 1) for the lower right hand corner. Implied breaks are placed on arcs that intersect the right vertical boundary
at x; — 1for the bottom horizontal boundary at’y;, — 1.

Possible foreak positions for implied breaks are denoted by VrtBndry_breakposition and HrzBndry_breakposition
corresponding to the right-vertical beundary and the bottom-horizontal boundary respectively, and are specified below.

VrtBndry_breakposition = (x, — 1) + 28D

HrzBndry_breakposition = (y, — 1) + 2=+

NOTH 1 — These implied breaks are never explicitly communicated but assumed to exist and utilized to adapt the trajsform for
arcs that intersect the fight and bottom image boundaries.

NOTH 2 — The implied break positions VrtBndry_breakposition and HrzBndry_breakposition are located outside[the image
regior| at one tick-point away from the image boundary intersect.

As an inftialization step, for all resolution levels r, an arc centred at location p that crosses the right or bottgm image
boundary is\sét to type ¢, (p) = 0.

The set of implied breaks include implied vertices on arcs at the coarsest resolution level » = N,, located at positions
VrtBndry_breakposition or HrzBndry_breakposition, depending on the image boundary that an arc intersects.

At finer resolution levels r < N,, breaks on non-root arcs are determined by direct induction.

Root arcs are subject to the spatial induction procedure. For a vertical root arc that intersects the horizontal image
boundary, if spatial induction results in a break that has a location that is different to HrzBndry_breakposition then an
implied vertex is placed on the horizontal root arc of the 2-span that intersect the image boundary. Similarly, for a
horizontal root arc that intersects the vertical image boundary, if spatial induction results in a break that has a location
that is different to VrtBndry_breakposition then implied vertices are placed on root arcs of the 2-span that intersect
the image boundaries.

NOTE 3 — spatial induction, induces breaks onto root arcs. If an induced break does not correctly model the image boundary then

spatial induction is abandoned and implied vertices are placed on root arcs that intersect the image boundary. The need for such
implied vertices on root arcs is most obvious at 2-span arrangements that contain the bottom right corner of the image region.
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10.4 TriBPT spatial induction

10.4.1 TriBPT induction modes and corner notation

Spatial induction applies only to root arcs and Figure 3 shows the three root arcs for the TriBPT-LR and TriBPT-RL
configurations within each triangle of a 4-span. At a given resolution r, non-root arcs are sub-arcs of arcs at resolution
r — 1 while root arcs are new arcs that emerge at the current resolution (i.e they have no parent arcs at resolution r — 1).
Spatial induction for TriBPT components can be categorized into 4-arc and 3-arc induction modes. The 4-arc mode
involves two non-root source arcs, whose breaks induce new breaks on two root arcs. The 3-arc mode involves one non-
root source arc, with one root source arc, whose breaks induce a break on one root arc. Both modes are specified below
after introducing important notation. In all cases, source breaks on non-root arcs correspond to vertices decoded at
resolution r or breaks that are directly induced from breaks at resolution » — 1, which can have been vertices, directly
induced or spatially induced breaks. Where an induction source break belongs to a root arc (3-arc mode), it corresponds
to a decoded vertex at resolution r.

H\ cnr Hd cnr
— D _enr
44/
V_cnr D Vy o
D \Y%
v_cnr H
VI c
H_Cnr D l_cnr
h_enr
T.816(23)

Figure 34 — Arc and corner labels for the TriBRT-LR arrangement

As showp in Figure 34, root arcs are labelled V (vertical), H (harizental) and D (diagonal). In the 4-span arrapgement,
the non-rpot horizontal and diagonal arcs that form the corner adjacent to V are labelled Hy cnrand Dy _cnr respectiyely. The
vertical gnd diagonal non-root arcs that form the corner adjacentto H are labelled Vy,_corand Dy _cnr, respectively, while the
horizontal and vertical arcs that form the corner adjacent te>D are labelled Hy cnr and Vg_cnr. All Of these arcs haye length
24 whenlassessed at the top resolution of the tile-compotient, and all break positions lie on tick-points in accordance with
Formula|(6), identified by tick-point indices k, in thewrange 0 < k,, < 24*FB. The breakpoint parameters for all xuantities
involved| in spatial induction are denoted ((tJ,P,, k,) , where the relevant arcs b have the labels b €

{V'vacnr Dvfcnr' H'Vhfcnr' Dhﬁcnr' D'decnr' Vdfcnr}'

The term| Ny ,,, denotes a count of the number of breaks that are present in the vertical corner's non-root arcs Hy_cnr and
Dy_cnr. Similarly, Ny ., counts the number of breaks present on the horizontal corner's non-root arcs Vi_enrand On_cnr, and
Np_enr COuUNts the number of breaks.present on the diagonal corner's non-root arcs Hy_cnrand Vg_ear. These countd all lie in
the rangq 0 to 2.

The notafion Sy ., is used to label a corner X_cnr, where X € {V, H, D}, as being either a candidate source corner|(Sx c,, =
1) or a npn-candidate (Sy..,, = 0) corner for spatial induction. If Ny ... = 1 and the root arc X does not have a|vertex or
an induction block (ie.; Py = 0) then Sy .,,, = 1; otherwise Sy .,, = 0. A label of Sy .., = 1 signifies that the corner
X_cnr, copntains a single non-root arc with a breakpoint that can potentially be a source for defining the line segment for
spatial inductioftand that this induction is not impeded by a vertex or induction block in the corresponding rootfarc X.

10.4.2 W=arc mode

The 4-arc mode involves new breaks on two root arcs being induced by breaks specified on two non-root arcs that are
located at different corners. This spatial induction to two out of the three root arcs (i.e., two of V, H and D) shall take
place only if the following conditions are all satisfied:

1. None of the three root arcs has its own vertex; equivalently, , =0, P, =0, and P, = 0 prior to spatial
induction.

2. Two out of the three corners are labelled as being a source corner for spatial induction; that is Sy ¢, + Sy cor +
SD_cnr =2.

3. The non-root arcs with breaks that are associated with the two source corners have different orientations — i.e.,
the source breaks cannot both lie on vertical arcs, both lie on horizontal arcs or both lie on diagonal arcs.

In accordance with the above conditions, let X_cnr and Y_cnr correspond to the two identified source corners, that is
Sx enr = Sy enr = 1 Where X, Y € {V, H, D}, s.t. X # Y. The corresponding non-root arcs with breaks that originate from
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these two source corners are labelled B1y cnr and B2y . In the following discussions, the subscript is omitted for ease of
notation and these two non-root arcs are referred to as B1 and B2.

Spatial induction is performed by generating a line segment between the tick-point locations associated with the non-root
arc breaks, as given by kg, and kg,, and finding its intersection with two of the three root arcs and then rounding the
resulting location to the nearest tick point. In keeping with the above notation, X and Y refer to the two root arcs on which
breaks points are induced. The two induced breakpoint parameters can therefore be denoted as (ty, Py, ky) and
(ty, Py, ky). If either of the breaks on non-root arcs B1 and B2 is indefinite (i.e., if Py, - Pg, = 0), then the corresponding
two root arcs are assigned indefinite breaks —i.e., ty = t, = 1and Py = P, = 0. If however min{Py,, P5, } = 1, then the
corresponding two root arcs are assigned ambivalent breaks —i.e., ty = t, = 1 and Py = P, = 1. Otherwise, the induced
breakpoint parameters are assigned as break-type ty = t, = 1, break-precision Py = P, = min{Py,, P, } and tick-point
index ky = f(B1,B2X, kg, kg,) and k, = f..(B1,B2,Y, kg, kg,) Where f,; is the TriBPT intersection evaluation
function, that depends on the locations and geometry of the root arc on which a break is being induced, that is either X or
Y, and the two non-root arcs B1, B2 along with the corresponding break tick-points kg, and kg, . The function f,; rounds
the interdection between the Tine segment induced by the two non-root arc breaks and the root arc X (Y) to-ffle nearest
availablg|tick-point ky (k).

Examplep of all 9 possible non-root arc pair combinations that can result in inducing breaks on two raot.arcs are shown
in Figurd 35 for the TriBPT-LR arrangement.

1 N

V V D

v_enr - “h_enr

d_cnr

venr - Y h oenr v enr T

Vdﬁcnr - Dvﬁcnr Vdicnr - DILcnr Dvicnr - Vhicnr
Vd_cnr - Dv_cnr Vd_cnr - Dh_cnr Dv_cnr - Vh_cnr
T.816(23)

Figure 35 — 4-arc mode spatial induction examples for the TriBPT-LR arrangement

10.4.3 3-arc mode

The 3-arc mode involves one non-root source arc and one root source arc, whose breaks induce a break on one root arc.
This spatial induction to one root arc shall take place only if the following conditions are all satisfied:

1. One of the three root arcs has its own vertex while the remaining two root arcs have no vertex of their own.
2. One out of the three corners are labelled as being a source corner for spatial induction; that is Sy ¢, + Sy oy +
SD_cnr =1

Let R represent the root arc that has its own vertex, with the break parameters given by (tg, P, ki) where t, = 3.
Furthermore let X_cnr correspond to the single identified source corner, that is Sy .., = 1, and let B1x_cnr COrrespond to
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