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continuous at defined locations within the image component to which they are_applied. Second, new scalable ¢
Is are described for a new type of image component known as a "breakpoint-Component”, which provides a succes
nable and hierarchical description of the breakpoint locations used by the breakpoint-dependent transforms. Any
ial component or components within a codestream conforming to this Recommendation | International Standard

pkpoint components and any of the components in the codestream other than breakpoint components can

pkpoint-dependent transform that depends upon one of the breakpoint components in the same codestream. Thes
Is together allow for the scalable coding of imagery that naturally exhibits strong discontinuities in the spatial dd
important example of such imagery is depth maps.

s Recommendation was developed jointly with ISQAEC JTC 1/SC 29/WG 1 (JPEG) and is common tex
D/IEC 15444-17.

History
Eglition Recommendation  Approval  Study Group Unique ID*
1.0 ITU-T\T:816 (V1) 2023-02-13 16 11.1002/1000/15206

ed  in
et-like
an be
oding
sively
non-
tan be
use a
e new
main.

with

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.

iv

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://standardsiso.com/api/?name=5cc278f7def5416d4fc5bb8fdfe4cfcb

ISO/IEC 15444-17:2023

FOREWORD

(E)

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
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topics for study by the ITU-T study groups which, in turn, produce Recommendations on these topics.

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

ome areas of information technology which fall within ITU-T's purview, the necessary standards
pared on a collaborative basis with 1ISO and IEC.
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datory provisions (to ensure, e.g., interoperability or<applicability) and compliance with
ommendation is achieved when all of these mandatory provisions are met. The words “shall” or some o
gatory language such as "must"” and the negative equiyalents are used to express requirements. The us
n words does not suggest that compliance with the Recommendation is required of any party.
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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 dlscrete Wavelet transform (DWT) employed in JPEG 2000 is not WeII suned to the codlng of such medla both from
the pe , #b-hand

To @ddress these challenges, this Recommendation | International Standard introduces alternate "breakpoint=dependent"
spatiial wavelet transforms that are dependent on an auxiliary image component, known as a "breakpoint compongnt.”
Thig Recommendation | International Standard also introduces scalable coding technologies for breakpaint compongnts.
Any non-initial 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 thie use of breakpqint-
depgndent wavelet transforms.

Thi$ Recommendation | International Standard specifies two different types of breakpoint_components, designatel as
"QUadBPT" and "TriBPT" components, with associated decoding and synthesis todls:/Associated with the type of
bregkpoint component is a corresponding breakpoint-dependent wavelet transfarm, with its synthesis tools. [The
recdnstruction procedures described in this Recommendation | International Standard produce individual sample values.
In t:[ue TriBPT case, it is possible instead to directly reconstruct a deformable triafgular mesh, whose complexity is related
to the number of non-zero wavelet coefficients and the number of decoded bteaks, which are identified here as "vertides."
In each case, breakpoints introduce tears in the mesh. This feature can<eé)valuable in computer graphics applicatipns,
whdre the mesh elements provide a more convenient description of thé\data than individual samples.

Thelnormative material of this Recommendation | International Standard is contained within the main body together ith
Anrex A. Additionally, Annex B describes ways of encapsulating breakpoint data within a linear file structure, that|can
be Used as a source for encoding and a target for decoding prQcedures.

X Rec. ITU-T T.816 (V1) (02/2023) © ISO/IEC 2023 - All rights reserved
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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”
spatiial wavelet transforms that can be used in place of the transforms specified in Recommendation ITU-T F.800 |
ISOYIEC 15444-1 for selected image components or tile-components. Extensions to the codestream syntax of
Rec] ITU-T T.800 | ISO/IEC 15444-1 are specified to enable the identification of breakpoint components, ofccomponients
that{can use a breakpoint-dependent spatial wavelet transform, and the association of breakpoint comporients with guch
bregkpoint-dependent wavelet transforms.

2 Normative references

The| following Recommendations and International Standards contain provisions which, through reference in this fext,
constitute provisions of this Recommendation | International Standard. At the time of publication, the editions indicgted
werg valid. All Recommendations and Standards are subject to revision, and parties to agreements based on |this
Recbmmendation | International Standard are encouraged to investigate the possihility of applying the most recent edition
of the Recommendations and Standards listed below. Members of IEC and ISO*maintain registers of currently valid
Intefnational Standards. The Telecommunication Standardization Bureau of the ITU maintains a list of currently \alid
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) |ISO/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 |
ISOYIEC 15444-1 apply.

ITY, ISO and IEC maintain.terminological databases for use in standardization at the following addresses:
— ITU Terms and definitions database: available at https://www.itu.int/go/terms

—  1SQ"@nline browsing platform: available at https://www.iso.org/obp

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

3.2 Terms defined in this Recommendation | International Standard

This-Recammendation ! International Standard defines the fnlln\/\/ing 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.
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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).
3.2.8

OTE - Cells belong to a well-defined partition that is anchored at the global code-block anchor point.

3.210 CL band: The sole sub-band associated with each resolution of a breakpoint tile-component (3.2.8) ether than

code-block anchor point: Origin of the coding partitions, which is one of the locations (0;0), (0,1), (1,0) or

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

JLl4  indefinite break: Induced break (3.2.15) on an arc that is derived frem-one or more ambivalent breaks (3.2.3),
such that there is insufficient precision to determine whether any break at alk exists on the arc.

3.2[15 induced break: Break (3.2.5) on an arc that is inferred fromdbreaks on other arcs.

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

3.2[l7 non-root arc: Arc (3.2.4) that is not a root arc.

3.2J18 parentarc: Arc (3.2.4) at depth d + 1 in the breakpoint decomposition that contains an arc at depth d.
OTE — At most two arcs at depth d can have the same parent at depth d + 1.

3.219 pass-complete: Code-block within afbreakpoint component for which one or more coding passes are fqund
in the codestream packets and the last sueh coding pass is identified as completing the code-block's representation
via the packet header signalling mechanisms.

3.2P0 QuadBPT: Breakpoint (3:2.6) arrangement involving only horizontal and vertical arcs (3.2.4).

3.2.p1 rootarc: Arc (3.2.4) thatis not contained within any arc projected from the next lower resolution of a breakppint
tiledcomponent (3.2.8), regardless of whether that next lower resolution actually exists within the tile-component's
resdlution hierarchy.

3.2.p2 spatially induced break: Induced break (3.2.15) that is inferred from breaks on non-parent arcs.
3.2.p3 tick-point:Possible break (3.2.5) location along an arc.
3.2.p4  TriBPIT: Breakpoint (3.2.6) arrangement involving horizontal, vertical and diagonal arcs (3.2.4).

3.2.p5 » TriBPT-LR: TriBPT (3.2.24) breakpoint arrangement involving diagonal arcs that run from the top-left tq 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 Base Grid Point
BIL Break Inducing Line

BIP

Base Intersection Point

BLN Base Line

BSA Base Arc

CBAP  Code-Block Anchor Point
DIB Directly Induced Breaks
HDT Hierarchical Data Type

HG
MP
RA
RTI
SBH
SPH
TPS
VM
VR
WD

Thi

6.1
Ac

6.2

Ad
spe

P Horizontal Grid-Point

U7

More Probable Symbol

Round Away from Centre

)

N Round to Nearest
Source Breaks
Spatially induced Break
Tick-Points

R  Vertex Mapping Rule

] Vertex

A Wedge Area

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

e MAX WDG - maximum search distance farthe gradient extrapolation algorithm used during the TriB
dependent prediction step associated with‘aspatially induced arc.

and 0 if the code-blocks of a breakpoint component are coded without reference to any other code-block da

Conformance

Codestream confermance

pdestream conforming to this Specification shall conform to Annex A.

Decoder

ified.in Rec. ITU-T T.800 | ISO/IEC 15444-1 together with any additional signalled capability specified in

Spe)

Cification, with the exception of breakpoint components and tile-components that identify the use of a breakpg

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

= breakpoint components shall have the structure specified in clause 7;

PT-

e BPT_INTER — binary flag that is.1.if code-blocks of a breakpoint component use the inter-band coding mode

a.

pcoder.conforming to this Specification shall process a codestream that conforms to this Specification in the mapner

this
int-

= 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
dyaflic hierarchy. Breakpoint components are identified via the HDT marker segment defined in A.4. In particlilar,
conjponent ¢ is a breakpoint component if Ihdte lies in the range 1 to 3.

Bregkpoint component c is defined with respect to the same reference grid as other JPEG 2000 components, iin terms of
the plobal image dimensions (Xsiz, Ysiz), image offset (XOsiz, YOsiz) and sampling factors (XRsiz¢, KRsiz¢) that| are
recdrded in the S1Z marker segment. The grid-points of component ¢ consist of all integer coordinates’ in the rectapgle
with upper left hand corner at (x,, y,) and lower right hand corner at (x; — 1,y; — 1), where

__ | XOsiz _ | Xsiz _ | YOsiz Ysiz
X0 = [XRsizC]' = [XRSlzC] ’ [YRSlzC] ’ [YRSlzC] @
Thepe formulae 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 grid-points is used here for the locations of a breakpoint component, rather than samples.

As \ith other components, breakpoint components are partitioned into tile-components, following the partitioning of the
refefence grid into tiles, so that the grid-points of a breakpoint tile-component;-having component index ¢ belong tq the
rectngle with upper left corner at (tcx,, tcy,) and lower right hand cornerat (tcx;, — 1, tcy, — 1), where

T txo
tex, = [XRSiZC] ) ey = [XR lZC] » 1Yo = [YR lZC] oty = YRSIZC] (2)

whdre the tile in question occies the rectangle with top left cornerat (tx,, ty,) and lower right corner at (tx, — 1,ty, —
1) dn the reference grid. These formulae are identical to the eguations for tcx,, tcx;, tcy, and tcy, in Rec. ITU-T T|800
| ISQ/IEC 15444-1, except that the breakpoint tile-component's locations are identified as grid-points rather than samples.

Likg¢ other JPEG 2000 components, each breakpoint tile<component has an associated number of decomposition lgvels
N,, [that is identified via the applicable COD or COC marker segment, imputing the component with N, + 1 distinct
resdlution levels, denoted r = 0,1, ..., N, ; these aré“the resolutions of the hierarchical breakpoint representation. Level
r =[N, is the full resolution of the tile-component, while r = 0 is the lowest resolution, also known as the file-
confponent's LL band. The grid-points asgociated with the resolution r of a breakpoint tile-component correspond tq the
inteper-valued coordinates within the rectangle with upper left corner at (trx,, try,) and lower right hand corngr at
(trx, — 1,try, — 1), where

tcxo
ZNL—T' 4

t tc ti

ZNCLX—IT 4 tT'yo = [ZNzlor 4 tr yl [2152/—[7“] (3)
Each resolution r has a corfesponding depth d within the hierarchical representation. The highest resolution r 5 N,
corresponds to depth @+ 1, while the resolution » = 1 corresponds to depth d = N, . Unlike other JPEG 2000
confponents, for which the LL band at resolution = 0 has the same depth d = N, as resolution 1, the LL band pf a
bredkpoint compenent has depth d = N, + 1.

trx, = [ trx; =

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

Bregkpoint components their tlle components and their resolutlons do not have sampIes but thelr grld pomts nay

breakpoint component beIongs 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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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
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with upper left corner at (clx,, cly,) and lower right hand corner at (clx; — 1, cly, — 1), where
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Igngring the LL band (resolution.Q) for the moment, each other resolution » = 1, ..., N, of a breakpoint tile-compone
pned a single "detail band"y-similar to the LH, HL and HH sub-bands described in Rec. ITU-T T.800 | ISOJIEC
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tioned into cells, such that the upper left corner of each cell has coordinates of the form (2c, + z,, 2c, +Z;)
z,) corresponds to the code-block anchor point (CBAP) identified by bits 3 and 4 of the Scod paraméter’in
nded COD syntax specified in Rec. ITU-T T.801 | ISO/IEC 15444-2. The four possible combinations/of CE
dinates, (z,,z,) = (0,0), (0,1), (1,0) and (1,1), lead to four different cell partitions, that enable geom
ipulation (flipping and rotation) in the compressed domain. Figure 2 illustrates the four different relations
veen cells and their 2-spans that result from the different anchor-points.

@ @ O O @ @ O O O O Q O
@ @ O O @ @ o @ O O ® @

O O o O O O @ @ O~ O ® @
(z, z,)=1(0,0) (z, z,)=(1,0) (z, ) =(0.99 (z,z,)=(1,1)
T.816(23)

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

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

cells associated with a resolution of a breakpoint.tile-component have coordinates (c,, c,), covering the recta

[ is, the resolution's cells consist of all\2/x 2 elements from the partition that intersect with the resolution's regio
port, regardless of whether the intersection involves 1, 2 or all 4 grid-points.

14-1. This single detail-band is denoted the CL band. Each element of a CL band is a 2 x 2 cell (or a piece thereg
tile-component boundaries dissect the cell). The hierarchical representation of the breakpoint tile-component

| band determine the properties of its code-blocks and precincts, as explained next.

dimensions of the LL band are expressed in grid-points rather than cells, and are identical to the dimension
lutien\0; as derived from Formula (3) withr = 0. The LL band of a breakpoint tile-component is used to re

kpoints that would have been found in a CL band at depth N, + 1, except that they are encoded with extra informa
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ists of one LL bandand N, CL bands. Each CL band is clx; — clx, cells wide by cly, — cly, cells high, where tiese
quantities are derivedfrom the corresponding resolution's dimensions using Formula (4). The set of cells that const
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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

sin

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 p

recincts 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 21
QuadBPT r>0 =1 =1

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

Each CL band is divided into code-blocks which are organized into precincts in exactlythe same way as regular $ub-
bangls, except that each precinct for a breakpoint tile component at resolution r >-0-contains code-blocks from jus{ the
one|CL band at that resolution, as opposed to HL, LH and HH sub-bands. Each“nominal code-block at resolutipn r
confains a rectangular array of cells that is 2*® cells wide and 2Y®"" cells high, except at the boundaries of the file-
confponent, where code-blocks contain only those cells that intersect with.tie CL band region, as given by Formula(4).
The] code-block partition is anchored at the CBAP location (z,, z, ) introduced above (code-block anchor point), [and
congists of all code-blocks that have a non-empty intersection with<the CL band region. This means that each CL cpde-
blogk's cell indices occupy a rectangle whose upper-left corner has coordinates (bx,, by,) and whose lower-right cofner
has [coordinates (bx; — 1, by, — 1), where

bx, = max {k,2*?, clx,}, bx; = min {(k, + 1)2*%}clx,},
by, = max {k,2Y%, cly,}, by, = min {(k, + 12, cly,},

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

min {xcb, PPx—1} r >0 b = {min {ycb,PPy—1} r >0 5
min {xcb, PPx} r =0 YO =1 min {ycb,PPy} r=0" ®)

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

NOTE 1 — The CL band region, given by Formula (4), can differ slightly from the regions associated with LH, HL or HH bandis of
non-breakpoint tile-component at the same resolution, as given by determined in accordance with Rec. ITU-T T.800 | ISOJIEC
| 5444-1. It turns outthatevery precinct of a breakpoint tile-component is non-empty, in the sense that it contains at least one cpde-
lock that contains at least one cell. By contrast, it is possible for a precinct of a non-breakpoint tile-component to be empty, hayving
no code-block#rom 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 anchored af the
CBAP location (z,,z,), with code-blocks of width 2*® and height 2Y®*', where xcb' and ycb' are still found uing
uIa (5). However LL code-blocks are measured in grid-points rather than ceIIs and code blocks on the boundar

Formula 3) Wlth r= 0 Specifically, each LL code- blocks grid- pornts have mdrces that lie Wlthln 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

LLx, = [@J LLy, = [Byoz—_zyj LLx, = [Bmz—_le and LLy, = [BYZT_ZY]

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
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if B
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7.4

Bregkpoints are associated with the grid-points of a 2 x 2 cell, and serve todescribe possible breaks along one of the

that

For

The
nex
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For

i, mod 2 # z,, while the lower half of cells on the bottom edge of a code-block will lie outside if By, mod 2 #
e conditions can only occur for code-blocks on the right and bottom edges of the LL band, respectivély.-Regarg
hether all grid-points of a cell lie within the code-block to which it belongs, the block decoding procedures descr
regard all arcs associated with such grid-points as if they belong to the block.

number of cells that are found within any code-block is given by
Wiy = bx; — bx, and Hyy = by, — by,,
re bx,, by,, bx; and by, become LLx,, LLy,, LLx; and LLy, for LL band code-blocks!

Root and non-root arc breakpoint associations

span the corresponding 2-span.
the QuadBPT arrangement shown in Figure 1, there are four breakpoints per cell, as follows:

e Horizontal non-root arc breakpoints are associated with each of a resolution's grid-points (p,, p,) for whic
is odd and p,, is even, serving to describe possible breaks along the horizontal arc that is centred at (p,, p,)

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

e Horizontal root arc breakpoints and vertical root arc breakpoints are both associated with each of a resoluti
grid-points (p,,p,) for which p, and.p,, are both odd, serving to describe possible breaks along the horizg
and vertical arcs that are centred at(ps,p, ).

term non-root arc here is used to describe an arc that shares an end-point with an arc of the same orientation a
lower resolution (whether it exists or not); each non-root arc thus corresponds to one half of an arc at the Io
lution. By contrast, the root arcs are those that are not subsets of any arc at lower resolutions.

the TriBPT arrangementsshown in Figure 1, there are three breakpoints per cell, as follows:

e Horizontal arcbreakpoints are associated with each of a resolution’s grid-points (p,, p,) for which p,. is odd
p, is even, serying to describe possible breaks along the horizontal arc that is centred at (p,,p,).

e Vertical arcbreakpoints are associated with each of a resolution’s grid-points (p,,p,) for which p, is even
py is0dd, serving to describe possible breaks along the vertical arc that is centred at (p,, p,).

e Diagoenal arc breakpoints are associated with each of a resolution’s grid-points (p,, p,) for which p, and p
both odd, serving to describe possible breaks along the diagonal arc that is centred at (p,,p,). These diag

he top boundary of the code-block Ties outside the block It By, mod 2 # z,, a condition that can only occur for chde-
blogks on the upper edge of the LL band. The right half of cells on the right edge of a code-block will lie outside theb

ock
Zy;
less
bed

Arcs

) Dx
. 1S

on's
ntal
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are
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nt to

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

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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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)

7.5 Breakpoint values and vertices

Each breakpoint tile-component has an associated parameter Fy that controls the cardinality of the set of possible b
locgtions on each arc. Each arc at resolution r has length 2 in its own resolution, which is equivalent tosa length of 2
the full resolution of the tile-component, where

d = NL + 1 - T',
and|each such arc has 2478 possible break locations, of the form
breakposition = (2k, + 1)2-Fs+D

Herg, k, isanintegerintherange 0 < k, < 2¢+F8 foranarc b. These possible break/locations, indexed by k,,, are kn
herd as tick-points. Note that diagonal arcs and their tick-points are projectedyonto the vertical axis for measuren
purposes, so their lengths are still equal to 2¢.

The|separation between tick-points, also known as the tick-interval, i$2~F5. The smallest possible value for Fy is
whith case the tick-interval is 1 and arcs at the finest resolution (== N,, d = 1) can have breaks at only two pos{
locgtions, corresponding the centres of the first and second halvés of the arc. This is minimally sufficient to allow
bredkpoints to be used in guiding the prediction processes of.a-bréakpoint-dependent transform, as discussed in clau
Larger values of Fg allow breaks to be more precisely located along an arc. Figure 4 illustrates the tick-points resu
from a typical value of F; = 2, for the case of the QuadBPT arrangement, at the finest resolution level.

OTE - The Fg parameter can be interpreted as the number of "fraction bits" associated with the break location index k.

In afddition to the break index k,, each arc has a break-type value t, in the range 0 to 3 and an integer break-preci
valye P, that relates to the amount of information derived from the decoding of breakpoint code-blocks, from w
bredks are inferred. For the TriBPT arrangement, breakpoints are also associated with an extrapolation-qualifier e,
conyeys information for performing extrapolation for arcs containing directly induced (¢t, = 2) or spatially induced (1
1) breaks. For all other break-type values the e, parameter is irrelevant and can be ignored.

In fpllowing discussions, for the,QuadBPT arrangement the parameters of a breakpoint on an arc b are denoteqg

reak

(6)

pwn
hent

D, in
ible
the
e 8.
ting

sion
hich
that

b=

by

(tp.|Py, k) while for the TriBPT arrangement the breakpoint parameters are given by (t,, P, k;,, e,). Each of these

pargmeters and the valuesthat they can represent are discussed below.
Bregk-type values are-as-follows:

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

t, = 2 means that there is a break on the arc that is directly induced from a vertex or another directly indy
break at the next lower resolution; direct induction is possible only for non-root arc breakpoints. Direct indug

Cant

ced
tion

is discussed in 10.2.

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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2d
(d=1)
k=0 k=271
I 1k=0
X<, 1 T k=1
v=0 O- TPS
1 i Tk=2 —(Fgtl) _ d
i ] 1 0<(2k+1)2 <2
| 7 —t / (Fz=2)
i e P | ]
VINT( VTUP 1 ] __k=2c1+r372
0<(@r+1)2 <1 d+
(P=2) _,* b :-: :Cl);,%i—_-kzz Pl
_________—+V:1\
VMR
T.816(23)
T vertex
S tick-points

IR vertex mapping rule of mapping vertex to nearest tick-point "away from arc centre"
DTE — This figure depicts the case where d = 1, P = precision bits = 2 and Fg =2 with arc length given by 2¢.

gure 4 — Possible break locations (tick-points) at the finest resolution, with Fz = 2, shown for the QuadBH
case. Also shows the mapping of vertices with preeision P, to tick-points

tex Precision: For vertices (¢, = 3), the break-precision P, shallsatisfy
re P, — 1 is the number of bits of the vertex V, that were actually decoded. The value (2V,, + 1) is a P, -bit unsig
per, and the relationship between the tick-point k, and:the decoded vertex value V, is as follows:

0, if(2V, + B2 >~

1

ky, = (2V, + 1)294+F8=Pp 4
—1, if 2127 <2

Figuire 4 illustrates this mapping of the (Py.= 1) bit vertex value V,, to tick-point k, . The quantity (2V, + 1)27» € (

can

®)

be interpreted as a relative vertex position. As seen in the figure, the role of the offset on the right hand side of Forr
s to round this relative positiensoutwards (away from the centre of the arc at relative position %2) to the neg

available tick-point.

Ind
indu
usir

Spal
is th

Liced break precision: Directly induced breaks (t, = 2) are obtained on non-root arcs, from vertices or other dire
ced breaks at the next.lawer resolution, by decrementing P, and discarding the most significant bit of k,, . Specific
g the term "parent-10 identify the corresponding arc in the next lower resolution,

— — d+Fp-1
Pinduced = max {1'Pparent - 1}' kinduced - kparent mod 2 B

ially induced breaks (t,, = 1) are derived from breaks on surrounding arcs at the same resolution, and their preci
e smahlest value of P, associated with those surrounding arcs whose breaks are involved in the induction.

T

()

ned

®)

D,1)
hula
rest

ctly
ally,

©)

5ion

ther

Indyiced,breaks with P, = 1 are said to be ambivalent, since insufficient information is preserved to determine whe
the Wmmrmmmmmm i . i ratty T i .

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)
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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

belo

W.

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

detq

indilcates a search in the increasing x-coordinate direction for horizontal arcs and in the increasing y-coordinate direg
for yertical and diagonal arcs. Conversely, a value of 0 indicates a search in the decreasing x-coordinate direction
horizontal arcs and in the decreasing y-coordinate direction for vertical and diagonal arcs.

8.1

To

Inte
recd
1ISO

The
coa
that
any

The)
the

Eacl
tile-
info
LL,,
the

nex

LL

Figlire 5 where the output of thefinal stage LL, y, ) constitutes the decoded samples of the tile-component c.

roinad fram tha 4 cnan trianala and inducina hna Aaaamating ac o
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Breakpoint-dependent spatial wavelet transformation

Overview

solatned 1 104 4 Ear hath flaace 2 valua :)f 1
e o400 0tH—agS——Yarde

tion

for

perform breakpoint-dependent inverse discrete wavelet transformation (BD-IDWT), this Recommendatipn |

IEC 15444-1 together with any additional signalled capability.

se to fine resolutions r = 1,2, ..., N,. The BD-IDWT uses spatial sub<band samples found within that tile-compor

additional signalled capability.

alue D, is communicated via the SEcod field specified inyAnnex A.

N stage r utilizes the four spatial sub-bands LL,,, Hliy, LH, ., HH, , that belong to resolution r of the non-breakp
component indexed by c, together with a corresponding breakpoint band LL,_, which contains all breakp
rmation at resolution r for the designated breakpoint tile-component indexed by D.. The breakpoint data provide
| - corresponds to the (partially) reconstructed breakpoints that appear at the same resolution r as determined u
econstruction procedure in clause 10.Stage r uses this information to synthesize a sub-band LL ,.,.1), for use i
stage, if any. The iterative procedure is illustrated in

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

rnational Standard uses the synthesized breakpoints, as described in clause, 0", to adapt a two-dimensipnal
nstruction of sub-band samples obtained by processing the codestream in @ccerdance with Rec. ITU-T T.800 |

BD-IDWT is performed in stages for a given tile t of a non-breakpoirt component with index c, progressing from

ent,

are obtained by processing the codestream in accordance with Réel ITU-T T.800 | ISO/IEC 15444-1, together Yith

BD-IDWT also uses breakpoint data from the same tile t afa separate breakpoint component with index D, where

oint
oint
1 by
5ing
the

LL

LL, | —
HL, LL,,
: |
LH (=] e HL LL
L2 T e, N,
HHY —s LH(‘ B Stage2 — Vi
oy —
l HLL
HH_, Tt LL. v -
LL, 62 ™ LH, y, Stage N, — ¢, (N;+1)
| Vi) N —
L, . i —[

LLp, T.816(23)

p.i 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
bredkpoint component provides even fewer decomposition levels, the transformation process is not defined by |this
Recbmmendation | International Standard.

Each stage of the BD-IDWT is performed in two steps. First the four spatial sub-bands LL.,, HL,, LH.wHH, | are
subjected to a mapping procedure 2D_GP_MAPPING that produces a single interleaved output band I[;.. ‘A breakppint
depgndent 2D sub-band reconstruction procedure BD_2D_SR is then applied to I, . that depends on the correspongling
bregkpoint band LLp, - -

8.2 TriBPT-dependent irreversible transforms

8.2.1L Introduction

For| the TriBPT case, the 2D_GP_MAPPING procedure maps the spatial ‘sub-bands LL.,,HL.,,LH.,,HH| to
coresponding  grid-point locations to form an interleaved band I ,()such that I., = 2D_GP_MAPP|NG
(LLY, HL.,,LH. ., HH_ ., trx,, trx;, try,, try;) where (trx,, try,) specifies the upper left corner and (trx, — 1,try, —
1) the lower right corner of the rectangular grid-point region at resolution that corresponds to I..,.. The mapping of sub-
banfl samples to grid-point locations for a given resolution r is illustrated in Figure 6; while the specific example shpwn
relafes to the TriBPT-LR case, the mapping remains identical forTriBPT-RL.

NOTE — As shown in Figure 6, the grid-point mapping procedure associates the samples of the HL, ., LH. ,, HH, spatial [sub-
ands at the same locations as horizontal, vertical and diagonalarcs from the breakpoint component D, respectively.

In the description that follows, it is convenient to identify,different triangular elements within a 4-span (see Figure 3) by
medns of two variables, s, and s;5. The first variable distinguishes between the mirror-image geometries TriBPTFLR
and| TriBPT-RL, with s, = 1 for the TriBPT-kR)arrangement and s;; = —1 for the TriBPT-RL arrangement. [The
secgnd variable distinguishes between the upper-and lower triangles within the 4-span, denoted TOP_Tri and BOT [Tri,
with s;p = 1 and s;p = —1, respectively.

Thi$ clause defines the TriBPT-dependent irreversible transforms. The reversible version of these transforms are def{ned
in 83.

Thelinterleaved band I, produced by the 2D_GP_MAPPING procedure, is subject to 2D filtering BD_2D_SR, wpich
congists of two lifting steps.(The update step is applied first, modifying sub-band samples at grid-points (p,, p,) that are
(evdn, even), based on sub<band samples and breakpoint values at connected neighbouring grid-points with (even, add),
(odm, even) and (odd, odd) locations. The update step is implemented by making the following assignment for each (eyen,
even) location (2ny2m) of I, ,..

I, (2n,20) = I, (2n,2m) — z U(ley, LLy,_p 21 + 8, 2m + 8,,) (10)
(Bn.6m)eENy

Herg, My ={(1,0),(0,1),(sz 1),(—1,0),(0,—1),(—s g, —1)} identifies the update neighbourhood, and the uppate
fungtion 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 .:

© ISO/IEC 2023 - All rights reserved Rec. ITU-T T.816 (V1) (02/2023) 11
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I.,(p) =1.,(®) + P(I.,, LLp,,, P), Where p = (p,,p,) and p,, p, are not both even.

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)

‘\\JQH v 2n+2

ZmC'\ - )

LH, (n,m)_--7

2m+ 2 _

TriBPT-LR T816(23)

Figure 6 — Interleaving of sub-band coefficients to a triangular grid.fer a given resolution r

2m+20 2m+2C
T816(23)
a) Update step in the absence 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
' TuPe i p p' up '
2m C O 2m ¢ C
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

8.2.2

Figure 8 — Predict step examples for a horizontal arc

Arcswitht, =0

For arcs without any breaks (t, (p) = 0), the predict function is given by
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1 13
P(ley LLogb) = 5 (er @) + 1, () =

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) (14)
[(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
Forlarcs containing a vertex (t, (p) = 3), the predict function is given by

(L@ Jey(p) > 27751
" Uor: Lo ) = {Ic,r(p‘?) ki (p) < 24+F871 (%)

whdre the prediction source locations p# and p® are given by Formula (14). An example involving'a horizontal afc is
shoyvn in Figure 8 (right).

8.2  Arcswitht, =2
Forfarcs containing a directly induced break (¢, (p) = 2), the predict function is given-by

(11, 1y, p) = | @D+ G®.2P" =) ey () > 240707
e I.,(P?) + G,(p,2p° —p) ky(p) < 24+FE~1 .

wW

>
[

pre the prediction source locations p# and p® are given by Formula{14) and G, (p, p™") refers to a gradient vall

1 p— pnbr p— pnbr
nbr . nbr —1 nbr __ , if SM TH , nbr
Gb(P,pb)= 2[c,r<p + 2 ) cr <p 2 if SMOO (pp )
0 otherwise

Herg, p"*" denotes the location of a neighbouring arc.within LL,, ., to the one at location p, and the boolean fungtion
SMPOTH(p, p"®) returns TRUE only if the following three conditions are satisfied:

e p"™ belongstoLL,_, and
e t,(p™)=0and
e GRADX_FLAG jngycea (P) = 1

whdre GRADX_FLAG ;,quceq TOr thearc at p is defined as shown below.

GRADl—FLAG induced kb (p) > 2d+FB -1
GRADZ—FLAG induced kb (p) < 2d+FB_1

The|values of the binaryflags GRAD1_FLAG ;,4yceq @d GRAD2_FLAG ;4,004 are defined by the extrapolation-qualjfier
e, fpr the arc as spegified in 7.5.

GRADX_FLAG induced (p) y- {

An gxample ofdifect induction is shown in Figure 9. The example shows a vertex at resolution r%™¢, directly inducihg a
bregk on the-hotrizontal arc centred at p = (2n+ 1, 2m) in resolution r. The neighbouring arc nbr at location p*f* =
(2n]+ 3;2m) and ancestor arc (anc) are also shown. The extrapolation-qualifier for the second half of the current] arc
GRAD2.FLAG ;4,..a = 110 indicate that the neighbouring arc nbr is a sub-arc of the ancestor arc anc. Since nfr is
free“frombreaksand—easub=arcof ancthesamptesat-bothendpointsof mbraretused-todetermine-thegradientvalue
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.

© ISO/IEC 2023 - All rights reserved Rec. ITU-T T.816 (V1) (02/2023) 13
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SO SR SIS S
(2n, 2m) i (2n+2,2m) (2n+4,2m)
I T.816(23)
p=0CQn+1,2m p"=02n+3,2m
ANC ancestor arc (anc) DiB directly induced breaks
VRT vertex NBR neighbouring arc (nbr)

Figure 9 — Example of direct induction of a breakpoint

Figdire 10 illustrates examples of spatially induced breaks on root arcs by sourcé breaks on non-root arcs for the TriB
LR prrangement. The base-arc and base-grid-point along with the configuration.of the corresponding wedge area for ¢
casq is shown.

BIP

I‘\‘ base-intersect base. // .
\P BLN

WDA

T.816(23)
b) Example illustrating spatially induced break on horizontal root arc

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

Figure 10 — Example illustrating spatially induced breaks

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

ach


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

ISO/IEC 15444-17:2023 (E)

Figure 11 gives an example of spatial induction for a non-root arc.

BGP - SPB

hase
AN
P

NRA

BGP
BIP
BIL

T.816(23)

a) Example of a non-root arc with a spatially induced break at resolution r

BIP BGP _SPB

T.816(23)

b) Source breaks and inducing.lifie for parent-4-span at resolution ™t = r — 1

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

Figure 11 — Example of a spatially induced breakpoint on a non-root arc for the TriBPT-LR arrangement

Figlire 12 identifies the corresponding base-arc for the spatial induction cases illustrated in Figure 10.
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BLN

T.816(23)

a) Vertical root arc with binary flags ORN = Haorizontal and DRCTNX FLAG =1

tnaucen

T.816(23)
b) Horizontal root arc with binary flags ORN = Diagenal 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

Figlire 13 identifies the base-arc for the spatial-induction configuration presented in Figure 11.

BSA

BIP

Y

! 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
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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

: d+Fp-1
proe =1 29 k(@) > 2d i 17
2g+26 ifk,(p) <24tFs-1

At fesolution r of the current arc a. the grid line which contains the base-grid-point and having orientation ORN is
refefred to as the base-line. The orientation, either horizontal, vertical or diagonal is determined by the-gperator
ORN_4SPAN as shown below and defined in 8.2.5.5.

ORN = ORN_4SPAN (p, k;, (p))

Forfan arc with a spatially induced break, there are always two breaks defined on other arcs that are|the source breakis of
the ppatial induction. The line formed by these two induction source breaks, is referred to as¢he break-inducing-|ine.
Examples of spatial induction for root arcs is shown in Figure 10 while an example of spatial induction for a non-roof arc
is iljustrated by Figure 11.

For|the arc a centred at location p with ¢t,(p) = 1 two options, known as WDG and, PRL, are considered to infer a
gradient along 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 values are listed below.

e Flag VALID_WDG is set to TRUE if the WDG option identifies a valid gradient G,‘)’"dg, derived from arcs located
in 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 identifies'a valid gradient Glf”, derived from an arc that is
parallel to the arc a and shares the base-grid-point p° ¢

The| conditions for setting the flags VALID_WDG and VARID_PRL and the process of determining the associated
gradient values are detailed below. In these discussions, an operator GRAD(p ), as defined in Formula (18), is usgd to
detdrmine the gradient of an arc at resolution r, centred at location p = (2n + 6, 2m+ §,,) with (8,,8,4) €

{(1 0)1 (011)1 (SLRi 1)}
GRAD(p) = I.,(2n + 28,,2m + 28, — I, ,€2n,2m) (18)

8252 VALID_WDG and G,

Thefe are two arcs at resolution  that are on the base-line and share the base-grid-point p"¢. Of these two arcs, thg arc
with its centre located away from.pe in the direction DRCTNX_FLAG ;,,4,,ceq 1S identified as the base-arc bsa with pbs2
corresponding to the centre\location of the arc. The direction DRCTNX_FLAG ;,4uceq Of the current arc a centref at
locgtion p is determined.as-shown below.

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

whdre the values of the binary flags DRCTN1_FLAG ;,,4,,ceq and DRCTN2_FLAG ;,,4uceq are defined by the extrapolalron-
qualifier ey for the arc as specified in 7.5. The location of the base arc p°s?, along the base-line having orientation ORN,
is glven.by

p** = p"*° + (2 X DRCTNX_FLAG ingucea (P) — 1) Sorn

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

DRCTNX_FLAGqucea (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.

© ISO/IEC 2023 - All rights reserved Rec. ITU-T T.816 (V1) (02/2023) 17


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

ISO/IEC 15444-17:2023 (E)

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:

o Stepl

Ifin
GR/
pars
grad
grad
indy
vec
non

If th

Oth

If ¢ > C then the evaluation process is terminated and VALID_WDG = FALSE.
o Step2

If the arc centred at p!¥ contains a vertex (i.e., t, (p¥) = 3) or directly induced break (i.e., tp(p¥) = 2)
the evaluation process is terminated and VALID_WDG = FALSE.

o Step3

If the arc centred at p!is devoid of any breaks, that is t, (p¥) = 0, then wdg is-equiated to the arc centrg

pY (i.e., pv¥98 = pV ). The operator PARENT_RES_4_SPAN() is used to.détermine the highest resolu

r49 at which a 4-span arrangement is inclusive of both arcs wdg and-a:
r@wdd = PARENT_RES_4_SPAN (p"%,p)

If the value for r®"49 js less than 1 then this implies that a common 4-span arrangement does not exis
arcs wdg and a, hence VALID_WDG = FALSE. However,if "9 is within permissible limits, rangir
value from r — 1 to 1, then VALID_WDG = TRUE. Finally, the evaluation process is terminated at this §

o Step4

If the arc centred at p!¥ contains a spatially .jndiced break (i.e., t,(p¥) =1) then c =c+1 and
evaluation process continues by returning to Step-1.

the evaluation process above the flag VALID_WDGSs set to true (VALID_WDG = TRUE) then the gradient G"9
LD (p"'%9 ) across the arc wdg is calculated in-accordance with Formula (18). The identified arc wdg shall no
Ilel to the current arc a . In such cases the gradient G?5¢ observed along the base-arc bsa is also calculated using
ient operator such that G?S* = GRAD(p”$%). Examples of base-arc bsa and corresponding gradient G?5¢, along
ient G99 of the identified arc wdg ldcated inside the wedge area are shown in Figure 12 and Figure 13 for the sp
ction cases illustrated in Figure 1Q and Figure 11 respectively. Since wdg and bsa represent two non-parallel ar
or addition of their respective-gradients G¥9 and G¢ is utilized to provide a candidate gradient Gl‘,”dg along

Lroot arc a. The general equation for calculating G;’”dg is shown in Formula (19).

Gl‘)'vdg =5, (awdgGwdg + absaGbsa)

e arc wdg is parallel to arc a then the corresponding weights 49 and a?*¢ in Formula (19) are given below.
o a%9.=\Tand a?* = 0.
prwise, the following rules apply for the corresponding weights a” where n € {wdg, bsa}

o If current arc a is a diagonal arc then a™ = s, if 1 is a horizontal arc otherwise 7 is a vertical arc and a” =

hen

d at
tion

for
g in
tep.

the

9 —
t be

the
With
atial
S, a

the

(19)

1.

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

SIR-

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

18

(20)

is given by
o = 1 kb(p) > 2d+FB—1
b — -1 kb(p) < 2d+FB—1
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Figure 14 and Figure 15 show examples of arcs centred at p.

T.816(23)

Figure 14 — Examples of arcs prl parallel in orientation to root arcs centred at p and containing a spatially
induced break. Gradient calculated across arc prl is denoted as-GP™

pri
\ _ seB
G /

base

T.816(23)

SPB spatially induced break

NRA non-root arc

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

8.26.3 VALID_PRL and GP™

The|arc at resolution rdhat shares the base-grid-point p®s¢ and has the same orientation as the current arc a is labglled
prl| If the arc prlceontains a break, that is t,(p?™) > 0, then the flag VALID_PRL is set to false (VALID_PRL =
FALSE). Alternatively, if prlis free of any breaks, that is t,(p”?) = 0, then the highest resolution r*?™ at whi¢h a
4-span arrangement is inclusive of both arcs prl and arc a is determined using the operator PARENT_RES_4_SPAN()
as shown betow.

raP = PARENT_RES_4_SPAN(p™, p) (21)

If the'value Tor 77715 1ess than L 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/= TRUE) THEN
IF (rawds > parrt)
G, = 0.5% G,
ELSE IF (roprt > pawds)
G, =0.5%G"

ELSE

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

NOTE — If both flags VALID-WDG and VALID_PRL are false, then the predict function essentially reverts to performing congtant
xtrapolation along the-arc-a. If only one of the validity flags is true, then the corresponding valid gradient is utilized in perforfing
linear extrapolation: i both flags are true, then the resolution at which there is a common shared parent becomes the determihing
actor. If both r ¥%9%and r %P are equal, then an average of the gradients Gl‘,”dg and G{,’” is used to perform linear extrapolation,
therwise the.gradient corresponding to the higher resolution is chosen for the extrapolation function.

8.2.p.5 Identifying orientation ORN

For|an.arc a at resolution r, the operator PARENT_RES_ROOT_ARC() is used to identify the resolution level r[* at
whith-e-is-eitheratootarc-orbecomes-a-sub-arc-of-arootare—THhisisshownbelow-
1"t = PARENT_RES_ROOT_ARC(p) (24)

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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n

2r—rTt+1

J.2+(nmodZ),lLJ.2+(mmod2)>

pl‘t — (an,mTf) — (l 2T-Trt+1
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

y W/

¥ \K

|

T.816(23)

EPL end-pointl
EPR 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 arrangément at resolution r "¢

The orientation of the non-root arcs-atithe endpoints of rt determine the values for ORN1 and ORN2 such that in this examp
ORN1=Horizontal and ORN2=Vertical.

e

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

For|an arc a centred. at P containing a break at location kj;(p), the operator ORN_4SPAN(p, k;,(p)) identifies| the
corresponding orientation ORN as shown below.

ORN1 ky(p) > 24+FB-1

ORN _4SPAN(p, ky(p)) = { ORN2 ky (p) < 20+F5-1
b

8.3 TTIBPT-Oependent Teversibte 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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whe
The

whe

re, as defined in 8.2, V', identifies the update neighbourhood.
update function U is given by
Uy, LLpgriPasDy) = {M *ler(Popy), (€6 @xp,) =0
’ C’ 0, otherwise
reu=1.

(26)

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.

8.3.1 Arcswitht, =0

For

whe

8.3.

For
Fun

8.3.
For

whd

8.3.
The)

The)
VA

arcs without any breaks (t, (p) = 0), the predict function is given by
1
P(ler LLogrp) = |3 Uer @) + 1o, )

re p4 and p® are determined in accordance with Formula (14).

P Arcswith t, =3

ction (15).

B Arcswitht, =2
arcs containing a directly induced break (t, (p) = 2), the predict function js given by

{IC’T(pA) + Gy (P,2p" = p)| ky(P) > 2]
le,(®0%) +1Go(P,2P" —P)| Ky (p) <2757

re the derivation of G,and corresponding locations p# and p?‘are specified in 8.2.2.

P(Ic,r' LLDC,r'p) =

1 Arcswith¢, =1
predict function for an arc with a spatially induced break (i.e., t, (p) = 1) is given by

I.,(2n2m) + G, k,(p) > 24+FB-1

P(l.,,LL, ,,2n+8,,2m+6,,) =
(e Lgr " m) {Icyr(2n+ 26,,2m +26,,) + G, k,(p) < 24*+FB-1

| ID_WDG and VALID_PRL, and.corresponding gradients G,"*’ and GF™ are defined in 8.2.5.
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procedure for determining G, for the reversible transform is specified in Figure 18. The required validity flags
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IF (VALID_WDG = FALSE) AND (VALID_PRL = FALSE) THEN
Gb =0

ELSE IF (VALID_WDG = TRUE) AND (VALID_PRL = FALSE) THEN
6 = |5+ 6]

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

G =[;%G" ]
ELSE IF (VALID_WDG = TRUE) AND (VALID_PRL = TRUE) THEN
IF (.ra,wdg > ra,prl)
1
Gy =[5+ 6,
ELSE IF (rorrt > rewds)
1
G =3+6"|

ELSE

VALID_WDG and VALID_PRL and corresponding attributes

QuadBPT-dependent transforms

il Introduction

QuadBPT, the 2D_GP_MAPPING procedure maps the spatial sub-bands LL,,, HL,,,LH,,, HH, , to correspon

grid-point  locations to form an_) interleaved band /., such that [.,= 2D_GP_MAPP

(LL
Dt
ban

v HL ., LH, ., HH, ., trx,, trx;, txyg, try;), where (trx,, try,) specifies the upper left corner and (trx; — 1, tr
he lower right corner of the regtangular grid-point region at resolution r that corresponds to /. ,.. The mapping of
| samples to grid-point locatioris for a given resolution r is illustrated in Figure 19.

NOTE — As shown in Figuré 19; the grid-point mapping procedure associates the samples of the HL,- and LH,, spatial sub-b
t the same locations as réspective horizontal, vertical non-root arcs from the breakpoint component D¢, while HH, - is at the S
ocation as where botfithe horizontal, vertical root arcs are associated in D.

Figure 18 — Algorithm for determining the gradient G,, forthe reversible transform, based on validity flags

ling
NG
Vi —
sub-

ands
ame

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

1 ift,2n+6,2m+6,) =t,2n+12m+1,H) =t,2n+12m+1,V)=0 (29)
0 otherwise
whgre (8,,6,,) = {(1,0),(0,1),(1,2),(2,1}, t,(2n + 8,,2m + &,,) is the arc break-type found from LL~, (4n +

8,, Bm + §,,) for non-root arcs and t,(2n+ 1,2m+ 1,H) and t,(2n + 1,2m + 1,V) refer to the breakpoift\typqg for
horigontal and vertical root arcs respectively at LL,_,.(2n + 1,2m + 1). As defined in clause 7, t, = 0 means’that there

is np break on the arc.

NOTE — 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
tis setto 0.

B2n+12m+1) =

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

r(2n,2m) =1.,.(2n,2m) — Z ute(l,,, LLp,,,2n+68,,2m+ 5m) (30)

(6n,6m)ENT 0
Herg, ; , = {(1,1),(1,—1),(—1,1),(—1,—1)} identifies the update neighbdurhood, and the update function U'{* is
given by

1,a : — 1
1 Uepiblgpepy) = (1 lerPeps) 16Pepy) =1 (31)

0, otherwise

whdre u** = 0.04701. Figure 20 shows the operation of the update step for an (even, even) location, providing examples
with no breakpoints and when breakpoints are present on a\netghbouring 2-span QuadBPT arrangement.

BRK
2n-2 2n ZaN2 2n-2 2n /\ 2n+2
2m-20 L O R O 2m-20 }( O xl/ @]
< e < & >P< & >
] \\\ #\.u
v \\\A v
O O ®) C o
2m O 9 2m O R /’_7\.,\‘_\ Pt O
VA IV
1 e < L L RS >0
¥ 3 ¥
2 BP0 o X O Im+20 A o) A O
T.816(23)
—aytpdatestep i theabsence of breakpomts bi-Bpdatesteprthepreserceof breakpomts——

on arcs of a neighbouring 2-span arrangemen

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.

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

I.,2n2m+1) = I,,(2n,2m + 1) - Z U (Iop, LLp,p 20 + 8y, 2m + 51y) (34)
(8n,6m)ENy ¢

whdre V; . = {(1,1),(—1,1)} identifies the update neighbourhood and the update function U*? i$,defined abov in
Formula (33).

1>

Examples 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 /\ 2n+2
2m-20 2 O X O 2m—-20 K @] X O
X
< X @ >¢< @ >C
S S S . |
2m O 2m O R D) o 0
1.b Lb \oLb
A A Y
< < e PG >0
2m+20 — o) — O 2m+20 — O — O
T.816(23)
a) Update step in the absenee of breakpoints b) Update step in the presence of breakpoints

BRK breakpoint locations

-

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

N

Aftgr the update step, a prediction step is performed that modifies (odd, odd) locations of I.. .. To perform this prgdict

step an intermediate interleaved band 17, is first created, to store intermediate values at (odd, even) and (even, qdd)
locgtions as shown below.

I;(@) + I.,(p") if t,(p) # 0and k,(p) > 247571
| p) = I i Ic,r(pl) +( ;23(5‘5;). - if t,(p) # 0and ky(p) < 24*76~1 (35)
(2 ter ) + e ift,(p) = 0
where p € {(2m + 1,2n),(2m, 2n + 1)} and locations p# and p? are given by
(P4, ] = {[(Zn, 2m),(2n+ 2,2m)] %fp =(2n+1.2m)
’ [2n,2m),(2n,2m+2)] ifp=(2n2m+1) (36)
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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 helow

1 * A * B

E(Ic,r(p ) + Ic,r(p )) tb(p)H) =0
i (e Lo, P) = Iz, (p*) ift,(p,H) # 0andk,(p) > 24751 (38)
\ I;,.(p®) ift,(p,H) # 0andk,(p) < 2¢+Fe-1

—_—

Herg source locations p4 = (2n,2m + 1) and p® = (2n + 2,2m + 1) in the predict function:P;“above.

1 * A * B

E(Ic,r(p )+, @) t,(@mV)=0
V([:,r: LLDC.T: p) = Ic*,r(pA) if tb (p‘ V) # 0 and kb(p) > 2d+FB—1 (39)
IZ-(p®) ift,(p,V) # 0and k,(p) < 24 Fs-1

_

Source locations p? = (2n+ 1,2m) and p® = (2n + 1,2m + 2) in4hepredict function P,. Examples of the sofirce
locgtions 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
L4 1 x 1
A4S 4 4 4
N LN
i \ \
PN 1
Y )
)/ s
v, v,/
2m+20 — O 2m+20 , O
T.816(23)
a) Predictrstep in the absence of breakpoints b) Predict step in the presence of breakpoints

BRK breakpoint,lacations

s s |

igure 22 < Rhase 1 predict step for (odd, odd) location (2n + 1,2m + 1) with source locations of I; .show|

=)

8.4.B - 'BD 2D SR phase 2

In Phase 2;amupdate step s apptied-first, modifying sub=bard samptes at grid=-pomts (py, p,, ) thatare (everr, evemn)-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) = {

0,

ﬂ(z) * Ic,r(pxrpy)’ if tb (Px:py) =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)

locq

For

tion p within /..

Ic,r(p) = Ic,r(p) + P® (IC.T' LLDc-T’p)’

type
by
1 A B
5 Ucr cr
5 Uer(P?) +1er(PP))
2 —
i )(Ic,r' LLDC,r; p) - Ic,r(pA)
I-(p®)
whd
Figlire 24.
2n-2 2n 2n+2
2m-20 2 O "y O
< @ > @
] v (@) :
2 Hall
L
SR ). TR 4
2m O 7\ \J“ x O
‘; &
m+20 = o) — O
a) Update step in the absence of breakpoints
BRK breakpoint locations

a non-root arc centred at location p = (p,,p, ), the predict function P@)() is dependent on the corresponding br
tp (P2 Py), as Well as the location of the break k, (p,, p,), as given by LLDc,r(px,py). The predigt function is g

ty(p) =0
if t,(p) # 0and k,(p) > 24"
if t,(p) # 0and k,(py<2*"""

re source locations p4 and p? are given by Formula (36). Examples Of the Phase 2 predict function are show

BRK
2n—-12 2n 2n+2
2m—-2 0O )‘( @] x O
< @ >P< @
; (2)
u #rzy
v, T T T T v
2m O R <_)\‘_\ Q O
| Vo
Ir ‘H
Im+2 0 -4 O -4 O
T.816(23)

b) Update step in the presence of breakpoints
on a neighbouring arc

42)

pak -
ven

(43)

nin

Eigure 23 — Phase 2 update step for (even, even) location (2n,2m)
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BH

9.1

Bregkpoint code-blocks are decoded progressively, following a sequence of ¢oding passes, each associated wi

part]
in R
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arcy

1 1 BRK
2 2 1
2}1/—"“\“ L,,“"\\2n+2 2)1/-"‘—\“ 2n+2
—~. ~ Sy . = O
2m _&\\ —?— 2m N 2 s
WL V1
12 /2
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+ 1P & + 1P <D )
2m+1 S > 2m+ 1 S a
4 i \
L VL
;2 | f,‘ 2
’ V / b4
2m +2 (- - ) 2m+2C - O
2n+1 2n+1 T.816(23)

a) Predict step in the absence of breakpoints b) Predict step in the presence of breakpoints

breakpoint locations

Figure 24 — Phase 2 predict step examples

Decoding of breakpoint code-blocks

Embedded bit-plane decoding of breakpoints

cular bit-plane in the binary representation of possible vertices V,. Similartoithe block decoding algorithm descr
ec. ITU-T T.800 | ISO/IEC 15444-1, there are three coding passes per bit-plane and each arc within a code-block
ssociated binary state variable g, called its significance state. Significance states are initialized to 0 (insignifig
may become 1 (significant) during the course of the decoding of the‘code-block. A significant arc is one that cont|
rtex. The coding passes employed in breakpoint decoding are.classified as follows:

e Pass-0: Position refinement coding pass
Pass-1: Non-root significance coding pass

Pass-2: Root significance coding pass

maximum number of bit-planes for a code-block iSthe value M, , as specified in Rec. ITU-T T.800 | ISO/IEC 1544
pding proceeds from the most significant bit-plane p = p,,.x, down to the least significant bit-plane p = 0, wher

Pmax = Mp —1—P

14-1. Decoding starts from Pass<1iin bit-plane p,,., followed by Pass-2, proceeding to Pass-0 in bit-plane p,,.x
5o forth, so that the maximum.number of coding passes for the code-block is 3p,qx + 2 = 3(M, — P) — 1.

NOTE 1 — This maximum number of coding passes is one more than the corresponding value for non-breakpoint code-block
lescribed in Rec. ITU-T T.800 | ISO/IEC 15444-1.

n decoding pass visits a defined subset of the arcs within the code-block, decoding new information for that arg
Felevant bit-plane.p. Pass-1 (non-root significance coding) visits only the non-root arcs that are not yet signifi
-2 (root significance coding) visits only root arcs that are not yet significant. Pass-0 (position refinement) visit
in the code=block that have been found significant in a previous (more significant) bit-plane, except those that

bee

For|cade-blocks in the LL sub-band of a breakpoint tile-component, all arcs are considered to be root arcs, so that Pa
has ho-members at resolution r = 0.

found<e=hold induction blocks or whose vertex position cannot be refined any further, as explained below.

ha
bed
has
ant)
ains

D

P is the number of missing most significant bit-planes (or zero bit-planes), as specified in Rec. ITU-T T.800 | ISOJIEC

-1,

S, as

for
ant.
5 all
ave

55-1

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
refiermentstep):

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

Each breakpoint tile-component has an associated integer parameter F,,, = 1 that determines the maxighum precisiop of
a decoded vertex. Specifically, each P, shall satisfy

Py, <d+ Fy,

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

Tb:d‘l'thX_Z

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

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

1< F0<F,

NOTE 3 — The precision and value of a decoded vertex do not inherently depend upon the bit-plane in which the arc is first fqund
0 be significant, and the same is true for induction blocks-Fowever, if only some of the coding passes are decoded, the brgak-
recision and even the significance of arcs that first becomesignificant in later bit-planes are most strongly affected. Thus, encqders
an be expected to arrange for arcs whose breakpoint information is more important to become significant in earlier bit-planes.
[his is discussed further in B.3, which provides an‘\informative description of a breakpoint media format that can preservq the
mportance of breakpoint information on an arc\b-through a quality value Q,. Encoders can use Q, to determine the bit-plane in
vhich an arc should first become significant, while decoders can recover the value of Q, by taking note of the bit-plane in which
he arc first becomes significant.

Aftgr all decoding passes have been performed, the vertex value V, of a significant arc is converted to a tick-point locgtion
k;, Using Formula (8).

9.2 Inter-band coding.mode (BPT_INTER)

Thi$ RecommendationCjAnternational Standard describes two different modes for breakpoint coding, known as "intra-
bangl coding™ and "inter-band coding.” In the intra-band coding mode, corresponding to BPT_INTER = 0, each decogling
pasg depends only upon state information produced by previous decoding steps within the same code-block. In the ifter-
bangl coding mode, corresponding to BPT_INTER = 1, significance information, denoted o; (p), is imported for each non-
roof arc in<the” code-block from the breakpoint component's next lower resolution, if there is one. The impojted
information ‘o, (p) = 1 if the parent arc b’ in the lower resolution has t,» =3 and g, < M, —1 —p. Othe
o, (p)= 0. That is, o5, (p) = 1 if the parent arc b’ was coded as a significant vertex (not an induction block) at the shme
poir . / o - A . N T—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

For|CL band code-blocks, however, the non-root and root significance coding passes employ a different scannjrig pagtern

that|involves scanning through 2 x 2 groups of 2 x 2 cells. For QuadBPT components, the CL band significanee co

d ol L Ll ol + <l
code=procrs—cernsare-scannetraster-oraer: J;

ing

pasges scan groups in raster order, scanning the cells within each group also in raster order, as illustrated\in Figurg 25.

Only those cells of a group that are actually contained within the code-block are visited in this scanning,pattern.

T.816(23)

Figure 25 — Canonical-scanning pattern used for the significance coding passes of CL band code-blocks in &
QuadBPT compagnent. 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 visited in
raster order, andydecoding procedures are described directly in terms of the arcs within each 4-span, rather than on alcell

by

gell basis;-Each group in this case is considered to have 12 TriBPT arcs, regardless of whether or not all cells of the

grolip are ‘contained within the code-block. The scanning patterns for TriLR and TriRL breakpoint configurationg are

shoynin Figure 26 and Figure 27, respectively, providing labels for each of the 12 arcs of each 4-span group. Notice
the | Rarmd-TriR ISTSaTe T . e : .
and NR2) diagonal arcs change.
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Q T.816(23

Figure 26 — Canonical scanning pattern used for the significance @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

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

correspends—te-a—gree : v n is
dec¢ded within any given ¢ For
Tri ays

corresponds to a grid-point whose coordinates are divisible by 4, meaning that each group corresponds to an aligned 4-
span. These alignment constraints follow from the constraints on precinct size parameters PPx and PPy found in Tabje 1.
NOTE 1 — To appreciate the significance of this, observe that the vertical and horizontal arcs associated with the top-left cell if the
anonical scan both terminate at the top left grid-point in the code-block, while no arcs can terminate at the bottom right grid-point
n the code-block. If the CBAP coordinates are (zy, z,) = (1,1), so that the arc breakpoint data is flipped harizontally and vertigally
fter canonical decoding, the top left canonical cell's arcs ultimately terminate at the bottom right corner of the code-block, while
no arcs terminate at the top left corner of the block.

As flready explained, it can happen that the canonical decoding steps need to be followed by horizontal or flipping
opefations, depending on the CBAP coordinates (z,, z,). To be more precise, horizontal flipping (z, = 1), involveq the
follpwing steps:

e The breakpoint data for an arc centred on a grid-point in column ¢ of-the canonical decoded result, is moved to
the arc centred at the corresponding grid-point in column 2Wye— 1 — ¢ in the flipped result, where c|= 0
corresponds to the left edge of the code-block.

e The tick-point value k, of any break on a horizontal or diagonal arc is converted to a tick-point value 244
1—k,.

Simjilarly, vertical flipping (z,, = 1), involves the followingsteps:

@
I

e The breakpoint data for an arc centred on a gridspoint in row r of the canonical decoded result, is moved tq the
arc centred at the corresponding grid-point™ in column 2H, — 1 —r in the flipped result, where r|=0
corresponds to the top edge of the code=block.

e The tick-point value k, of any break @n a vertical or diagonal arc is converted to a tick-point value 24+
1— k.

If hprizontal and vertical flipping are both required (z, = z, = 1), then both of the conversions described above| are
applied and the order of application-is-not important.
NOTE 2 — The k,, conversions for diagonal arcs cancel each other when (z, = z, = 1).

%
|

Fligping in either direction also causes a change in geometry for code-blocks belonging to one of the TriBPT compongnts,
from TriBPT-LR to TriBPTRL and from TriBPT-RL to TriBPT-LR. These geometry changes cancel when z, = 7, =
1. 11, however, z, # z;, the canonical decoding of code-blocks that belong to a TriBPT-LR component shall be perforfned
as if the component’had the TriBPT-RL geometry, and vice-versa.

94 QuadBPT decoding procedures

9.4.1L ~ 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 Z TiSts 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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Table 2 — MQ coder contexts for QuadBPT CL code-block decoding passes. State index values correspond to the
Qe values and probability estimation transitions tabulated in

Rec. ITU-T T.800 | ISO/IEC 15444-1

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 4 0
Non-rootsignificance TWO-ODD-NEW 3 3 0
Non-root significance RUN 4 42 0
Non-root significance PARENT 5 28 0
Root pair significance INSIG 6 38 0
Root pair significance ANY-SIG-OLD 7 40 0
Root pair significance ONE-SIG-NEW 8 0
Root 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
Root significance SECONDARY-DIR 14 0
Magnitude bit 15 0
Magnitude refinement TERMINATE 16-31 40 0
UNIFORM 32 46 0

Table 3 — Context labels from Table 2 that are used for QuadBPT LL code-block decoding passes

Usage in LL band code-blocks

Context label(s)

Initial state index (unchanged from Table 2)

MQ probability state index

Initial MPS value

Significance 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
Nlagnitude refinement TERMINATE 16-31 40 0
UNIFORM 32 46 0

9.4.p

Corftext labels*employed when processing a (current) 2x2 cell during any of the CL band significance decoding pa
erivedbusing a context neighbourhood that is depicted in Figure 28. In this figure, the root arcs of the current cel

are

Derivation of context labels for QuadBPT CL band significance coding passes

denpted "CV" and "CH", while its non-root arcs are denoted "NV" and "NH". Significance decoding contexts are for
usirig_the significance of additional non-root arcs from neighhouring cells These neighbauring cells are above

5Ses
are
med

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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T.816(23)

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

Sigfificance coding contexts for the non-root arcs "NV" and "NH" depéend on four "cupping" values, each of w

des
vall

for
IIN

and

Me3

and

es of 0, 1, 2 or 3. Specifically, writing

a,(p) = 0 | 9, (P)

he inclusive OR of an arc b's significance o, and its inter-band significance g, (p) for the current bit-plane p
" non-root arc has cupping context values

CUPBe, = 015 (p) + o1y (p) + Gpru(p)
CUPyigne = onn(p) + drv(P) + 5 (0D

nwhile, the "NH" non-root arc has cupping values

CUPyy, = ary(p) + 0rn (p) +(Gyrv ()

CUPyottom = Ony(P) +0py (p) + Grv(p)

Sigmificance coding<ontexts for the non-root arcs "NV" and "NH" also depend on two binary "life" state varia

den

ifo

to

hich

ribe the significance of the non-root neighbouring arcs that "cup" each side of the non-root arc being decoded, taking

the

les,

pted LIFE,, and’EIFE,,,, that are initialized to 0 before decoding for the code-block commences. LIFE,, is equalfto 1

ly if the value of CUB,, or CUP,y, has increased since the last significance decoding step for non-root arc NV. This

property is achiéved by setting LIFE,, to 1 after any significance decoding step which leaves any of the arcs contributing
Peg O CUP,g, newly significant and then resetting LIFE,,, to O after each significance decoding step for NV itgelf.

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

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

34

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))

nrt
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and
kP = KAPPAY (CUP,y, CUPyoom  LIFE,, Oiy (P)),

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 KAPPA] " function returns one of the context labels 0 through 3 or else 5 (in inter-band coding mode). Corjtext
abel 4 from Table 2 is used for RUN symbol decoding, which is explained in 9.4.3.

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

CNTy, = dry(p) + owy (p)
and

CNTy, = dgu(p) + owu (@)

Additionally, a binary "life" state variable LIFE,,,, is employed to derive the MQ codingicontext for significance decogling
of each CH/CV root arc pair. Similar to the other "life" state variables, LIFE, iS/initialized to 0, set to 1 if eithgr of
CNT,, or CNT,, has increased since the last significance decoding step for the CH/CV root arc pair, and is reset to 0 gfter
each significance decoding step for the root arc pair.

As \ith the other life state variables, a decoder can correctly incorporatg the inter-band coding mode (BPT_INTER [ 1)
by fecomputing all g, (p) values immediately before the first significance decoding pass for a bit-plane p, updating all
significant boundary counts CNT,,, and CNT,,, accordingly, and setting LIFE,,,, to 1 if either of the associated boungiary
coufts increases in this process.

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

root
0 if (CNT,, + CNTy,) = 0
wrt _ g, )1 if (CNT,, + CNT,,,) # 0 and)LIFE,,, = 0
root 2 if (CNT,, + CNTy,) = dfand LIFE,,, =1
3 if (CNT,, + CNT},)-=2'and LIFE,,,, = 1

The|quantities CNT;,, and CNT,;, are used,to derive two other important quantities for significance decoding of root rcs
CH and CV. The first of these is thécontext label k™ that is used to decode an induction block symbol for a roof arc
pair{that has just become significant/ This label is found from

gbpt — {11 lfCNTbh + CNTbV = 2

iblock (12 otherwise

The|second quantityderived from CNT,, and CNT,, is a primary direction label

qupt _ {0 lfCNTbh = CNTbv
1)*if CNT,, < CNTy,

root

whiEh idehtifies whether the significance of CH (D®P* = 0) or CV (DIP" = 1) is decoded first, once a root-arc pair|has

root root

found to be significant and not an induction block.

O d00V VdIilut

in9.4.4.

NU — € 100 9

d c 9]0 U U CAX dlUt c c € LdKE
label 10 from Table 2 is used for RUN symbol decoding, which is explained

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 fon-
roofl arc NH. Specifically, if SKIP_TO_NH is false and ayy = 0, the decoder performs the following NV decoding steps:

V1. If SKIP_TO_NV is false, the MQ decoder is invoked with context label Kﬁi’pt to decode the SIG sympbol;
otherwise, 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,CUB, . OF all gells
that depend on oyy are updated, and the life values LIFE,,, LIFE; and LIFE,,, of all cells that depend on|ayy
aresetto 1.

V3. If SIG = 1, the MQ decoder is invoked with context label k = 15 (magnitude bit context — see Table 2) to de¢ode
the most significant value bit m,, of the arc b=NV. Then, the type, precision andvalue for the arc are set to 4, =
3,P, =2andV, = m,,.

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

If o]y = 0, the decoder then performs the following NH decoding steps:

H1. If SKIP_TO_NH is false, the MQ decoder is invoked with gontext label xr‘}ﬁpt to decode the SIG sympbol;
otherwise, the SKIP_TO_NH is true, and the decoder sets SIG40"1.

H2. If SIG = 1, significance state ayy is set to 1, the cupping:values CUPg, CUP,g,, CUP,,, and CUP, o,y OF all
cells that depend on oy, are updated, and the life values GIFE,,, LIFE,;, and LIFE,.. of all cells that depengl on
ony are setto 1.

H3. If SIG = 1, the MQ decoder is invoked with context label k = 15 (magnitude bit context — see Table 2) to de¢ode
the most significant value bit m, of the arc b=INH. Then, the type, precision and value for the arc are sgt to
t,=3,P, =2and V, = m,,.

H4. The LIFE,, state variable for the processed cell itself is reset to 0.

9.44  Root significance decoding for QuadBPT CL code-blocks

Thejroot significance decoding pass for bit=plane p within a QuadBPT CL band code-block processes groups of 2x2 ¢ells
in raster order, as shown in Figure 25:For each such cell group, the decoder enters a special "RUN mode" if all cel|s in
the pgroup are found to have entirglyjinsignificant context. Exactly as in 9.4.3, a cell's context is entirely insignificant if
all gf the labelled arcs b shown inFigure 28 have g, = 0 and g, (p) = 0, this second condition being relevant only ir the
intef-band coding mode (BPT JINTER = 1). When all cells of the group satisfy this condition, the MQ decoder is invgked
with context label ¥ = 15 (root significance RUN context — see Table 2) to decode an end-of-run symbol.

If the end-of-run symbalis 0, the entire group remains insignificant and decoding proceeds to the next cell group, if gny.
If tHe end-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 is then-used with context label ¥ = 32 (UNIFORM context — see Table 2) to decode two consecutive sympols
R, gnd then-Ry” A cell run-length is formed as R = 2R, + R,,, identifying the first cell in the group that contaips a
significant root arc pair, following the raster order shown in Figure 25. Decoding continues from the identified cell yith
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 kPP to decode the SIG symbol;

root
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, = 1,t, =3, P, =2and V, = m,, where

{CH if DIP =

root

CV ifD®Pt =1

root

b. If SKIP_TO _SECONDARY is 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.

T I SIG =1, the MQ UeCoder 15 MVORed With CoOntext fabel & = 15 (Magnitude bit COMEeXt—See Table 2)
to decode the most significant value bit m,, of the secondary root arc b, setting g, = 1, t;, = 3,)B)|= 2
and V,, = m,,, where

root

CH ifD%™P =1

root

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

{cv if DPPt =

9.4pb  Root significance decoding for QuadBPT LL code-blocks

Thesignificance decoding pass for bit-plane p within a QuadBPT LL band code-block.precesses 2x2 cells in raster order.
In tihe 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.

Forleach arc b, following this scanning order, if g, = 0, the MQ decoder is/invoked with context label k=1 (significgnce
flag|context — see Table 3) to decode symbol SIG. If SIG =0, arc b remainsinsignificant. Otherwise, the following steps
are performed:

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

2. The MQ decoder is invoked with context label k = 2 (vertex flag context — see Table 3) to decode symbol T X.

3. If VTX = 1, the breakpoint type for arc b is set to t,»= 3. Otherwise, the MQ decoder is invoked with cortext

label x = 3 (direct flag context — see Table 3) toxdecode symbol DIRECT, and the type for arc b is set to ¢, =

1 + DIRECT.

4. VTX=0, the MQ decoder is invoked with.context label k = 4 (degenerate flag context — see Table 3) to deqode
symbol DEGEN; otherwise DEGEN is,setto 0.

5. If DEGEN = 1, the following steps.are,performed:

a. The MQ decoder is inyoked with context label k = 32 (uniform context — see Table 3) to degode

symbol AMBIVALENT.

b. The precision and.value parameters for arc b are set to P, = AMBIVALENT and V,, = 0 and| the

refinement countep is set to T, = 0 (not refineable).

6. Otherwise, DEGEN = 0.and the MQ decode is invoked with context label 15 (magnitude bit context) to degode

the most significant.value bit m,, of arc b. Then, the precision and value for the arc are set to ¢, = 3, P, = 2|and

V, =m,y.

NOTE 1 — Coding precedures for LL band code-blocks are intended to be very simple, since in most cases all LL code-blockp are

xpected to be entirely insignificant. Coding tools are provided for the LL band of a breakpoint component primarily to allow the

ommunicatiof;ef breaks when N;, is heavily constrained, or even 0. For example, the breakpoints described by the breakpoint

nedia format ‘suggested in Annex B can be encapsulated directly within the LL band of a breakpoint component with N;|= 0
lecomposition levels.

NOTE 2 — No means is provided to identify whether or not an arc without a break might hold an induction block, whereas| this
nformation can be recorded (as a hint) within the breakpoint media format suggested in Annex B. Induction blocks play no rdle in

raglenaint danandant trancfarmce and ca thava 1c na naad 0 racard tham vathin racalitian o — 0 Af 2 hraalenaint camnanant
FeapP ot ot peHa ST oSS othe e HoHeeatorecorameH vt estotaor+ T-OH et PO o HpoHeH:

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 poimtatwhittrmagnitode Tefimerment s skipped, if any, witite just onme context s used for magmitode Tefimernment itself.
Finally, a uniform context is provided for use with a run mode that plays the same role as the run mode uséd| 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 Tble
4 and with different interpretations, but the same initial state values. The LL band context labels and their usage are
proyided in Table 5.

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

Usage in CL band code-blocks Context label(s) Initial state index
MQ probability’state index Initial MPS value

Non-root significance INSIG 0 38 0
Non-root significance ANY-CUP 1 5 0
Non-root significance RUN 2 43 0
Non-root significance PARENT 3 38 0
Root significance INSIG 4 38 0
Root 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
Nlagnitude 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 valug

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
A 4
b
4

HN1w © 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-root significance decoding, arcs are grouped into pairs (VN1,VN2), (HN1,HN2) and (DN1,DN2). The context
labgl used fot‘the arcs in each pair are formed using two binary "cupping” values. The cupping values CUPy, and CUPy,
identify the significance of any of the neighbouring non-root arcs that surround the (VN1,VVN2) pair on the left and right,
respectively. Specifically, writing

= Lo [P
Yb\FJ = Yb TYp\FJ

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

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.. = { ayn1n () | Oynzn (P)] Opnin (@) | Opnan(p)  for TrilR
fa yN1ne @) | Fynzne @) Opn1n(P) | Opnzn(p)  for TriRL

CUP... = {5VN1e(p) | Gynae(P)] Opni (P) | Gpna(P)  for TriLR
o ayn1 (@) | vy ()] 0pni () | Gpno(p)  for TriRL

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

CUP.. = {5VN1 ®) | oyn2 ()] Gun1s(P) | Gunzs(p)  for TrilR
ba oyn1 (D) | Gunz ()] Gunt (P) | Gun2(p)  for TriRL

Cup __— { ovnie(D) | Oynoe(P)] Ouni (D) | Gino (p)  for TriLR
7 v (D) | Fynae (@) Ginis(P) | Ginas(p)  for TriRL

DNIn VNIlne

DNlw |:

DN2w

h
y
3
y

HNlsw || . HN2sw

T.816(23)

Figure 30 — Neighbouring cells and arcs involved in forming coding contexts for TriRL
significance decoding in CL band code-blocks

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

K = KAPPA™" (CUP,,,CUP, 0l (D));

Ky = KAPPA™ (CUPy,,CUPy, 6y, (D));

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

nrt

KP' = KAPPA™ ! (CUPRy,,CUPyy, 0lins (P));

HN2 nrt

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

nrt

Koy = KAPPATR! (CUP,,,CURyy, Opy, (P))

DN2 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.

nrt

KAPPA™!'(C,, C,, ") = {

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-
roog 1 T _ VI, Vi, B, 2y, ULy U2y \V1p,VZip, 0l Hip, Ulp, UZp].
labgls are associated with the arcs shown in Figure 29 and Figure 30, for the TriLR and TriRL configurations, as-foll

__ ((VR1,HR2,DR1) for TriLR
(Vr,Hr, Dr) = {(VRl, HR1,DR1) for TriRL

Vo Ho D )_{(VRZ,HRLDRZ) for TriLR
878 %8) = (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) _forTriLR
(VN1le,VN2e,HN1s,HN2s,DN1, DN?2) \for TriRL

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

NBR; =(Gy17.0) | 822 )1 (Gusr (1) 1 Gz @)1 (Fo1 (@) | T325(p) ) € (0,13

NBR; = (1, () | 325 ®)) 1 (G (0 | Gy @) 1 (501, @)1 50y (1)) € (0,13

The|second quantity is a binary flag indicating whether or ngt any other root arcs in the complex has been found tp be
significant as a vertex — i.e., not an induction block. These\flags, denoted VTX; and VTX are updated after each foot
arc |s processed in the root significance decoding passsSpecifically, VTX; and VTXy can be understood as binary gtate
varipbles that are initialized to O at the start of the block decoding procedure and set to 1 after any root arc in| the
corresponding root arc complex is decoded as a vertex.

(V14,V24,H17,H27,D15,D2;) = {

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

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

kPPt = KAPPA™ (NBR;, VTX;)

cr — root

and

kPPt = KAPPA™ (NBRzVTX5)

cg — root

whdre function KAPPA™"\is defined as follows:

TOOt

KAPPA™ (N{J)'= 4 + max {N,V}

root

The|quantitie§ NBRy, NBRg, VTXy and VTX, are also used to derive context labels k"2 and x5 that are used to degode

inductiondlock symbols for each newly significant root arc in complex C; or Cg, as appropriate. These labels are fdund
from

o7 ORI faY A Wda ¥ VY
qupt _ {/ ITINDRT X 400 V1IAT +U

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

gbpt _ {7 ifNBRy < 2 or VIXg # 0
B =18 ifNBRy > 2and 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
detgrmine values SKIP_TO_NV, SKIP_TO_NH and SKIP_TO_ND in accordance with the following steps:

1. SKIP_TO _NV, SKIP_TO NH and SKIP_TO_ND are first initialized to 0.
2. The MQ decoder is invoked with context label k = 26 to obtain symbol Ra.
3. IfRa=1, the MQ decoder is invoked with k = 26 to obtain symbol Rc, setting SKIP_TO_NV=2*Rc
4. Otherwise, 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_TO,\ND=2-Rc

If the 4-span group does not have an entirely insignificant context, SKIP_TO_NV, SKIP, TO_NH and SKIP_TO_N@O are
all det to 0. In this case, and in the case where an end-of-run symbol of 1 was decoded, the decoder performs decogling
steps first for the vertical non-root arcs VN1 and VN2, then for the horizontal faon-root arcs HN1 and HNZ2, and firfally
for fhe diagonal non-root arcs DN1 and DN2, of the 4-span group, as follows.

If SKIP_TO_NV < 2 and ayy; = 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; othery
SKIP_TO_NV =1 and the decoder sets SIG to 1.
V2. If SIG = 1, significance state ayy; is set to 1 and the. falHowing steps are performed:
a. The cupping values of all cells that dependon oy, are updated.
b. The MQ decoder is invoked with cantext label k = 9 (magnitude bit context — see Table 4) to degode
the most significant value bit m,, ofthe arc b=VNL1, and the type, precision and value for the arc ar¢ set
tot, = 3,P, = 2and V, = myx«

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

Se,

V3. If SKIP_TO_NV < 2, the MQ decader is invoked with context label Kf,l;qut to decode the SIG symbol; othery
the SKIP_TO_NV = 2 and.the.decoder sets SIG to 1.
V4. 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 decopder is invoked with context label k = 9 (magnitude bit context — see Table 4) to degode
the mostSignificant value bit m,, of the arc b=VVN2, and the type, precision and value for the arc arg¢ set
totp=)3, P, =2and V, = m,,.

SE,

Next, LIFEy is decremented, unless it is already 0, and then if SKIP_TO_NH <2 and ayy; = 0, the decoder performg the
follpwing steps-far arc HN1:

H1. If-SKIP_TO_NH =0, the MQ decoder is invoked with context label K;bﬁ to decode the SIG symbol; otherwise,
SKIP_TO_NH =1 and the decoder sets SIG to 1.
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) to decode
the most significant value bit m,, of the arc b=HNZ2, and the type, precision and value for the arc are set

tOtb=3,Pb=ZandVb=mb.

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. If SKIP_TO_ND =0, the MQ decoder is invoked with context label x**! to decode the SIG symbol; otherwise,

SKIP_TO_ND = 1 and the decoder sets SIG to 1.
D2. 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 context label k = 9 (magnitude bit context — see Table 4) to decode

thamaoct cianificantyvaliig hit oy Aftha are Hh—NNI1 and tha tvna nracician and valiia far tha are or
tHEe-FRESHSGHHEaR e He- DO tHe-areo— o rahiate-ty perprecisioianeYarte+oteatcdt

set

tOtb=3,Pb=ZandVb=mb.

Next, if oy, = 0, the decoder performs the following steps for arc DN2:

9.5.
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D3. If SKIP_TO_ND < 2, the MQ decoder is invoked with context label ;cgbﬁzt to decode the SIG symbol; otherw
the SKIP_TO_ND =2 and the decoder sets SIG to 1.
D4. If SIG = 1, significance state apy; 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) to deg
the most significant value bit m,, of the arc hb=DN2, and the type, precision‘and value for the arc ar
tot, =3,P,=2and V, =m,.

1 Root significance decoding for TriBPT CL code-blocks

root significance decoding pass for bit-plane p within a TriBPT CL band code-block processes 4-span group
br order, as shown in Figure 26 and Figure 27. For each 4-span groupthe.decoder enters a special "RUN mode" i

0 0. In this case, and.in‘the case where an end-of-run symbol of 1 was decoded, the decoder performs decoding §
for the top root are-complex C;, and then for the bottom root arc complex Cy of the 4-span group. In the folloy
ription of this process, the root arcs of complex C; are identified using the labels V., H; and Dy, as defined in 9
e the root args-of complex Cy are identified using the labels Vg, Hy and Dg. This relabelling of the arcs keeps
ription ofithe'decoding process independent of whether the breakpoint configuration is TriLR or TriRL.

KIP_TO-TOP <2 and ay,, = 0, the decoder performs the following decoding steps for arc b = Vy:

se,

ode
b set

S in
the

an group has an entirely insignificant context, meaning that all cupping’values are 0 and all root arcs within the gioup

hlso insignificant. This is exactly the same condition described fornon-root significance decoding in 9.5.3. When|this

Hition is satisfied, the MQ decoder is invoked with context label = 6 (root significance RUN context — see Table 4)

bcode an end-of-run symbol.

e end-of-run symbol is 0, the entire group remains insignificant and decoding proceeds to the next 4-span group, if
If the end-of-run symbol is 1, then at least one of-ttig,6 root arcs in the 4-span group is significant. The MQ decpder
en used with context label 26 (UNIFORM context:— see Table 4) to decode either 2 or 3 symbols, so as to determine
es SKIP_TO_TOP and SKIP_TO_BOTTOMkin/accordance with the following steps:

1. The MQ decoder is invoked with context label x = 26 to obtain symbol Ra

2. The MQ decoder is then invoked with k = 26 to obtain symbol Rb

3. IfRb =0, the MQ decoder is.invoked again with xk = 26 to obtain symbol Rc; otherwise, Rc=0

4., IfRa=1,SKIP_TO TOPRissetto3 — 2 -Rb — Rcand SKIP_TO BOTTOM is set to 0

5. Otherwise, Ra=0and SKIP_TO TOP is setto 3 and SKIP_TO BOTTOM issetto3 —2-Rb — Rc.

e 4-span group does not have an entirely insignificant context, SKIP_TO_TOP and SKIP_TO_BOTTOM are foth

teps
ving
5.2,
the

IfS

VL Context labels g™ and i are evaluated from NBRy and VTX.. as described in 9.5.2,

V2. If SKIP_TO_TOP =0, the MQ decoder is invoked with context label Kg;,pt to decode the SIG symbol; otherwise,

SKIP_TO_TOP =1 and the decoder sets SIG to 1.

V3. If SIG = 1, the MQ decoder is invoked with context label rcitf,’? to decode symbol IBLOCK.

V4. If SIG = 1 and IBLOCK = 1, the decoder sets g, = 1, t, = 0, P, = 1 (induction block) and 7, = 0.

V5. 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,,, settingo, =1,t, = 3, P, = 2and V, = m,,.

KIP_TO_TOP < 3 and oy, = 0, the decoder performs the following decoding steps for arc b = Hy:

H1. Context labels k" and k" are evaluated from NBR and VTX, as described in 9.5.2.
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H2. If SKIP_TO_TOP < 2, the MQ decoder is invoked with context label k2P to decode the SIG symbol; otherwise,

Cr

SKIP_TO_TOP = 2 and the decoder sets SIG to 1.

H3. If SIG = 1, the MQ decoder is invoked with context label xi’{“ to decode symbol IBLOCK.

H4. If SIG = 1 and IBLOCK =1, the decoder sets g, = 1, t, = 0, P, = 1 (induction block) and ¢, = 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:

IfS

IfS

If o

9.5.

D1. Context labels k" and k" are evaluated from NBRrand VTX, as described in 9.5.2.

D2. If SKIP_TO_TOP < 3, the MQ decoder is invoked with context label k" to decode the SIG symbol; otherwise,

cr

QlLID—TOo—TAab.

2 () ! ! =Y PN |
ONIT_TU_TUF = o dlilu U1t UtLUUTT 5T oTC U L.

D3. If SIG =1, the MQ decoder is invoked with context label Ki’? to decode symbol IBLOCK.

D4. If SIG =1 and IBLOCK =1, the decoder sets g, = 1, t, = 0, P, = 1 (induction block) and t,, = 0-
D5. If SIG = 1 and IBLOCK = 0, VTXy is incremented and then the MQ decoder is invoked with.contéxt lab
(magnitude bit context — see Table 4) to decode symbol m,,, setting o, = 1, t, = 3, P, = 2 andV, = m,,.

KIP_TO_BOTTOM < 2 and gy, = 0, the decoder performs the following decoding steps for arc:b = Vj:

V6. Context labels e, and «;% are evaluated from NBR, and VTX, as described in 9.5:2.

V7. If SKIP_TO_BOTTOM = 0, the MQ decoder is invoked with context label xg*;;t to decode the SIG sym
otherwise, SKIP_TO _BOTTOM = 1 and the decoder sets SIG to 1.

V8. If SIG = 1, the MQ decoder is invoked with context label k"' to decode syimbol IBLOCK.

VO. If SIG = 1 and IBLOCK = 1, the decoder sets g, = 1, t, = 0, P, = 1 (induction block) and 7, = 0.

V10. If SIG =1 and IBLOCK = 0, VTX is incremented and then the M@’decoder is invoked with context lah

(magnitude bit context — see Table 4) to decode symbol m,,, settingo, = 1,t, =3,P, = 2and V, = m,,.

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

H6. Context labels k¢ and k5" are evaluated from NBR and VTXg, as described in 9.5.2.

H7. If SKIP_TO_BOTTOM < 2, the MQ decoder is intoked with context label Kébet to decode the SIG sym
otherwise, SKIP_TO BOTTOM = 2 and the decader sets SIG to 1.

H8. If SIG = 1, the MQ decoder is invoked with.context label xi’s}‘;‘ to decode symbol IBLOCK.

H9. If SIG =1 and IBLOCK =1, the decoder sets g, = 1, t, = 0, P, = 1 (induction block) and ¢, = 0.

H10. If SIG =1 and IBLOCK = 0, VTXjis.incremented and then the MQ decoder is invoked with context lah
(magnitude bit context — see Table4)-to decode symbol m,,, setting o, =1, t, = 3, P, = 2and V, = m,,.

» = 0, the decoder performs the folowing decoding steps for arc b = Dp:

D6. Context labels k¢ and K5 are evaluated from NBR; and VTXg, as described in 9.5.2.

D7. If SKIP_TO_BOTTOM-< 3, the MQ decoder is invoked with context label Kg*;;t to decode the SIG sym
otherwise, SKIP ([TO/BOTTOM = 3 and the decoder sets SIG to 1.

D8. If SIG = 1, theMQ decoder is invoked with context label k' to decode symbol IBLOCK.

DO. If SIG = Land IBLOCK =1, the decoder sets g, = 1, t, = 0, P, = 1 (induction block) and 7, = 0.

D10. If SIG=1 and IBLOCK = 0, VTXj is incremented and then the MQ decoder is invoked with context lah

(magnitude bit context — see Table 4) to decode symbol m,,, settingo, = 1,t, = 3, P, = 2and V, = m,,.

b +Root significance decoding for TriBPT LL code-blocks

el 9

bol;

el 9

bol;

bol;

The

significance decoding pass for bit-plane p within a TriBPT LL band code-block processes 2x2 cells in raster ofder.

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 performed:

44

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

2. The MQ decoder is invoked with context label k = 5 (vertex flag context — see Table 5) to decode symbol VTX.
3. 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 E, and the extrapolation qualifier for arc b is settoe, =2 -E, +
Eg.
NOTE 1 — Coding procedures for LL band code-blocks are intended to be very simple, since in most cases all LL code-blockp are
xpected to be entirely insignificant. Coding tools are provided for the LL band of a breakpoint component primarily)to-allowy the
ommunication of breaks when N;, is heavily constrained, or even 0. For example, the breakpoints described by, the breakpoint
nedia format suggested in Annex B can be encapsulated directly within the LL band of a breakpoint component with N;|= 0
lecomposition levels.
NOTE 2 — No means is provided to identify whether or not an arc without a break might hold an induttion block, whereas| this
nformation can be recorded (as a hint) within the breakpoint media format suggested in Annex B. Induction blocks play no rdle in
reakpoint dependent transforms and so there is no need to record them within resolution r = 0 of a breakpoint component.

9.5p  Position refinement decoding for TriBPT code-blocks

Posltion refinement decoding is the same for CL and LL band code-blocks of a/LriBPT component, using MQ coder
confext labels 9 through 25 from Table 4 and Table 5, and processing 2 x 2 cells.in raster order. In the canonical sfan,
rowp of cells are visited from top to bottom, cells of each row are visited froniJeft to right, and the three arcs b of ¢ach
celljare visited in the order V (vertical), H (horizontal) then D (diagonal),

>

Forleach arc 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 +min {(P, — 2),15} to decode symbol TERM.

2. If TERM =1, the decoder sets 7, = 0

3. Otherwise, TERM = 0 and the MQ decoder is invoked with context label k = 9 (magnitude refinement confext)
to decode refinement bit r;,, after which the decoder the arc's state variables as follows: P, :== P, + 1; }, :=
2V, +n,and 1y, :== 1, — 1.

9.6 Quality layers and packets for breakpoint components

As Wvith other JPEG 2000 components, thecoded information for a breakpoint tile-component is distributed across orfe or
more layers in the codestream, each layer consisting of zero or more consecutive coding passes from each code-blodk in
the file. The number of coding passes'in the layer can vary from code-block to code-block and the number of layerg for
the tile-component is signalled in the COD marker segment, exactly as for other JPEG 2000 components. Each layer
corresponds to one packet of each)precinct in each resolution of the tile-component.

The| packets of a breakpoint;eomponent have the same structure as packets of other components, as described in Rec.
ITU-T T.800 | ISO/IEC:15444-1, with the same packet header syntax, except that additional signalling is introduced to
iderftify the point at{which a code-block's representation can be considered complete. Completeness is an impoftant
congept for breakpaint code-blocks. As mentioned in 9.1, the maximum bit-plane index for a code-block is

Pmax = Mp~1—P,

where P.isthe number of missing most significant bit-planes that is signalled via the packet header of the first packét to
whighthe 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
zerq 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
zerd-completeness is not coded in any packet header for the precinct and no code-block of the precinct is zero-comp|ete.

In t:l\e very first packet of a breakpoint component's precinct, the code-block inclusion signalling procedure is augmented
with information that signals all-completeness and any-completeness values for each node in the precinct'sitag tree. Duying
the priginal code-block inclusion parsing process for layer 0, the nodes of the tag tree are traversed in the,manner described
in Rec. ITU-T T.800 | ISO/IEC 15444-1 to determine answers to the question "do any code-blocks covered by this rjode
confribute coding passes to layer 0?" For each node visited within the tag tree scan, the origifial’ code-block inclugion
parding process decodes one bit i, such that the answer to the question is "yes" if i = 1 and “no™if i = 0.

For|breakpoint components, this process is augmented to simultaneously answer the follewing two questions: 1) "arg all
codg-blocks covered by this node zero-complete?" and 2) "is any code-block coveredby'this node zero complete?" These
threp questions are answered by first decoding a bit z. If the value of z = 1 then thé-answers are "no", "yes" and "ygs" —
that|is, all code-blocks covered by the node are zero-complete and hence no code-block covered by the node makes|any
confribution to layer 0. If the value of z = 0, the usual inclusion bit i is decoded to answer the first question ("dofany
codg-blocks contribute?") and a second bit n is then decoded to answer~the third question ("is any code-block zero-
confplete?"). If the node is a leaf node, meaning that it represents only one code-block, then the n bit is not decofled,
becquse the answer to the second and third questions must be the same.(n = z). If a parent node has already answered the
firs§ question with "no", then the i bit is not decoded because the.answer i = 0 is known. If a parent node has alrgady
ansyvered the second question with "yes", then no bits are decoded because the answers to all questions are known (i + 0,
z =|1and n = 1). If a parent node has already answered the'third question with "no", then no z or n bit is decoded sjnce
the answers to the second and third questions are known(z= n = 0).

A cpde-block is said to be pass-complete if at least one'coding pass of the code-block appears within codestream packets
and|the last such coding pass has been signalled as.eompleting the representation. A pass-complete code-block cannqt be
zerd-complete, because it contributes at least.one coding pass. Pass completeness is signalled via a single bit ¢, that is
decpded immediately after the "code-block-inglusion information™ for a code-block that has one or more included pagses.
Equivalently, bit c is decoded immediately-before the "zero bit-plane information” for the code-block, if present, or jelse
immediately before the "number of coding passes information" for the code-block, as described in Rec. ITU-T T.400 |
ISOYIEC 15444-1. If the value of bityc is 1, then the code-block is pass-complete.

Code-blocks that have been-identified as pass-complete or zero-complete do not contribute "code-block inclusjon
information to subsequentpackets of their precinct.

Thefe are only two typeS of codeword segments for breakpoint code-blocks. Multiple codeword segments arise when
| the
MQ
ord
ling

| via
the code block style mformatlon within SPcod and SPcoc flelds of COoD and COC marker segments apply to breakpomt
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 —"}1 : T
— age LL
CL]J _I—> —————— —{ Stage NL —"b

LL

CL2 4t
CLN, —I
T.816(23)
cuy1 CL band at resolutionr =1
Ccuy2 CL band at resolution r =2
Cy NL CL band at resolution r = NL
ULy input LL band at resolutionr =0

Llfy,_,  intermediate LL band at resolution r =1
Lly,_, intermediate LL band at resolution r = 2

LL output LL band

Figure 31 — Breakpoint synthesis stages

Thefe is one synthesis stage for each non-base resolution#‘= 1,2, ..., N,. The input to stage r consists of breakpoint
valles from an "LL band" at resolution » — 1 and a CL band at resolution r, where these values consist of the breakpoint
typg t, precision P, and tick-point k, as introduced in\Z.5. Input values from the CL band can only have types t [= 3
(vertex) or t = 0 (no signalled break, or induction block). Output values from synthesis stage r preserve decqded
infgrmation from the CL band at resolution r, but:add induced breaks, having types t = 2 (direct induction) and t|= 1
(spdtial induction).

Synihesis stage r involves three steps. In thelfirst step, each arc breakpoint from the CL band at resolution r is transfefred
to tihe synthesis stage's output, whosewectangular region of support corresponds exactly to that of resolution r, as gjven
by Rormula (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 r. This can happen, because the CL band incllides
a whole number of 2 x 2 cells; some of which might only partially intersect the resolution’s region of support.

In the second step, LL breakpoints at resolution » — 1 are used to directly induce breaks at resolution r, merging these
into| the synthesis stage's’ output, wherever they do not conflict with breaks transferred in the first step. This stdp is
disdussed further in10:2.

In the third step; the resolution r arc breakpoints produced by the first two steps are used to spatially induce additipnal
bregks at resplution r. This is the spatial induction step and is the one that is most involved. This step is the subject 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.
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nd the non-root arc has no break of its own in the CL band at resolution r, a directly induced break is added to
troot arc. The directly induced break is assigned breakpoint type ti,qucea = 2, Withhtick-point k;, 4,..q @nd precigion

Lduceda = 1 then the directly induced break that is added to the non-root arc-isidentified as an ambivalent break.

the TriBPT arrangement, each directly induced breakpointata resolution r is associated with extrapolation quali

Sucl

each directly induced break is defined below.

Starting with a vertex at resolution r — 1;.\flags GRAD1_FLAG ,4ene and GRAD2_FLAG 4/, are initialized

(FALLSE). The flag values GRAD1_FLAG\,lcea @d GRAD2_FLAG ;4,004 @SSOCiated with the corresponding dire
indyced break at the finer resolution level r is determined in accordance with the following procedure.

For|the parent arc, if the breakpoint)is located in the second half of the arc at resolution » — 1 (i.e., right or bottom
of the parent arc) then

Oth

of tie parent afc) then

P horizontal grid-point ordinates at resolution r

Figure 32 — Relationship between non-root and parent arcs during direct induction in synthesis stage r,
shown for the case of horizontal arcs

e parent arc exists within resolution r — 1 and has a break that lies within the span of(the non-root arc at resolution

ceq Obtained from those of the parent arc according to Formula (9).

the

e parent arc at resolution r — 1 contains a break with precision P, < 1, then each of the two non-root args at

lution r are assigned an indefinite break with t;,4,c.q¢ = 2 and precigion P, 4uceq = O-

.2 Extrapolation Qualifier for TriBPT direct induction

prised of a pair of binary flags GRAD1_FLAG;,4ye8q and GRAD2_FLAG;,4,ceq Which are utilized during

iers
the

kpoint-dependent transform stage. As explained in.Z5, the two bit extrapolation qualifier e, is equated to these flags,

that e, ; = GRAD1_FLAG ;,,4ceq and e, ; = GRAD2_FLAG ;,,4ccq - The process of determining the binary flag

GRAD1_FLAG jpgucefes 1 (TRUE)
GRAD2_FLAG igayeen = GRAD2_FLAG pgrent

prwise, if thesbreakpoint on the parent arc is located in the first half of the arc at resolution r — 1 (i.e., left or top

GRADAFLAG ingucea = GRAD1_FLAG porent

GRAD2_FLAG jnguceq = 1 (TRUE).

for

00
ctly

half

half

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
alsd helpful to Tabel the vertical and horizontal root arcs V and H, respectively. All of these arcs have Tength 2% when
assgssed at the top resolution of the tile-component, and any break on arc b is located on one of the tick-points ident{fied
in Hormula (6), characterized by a tick-point index k, in the range 0 < k,, < 24*F8, The breakpoint parameters fof all
quaftities involved in spatial induction are denoted (t,,P,,k.), (tg, Pr, kg), (t7, Pr, k), (tg, Pg, kg), @Gy, P, ky)|and
(ty )Py, ki), where the arc-identifying subscripts here correspond to the perimeter labels introduced above.

Spatial induction 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 non-zero.
2. Neither of the root arcs has its own vertex or induction block; equivalently, P, =0 and P, = 0 prior to spatial
induction.

Subject to the above conditions, labelling the two perimeter arcs with breaks as B1.and B2, if either of these is indef|nite
(i.e] if Py, - Pg, = 0), then both root arcs are assigned indefinite breaks —i.e., t; <=, = 1 and P; = P, = 0. If eithgr of
the preaks 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 between the tick-
poi“t locations associated with the perimeter breaks, as given by kg, and kg,, and finding its intersection, if any, with
each of the V and H root arcs, rounding the resulting location to the nearest tick point. Writing R for the generic labgl of
a rgot arc V or H, if an intersection exists with root arc R,tis assigned break-type tz = 1, break-precigion
Py ¥ min{Pg,, Pg,} and tick-point index kp = f,.q(B1,B2,R, k1, kp,), Where fi.q4 is the QuadBPT intersegtion
evaluation function, that depends on the locations and geometty of the three arcs B1, B2 and R, along with the perineter
bredk tick-points kg, and kg,.

Thejfunction f,,,4 rounds the intersection between the\line segment induced by the two perimeter breaks and the roof arc
R tq the nearest available tick-point k. If the linge Segment induced by the two perimeter breaks is equidistant from|two
tick|points, the induced break location is obtained by rounding away from the centre of the root arc. This is consigtent
with the way in which decoded vertices are-mapped to breakpoints, as given by Formula (8).

It rgmains to resolve the rounding ambiguity that arises when the line segment between perimeter breaks passes exdctly
thraugh the centres of the two root arcs: This is only possible when inducing breaks from two horizontal perimeter brgaks
or ffom two vertical perimeter bréaks 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,
tranposition and rotation by.multiples of 90°, this ambiguity is resolved by rounding towards the nearest root arcs af the
next lower resolution, regardless of whether or not they actually exist. Equivalently, this last case is resolved by roundgiing
towprds the centre of.the 4-span to which the V and H root arcs belong. These rounding policies are illustrpted
in Higure 33.
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RTN Round to nearest
RAC Round away from centre
RTL Round towards lower resolution root arcs
RAR Root arcs at resolution r—1

Figure 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

Forjthe QuadBPT case, a set of implied breaks are assumed for arcs that intersect the right and bottom image boundafies.
As @lescribed in 7.1, the rectangular region of image samples, is defined by (x,, y,) for the upper left hand corner|and
(%, |- 1,y, — 1) for the lower right hand corner., Implied breaks are placed on arcs that intersect the right vertical bounglary
at x} — 1 or the bottom horizontal boundaryat’y; — 1.

Possible break positions for implied breaks‘are denoted by VrtBndry_breakposition and HrzBndry_breakposition
corresponding to the right-vertical botndary and the bottom-horizontal boundary respectively, and are specified belqw.

VrtBndry_breakposition = (x, — 1) + 2-Fs+D

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

NOTE 1 — These implied breaks are never explicitly communicated but assumed to exist and utilized to adapt the transform for
ares that intersect the.right and bottom image boundaries.

NOTE 2 — The implied break positions VrtBndry_breakposition and HrzBndry_breakposition are located outside the image
egion at one tick point away from the image boundary intersect.

As @n initialization step, for all resolution levels r, an arc centred at location p that crosses the right or bottom injage
boupdary is-set to type t, (p) = 0.

The| set’of implied breaks include implied vertices on arcs at the coarsest resolution level » = N, located at positjons
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
indyced-or clnm‘inlly induced hbreaks \WWhere an induction source break hnlnngc toarootarc (Q_nrr‘ mndn)' it corresp nds
to aJdecoded vertex at resolution 7.

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 shown in Figure 34, root arcs are labelled V (vertical), H (harizontal) and D (diagonal). In the 4-span arrangenient,
the pon-root horizontal and diagonal arcs that form the corner adjacent to V are labelled Hy cnrand Dy _cnr respectively.[The
vertjcal and diagonal non-root arcs that form the corner adjacentto H are labelled Vy,_corand Dy _cnr, respectively, whilg the
horizontal and vertical arcs that form the corner adjacent to,Dare labelled Hy cnr and Vg_cnr. All Of these arcs have length
24 Wwhen assessed at the top resolution of the tile-compongent, and all break positions lie on tick-points in accordance ith
Forfnula (6), identified by tick-point indices k, in therange 0 < k,, < 298, The breakpoint parameters for all quantjties
invglved in spatial induction are denoted *(t4,P,, k,) , where the relevant arcs b have the labels |b €
{V'vacnri 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 _cnjand
Dy_gnr. Similarly, Ny ., counts the number of breaks present on the horizontal corner's non-root arcs Vi_erand Dy_enr,and
Np . counts the number of breaks-present on the diagonal corner's non-root arcs Hg_cnrand Vg_er. These counts all lfe in
the fange 0 to 2.

Thelnotation Sy ., is used to\label a corner X_cnr, where X € {V, H, D}, as being either a candidate source corner (Sx .y, =
1) gr a non-candidate (Sy\; = 0) corner for spatial induction. If Ny ... = 1 and the root arc X does not have a vertgx or
an induction block (i:e;;’Py = 0) then Sy ., = 1; otherwise Sy .,, = 0. A label of Sy .., = 1 signifies that the corner
X_dgnr, contains a Single non-root arc with a breakpoint that can potentially be a source for defining the line segment for

spatjial inductien 'and that this induction is not impeded by a vertex or induction block in the corresponding root arc

10.4.2 4-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
locdtedatdifferentcormers—This spatiatnductiomtotwo oot of the three Tootarcs (e two of vV, Had D) shatttake
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
fungtion 4 . N ’ L

Y, gnd the two non-root arcs B1, B2 along with the corresponding break tick-points kg, and kg, . The function fi 10
the Jntersection between the line segment induced by the two non-root arc breaks and the root arc X (Y) to.the 'nes
avallable tick-point ky (k).

rest

Examples of all 9 possible non-root arc pair combinations that can result in inducing breaks on two root arcs are shpwn
in Higure 35 for the TriBPT-LR arrangement.
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I:igllra 35 _4-arc mode cp:\finl induction nvnmplnc forthe TriBPT-L R nrrnngnmnnf

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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