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Foreword

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

The procedures used to develop this document and those intended for its further maintenance are described
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Introduction

This document is part of a series of standards for a system known as JPEG Pleno and defines JPEG Pleno
Holography. It specifies a codec mechanism for holographic modalities and associated codestream syntax
and file format elements. JPEG Pleno Holography allows for efficient compression of holograms for a wide
range of applications such as holographic microscopy, tomography, interferometry, printing and display
and their associated hologram types. Key functionalities include support for both lossy and lossless coding,
scalability, random access, and integration within the system architecture of the JPEG Pleno framework.

© ISO/IEC 2024 - All rights reserved
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Information technology — Plenoptic image coding system
(JPEG Pleno) —

ous-tone holograms. Additional information on the encoding tools is provided as well. The do
also d¢fines extensions to the JPEG Pleno File Format and associated metadata descriptors spe
holographic modalities.

2 Ngrmative references

The following documents are referred to in the text in such a way'that some or all of their content cons
requir¢ments of this document. For dated references, only theedition cited applies. For undated refe
the lat¢st edition of the referenced document (including any~amendments) applies.

ISO/IEC 21794-1:2020, Information technology — Plenoptic image coding system (JPEG Pleno) —
Framework

[SO/IE(C 21794-2:2021, Information technology = Plenoptic image coding system (JPEG Pleno) — Part
field cofling

ISO/IEC 21794-3, Information technology — Plenoptic image coding system (JPEG Pleno) —
Conformance testing

ISO/IEC 21794-4, Information technology — Plenoptic image coding system (JPEG Pleno) — Part 4: Ré
softwate
3 Terms and definitions

For thgq purposessefithis document, the terms and definitions given in ISO/IEC 21794-1, ISO/IEC 2
ISO/IEC 217943, ISO/IEC 21794-4 and the following apply.

[SO andl IEC maintain terminology databases for use in standardization at the following addresses:

hble of
pectral
ssy for
Cument
cific to

titutes
rences,

Part 1:

P: Light

Part 3:

ference

1794-2,

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

31
holography

technique based on coherent light allowing for the recording and reconstruction of a wavefront, thereby

encoding three-dimensional information about objects

Note 1 to entry: This has many applications, including 3D display technology, microscopy, tomography, interfer
telecommunications, data storage, and non-destructive testing.

© ISO/IEC 2024 - All rights reserved
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hologram
two-dimensional representation of the complex-valued coherent wavefield of light encoding an interference
pattern describing the amplitude and phase of the scalar wavefield

Note 1 to entry: This pattern may be encoded directly in the spatial domain or indirectly using optical transformations
such as Fourier-transforming lens systems, magnification, or modulation.

3.3

digital hologram

one or more two-dimensional arrays of coefficients representing the sampled coherent wavefield of light
3.4

tile

a spatial segment of a digital hologram, each coded independently

3.5

window block

unit off a series of 2D windows over the propagated hologram’s input coefficients,»corresponding to 2D
contigyous subsets of input coefficients and serving as input for the STFT

3.6

transform block

coefficlent set resulting from applying a transform to a tile

3.7

code bjock

input ¢oefficient set of the arithmetic coding within a trahsform block, where each code bllock is
indepephdently arithmetically encoded

3.8

quantization block

unit of jquantization within a code block

39

transform size

4-tuplq of positive integers, describing-the’number of elements along each dimension of the entir¢ set of
coefficlents after applying the transform/step, which is represented by a 4D array

3.10

source hologram

uncompressed input hologram

3.11

decodé¢d hologram

output|decompressedhologram decoded back into raw hologram samples

4 Symbols'and abbreviated terms

4.1 Symbols

H Digital hologram

A The wavelength of the ith colour channel at which the hologram was recorded or generated
©) Hadamard product

F,F! Forward and reverse two-dimensional Fourier transform

© ISO/IEC 2024 - All rights reserved
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s, st Forward and reverse two-dimensional FFTSHIFT operator. This operation rearranges
Fourier transform coefficients by shifting the zero-frequency component to the centre of
the array, matching its conventional mathematical representation.

H; [th monochrome component of the digital hologram H; Corresponds to A .

Hologram pixel pitch sampled on a square lattice

d Distance parameter for propagation operator

X,y Symbols for the first and second spatial dimensions

feofy Symbols for the first and second frequency dimensions

NT Number of tiles

NCB Number of code blocks per tile

N@B Number of quantization blocks per tile

XThoc | YThoc

XTcod,|VTcod,
UTcod,VTcod

XCBcod, YCBcod
UCBcod|, VCBcod

XQBcod,YQBcod,  Power of 2 exponents of the four-dimensional quantization block dimensions
UQBcod, VQBcod

9, ™!
A1 ’AZ

4.2 Abbreviated terms

Tile x and y dimensions

Power of 2 exponents of the four-dimensional transform-block dimensions

, Power of 2 exponents of the four-dimensional céde block dimensions

Mid-rise quantizer and dequantizer

Lagrangian multipliers for syStems 1 and 2, respectively

2D Two-dimensional

4D Four-dimensional

CB Code block

CBP Code hlock payload

DFT Discrete Fourier transform
FFTSH|FT Fourier transform coefficient shifting operator
L2 Euclidean norm

MRQ Mid-rise quantizer

MRDQ Mid-rise dequantizer

QB Quantization block

QBP Quantization block payload
RDO Rate-distortion optimization

© ISO/IEC 2024 - All rights reserved
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SNR
STFT
TB
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Signal-to-noise ratio
Short-time Fourier transform

Transform block

5 Conventions

5.1 Naming conventions for numerical values

Integet
hexadé

Hexadé
binary
represq
to 1. Nu
are bit
the mg
expres

pattern evaluated as a binary representation of an unsigned integer (i.e. as\the value of the number

by pre
represg
"1111' 4

52 (

NOTE

5.2.1

<<
>>

++

numbers are expressed as bit patterns, hexadecimal values, or decimal numbers. Bit pattel
cimal values have both a numerical value and an associated length in bits.

cimal notation, indicated by prefixing the hexadecimal number with "0x", may be.used ins

ents an eight-bit pattern with only its second most significant bit and its least significant bi
merical values that are specified under a "Code" heading in tables that are referred to as "code
pattern values (specified as a string of digits equal to 0 or 1 in which the left*xmost bit is con
st significant bit). Other numerical values not prefixed by "0x" are decimal values. When |
sions, a hexadecimal value is interpreted as having a value equal to the\walue of the correspon

ixing the bit pattern with a sign bit equal to 0 and interpreting.the result as a two's comp
entation of an integer value). For example, the hexadecimal valueOxF is equivalent to the 4-bit |
nd is interpreted in expressions as being equal to the decinfal number 15.

)perators

Many of the operators in this document are similar.to those in the C programming language.
Arithmetic operators

Addition

subtraction (as a binapy~0perator) or negation (as a unary prefix operator)
Multiplication

division withouttruncation or rounding

left shiftxz<s is defined as xx2s

right shift; x>>s is defined as |x/23]

increment with 1

decrement with 1

ns and

tead of

notation to denote a bit pattern having a length that is an integer multiple of 4. For examp}li, 0x41

equal
tables"
sidered
ised in
ling bit
formed
lement
battern

umod

IInsigned modulo operator; x umod a is the unique value y hetween 0 a

nd a-1

for which y+Na = x with a suitable integer N

bitwise AND operator; compares each bit of the first operand to the correspondin
the second operand

g bit of

Ifboth bits are 1, the corresponding result bitis setto 1. Otherwise, the corresponding result

bit is set to 0.

© ISO/IEC 2024 - All rights reserved
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bitwise XOR operator; compares each bit of the first operand to the corresponding bit of the

second operand

If both bits are equal, the corresponding result bit is set to 0. Otherwise, the corresponding
result bit is set to 1.

5.2.2 Logical operators

l in an
left or

[l logical OR

&& logical AND

! logical NOT

5.2.3 | Relational operators

> greater than

>= greater than or equal to

< less than

<= less than or equal to

== equal to

1= not equal to

5.2.4 | Precedence order of operators

Operatprs are listed in descending order of precedence. If several operators appear in the same line,
they have equal precedence. When several operators of equal precedence appear at the same levg
exprespion, evaluation proceeds according to the'associativity of the operator, either from right to
from lgft to right.

Operators Type of operation Associativity

0 Expression left to right

[ indexinglof arrays left to right

++, -- incfement, decrement left to right

1, - logical not, unary negation

X, multiplication, division left to right

umod unsigned modulo (remainder) left to right

+, - additionand-subtraction lefttoright

& bitwise AND left to right

" bitwise XOR left to right

&& logical AND left to right

[l logical OR left to right

<<, >> left shift and right shift left to right

© ISO/IEC 2024 - All rights reserved
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<,> <=, >= Relational left to right

5.2.5
]

sign(x)

Mathematical functions

absolute value, is —x for x < 0, otherwise x

sign of x, zero if x is zero, +1 if x is positive, -1 if x is negative

clamp(x,min,max) clamps x to the range [min,max]: returns min if x < min, max if x > max

erwise x

or oth-

[x]
[x]
[x]1

6 Re

6.1 I

Like c
thereo
light bé

ceiling of x; returns the smallest integer that is greater than or equalitg
floor of x; returns the largest integer that is less than or equal tax

rounding of x to the nearest integer, equivalent to

presentation of digital holograms

pigital holograms and their signal properties

nventional images, holograms can be optically recorded, cemputer-generated, or some
. A classic holographic recording setup utilizes interferometry, where a coherent, monocht
am is split into a reference beam and an object beam. Only, thé object beam will illuminate the

patter
amplit
scenes
is not

nonide

Key
las
be

encodes the complex-valued amplitudes of the object:wavefront, thus describing both the wa
de and phase. Alternatively, one can utilize numerical’ diffraction simulations in virtual obje
to compute the hologram pattern, called computer-generated holography. Although this ap
imited by the physics of an optical setup, such'as geometrical constraints or optical com
hlities, it tends to require significant computational resources to calculate.

3

TS| AN N

to be i{naged, after which both beams are recombined, forming)an interference pattern (cf. Figure

er

m expander

X

hybrid
omatic
sample
1). This
vefront
cts and
proach
ponent

be

m.splitter

R N O U oA WN

mirror
reference beam
object beam
sample

image sensor

Figure 1 — Simplified diagram of a holographic recording setup, in case of a transparent sample,

with corresponding legend.
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However, holography is often confused with other display techniques that do not involve interference. Many
systems that claim to be "holographic” consist of various projection systems that display flat images in mid-
air, using, for example, semi-transparent screens. These "false holograms" are produced by technologies
such as Pepper's ghost illusion (or its modern variants), lenticular printing, and volumetric displays. These
technologies are not addressed in this standard.

Holograms and discrete light fields (hereupon just called "light fields") are closely related, as both
representations encode spatial and angular information. A full-parallax light field can be represented by a 4D
array of rectilinear samples with two spatial and two angular dimensions, as specified in ISO/IEC 21794-2.

Because of the discrete sampling, light fields will have a discretized motion parallax and limited depth cues,
but th y will have fower camp]nc than 3 ]ﬁn]ngvom to coverthe same cpafin angn]ar rangn and o "k Wlth
incoherent light. In contrast, holograms can account for all human visual cues, including continuois motion
parallax and exact eye-focusing cues.

In holography, frequency components correspond to plane waves whose propagation angléis propdrtional
to the frequency magnitude. Thus, one can characterize the relationship to light fields-by<looking af phase
space, Jointly representing space and frequency data using, e.g., a spectrogram. (cf. Eigure 2). This matches
closely|with the spatio-angular phase space of 4D light fields.

This r¢lationship was the primary rationale for utilizing the short-time Foutier transform for hologram
compreéssion in this specification. The size of the transform window willndictate the trade-off between
spatialland angular resolution.

/

N
N\
D

N

18 20 O3\
N
N\
D

N

X

a) 3D stene with numbered (coloured) objects, creat- b) corresponding spatio-frequency phase diagitam,
ing a hplograminjthe x-y plane, analyzing the signal with matching numbered (coloured) footprintg in
along the dashed horizontal line phase space

Key

X  space
v frequency

Figure 2 — Relationship between objects in 3D space and the phase space representation.

The hologram sample values are represented by discretized two-dimensional arrays of coefficients. These
coefficients may encode the complex-valued amplitudes in whole or in part, for example, by only encoding
the phase, the real part, or the amplitude of the complex coefficients. Moreover, the hologram coefficients
may have different levels of precision, ranging from floating-point numbers down to 1 bit per pixel, denoted
as "binary holograms."

© ISO/IEC 2024 - All rights reserved
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A hologram consists of one or more arrays with the same dimensions, denoted "channels," representing
different colour components. Every channel may have different wavelengths and pixel pitches.

6.2 Functional overview of the decoding process

This document specifies the JPEG Pleno Holography superbox and the JPEG Pleno Holography decoding
algorithm. These are detailed in the annexes; the status of Annexes A to [ is normative, while the status of
Annex ] is informative. The generic JPEG Pleno Holography superbox syntax is specified in Annex A.

The overall architecture of JPEG Pleno Holography (Figure 3) provides the flexibility to configure the
encoding and decoding system depending on the requirements of the addressed use case.

JPEG Pleno File Format
(Annex A + ISO/IEC 21794-1 Annex A)

Codestream Syntax
(Annex B)

Continuous-tone Hologram ' Binary Holegram
Lossy Decoding Procedure vl Lossless Decoding Procedure
(Annex C) (Annex D) :
Arithmetic Decoding E
H (AnnexI) '

: Inverse Quantization
! (Annex H)

Inverse Short-tiine

Fourier Trdnsform
! (Annéx'G)

Light Propagation :
|

Encoder ! | (Annex F)
' [ I |

r—————————" &N T T X

[ i
: Rate-distortion I _\ . '
| Optimization [t Hologram tiling !
| |
| i

(Annex ) . (Annex E)

Decoded Hologram

Figure 3 — General JPEG Pleno Holography decoder architecture

As canlbeseen in Figure 3 _each annex nrn\ndpc information about the individual components of theé codec
architecture. Annex A prov1des a descrlptlon of the JPEG Pleno Holography superbox and its composing
boxes. The codestream syntax issued in this specification is specified in Annex B. Subsequently, Annex E
describes the tiling mechanism issued to handle potentially large binary and non-binary holograms.

The annexes specific to the encoding/decoding of non-binary holograms are:
— Annex C gives a general overview of the non-binary lossy coding pipeline

— To enable the propagation of the hologram to a more suitable plane for compression Annex F specifies
several supported propagation models.

© ISO/IEC 2024 - All rights reserved
8


https://standardsiso.com/api/?name=61f3e015270418665e553e20479f0a5e

— An

ISO/IEC 21794-5:2024(en)

nex G specifies the short-time Fourier transform (STFT).

— Qu
— An

antization mechanisms are specified in Annex H.

nex I describes the context-based arithmetic codec.

— Finally, Annex ] illustrates how rate-distortion optimization can be implemented.

The module specific to the encoding and decoding of binary holograms is described in Annex D, particularly
focused on the Bayesian context-based arithmetic (de)coding mechanism.

6.3

ncoder requirements

An enc

To con
format
encode

64 I

A deco
not be
Annex

A deco
all, or
syntax

pding process converts source hologram data to coded hologram data.

form with this document, an encoder shall conform with the file format syntax and”code
syntax specified, respectively, in Annex A and Annex B for the encoding process(e$).embodied
I.

)ecoder requirements

ling process converts coded hologram data to decoded hologram datasThe resulting data may
perfectly reconstructed depending on whether the lossless codingZmiode was used. Annex E t
| describe and specify the decoding process.

er is an embodiment of the decoding process. To conform-+e this document, a decoder shall
specific parts of, any coded hologram data that conformpte the file format syntax and code
specified, respectively, in Annex A and Annex B to a decoded hologram.

stream
by the

or may
hrough

ronvert
Sstream
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Annex A
(normative)

JPEG Pleno Holography superbox

A.1 General

This an
hologr;
in [SO/|

This d¢
ISO/IE
files (c

A2 (

Figure

[EC 21794-1 and ISO/IEC 21794-2.

cument may redefine the binary structure of some boxes defined as part of thedSO/IEC 154

. ISO/IEC 21794-1:2020, Annex A).

Drganization of the JPEG Pleno Holography superbox

file. Thiis illustration does not specify nor imply a specific order to these boxes. The file will often

severa
particy
param

boxes of a particular box type. Each box's meaning depenids on the placement and order

pterization information about the hologram, such as size-and wavelength parameters.

nex specifies the use of the JPEG Pleno Holography superbox, which is designed to contain compressed
phic data and associated metadata. The listed boxes shall comply with their definitions.as’specified

14-1 or

[ 15444-2 file formats. For those boxes, the definition found in this document shall be used for all JPL

[A.1 shows the hierarchical organization of the JPEG Pleno Holdgraphy superbox contained Hy a JPL

rontain
of that

lar box within the file. This superbox comprises the JPEG Pleno Holography Header box confaining

© ISO/IEC 2024 - All rights reserved
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JPEG Pleno Holography box (superbox)

Profile and Level box |

'_]PEG Pleno Thumbnail box

Image Header box

|

|

|

|| Bits Per Component box I
| T T T —— 4
|

:

|

|

| Colour Specification box |
LT T T T —— .

JPEG Pleno holography Header box

Hologram Header box

| Bits Per Component box I

| JPEG Pleno Holography Off-axis box |

Contiguous Codestream box
IPRbOXx ]
T e e e e 4
| XML box [
: UUID boxes I
i UUID Info boxes (superbox)
UUID List box

Data Entry URL box

Figure A.1 — Hierarchical organization of a JPEG Pleno Holography superbox

Table A.1 lists all boxes defined @3 part of this document. Boxes defined as part of the ISO/IEC 154#4-1 or
ISO/IEC 15444-2 file formats are not listed. A box that is listed in Table A.1 as “Required” shall existjwithin
all conforming JPL files. Fot the placement and restrictions on each box, see the relevant section defining
that box.

The IPR, XML, UUID-and UUID boxes introduced in ISO/IEC 15444-1:2024, Annex A can be signalled,[as well
at the Ipvel of the JPEG Pleno Holography box, to carry hologram-specific metadata.

A.3 Defined boxes

A.3.1 Overview

The boxes in Table A.1 shall properly be interpreted by all conforming readers. Each box conforms to the
standard structure defined in ISO/IEC 21794-1:2020, Annex A. The following clauses define the value of the
DBox field. It is assumed that the LBox, TBox, and XLBox fields exist for each box in the file as defined in
ISO/IEC 21794-1:2020, Annex A.

© ISO/IEC 2024 - All rights reserved
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Table A.1 — Defined boxes

Box name Type Superbox | Required? Comments
JPEG Pleno Holography ‘jpho’ Yes Yes This box contains a series of boxes that contain
box (0x6A70 6C66) the encoded hologram, its parameterization

21794-1:2020, Annex A)

and associated metadata. (Defined in ISO/IEC

JPEG Pleno Holography 'jphh’ Yes Yes This box contains generic information about the
Header box (0x6A70 6C6C) file, such as the number of components, bits per
component and colour space.
Hologram Header box ‘hhdr’ No Yes This box contains fixed length generic infor-
(0x6C6C 6472) mation about the hologram, such as hologram
dimensions, number of components)coglec and
bits per component.
A.3.2 |JPEG Pleno Holography Header box
A.3.2.1 General
Within|a JPEG Pleno Holography superbox, there shall be one and only one JPEG Pleno Hologram Header

box. T}

The JPI

The JPEG Pleno Holography Header box type shall be 'jphh’ (0x6A70 6C6C).

This b
confor
within|this document are shown in Figure A.2:

ing readers. Those boxes contained within the\JPEG Pleno Holography Header box that are

e JPEG Pleno Holography Header box contains generic information about the hologram, such as the
hologram size, number of components, and bits per component. This box iS-a-Superbox.

G Pleno Holography Header box may be located anywhere withifythe JPEG Pleno Holography superbox
but shquld be before the enclosed Contiguous Codestream box containing the hologram codestream.

ﬁ( contains several boxes. Other boxes may be defined in other documents and may be igngred by

efined

The Hologram Header box specifies information about the hologram size, bit depth, and the nugber of

co
subclause A.3.2.2.

ponents. This box shall be the first bex.in the JPEG Pleno Holography Header box and is spedified in

The Bits Per Component box specifies the bit depth of the components in the file in cases where|the bit

depth is not constant across all'components. Its structure shall be as specified in ISO/IEC 15444

1.

The Colour Specification boxes specify the colour space of the decompressed image. Their strijictures
shall be as specified in ISO/TIEC 15444-2. There shall be at least one Colour Specification box within the
JPEG Pleno Header bog~Using multiple Colour Specification boxes gives a decoder multiple optinfization

or [compatibility options for colour processing. These boxes may be found anywhere in the JPE
Holography Header box, provided they come after the Holography Header box. All Colour Specif
bokes shall be.cantiguous within the JPEG Pleno Holography Header box.

The Channel’Definition box defines the channels in the image. Its structure shall be as spec
ISQ/IEC\I5444-1. This box may be found anywhere in the JPEG Pleno Holography Header box, pi
thatdt,comes after the Hologram Header box.

 Pleno
ication

fied in
ovided
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W////ﬁ //%/

hhdr ppc colr?

v, colr™?
7 1

Key

hhdr  Hologram Header box
bppc  Bits Per Component box
colr Colour Specification boxes
cdef Channel Definition box

Figure A.2 — Organization of the contents of a JPEG Pleno Holography Header box

A.3.2.2 Hologram Header box

A.3.2.2.1 General

This bgx contains fixed-length generic information about the hologram field, su¢hjas hologram dims

nsions,

numbe} of components, codec, and bits per component. The contents of the J[PEG Pleno Holography Header
box shdll start with a Hologram Header box. Instances of this box in other places in the file shall be ignored.
The lerlgth of the Hologram Header box shall be 24 bytes, including the box{ength and type fields. Much of the
informption within the Hologram Header box is redundant, with information stored in the codestrearn itself.

All refg¢rences to "the codestream" in the descriptions of fields inythis Hologram Header box apply

to the

codestream found in the first Contiguous Codestream box embedded in the current JPEG Pleno Holography
superbpx. Files containing contradictory information between the Hologram Header box and the first

codestream are not conforming. However, readers may attempt to read these files by using the values|
the codestream.

The type of the Hologram Header box shall be ‘hhdr*(0x6C6C 6472) and the contents of the box sha
the format shown in Table A.3:

-byte big-endian unsigned integer:

within

11 have

dth (Xhoc): The value of this parameter indicates the width of the sample grid. This field is stpred as

— Helight (Yhoc): The value of this parameter indicates the height of the sample grid. This field is stpred as

-byte big-endian unsigned. integer.

— Number of components (NC): This parameter specifies the number of components in the codestream

anfl is stored as a 2-byte big-endian unsigned integer. The value of this field shall be equal to the ¥
the¢ NC field in the HOComarker in the codestream (as defined in subclause B.5.3). If no Channel De
Bok is available, the-erder of the components for colour images is R-G-B-Aux or Y-U-V-Aux.

— Type (Thoc)iThe value of this parameter indicates the hologram type. This field is stored as a
big-endianiunsigned integer. Legal values for this field are 0 if the hologram is real-valued (i
anjplitude~only), 1 if the hologram is complex-valued in Cartesian coordinates (real-imaginary),
hologfam is phase-only and 3 if the hologram is complex-valued in polar coordinates (amplitude-
Alllother values are reserved for ISO/IEC use.

— Data type (DThoc): The value of this parameter indicates the hologram data type. This 8-bit
configured as ‘00TTO0GG’, where every symbol denotes a different bit. TT=00 for signed integer
TT=01 for unsigned integer values, TT=10 for floating-point, and TT=11 for packed binary. In the

ralue of
Finition

1-byte
ncludes
2 if the
phase).

field is
values,
case of

floating-point values, the maximum exponent value equals 23+G6, where “GG” represents a 2-bit unsigned

integer. All other values are reserved for ISO/IEC use (Table A.4).

— BPC: This parameter specifies the bit depth of the components in the codestream, minus 1, and is

stored

as a 1-byte field (Table A.5). The low 7 bits of the value indicate the bit depth of the components. The high-
bit indicates whether the components are signed or unsigned. If the high-bit is 1, then the components
contain signed values. If the high-bitis 0, then the components contain unsigned values. If the components

© ISO/IEC 2024 - All rights reserved
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vary in bit depth or sign, or both, then the value of this field shall be 255, and the Hologram Header box
shall also contain a Bits Per Component box defining the bit depth of each component (as defined in
subclause A.3.2.2.1).

C: This parameter specifies the coding algorithm used to compress the hologram data. It is encoded as a
1-byte unsigned integer. It the value is 0, the ISO/IEC 21794-5 codec is used. All other values are reserved
for ISO/IEC use.

UnkC: This field specifies if the actual colour space of the hologram data in the codestream is known.
This field is encoded as a 1-byte unsigned integer. Legal values for this field are 0 if the colour space of the
hologram is known and correctly specified in the Colour Space Spec1f1cat10n boxes within the file or 1 if

of egacy holograms where the actual colour space of the image data is not known In these cases, while
the colour space interpretation methods specified in the file may not accurately reproduce thelhologram
with respect to an original, the hologram should be treated as if the methods do accurately regroduce
the¢ hologram. Values other than 0 and 1 are reserved for ISO/IEC use.

IPR: This parameter indicates whether this JPL file contains intellectual property Tights information
relpted to the holographic content. If the value of this field is 0, this file does not centain rights information,
angl thus the file does not contain an IPR box. If the value is 1, then the file doe§ contain rights information
anfl thus does contain an IPR box as defined in ISO/IEC 15444-1. Other valuesare reserved for ISO/IEC use.

Table A.3 — Format of the contents of the Hologram’Header box

Field name Size (bits) Value
WIDTH 32 1to (232-1)
HEIGHT 32 1to (232-1)

Type 32 0
Data Type 32 See Table A.4
NC 16 1to 16 384
BPC 8 See Table A.5
UnkC 8 Oto1l
IPR 8 Oto1l

Table A.4 — Data Type values

Values (bits) .
Component sample precision
MSB LSB
x0009000 Component bit depth = value + 1. From 1 bit deep to 38 bits
0 deep respectively (counting the sign bit, if appropriate).
%010 0101
0XXX XXXX Components are unsigned values.
1XXX XXXX Components are signed values.
11111111 Components vary in bit depth.
All other values reserved for ISO/IEC use.

© ISO/IEC 2024 - All rights reserved
14


https://standardsiso.com/api/?name=61f3e015270418665e553e20479f0a5e

ISO/IEC 21794-5:2024(en)

Table A.5 — BPC values

Values (bits)

Component sample precision

MSB LSB

00xx0000 8-bit datatype values
00xx0001 16-bit datatype values
00xx0010 32-bit datatype values
00xx0011 64-bit datatype values
000000xx Signed integer datatype values
000100xx ]]ncighnr] im-agm- r]')fafypn values
001000xx Floating-point datatype values
001100xx Packed binary datatype values

All other values reserved for ISO/IEC use.
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Annex B
(normative)

JPEG Pleno Holography codestream syntax

B.1 General

This se

These markers and marker segments provide codestream information for this document,Fkurth
subclayise provides a marker and marker segment syntax that is designed to be used in future specifi
that in¢lude this document as a normative reference.

This dd

B.2 Markers, marker segments, and headers

This dgcument uses markers and marker segments to delimit and signal the characteristics of the
image pnd codestream. This set of markers and marker segments is-the minimal information neg

achievg

The m3
of the ¢

Every marker is 4 bytes long, using the “OxFFFFFFXX” pattern, where the last marker byte, “XX,” defi

type of

A marK
a mark
the ma

The pr
encode
(JPEG 4

the features of this document and is not a file format.
odestream.

marker segment and can have any value in the'range 0x01 to OxFE.

er segment includes a marker and associated parameters, called marker segment parameters
er segment that is not specified in the'document appears in a codestream, the decoder shall
ker segment.

bposed codec does not put any direct restrictions on the payload byte structure of the arit

Read OxXFE Read OxFF Read OxFF Read 0x00

ction specifies the marker and marker segment syntax and semantics defined by thiscdoqument.
er, this
cations

cument does not include a definition of conformance. The parameter values of the syntax degcribed
in this pnnex are not intended to portray the capabilities required to be compliant.

source

rded to

in header is a collection of markers and marker segments. The main header is found at the beginning

nes the

. When

liscard

hmetic

. This maximizes flexibility.and reduces average file sizes compared to, for example, ISO/IEC 15444-1
000), which forbids the signalling of 0xFF bytes, thereby reducing average compression efficigncy.

A Ignore last
\ 0x00 byte
Read
Else Else Else Else W_FD/

Figure B.1 — Marker segment manipulation.

Rarely, sequences of 3 or more subsequent 0xFF bytes may be signalled in the payload. To avoid the signalling
of spurious marker segments, an “escape sequence system” is introduced, as shown in the state machine
diagram illustrated in Figure B.1. To achieve this, the marker bytes 0x00 and 0xFF are reserved, and may
not be used as part of the 4-byte marker segment code.

Whenever 3 consecutive 0xFF bytes are encountered in the payload, the state machine will check for
escape bytes (state “23 #FF” in the diagram above). Any extra 0xFF bytes will be decoded as payload while
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remaining in that same state. If the escape byte 0x00 is encountered, that 0x00 byte is skipped and will not
be considered part of the payload; the state machine then resets to its initial state “0 #FF”. If, however, any
other byte in the range 0x01-0xFE is encountered after at least 3 subsequent 0xFF bytes, the pattern will be
recognized as a 4-byte marker segment code.

Aside from avoiding spurious marker code signalling, it also allows for the efficient signalling of long 0xFF
sequences without additional coding cost, not requiring an extra 0x00 byte after every three 0xFF bytes.

Each marker segment is described in terms of its function, usage, and length. The function describes the
information contained in the marker segment. The usage describes this marker segment's logical location
and frequency in the codestream. The length describes which parameters determine the length of the
markev cngmnhf

The m}rker segments are designated by the three-letter code of the marker associated with-the marker
segmeit. The parameter symbols have capital letter designations followed by the marker's symbol inf lower-
case lefters. The remaining clauses in this annex describe the structure and meaning of each‘paranjeter in
every tharker segment.

Every I‘larker segment begins with a 32-bit marker code represented with the symbel MAR. Some marker
segmeits have an adaptive size, given by a size of the length parameter SLmayp-(Téable B.1), followed by a
“lengtl of marker segment” parameter. These are detailed in Table B.2. This SLfmar marker is not marjdatory
for evefy marker segment; only HOC, TPM, and CPM require SLmar.

After the list is a table that either describes the allowed parameter values or references other tables that
describle these values. Tables for individual parameters are provided(to describe any parameter without a
simplenumerical value. In some cases, these parameters are describéd by a bit value in a bit field. In thfis case,

an "x" Is used to denote bits that are not included in the specification of the parameter or sub-paranjeter in
the corresponding row of the table.

Table B.1 — Size parameters for the SLmar

Value (bits
( ) Parameter size

MSB LSB
xxxx xx00 Length parameter is 16 bits.
xxxx xx01 Length parameter is 32 bits.
xxxX xx10 Length parameter is 64 bits.

All other values are reserved

Taple B.2 — Adaptive size-parameters (SLL); “xxx” placeholder is marker segment dependent

Field name Size (bit) Value Details

SLxxx 8 0,12 size of Lxxx parameter

Lxxx 16/32/64 0 - 27 (2" (4+SLxxx)) length of marker segment in bytes (ndt in-
cluding the marker)

B.3 Il)efined marker segments

Table B.3 lists the markers specified in this document.

© ISO/IEC 2024 - All rights reserved
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Table B.3 — List of defined marker segments

Symbol Code Main Header Tile Header Code-block Header
Start of codestream SocC 0xFFFFFFBO Required Not allowed
Hologram Configura- HOC OxFFFFFFB1 Required Not allowed
tion
Coding style default CcoD OxFFFFFFB2 Required Not allowed
Coding style compo- coc O0xFFFFFFB3 Optional Optional
nent
Quantization style QCD 0xFFFFFFB4 Required Not allowed
default
Quantigation style QccC O0xFFFFFFB5 Optional Optional
compofent
Tile pojnter TPM 0xFFFFFFB6 Optional
Code-bjock pointer CPM O0xFFFFFFB7 Optional
Start of tile SOT O0xFFFFFFB8 Required
Start of tile channel STC 0xFFFFFFB9 Required
Start of code block SOB 0xFFFFFFBA Required
End of fodestream EOC 0xFFFFFFBB Required
B.4 (onstruction of codestream

In Figulre B.2, the order of the different marker segments in the €gdéestream is shown. Blocks with a sqlid line

are req
be sign
and QQ
where

apply, 2

uired, while dashed-line segments are optional. The signalling logic is as follows: COD and Q(D shall
alled in the global header. The values will be used for‘all tiles and all channels unless overwritten. COC
C may be used to update specific channels. Thewpdates will only apply within the tile and channels
the COC and QCC are signalled. The COD, COE, QCD, and QCC settings of the global header [always
tleast to the first tile. That is, for the first tile;'"no QCCs may be signalled.
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soT |— .
STC
QCD
| qcc |
| TPM | | CPM !

L

Bitstream of

Codeblock 0 of
Tile 0 Channel 0

Bitstream of

Codeblock N of
Tile 0 Channel 0

Bitstream of
Codeblock 0 of
Tile 0 Channel 1

Bitstream of
Codeblock N-
Tile 0 Chan@

SOT

Bitstream of

Codeblock 0
T-1 Cha
' \

&
<5

| §<20

Bitstream of
Codeblock N-1 of Tile
T-1 Channel 0

Figlﬁﬁ\’s — Codestream structure

B.5 Delimiting marker

B.5.1

The dglimiting mar
documpnt. Each
block. kach 4

with n¢ expli

B.5.2

&1

Sf;‘t of codestream (SOC)

General

P

o}
o

marker segments

| Qcc
i P
| 508 |

Bitstream of

Codeblock 0 of Tile T+

Channel NC-1

Bitstream of Codeblod

N-1 of Tile T-1
Channel NC-1

EOC

nd marker segments shall be present in all codestreams conforming
eam has only one SOC marker and one EOC marker and contains at least
has a SOB marker. The SOC, SOB, and EOC are delimiting markers, not marker seg
gth information or other parameters.

to this
one 4D
ments,

This marker indicates the start of the codestream. Table B.4 provides the syntax for the Start of Codestream

(SOC) marker.

Table B.4 — Start of codestream (SOC) parameter values

Field name

Size (bit)

Value

Details

MAR

32

O0xFFFFFFBO

marker code
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B.5.3 Hologram configuration

This marker signals the hologram’s parameters and properties. Table B.5 provides an overview of the fields
in the Hologram configuration (HOC) marker syntax.

Table B.5 — Hologram configuration (HOC) parameter values

Field name |[Size (bit) |Value Details
MAR 32 0xFFFFFFB1 marker code
Adaptive size parameters (SLL) — Table B.2 — SLhoc, Lhoc
Xhoc 32 1 t\.l 227 1 hUlUsl aIrrrvv ;dth
Yhoc 32 1 to 232-1 hologram height
NC 16 1to 16384 number of (colour components)
0-2 signalling mode: (0 = default) nothing, (1) nontsquare
SMhoc 8 pixel pitch, (2) pixel pitch per,chiannel
hologram type: real-valued (0), complex{valued
0-3 in Cartesian coordinatés [(i.e. real-imagindry) (1),
phase-only (2), complex-valued in polar coordinates
Thoc 8 (i.e. amplitude-phase) (3)
8-bit bitmask pattern, defined as |Datatype: TT = 00: signed integer / 01: unpsigned
00TTOOGG integer / 10:floating-point / 11: packed binfary, GG
DThoc 8 (See Table A.4 for more details) |= size exponent = 23 +GG
(-
See Table B.19 of ISO/IEC 21794- |précision (depth) in bits and sign of the ith fompo-
Shocl 8 2:2021 nent samples
Whoc! 32 float wavelength (in m)
XPhoc! 32 float [ifi = 0 || bit #3 of SMha] pixel pitch x-dimension (in m)
YPhoci 32 float [optional: bit #2 of SMhoc] |pixel pitch y-dimension (in m)
)
B.5.4 [ Coding style default
This mprker signals the generic configuration of the coding modes for all components. Table B.7 provjides an
overvi¢w of the fields in the syntax forthe Coding style default (COD) marker.
Table)B.6 — Coding style parameter (CO) sub-table
Field name |Size (bit)  (Value Details
XTcod 8 0-15 (uint) [optional] transform block width exponent value
YTcod 8 0-15 (uint) [optional] transform block height exponent value
XCBcoq 8 0-15 (uint) codeblock dimension X exponent value
YCBcogd 8 0-15 (uint) codeblock dimension Y exponent value
0-15 (uint) codeblock dimension U exponent value
UCBcod 8 [optional: if 4D transform output]
0-15 (uint) codeblock dimension V exponent value
VCBod 8 [optional: if 4D transform output]
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Table B.7 — Coding style default (COD) parameter values

Field name |Size (bit) |Value Details
MAR 32 0xFFFFFFFB2 marker code
length of marker segment in bytes (not including
Lcod 16 Max. 65535 the marker)
coding mode: (0=default) lossless binary, (1) lossy
floating-point. The lossy/lossless attribute only re-
fers to the transform, independently of the chosen
Ccod 8 quantizer.
propagation mode: (0=defanlt) no transform, (1)
Angular spectrum method, (2) Convolutional Fresnel
0-5 transform, (3) Fourier-type Fresnel transfogrm, (4)
Fourier-domain Fresnel transform, (5)-Fraynhofer
Pcod 8 transform.
PDcod 32 float [optional: Pcod > 0] propagation distance (in m)
transform mode (0=default).no transform, (1) Short-
Tcod 8 time Fourier transform (STFT)
Coding style parameters (CO) - Table B.6
B.5.5 [ Coding style component

This miarker allows to signal for each component separately a different coding configuration than the one
defined in the COD marker segment. Table B.8 provides an overviewof the fields in the syntax for the|Coding
style component (COC) marker.

Table B.8 — Coding style component(COC) parameter values

Field name |Size (bit) |Value Details
MAR 32 O0xFFFFFFB3 marker code
length of marker segment in bytes (not intluding

Lcod 16 Max. 65585 the marker)

0 t0.06383 The index of the component to which this marker seg-
Ccoc 16 mentrelates. The components are indexed 0, 1, 2, etc.

Coding style parameters (CO) - Table B.6

B.5.6 [ Quantization style default

This mjarker signals the generic configuration of the quantization modes for all components. Table B.10
provides an overview of thie fields in the syntax for the Quantization style default (QCD) marker. Defails on

the qugntization block (QB) organization and processing can be found in Annex E.2.4.

Table B.9 — Quantization style parameter (QC) sub-table

Field fame \([Size (bit) |Value Details

MSVqcd 32 float [if mode = 1] Maximum saturation value for quantizer
BDqcd 8 uint [if mode = 1] Maximum bit depth of quantizer

XQBqcd ... 4x 0-15 uint for x,y,u,v 4D QB dimension exponent values
VQBqcd 4x 8 [if mode = 2]

QBbdmax 8 uint [if mode = 2] Maximal bit depth of coefficients (global)
(e
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Table B.9 (continued)
Field name |[Size (bit) |Value Details
QBDqcd! 8 Bit depth of Xmax
; uint [if mode=1 & :
QBMIchdl. 32 bit #i of QBTqcd] Xmid value
QBMAXqcd! 32 Xmax value
)
CTXTRqcd 8 uint [if mode = 3] Context row count
(-
Uint [if mode =3 & Context shape coordinates (uint8 % uint8y)
CTXTD[qcd! 16 i < CTXTRqcd]
)
Table B.10 — Quantization style default (QCD) parameter values
Field name |Size (bit) |Value Details
MAR 32 0xFFFFFFB4 marker code
length of marker ségment in bytes (not in¢luding
Lgcd 16 Max. 65535 the marker)
0 Entropy Codifrfg)Mode (0 = Fixed-point Arithmetic
ECqcd 8 Coder)
GeneralQuantization Mode (0 = None, 1 = Saturated
0-3 Unifotm Quantizer, 2 = Double-Adaptive quantizer,
Mqcd 8 3 ="Binary Quantizer)
Quantization style parameters\(QC) - Table B.9
B.5.7 [Quantization style component

This njarker signals the configuration of the quatitization mode for a specific component i. Tablle B.11

provides an overview of the fields in the syntax-for the Quantization style component (QCC) marker.

Table B.11 — Quantization style component (QCC) parameter values

Field fame |[Size (bit) |Value Details
MAR 32 0xFFFFFFB5 marker code
length of marker segment in bytes (not in¢luding

Lgcd 16 Max. 65535 the marker)

0to 16383 The index of the component to which this marker seg-
Cqcc 16 mentrelates. The components are indexed 0, 1, 2, etc.

Quantization style parameters (QC) - Table B.9

B.5.8 | Tile pointer

This mlarker signals the tile pointer table, allowing for efficient codestream parsing and, hence, jandom

TSR]
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Table B.12 — Tile pointer (TPM) parameter values

Field name |Size (bit) |Value Details
MAR 32 O0xFFFFFFB6 marker code
Adaptive size parameters (SLL) - Table B.2 - SLtpm, Ltpm
SPtpm 8 0,1 size of Ptpm parameter
(e
‘ 1 to 2321 1 to 264-1 pointer to codestream of Tile i, relative offset in by tes
Ptpm! 32, 64 ’ from the start of the codestream.
)

B.5.9 | Code-block pointer

This marker signals the code block pointer table, allowing for efficient codestream parsing and;hence, tandom
access.|Table B.13 provides an overview of the fields in the syntax for the Code-block pointer (CPM) marker.

Table B.13 — Code-block pointer (CPM) parameter valués

Field fame |[Size (bit) |Value Details
MAR 32 O0xFFFFFFB7 marker code
Adaptive size parameters (SLL) - Table B.2 - SLtpm, Ltpm
SPcpm 8 0,1 size of Pcpfi) parameter
(.
|| e | oztiiwassa [ codetream ofcadsbiock) i offset
)

B.5.1(Q Start of tile

This mprker signals the start of a new tile. Table B.14 provides an overview of the fields in the syntaxfor the

Start of tile (SOT) marker.

Table B.14'— Start of tile (SOT) parameter values

Field fame |[Size (bit) |Value Details
MAR 16 0xFFFFFFB8 marker code

length of marker segment in bytes (not ingluding
Lsot 16 Max. 65535 the marker)

0-65535 Tile index. This number refers to the tiles if raster

Nsot 16 scan order starting at the number 0.

Length, in bytes, from the beginning of the first

byte of this SOT marker segment to the engd of the
TLsot 32 data of this tile Nsot.

B 5 11 C¥art ofiila clhanl
L] L] JULAI UL UL LIIU LiiIAdiiiivia

This marker signals the start of a new tile channel. Table B.15 provides an overview of the fields in the syntax
for the Start of tile channel (STC) marker.
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Table B.15 — Start of tile channel (STC) parameter values

Field name |Size (bit) |Value Details
MAR 16 O0xFFFFFFB9 marker code
length of marker segment in bytes (not including
Lstc 16 Max. 65535 the marker)
Tile channel index. This number refers to the tile
0-65535 channel number corresponding to the wavelength
Nstc 16 vector starting at the number 0.

B.5.12 Start of code block

This mprker signals the start of a new code block. Table B.16 provides an overview of the fields jd the[syntax
for the|Start of code block (SOB) marker.

Table B.16 — Start of code block (SOB) parameter values

Field fame |[Size (bit) |Value Details
MAR 32 O0xFFFFFFB9 marker code
length of marker segment in bytes (not ingluding
Lsob 16 Max. 65535 the marker)
0-65535 Codeblock index. This number refers to thle code-
Nsob 16 blocks in(raster order starting at the numbler 0.
Length, in bytes, from the beginning of the first
byte'of this SOB marker segment to the enfl of the
TLsob 32 data of this code block.

B.5.13 End of codestream

This miarker signals the end of the codestream. Tahle*B.17 provides an overview of the fields in the[syntax
for the|End of codestream (EOC) marker.

Table B.17 — End of-codestream (EOC) parameter values

Field fame |[Size (bit) |Value Details
MAR 32 OxFFFFFFBA marker code
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Annex C
(normative)

Non-binary lossy coding

C.1 Encoding

hologram
Subdivide into tiles
tile 0 tile NT -1
A 4 A 4
Propagate Propagate
tilep 0 tilep NT -1
N
Transform Transform
TBO TBNT-1
A y
Subdivide into CB Subdivide into CB
CBO ¢ CB1 ¢ CBNCB-1 CBO ¢ CB1 ¢ CBNCB-1
Subdivide into QB Subdivide into QB
QBO QBNQ-1 QBO QBNQ-1
A 4 A\ 4 T b X A 4 A 4
Quant. Quant. [« oL b, RDPO Quant. Quant. [« RDO
QBP0 QBPNQ-1 QBP0 QBPNQ-1
A\ 4 A\ 4 A4 A 4
Join QB into CB Join QB into CB
CBO CB'NCB- 1 CBO CBNCB-1
: 3 , |
FPAE FPAE FPAE FPAE
CBPOl lCBPNCB-l CBPOl lCBPNCB-l

Figure C.1 — verview of the encoder data flow

ction summarizes thn diffnrnnf nnrnding ctnpc anr] the r‘nrrncpnnr‘ing data fln"/\'r’ "A'rhncn arr‘hi

This sectionsummarizesthe different encoding stepsand the correspondin
is illustrated in Figure C.1. The components will be detailed further in subsequent annexes.
Xhoc

—‘ o [ Yhoc
XThoc YThoc
independently. More details can be found in Annex E. The encoding of a tile comprises the following steps -
propagation, transformation, quantization, and entropy coding, which shall be performed in the mentioned
order and will be detailed in the subsections below. At the end of the encoding process, NCB encoded code
blocks are obtained per tile. The final codestream representing the hologram's encoded output shall
comprise one or more of these code blocks. The main encoding procedure is given in Table C.1.

ecture

First, the hologram is divided into NT tiles, where NT =[ —‘ and where each tile is encoded
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Table C.1 — Main encoding procedure for lossy non-binary holograms

Procedure Encoding (hologram) {

See also Tables C.2, C.3 and ].1.

tiles = subdivide hologram(hologram) ; Subdivide hologram into tile
for (tile : tiles){ Loop over tiles present in hologram
tilep = propagate(tile); Propagate tile
for (wb : tilep) { Loop over propagated tile with a series
of windows, returning WB
tb_slice = transform(wb); Do transform per WB (e.g. 2D-DFT), re-
turning a spatial slice of the 4D TB
th.append (tb_slice); ...and append to the 4D TB

rdo |data = RDO (tb) ; Perform RDO for each tile
for |(cb : tb){ Loop over all CB in the'TB
fdr (gb : cb) { Loop over all QB inCB
{qt, b, X} = rdo_data.next(); Get corresponding RDO QB data
gbp = Quantization(gb, qt, b, X); Quantize QB/into QBP
}
chp = FPAE (cb); Entropy coding on CB
cqdestream.append (cbp) ; Append CBP to codestream
}
}
C.1.1 |Propagation
Every tile can be propagated over space with numertical diffraction operators for potentially improved
compre¢ssibility and to convert the data to a comimon complex-valued wavefield representation. This
functignality is detailed in Annex F on light propagation models.
C.1.2 |Short-Time Fourier transform
Every propagated tile is subsequently processed with the Short-time Fourier transform to obtain a 4D array
of coefficients called a "transform block” (TB). This is achieved by iterating over the propagated tilg with a
series ¢f 2D windows returning eentiguous subsets of its coefficients, called “window block” (WB). For the
rectangular window STFT, the propagated tile is partitioned into non-overlapping WB, each transformed
with tHe 2D-DFT, which aresthen all combined together into a single TB. Details and definitions are given in
Annex [G on the Short-timé-Fourier transform.
C.1.3 |Rate-Distoxstion Optimization
After gqrganizing)the transform data from the tile into NQB QBs, the RDO module shall determfne the
following for each QB:
— Th£ bit depth b to be used by the MRQ for the QB coefficients

— The quantization range X and then used by the MRQ for the QB coefficients

Additionally, it shall determine QT containing the auxiliary parameters Qoff[b],q[b] and Q[b] to be used by
the MRQ for quantizing the range for all bit depths be {0, ..., BDgcd}. An informative discussion on how the
RDO may be done is given in Annex |, where the L2 distortion is used for optimization.
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C.1.4 Quantization

The quantization procedure discussed in Annex H utilizes the information provided by the RDO module
to quantize the information in some QB to a quantization block payload (QBP). The QBP consists of the
following information

— Bitdepth b used by the MRQ for the QB coefficients
— Quantized range Xint used by the MRQ for QB coefficients

— Quantized QB coefficients QBint obtained from the MRQ

The QBP corresponding to an exemplary QB 1s visualized 1n Figure C.Z.

b Xint QBint
\ A A 1
Y Y Y
log, BDqcd bits q[b] bits 2b - SQ bifs

The bits expressed at the bottom are the contribution of each componentto the payload prior to thelappli-
cation of entropy coding

Figure C.2 — Visualization of the QBP payload

The QHPs will then be entropy coded, as discussed in the next section. The subroutine used for quantization
at the gncoder is given in Table C.2.

Table C.2 — Quantization procedure for encoding the QBPs belonging to a tile

Procedqure Quantization (gb, gqt, b ,X){d See Tables H.1 and H.2
gbp b = b; Add bit depth to QB payload
gbp |Xint = MRQ (X-gt.Qoff[b],dE.dlb],qt.Q[b]); Add quantized QB range to QB payload
Xhatl = MRDQ (gbp.Xint, gt,o\bl, gt.Q[b]) +
aff.Qoff[b];
gbp Jgbint = MRQ (gb, bgXhat) ; Add quantized QB STFT coefficjents to
QB payload
retyrn gbp;
}

C.1.5 |Entrepy encoding

The datafrom the NOB QBPs belonging to the tile is organized into NCB CBPs. Each CBP will be independently
encoded by fixed point arithmetic encoding (FPAE). Entropy coding is achieved using the adaptive fixed-
point arithmetic coding module detailed in Annex I. For the purpose of entropy coding, as discussed in
Annex C, the NQB QBPs belonging to the tile are organized into NCB code blocks (CB). where NCB =
XThocx YThocx 2~ XCBeod-YCBcod-UCBcod-VCBeod Each CB is an organization of
2(XCBcod—XQchd)+(YCBcod—YQchd)+(UCBcod—UQchd)+(VCBc0d—VQchd)

neighbouring QBPs and can be entropy
encoded and decoded independently.

Adaptive fixed point arithmetic coding is applied on all three QB components (bit depth, range and
coefficients) belonging to the QBP in the code block. Inputs to the arithmetic encoder and decoder are
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expressed in terms of a cumulative count vector (see Annex ]J) corresponding to the probability distribution

of all possible alphabets of the currently encoded/decoded symbol.

Each component in the QBP shall be assigned a context structure as given below, where the occurrence of
some symbol belonging to the component is assigned to some context in the structure, with each context
having its own independent cumulative count vector. After encoding/decoding the symbol, the cumulative
counts of the encountered context is updated with the alphabet of the symbol. In particular

— CCbd|kbd] ,where kbd e {0,1,. ..(BDqcd + 1)4 —1}, stores the context information of QBP bit depth

— CCX[kX], where kX € {1,...BDqcd}, stores the context information of QBP range

—  COcf [kef ], where kef € {1,...BDgcd}, stores the context information of QBP coefficients

kX and kcf are obtained simply as the current QBP bit depth. kbd is the 4-tuple representingthe 4 QBP bit

depth meighbours belonging to the same TB shown in Figure C.3
fx

Key

1  prgviously decoded QB bit depth not used for:context
2 prgviously decoded QB bit depth used for context

3 cugrent QB bit depth being encoded

4  QB|bit depths not yet encoded

Higure C.3 — Determination of context kbd (indicated by the 4-tuple in grey region) from
previously encoded/decoded QB bit depths belonging to the same TB

The m3in routine used/for entropy coding at the encoder is given in Table C.3. The cumulative counfs used
for coding the QBrcomponent symbols are all initialized, as shown in Table C.4. The symbols are epcoded

using Tlable C.5:

Table C.3 — FPAE Procedure used for entropy encoding a code block

Procedure FPAE (cb) {

See also Tables C.4, C.5,1.1 and [.4.

AE = InitializeArithmeticEncoder () ;

Initialize arithmetic encoder for the
code block.

CCCB = InitializeCountsCB();

for (gbp : cbp) {

Loop over QBs belonging to code block

k = cbp.FetchBitdepthContext (gbp) ;

Fetch bit depth pattern of current QB
from neighbouring QBs as shown in

Fig. C.3

EncodeSymbolNB (gbp.b, CCCB.CCbd[k], AE);

Encode current QB bit depth
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Table C.3 (continued)

EncodeSymbolNB (gbp.Xint, CCB.CCX[gbp.bl, AE);

Encode current QB range

for (s : gbp.gbint) {

Loop over STFT coefficients belonging
to QBP

EncodeSymbolNB (s, CCCB.CCcf[gbp.b], AE);

Encode STFT coefficient

}

}

AE.DoneArithmeticEncoding () ;

Terminate arithmetic encoding for
code block.

returr

Al .bitstream;

}

Table C.4 — Procedure used for initializing histogram counts for a code block

Procedure InitializeCountsCB () {

See also Table18.

for (§ = 0;

k < pow(BDgcd+1,4); k++){

Loop over all possible neighbour bit
depth pdtterns for QBP bit depth

CCCH.CCbd[k] = InitializeCounts (BDgcd+1) ;

Initialize’cumulative counts for encoding
QBP bit depth.

for

( = 1; k <= BDgcd; k++) {

Loop over all non-zero bit depths

CCCH.CCX[k] =
InitializeCounts(l << QT.qglk]);

Initialize cumulative counts for encoding
QB range.

CCCH.CCcf[k] = InitializeCounts(l << k);

Initialize cumulative counts for encoding
QB STFT coefficients.

}

returr

CCCB;

}

Table C.5 — Procedure used for encoding non-binary symbol

Procedure EncodeSymbolNB (s,CC,AE) {

See also Tables .3 and 1.9

AE.HncodeSymbol (s,CC) ;

Encodes symbol with probabiliti¢s for its
alphabet dictated by cumulativle count

CC.UpdateSymbol (s) ;

Updates cumulative count withsymbol
occurrence
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C.2 Decoding

encoded bitstream for tile 0 encoded bitstream for tile NT - 1
FPAD FPAD FPAD FPAD
CBP 0 leep1 -~ |cBPNCB-1 CBP 0 [eep1 - cBpNcB-1
Subdivide into QB Subdivide into QB
QBP O QBPNQ-1 QBP0 QBP NQ-1
Dequant. Dequant. Dequant. Dequant.
QBO QBNQ-1 QBO QBNQ-1
Join QB into CB Join QBinto CB
CBO l CBNCB-1 CBO l CBNCB-1
Join CB into TB Join CB into TB
TB 0 TBNT-1
Inverse transform Inverse transform
tilep 0 tilep NT -1
Depropagate Depropagate
tile 0 tile NT -1
Join tiles into hologram
hologram
Figure C.4 —Qverview of decoding for non-binary holograms when all code blocks are available
The dgcodert operates on one or more code blocks independently, where each code block reprefents a
contiguous 4D hyperrectangle of the transform coefficients belonging to a code block, as discugsed in

Annex E. An overview of the decoding procedure is given in Figure C.4 illustrates the decoding procedure.
Codeblocks are independently decodable, enabling random access.

During decoding, the steps to be performed are essentially the inverses of the encoding steps described in
Annex section C.1 performed in reverse order. Table C.6 describes the main decoding procedure for non-
binary holograms.
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Table C.6 — Main decoding procedure for lossy non-binary holograms

Procedure Decoding (Codestream) { See also Tables C.7 and C.9.
for (tilestream : Codestream) { For every tile codestream segment
tb = {}; tilep = {}; Empty initializations
for (cbstream : tilestream) { Loop over every code-block stream data
cbp = FPAD(cbstream); Do entropy decoding, ...
cbcoeffs = Dequantization (cbp); ... dequantize to transform coefficients ....

tb.append (cbcoeffs) ;

...and append to the transformed tile.

}

for [(tb_slice : tb) ({ Loop over every TB slice
wh = inverse_transform(tbp); Inverse transform (e.g. 2D-IDFP) ...
tillep.append (wb) ; ...and append to the propagated tileg,.
}
tilq = inverse propagate (tilep); Inverse tile propagation
decqded hologram.append(tile); Append tile tothe’decoded hologram
C.2.1 |Entropy decoding

Entroply decoding is to be applied on the arithmetic encoded bitstream.belonging to the CB. This prd

will ref
Table (
-QBb
cumula

urn the QBPs (quantization-block payload) corresponding to the QBs contained in the code b
.7. As discussed in Annex section C.1.3, the QBP consists of-the following integer-valued comp
t depth, quantized QB range, and the quantized QB coefficients. The QBP components are af
tive count vectors CCbd, CCX and CCcf respectivelywhich are initialized and updated in

cedure
ock, cf.
onents
signed
exactly

the sarhe way as the encoder discussed in Annex C.1.4, so that the same cumulative count that wasc;Lsed by
the fix¢d-point arithmetic encoder for any given symbelwill be used by the fixed-point arithmetic decoder.
Thus, the order of processing of the QBPs within the GB“and the transform coefficients within the QBP shall
be the $ame for the entropy encoder and entropy decoder.
The mdin routine used for entropy decoding is@iven in Table C.7, while Table C.8 contains the subroutine for
decodihg a QB component symbol.
Table C.7 — Procedure used for entropy decoding a code block
Procedure FPAD (cb) { See also Tables C.4, C.8 and L.5.
AD = InitializeArithmeticDecbder (cb.bitstream); Initialize arithmetic decoder |for the
code block.
CCCB g InitializeCounts€B() ;
for (dbp : cbp) Loop over QBPs belonging to code block
k = |cbp.FetchBitdepthContext (qbp) ; Fetch bit depth context of curfent QB
from previously decoded QBs
gbp {b = BetodeSymbolNB (CCB.CCbd[k],AD) ; Decode bit depth of current QH
if (ch.4qt.glgbp.b]l == 0){ If QB range bit depth is zero
gbp-XInt = NULL;
}
else{ Decode QB range for non-zero bit depths
gbp.Xint = DecodeSymbolNB (CCX[gbp.b]l,AD);
}
for (s : gbp.gbint) { Loop over STFT coefficients belonging
to QB
if (gbp.b == 0){
gbp.gbint.append (NULL) ;
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Table C.7 (continued)

}

else{

gbp.gbint.append (
DecodeSymbolNB (CCcf[gbp.b],AD)) ;

}

}

}

return CBP;

}

Table C.8 — Procedure used for decoding non-binary symbol

Procedqure DecodeSymbolNB (CC,AD) { See also Tables Ic6and 1.9

s = Al}).DecodeSymbol (CC) ; Decodes symbol

CC.UpdateSymbol (s) ; Updates eumulative count with symbol
occurgénee

returrn s;

}

C.2.2 |Dequantization

After obtaining the QBPs associated with the code-block dequantization are applied as shown by Tqble C.9
for a sipgular codebook.
Table C.9 — Dequantization procedure
Procedure Dequantization (CBP) { See also Table H.2.
cbcqeffs = {};
for | (gbp : cbp) { Loop over all QBPs in CBP
b|= gbp.b; Obtain bit depth of QBP
XHat = MRDQ (gbp.Xint,cbp.qgt.qg[b], Obtain quantization range of QBP
cbp.gt.Q[b]) + cbp.gt.QaffVb];
ggdot = MRDQ (gbp.gbint,~%,/ Xhat) ; Obtained dequantized QB STFT co-
efficients
clcoeffs.append (gbdety ; Append QB coefficients to dec¢ded CB
}
returr cbcoeffs;
}
C.2.3 |Inverse short-time Fourier transform
The TBTamcomptetely betevertedto the origimat tite coefficients using inverse DFfstocompute theinverse

Short-time Fourier transform. Definitions are also given in Annex G.

C.2.4 Depropagation

Every tile can be propagated back with numerical diffraction operators, undoing the propagation operator.
Propagation is a highly symmetrical operator, as detailed further in Annex F on light propagation models.
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Annex D
(normative)

Binary lossless coding

D.1 General

Binary|holograms exhibit significant local spatial correlations that can be leveraged for compressipn. The
underlying coding mechanism assumes a quasi-stationary process for describing the correlation’ between
neighbpuring pixels. It relies on the principle that when the hologram is viewed at an apprepriately|chosen
spatial|scale, the hologram behaves approximately in a stationary manner.

For cagturing the spatial correlation, the coding mechanism utilizes a Markov model,;similar to the one used
in ISO/IEC 11544 [1] and 14492 [2] for bilevel image coding, where the probability|state of the pixgl being
coded |s determined from the value and relative positions of neighbouring pixels that belong to al causal
templafe. Although plain Markov models permit describing all classes of finité.state models for stafionary
signals| they also require a large number of prior observations to obtaifi reliable probability estimates,
especiglly when the model size gets larger.

The coding mechanism utilizes a tree-based model comprising several Markov models of different sizes,
starting from a depth 1 up to a depth DepBC . Out of all available fmodels, a single model will be used fo code
the given current pixel. In the beginning, smaller models are pteferred, and larger models are selected as
more of the hologram gets processed. The construction of these models is uniquely described by an dqrdered

list OIderz{pl,..,pDech} of size DepBC, containinggthe relative positions of the most corfrelated

neighbpuring pixels, given in decreasing order of theirpredictive power. The Markov model of depth d is
then cqnstructed from the first d neighbouring pixels in Order , and represented using a cumulativge count

structyre CCD[d].CC[kd] , where de{1,.,DepBC} and kde{O,..,Zd —1} . Here, the context kd repfesents

any of the possible unique d -pixel neighbeurhoods, consisting of a binary pattern. The cumulative|counts
CC[kd] keep track of the number of 0 and.Loccurrences of a pixel for a given context kd encounterel so far

in the gncoding/decoding process for the’current tile.

The cumulative counts are initialized with an occurrence of 1 for both alphabets, for all contexts and model
depths| After determining the best model depth dop to be used, the current pixel is encoded/decodef using

binary prithmetic coding withythe cumulative counts corresponding to the encountered context in CCP[dop].

For any given pixel, thedetermination of the model depth with the best coding efficiency dop is dong¢ based

on explected rate comparisons. The expected rate is calculated using the available observations| in the
cumuldtive countsyassuming no a priori information about the hologram. The search procedure stprts by
comparing thecoding performance of the context model at the largest depth of the tree with thaf of the
depth level just above (its parent). If the coding performance of that parent is better, it will now recyrsively
be comlpared in turn with its parent; this search procedure is terminated once a node with a better|{coding
perfo?lmnce than its parent is encountered or when it reaches the top of the tree, that is, the smallest
possible depth of 1. When comparing and evaluating the coding efficiency of a parent node, both of its
children are utilized, irrespective of which child context has been currently encountered.
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D.2 Encoding

hologram

Subdivide

order 0 order NT -1
o BAE .- BAE —

CBO CB NT-1

Figure D.1 — Overview of encoding for binary holograms

Inbinalylossless encoding, the binary hologramis subdivided into NT tiles, where NTz[ Xhoc —‘x[ rhoc —‘
XThoc YThoc

. Each tile is encoded independently utilizing binary arithmeti¢.coding as shown in Figure D.1. Each tile
requirgs as additional input the order vector that describes.thé construction of the model tree digcussed
previofisly for the tile. Each tile corresponds exactly to onecodeblock in this case.

The mgin encoding procedure is detailed in Table D.1. The'tree-based Markov model is initialized as|shown
in Table D.3, and updated using Table D.4. The coding efficiency comparisons between the different|depths
of the free is to be conducted as given in Table D.2, where uB is the binary entropy function given by

Hp(x)=-xlog, x—(1-x)log,(1-x) for 02x<1

Table D.1-— Entropy encoding of a binary tile

Procedure BAE (tile) { See also Tables D.2,D.3,D.4, .1, 1.3
and [.4
AE = InitializeArithmeti€Encoder () ; Initialize arithmetic encodef for the
tile and code blocks
CCD =|InitializeCoptextsBinary(); Initialize the context coujnt tree
(see Table D.3)
for (dontext :. tile) { Fetch contexts of each tile pixel in
raster-scan order
for | (d=bepBC; d>=0; d--) { Determine best depth
sybeontext = truncate(context, d); Get d most significant positions of
binary pixel values from context
lc = CCD[d].CC[append_bit (subcontext, 0)]; Get left child context count for the
subcontext, with 0 added for the
next most significant pixel (d+1) ...
rc = CCD[d].CClappend bit (subcontext, 1)]; ...and analogously, right child con-
text count with 1 appended
if (check_delta_sign(lc, rc)) break; Check whether best depth is found
}
s = get current pixel();
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Table D.1 (continued)

AE.encode symbol (s,
CCD[d+1].CC[get (truncate (context, d+1))];

Encode symbol (current pixel) taking
into account the relevant context
counts.

CCD.update counts binary(context,s);

Update occurrence for all depths

}

AE.DoneEncoding () ;

codestream.append (AE.bitstreamn) ;

}

Table[D.2 — Comparing the coding efficiency of a parent node with its child nodes in the tree-based

adaptive context model

Procedqure check delta_sign(lc, rc)({

denom [= 1c[0] - rc[0] - 2; Intermediary denominator variable
delta |= HB((lc[1l] - rc[l] - 1)/denom) Compare coding efficiency of parent node
- mB(fc[11/1c[0]) * (rcl[l] - 1)/denom with respect to children nodes

- HB(4c[1l]/rc[0]) * (rc[0] - 1)/denom;

returr (delta > 0); Return whether children or parent arg better
}

Table D.3 — Initialize cumulative counts for\all depths in tree

Procedure InitializeContextsBinary () {

See also Table 1.8.

for |(d=1; d <=kDepBC; d++) {

Loop over all depths

fdr (c=0; c < (1<<d); c++){

Loop over all possible confexts in
depth

CCD[d] .CC[c]= InitializeCounts (2);

Initialize counts for binary ajphabet

}

returr CCD

}

Table D4 — Update cumulative counts for all depths in tree

Procedure CCD.update_counts_binary(context, s) {

See also Table 1.9.

for |(d=1; d <=kDepBC; d++) {

Loop over all depths

sybcontext =/MArvncate (context, d);

Fetch occurred context at depth d

CqD[d] .CClsubtontext]. UpdateCounts(s);

Update cumulative counts ofjcontext
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D.3 Decoding

The

shown
encodi

CBO

CB NT-1

order 0
—] BAD

BAD

order NT -1
<—

defoding starts from one or more codeblocks, which is then subject.to binary arithmetic decog
in Figure D.2 to recover the information in the corresponding tiles. The same model that was
g is to be used in an identical manner, and the main proceduife is given in Table D.5.

Combine

hologram

Figure D.2 — Overview of decoding for binary holograms

Table D.5 — Entropy decodingof a binary tile

ling, as
used in

Procedure BAD (cb) { Seealso Table D.2,D.3,D.4,1.9and L6.
AD = JnitializeArithmeticDecoder (cb.bitstream) ; Initialize arithmetic encoder for the
tile and code blocks
CCD = |InitializeContextsBinary () ; Initialize the context count{tree
for (qontext : tile) { Fetch contexts of each tile pixel in
raster-scan order
for | (d=DepBC; d>=0; d--) { Determine best depth
sybcontext = truncate(context; d); Get d most significant posifions of
binary pixel values from cqntext
1q = CCD[d].CC[append_bif (subcontext, 0)]; Get left child context count| for the
subcontext, with 0 added |for the
next most significant pixel [d+1) ...
rd = CCD[d].CCJappend bit (subcontext, 1)]; ...and analogously, right chjld con-
text count with 1 appended
ifl (check_delta sign(lc, rc)) break; Check whether best depth is found
}
s =|AD{decode symbol Decode symbol (current pixel)) taking
(CADTA+1] .CC[truncate (context, d+1)] into account the relevant ¢ontext

count.

CCD.update counts binary(context,s);

Update context counts with oc-

currence

tile.append(s) ;

Update tile with pixel

}

}
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Annex E
(normative)

Hologram tiling

E.1 Hologram parametrization

A digitpl hologram H is represented as one or more two-dimensional array(s) Hy Hy, ... . In thisrdequment,
x is thg symbol of the first hologram dimension. It enumerates the columns. y is the symbol.9f the [second
hologram dimension and enumerates the rows. One two-dimensional array H; is defined per;wavelepgth A,
The number of wavelengths is signalled in the codestream as NC. The size of each array H;is signglled as
[Xhoo Yhocl- Without loss of generality, a digital hologram may, therefore, be considered:asia non-empty set of
two-dimensional arrays, all with the same dimensions. This is illustrated in Figure E!1,

0 X Xho¢-1.
° ®
Oe
- H,
I
,//H1
Y
Yhoc-1 ¢
™
H

Figure'E.1 — Coordinate system and composition of a digital hologram H

Note For“the hologram and the transform blocks, code blocks, and quantization blocks, x and y are ysed for,
respectjvely, the horizontal and vertical spatial coordinates. Please observe that the spatial coordinate systens differ
for the holegram and the transform, code, and quantization blocks; hence, their x and y coordinate values are urrelated

rderedimde : Ve e i fssimpte i eferred.

U Cl OCPTIIUL vVdliu . OWEV O dSU O cdaudD V D OtdtI0 wWd D

E.2 Hologram segmentation

Each digital hologram may be segmented in multiple steps. Each step with identical segmentation parameters
for all wavelengths. We may, therefore, speak of a singular two-dimensional array H; in this clause. The
subsequent subclauses describe the segmentations listed in Table E.1. As a rule of thumb, serialization will
always occur along the dimensions 1, 2, 3, and 4 in that order. Note, in C/C++, this corresponds to a "row-
major” order.
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Table E.1 — Hologram segmentation stages overview.

Segmentation Purpose Subclause
holograms - tiles Control memory requirements E.2.1
TB — code blocks (CB) Control of minimal unit of random access in the codestream. E.2.2
Also: control maximal supported parallelization and multi-
threading of codec.
For lossy, non-binary only: Control trade-off between systems 1 and 2 (see Annex H) of E.2.3
CB — quantization blocks (QB) the adaptive quantizer.

E.2.1 Segmentationintotiles

First, a|set of two-dimensional arrays of a colour digital hologram can be partitioned in the nativelhologram
domain using a two-dimensional block size. One segment, which is identical across all colotir,channels, is
called [colour) tile. Each colour channel of a tile is called a “tile channel” and may be parfitioned further
indepehdently of other tile channels into Transform-/Code-/Quantization blocks.

The number of colour components per hologram/tile is encoded as NC in the HOC, see Table B.5. The (§patial)
block sjze of a tile is signalled as [ XThoc, YThoc | in the codestream, see Figure E=2.

The tilg¢ size controls the maximal amount of hologram coefficients processed at once. The tile size|allows
to trade off requirements of random access with rate-distortion performance. For example, the tild size is
relevaipt during the global rate distortion upon encoding or during the STFT transform.

One til¢ channel (see B.5.11) per wavelength is required, and all coldur tiles can be processed simultapeously
and independently. All tile channels within one tile may be processed independently or jointly. The following
description of the partitioning will thus only consider a single-tite channel.

XThoc-1
0 | X Xhoc-1
° | °
0Oe
tile 0 tile 1 tile 2
YThoc-1
Y
Yhoc-1 e
H

Figure E.2 — Coordinate system and partition of a monochrome digital hologram H; into
(monochrome) tiles

E.2.2 Partitioning tiles into window blocks (WB) and transformation into transform
blocks (TB)

The two-dimensional array of a tile channel can be subdivided into different rectangular views, called
window blocks, in preparation for the subsequent transform step. For the rectangular window STFT, this
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amounts to a partition of the native hologram domain into non-overlapping two-dimensional WB. The
transform size is specified in the codestream as [ZXTCOd ,2YTeod ] . The transform size trades off resolution in

the native hologram domain with its Fourier domain. Larger transforms result in more frequency bands but
also in a lower spatial resolution. The WBs may be transformed independently of each other but may possess
ajoint interpretation. These are recombined into a 4D TB with two spatial and two frequency dimensions.

XThoc YThoc

A tile of size [XThoc,YThoc] can be split into [W,W

} disjoint WBs using a transform of size

[ZXTCOd,ZYTCOd] Each transformed tile may therefore be interpreted as a four-dimensional TB of size

-
J. A TB, resulting from the factorization of a tile using two-dimehsional

oXTcof 5VTcod XThoc—YThoc
’ ! ZXTcod ’ ZYTcod

transfdrms, can thus always be reinterpreted as a four-dimensional arrangement of coefficients:

If the §TFT transform is used, the dimensions correspond to (TB) positions x, y (in the.hative hologram
domain) and spatial frequencies f,, f, as follows [f,, f, x y], see Figure E.3. This jeint four-dimepsional
interpijetation will be used in the following in the lossy, non-binary coding pipeline,

This n¢tation is used irrespective of the hologram type. For example, for a Fourier hologram, the native
hologram domain corresponds to the Fourier domain. Thus, the actual interprétation of spatial freguency
and “spatial” dimensions would have to be switched. This specification considers a digital hologram|to be a
general signal, and hence, spatial frequencies and positions refer to its characteristics.

XThoc
0 1 X 2XTcod B
L TR L e G T P PP R °
0 . 0 f;( 1 2XTcod 1
E 0 f;( 1 2XTc0d_1
e
i — ®
TB O TB1
: [X,Y]=[0] XY]=[1]
-
1e 3

50
: N >
' <

Y E @ i
TB XThoc/2¥Ted TB XThoc/2XTd +1
[X,Y]=[0,1] [X,Y]=[0,1]
R
el
)
tile (4D transform)

YThoc_ 3
2YTcod

The first (top-left) tile is shown in its 4D interpretation induced by a non-degenerate 2D transform. The lo-
cation in the native tile domain is indexed by [x,y]. For a specific location [x,y], the transform coefficients are
indexed by [f, f,].

Figure E.3 — Exemplary arrangement STFT transform
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If no transform is used, such as in the lossless, binary pipeline, the transform size is the same as the tile size
and the degenerate four-dimensional TB size is [ZXTCOd ,2Teod g —pUTeod 14 _ pVTeod ] =[XThoc,YThoc,1,1]. 1t

is designated as “degenerate” since two of the TB dimensions have size 1.
The binary processing pipeline works with such a degenerate four-dimensional transform size. For this sub-

section consider a “no transform” to be modelled as the identity transform. The arrangement of one “TB” per
tile is shown in Figure E.4.

X=0
............................... ‘..-.....-.....-.....-.....-....
a L. 1 XThac = 2XTcod
? ° o
S
— @
Yoo 50
| [X,Y]=[0]
Ry
I
3
= tile (2D¢ransform)
>

The fir$t (top-left) tile is shown after transform with‘d degenerate 2D transform. The location of the transform
block i§ indexed by [x,y]. The coefficients are indexed by [f,, f,].

Figure E.4 — Exemplary arrangement of one “TB” per tile

For anjarbitrary two-dimensionaltransform, a four-dimensional TB structure as described in E.2.2|arises,
but eadh TB may be processed/interpreted independently. The arrangement of TB per tile is identical with
E.2.2 shown in Figure E.5.

E.2.3 [Segmentatien-into code blocks (CB)

[ZXTcod ,ZYTCOd ,ZUTCOd ’ZVTcod] |:2XTcod ’2YTc0d XThoc YThOC:| Lan be

A fourtdimensional TB of size = ,W,W

disjoinfly split over multiple four-dimensional CBs related to a particular spatial frequency band gnd x, y
spatial|cgordinate range. The CB size is specified in the codestream as [ZXCBCOd | 2YCBeod HUCBcod ,ZVCBCOd} )

The interpretation of the four dimensions is as with a TB: [f,, f,, x, y].

A single CB is guaranteed to be coded independently and, therefore, the minimal random access unit in the
compressed bitstream. The CB size trades off the size of the minimal random-access unit with compression
performance. It also controls the number of maximal possible work threads for en-/decoding as each CB can
be en-/decoded independently.

The CB size should factor the TB size. A degenerate TB size, e.g.,

I:ZXTcod ,ZYTcod 1= oUTcod 1= oVTcod :| Cwill

require the CB size to be degenerate in the last two dimensions, too. This is the case for the lossless binary
coding. An exemplary arrangement for a non-degenerate TB partition is shown in Figure E.5.
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The 4D
multip

by theif spatial position. The [x,y] coordinates have a different offset for other tiles.

E.2.4

In the [case of non-binary, lossy coding, a four-dimensional CB can be disjointly split up into QBs
codestfeam the QB size is specified as [ZXQBqu ,2Y@Bqcd HUQBqed ,ZVQBqu] The interpretation of t

dimens

All coefficients within one.QB are quantized to the same bit depth using the double adaptive quantize
encodelr, rate-distortion-optimization may be performed on the level of per QB rate-distortion perfoi

as afu
suppor

The QH

0 1 X 2UTe0d. ]
LR e e L R e L R Lt °
0 e 0 fx 2XTeod_{ XThoc
: CBO CB1 CBO CB1
“Z, fof, at fof,at fofy at fofyat
7 ¢ [XY1=[0] | [XY]=[0] [X.Y]=[1] | [X,Y]=[0]
&
—
1 e <
; CBO CB1 CBO CB1
[ fy at fof,at fo fy at fofyat
| [X,Y]=[0,1]] [X,Y]=[0,1] [X,Y]=[1,1] |[X,)Y]=[1,1]
‘s
’
4D TB
2VTCDd_1 3

CB partition of the first (top-left tile equivalent) 4D TB is shown. Note that each 4D CB con
e 2D CB slices. In the arrangement shown, the 2D slices are grouped in spatial frequency and i

Figure E.5 — Exemplary arrangement for a non-degenerate TB partition

Segmentation into quantization blocks (QB) - non-binary, lossy coding only

ions is as with TB and-CB: [f,, f,, x, y].

nction of its hit-depth. The bit depth in a QB may be 0 or any integer value smaller than the m
ted bit depthin the implementation. For more details, see Annex G - Quantization.

size should factor the CB size. An exemplary arrangement is shown in Figure E.6.

sists of
ndexed

In the
he four

", In the
‘mance
aximal

© ISO/IEC 2024 - All rights reserved
41


https://standardsiso.com/api/?name=61f3e015270418665e553e20479f0a5e

ISO/IEC 21794-5:2024(en)

The 4D
consist]
and ind

Fig

E3 1

By con
of each

without overlapping nor missing coefficients. The same requirement holds for the two-dimensional {

transfda
positiv

If the t

padding is appliedite'the monochrome hologram at the end of the row/column ranges to the next full t

That is
the rig

0 1 X 2UQBged_{
0o 0 fx 2XQBqed_{ 2XTeod_q
' QB0 QB1 QB O QB1
< fof,at fofyat fof, at fof,at
g [X,Y]=[0] | [X,Y]=[0] XY]=[1] | [XY]=[1]
1 b El
2] QBO QB1 QBO QB1
E fof, at fof,at fof, at fof, at
| [X,Y]=[0,1]|[X,Y]=[0,1] [X,Y]=[1,1]|[X,Y]=[1,1]
v
:
4D CB
2VQchd_1 i

QB partition of the first (CB in the first, top-left tile) 4D:CB is shown. Note, as with the CB each
s of multiple 2D QB slices. In the arrangement showti~the 2D slices are grouped in spatial fre
exed by their spatial position. For other CBs, tiles,'the [x,y] coordinates have a different offset.

ire E.6 — Exemplary arrangement into_guantization blocks - non-binary, lossy coding d

mplicit padding

vention, the four-dimensional TB size, CB size, and QB size are required to be integer m
other (in each dimensian) in the specified order, that is, a TB is completely partitioned i

rm sizes. Note that-due to the codestream syntax of signalling QB and CB sizes, either one sh
e integer power pof\2-or 0.

wo-dimensignal size of any monochrome hologram is not an integer multiple of the tile siZ

a [1920,1080] size monochrome hologram to be encoded with a [512,512] tile size will be pad
(t andsbottom such that it has size [2048,1536]. An example is shown in Figure E.7.

4D QB
quency

nly

iltiples
nto CB
ile and
all be a

e, Zero
le size.
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0 XThoc-1 X Xhoc-1 XhOCpad-l
® o ---o
Oe
tile 0 tile 1 tile 2 tile 3
YThoc-1
Y tile 4 tile 5 tile 6 tile 7 (Oqs
Yhoc-1
lID C)
e R
| tile 8 tile 9 tile 10 Q)O tile 11
| ;\\
|
| & O
Yhoc -1 e (Q)

i,pad

Figure E.7 — Monochrome hologram zero padding(grey area) to next integer multiple of tile size

For theg binary processing pipeline(s) an extra padding rule applies. Because access to individual datj

per dimension

) bits is

inefficient (due to processor words being larger), the data is implicitly assumed to be packed as 64 bits per

first dimension (i.e. number of columns).(Jn other words, the first dimension (x) of a CB in the

procesfing pipeline shall be a multiple of 64.

binary

Therefpre, all sizes, including the twio-dimensional tile size, are multiples of 64 in the column dimefsion x.
The paflding to multiples of 64 bits per row is therefore implicit with the rules outlined above.
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Annex F
(normative)

Light propagation models

F.1 Rationale

Light propagation models mathematically describe how the wavefield of light evolves as it propagates over
space. [These consist of numerical diffraction operators, which can calculate the value of the ‘w3vefield
on sonje target surface(s) given source surface values as input. These are often used for.computjng the
propagation between parallel source and target planes, where the operators are numerically reversible.

Light propagation is a core element in computer-generated holography, enabling thexcomputation of| digital
holograms of virtual scenes by modelling how light interacts with virtual object surfaces and propagates
over space. These models have been shown to be useful for hologram compression as well for twjo main
reasonk: (1) sparsification and (2) conversion to a universal complex-valued wavéfield representation.

from the recorded or computed hologram, one can bring an object into focus by backpropgagating
the wayefield to the distance of the object with respect to the hologram’plane. This will concentrate the light
into a pmaller region and make the propagated wavefield appearymore image-like, effectively promoting
. Therefore, propagation models such as Fresnel diffracfion have been utilized jointly with other
transfdrms, such as cascaded with wavelets or the DCT, to significantly improve compression performance
over stpndard unmodified image or video codecs.

Moreoyer, hologram recording (either optical or virtual) can happen under vastly different congitions.
Dependling on the optics and camera parameters, holograms can be recorded both in the spatiall or the
Fourier domain, with different effective pixel pitches'depending on e.g., magnification, with objects 4t many
distandes from the hologram plane. By pre-processing the holograms with an appropriate light propagation
operatr, one can reversibly convert the holegram into a wavefield expressed in the spatial domdin in a
constrgined pixel pitch range with similar object distance ranges, resulting in a more uniform intermediate
representation format better conducive-terefficient compression.

F.2 Mathematical definitions

Light propagation models ;are orthogonal operators on complex-valued signals. Starting from [a two-
dimengional array of complex-valued entries representing the (sampled) hologram, they transfogm this
input signal mainly by @-cascade of Discrete Fourier Transforms (DFT) and point-wise multiplicatign with
phase-pnly signals, that is, entries whose complex magnitude is equal to 1. The Fourier transforms are
defined as follows;

F Ferward two-dimensional DFT.

F1 Inverse two-dimensional DFT.
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The 2D DFT transforms are separable into 1D DFTs, first applied along the rows and then along the columns.
The 1D DFTs are defined for a n-sample 1D complex-valued input array a and same-size output array b.
The forward 1D DFT transform is defined to be

n-1
blk]=Y" alj]-w
j=0
and the inverse 1D DFT transform is defined as

1 n-1 .
blk]== a[j]-w ¥
It
j=0

2ri . . . . . .
where [w=exp| ——— | and i is the imaginary unit. These transforms can be computed efficiently uging the
n

Fast Fourier Transform (FFT), optionally in-place.

Becauge the signals are complex-valued, their DFTs are generally not conjugate symimetric. The freguency
compohents have physical significance, making the diffraction equations more parsimonious when ceptering
the zerp-frequency component. For this purpose, we define the (I)FFTSHIFT operators

S Forward 2D FFTSHIFT operator

st Reverse 2D FFTSHIFT operator.

separabple into 1D FFTSHIFT operators along all rows and columns:The forward 1D FFTSHIFT is given as

J]=a[[j+EDumod n}

and the reverse 1D FFTSHIFT is defined as

)]

Both operators are identical whenever a\is-even. For some light propagation operators, the FFTSHIHT need
not be gxplicitly computed, and can be absorbed into the point-wise multiplication operator.

b

—

S
—
S

Point-wise multiplication are defined using the Hadamard product operator (©. The 2D array index
coordinates x and y are zero-centered, so for a m X n sized hologram, the sample ranges are glven by

m m m n n n
Xei-|t= -l = |+ Lo 4| and yey—-| o [, —| 5 |+ 1. +| 5 | {- So, for example, applying the opgrator
HE A5 T gl e yef5 ][5 ]| 3] 0o campte apmsing o

b=(x2+y3) o4

will mpltiply_every element of a by the sum of the square of its x index and the cube of its y| index.
Concrefely, foran input 2D zero-indexed array a, we would get the output b as follows

RGH)

F.3 List of light propagation operators

|
TI

2

~
It

b[j,k]=a[j,k]-[[j—r2

Using the previous definitions, we can define multiple light propagation operators. Using canonical
mathematical notation, operators are cascaded, starting with the input A and returning the output B, as
illustrated in Figure F.1.
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Input Forward Phase
holo pram A DFT F »  FFTSHIFT S »  multiplication
¢ exp(2midv...)
[FFTSHIFT Reverse Propagated
s DFT F hologram B

Figure F.1 — Example flowchart for the “Angular spectrum method” implementation.

In sunjmary, these propagation operators are parameterized by the wavelength A, the“pixel pjtch p,
propaglation distance d, and dimensions m x n. They utilize zero-centred indexing coexdinates (x,|y); the
Fouriet operator F , the FFTSHIFT operator §, and their inverses.

Anguljr spectrum method

2 2
BaF st {exp Znid\/z‘z—(ﬂj —(ﬂ) OS]-'A]

m n
Convolutional Fresnel transform

2rid
P A 1 inp? [ 2 2
B= o - F l:.’)-"[exp[—ld (x +y )D © .’FA}

Fourier-type Fresnel transform

( 2mid
exp 2

i/lar/l )‘exp[iﬁz (Xzﬂ’z)j@ f[eXp(mxl—I:i(szz)]@ A}

Where the output pixel pitch-§ =% changes as a function of the distance d and wavelength A.

oy
I

Fourier-domain Fresnel transform

2rid
"\ LA
B4 ~S{F| ex X°+ FA
iAd {LP[M( y)DO }
Fraunhofer transform

B4 FA

All listed operators are mathematically reversible and can be applied in the reverse order for decoding. The
pairs (F, F _1) and (S, S_l) are each other inverses, and the pointwise multiplications with complex
exponentials of the form exp(iz),ze R can be inverted by multiplying with their complex conjugate exp(—iz) .
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Annex G
(normative)

Short-time Fourier transform

G.1 Forward Discrete Short-time Fourier transform

The digcrete STFT of a 2D input signal h results in a 4D output representation H with spatial dimi¢nsions

(x,¥)

window function g of dimensions mxn, which can be, e.g., Gaussian, Hamming, Hann, or reetangul

can be

H[

where

convollition is spatially sampled rectilinearly with integer periods 7, ‘and T,. Depending on the

signal |
of the §
rectan

gl

which
blocks’

H[

where

The res

G2 1

The ge
depend

efficien

and frequency dimensions (u,v). For every frequency component, the signal is convelyed

expressed as

m-1n-1

X, y,u,v]|= Z Zhl:rxx+j,1yy+k:|-g[j,k]-exp(—i(a)uuj+a)vvk))
j=0 k=0

the carrier frequencies are rectilinearly sampled in Fourier space with periods @, and @,,

bular window g, where the sample count remains constant’We then have

y

" {1if0£j<rx A 0<k<t

0 otherwise

defined in section 3.1.5. For square blocks\t =7, =7, we get

y )
T-17-1

K,y uv]=3 Y hlex+ j, oy + k] wl&
j=0k=0

w = exp(—ﬁj, equivalentyto applying F (from annex D) on every 7x7 block.
T

ulting 4D array H canythen subsequently be subdivided into 4D code blocks.

nverse Discrete Short-time Fourier transform

neral diserete STFT can be inverted provided it satisfies the “perfect reconstruction con
ing on.the properties of the window function g, and the sampling periods 7, and Ty. This

tly/computed using e.g., the “overlap-add method”. When using a rectangular window g, this

simplif]

with a
hr. This

and the

lesired

properties of H, the total number of samples in H should be lafger than h to ensure the reversibility
bTFT with compact windows. The main version of the STF{‘applied for this coding standard uses a

reduces to applying a block-based FFT to the;input signal. These blocks correspond to the “window

dition,”
can be
can be

ied to

T-17-1

o Sz}

u=0v=0

equivalent to applying Fl (from annex D) on every 2D section of H along dimensions (u,v), reorganizing

them in 7x7 blocks along dimensions (x,y), and concatenating them in 2D preserving spatial ordering.

This can be written in pseudocode, as shown in Table G.1:
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Table G.1 — Inverse short time Fourier transform.

Procedure ISTFT (H) {

for (int x = 0; x < xdim; ++x) { Loop over the TB x-coordinate
for (int y = 0 ; y < ydim ; ++y) { Loop over the TB y-coordinate
B = idft2_slice(H, x, y); Compute the inverse 2D DFT of the slice
(x,y) along the first two dimensions of
H, return block in B
for (int u = 0; u < udim; ++u) { For every frequency (u-coordinate)
for (int v = 0; v < vdim; ++v) { For every frequency (v-coordinate)
h{x*udim + u, =

y*vdim + v]

Blu,v];

}

Where
inversg

1 is the input 4D coefficient array of dimensions (xdim,

discrete 2D Fourier transform sliced along spatial dimensions (x, y), andis the output 2D hol

ydim,

udim, ~vd¥m), idft2 slic¢ is the

ogram.
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Annex H
(normative)

Quantization

H.1 Uniform scalar mid-rise quantizer

This Al
illustrg
blocks

hyperr
for ead
applied
entrop

— Qu
— MH

For bof
MRQ c¢

QA

The MRQ output is dequantized with an MRDQ-as

Q

The trg
o

The M]
typical
quanti
is most

_l(x,b,X):(x+—j2b—_1

inex describes the quantization procedures to be followed for lossy non-binary hologram-ceding. As
ted in Annex E.2.4, the transform coefficients belonging to the tile are organized into quantization
(QB) for quantization. Each QB contains the transform coefficients corresponding tq a 4D
bctangle of dimensions 2XBA¢d 2 YQBaed , UQBqed , HVQBacd A ynjque quantizerinfay be defcribed
h QB, whose description is to be included as side information. Compression\techniques ayre also
to the quantizer description, wherein the description itself is to be quantized further and subject to
y coding. In short, two types of quantization operations are performed

antization of the QB STFT coefficients
ta quantization performed on the coefficient quantizer descriptjon

h purposes, a uniform scalar mid-rise quantizer (MRQ) shall be used. For input x , the outpiit of an
ntered at 0 with an integer bit depth b>0 and positive valued range X is

_b-1 , Xx<-X

b-1
b, X)= {2 XXJ, ~X<x<X

201 1 x>x

1) X

2

nsformation after a quantize-dequantize cycle is denoted as

L0 (x,b,X)=Q71 (2(x/b,X),b,X)

RQ/MRDQ can'be uniquely defined by its quantization bit depth b and quantization range X . For
coefficientidistributions, the influence of the quantization bit depth b on the L2 distortion of the

rer is convex (proportional to 272R where R is the rate in bits). The reduction in global L2 disttortion
effective for the initial bit depths and exponentially decreases for each additional bit.

The inf

ence of the g nti ion range X n be coorized into two for the e being @ ntized + either

itis outside the quantization range and experiences clipping error, or it is inside the range and experiences a
granular error. For the same bit depth, increasing the quantization range may decrease the clipping error
but will increase the step size, which then potentially increases the granular error. At any bit depth, the
optimal quantization range depends on the tradeoff between these two errors, and the distortion function
tends to be unimodal in nature. Typically, as the MRQ bit depth increases, the influence of the granular error
reduces, and as a result, the optimal quantization range increases as well.

The (e.

g., real and imaginary) coefficients belonging to some QB can be quantized using an MRQ with a

bespoke bit depth be{0,1,.,BDgcd} and quantization range X . The motivation for permitting such
adaptivity in quantization over relatively small 4D hypercuboids is due to the high degree of dynamic range
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in the STFT domain for holographic content, where correlation in dynamic range decreases as QB size
increases. In particular,

— Adaptive bit depth permits allocating more bits to regions with high energy and vice versa for the regions
with low energy, thereby enabling an overall optimal allocation of bits to minimize the L2 distortion.

— Adaptive range permits tuning the MRQ to the coefficients residing in the QB and the bit depth its being
quantized at, such that the L2 distortion can be minimized.

Since the STFT discussed in Annex G is orthonormal, the global L2 distortion as a result of the quantization is
equal to the sum ofthe individual L2 distortions of the QB. This can be utilized by the encoder for optlmlzlng
the MR l

depend
to obtdi
Lagrangian multiplier method to determine the optimal bit depth allocation for each QB, either with or
witho{]t convexity assumptions on quantizer rate-distortion behavior. As the optimization‘procedujres are
executed at a QB level, the search space is much more limited when compared to a globaksearch. Thup, near-
optimall parameters for the QB coefficient quantizer can be found for each of the QBs while still mainftaining
acceptable computational complexity.

H.2 Meta quantizer for quantization ranges

The drawback for permitting such adaptability is that the bit depths andquantization ranges used|for the
QBs with non-zero bit depths need to be transmitted as side information to the decoder. To mltlg(le this,
the quantizer description is also subject to compression techniques{ Since the chosen QB bit depth depends
roughly on the energy content of the QB, and the energy contenbin’neighbouring QBs are highly correlated,
the QB|bit depths are expected to be smoothly varying across.phase-space and amenable to entropy foding.
For efficiently representing the quantization range, it is quantized as well using a meta quantizer.

Here, the quantization ranges belonging to the QBs withthe same QB bit depth are to be quantized with the
same npeta quantizer, as they are observed to be correlated with the QB bit depth. The meta quantizer is also
an MRQ (not centered around zero as QB rangesafé not zero-mean), and its parameters are obtainled as a
one-to{one mapping with respect to the QB bit depth. For each table entry index b €{1,...,BDqcll}, the

following quantization parameters are to be obtained as a one-to-one mapping and shall be referrgd to as
the Quantization Table. Each entry contains’the following data fields:

-

— Offset Qoff[b] , which shall bessubtracted from the QB range X before quantization and to bg added
bagk after dequantization to‘better address the dynamic range encountered by the meta quantizer.

— B

—

tdepth q[b] €{0,1,.,0BDgcdi}, used by the meta quantizer
— Rapge Q[b], used by the meta quantizer

For ea¢h entry with-ah index b, three possible cases for the data layout are possible, elaborate¢l on in
Table H.1. Empty.data fields (i.e. containing no data, without allocated bits) are denoted “NULL.”

Annex|] describes a non-normative strategy not requiring convexity assumptions on quantizer rate-
distortion’behavior, for determining these quantization parameters.

Figure H.1 illustrates the quantization procedure at the encoder to obtain the payload corresponding to
a QB, while Figure H.2 illustrates the dequantization procedure taking place at the decoder to obtain the
decoded QB from the QB payload. Table H.1 lists the possible quantization entry types, and Tables H.2, H.3,
and H.4, respectively, provide the pseudocode description of the mid-rise quantizer, the inverse mid-rise
quantizer, and the quantization/inverse quantization process.

The QB bit depth b , the quantized QB range Xint, and QBint quantized QB coefficients shown in Figure H.1

are stored at the same level and are subject to entropy coding as described in Annexes C.1.4 and C.1.5. The
quantization table utilized by the meta quantizer can be signalled at both the tile level, as well as the code-
block level. See Annexes B.5.6 and B.5.7. for the signalling syntax.
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Figui

Fig

Tablle H.1 — Possible quantization table entries containing mapping between QB coefficien
depth j and parameéters used by the meta quantizer for quantizing QB range.

obtain the decoded QB.

!

QB

ire H.2 — Application of the dequantijzation procedure at the decoder on the QB payloa

X
It 0B
ZEE) }
Quantization q u *
Table Q g
Q It Q
> @)
L Xint L |
QBint
Q-l
L
e H.1 — Application of the quantization procedure at the encoder on the!QB to obtain the QB
payload.
QBint
Qoff |Xint |
b Quantization q R
Table Q i
Q! + Q!

] to

L bit

Case

Bit depth

Offset

Range

Comments

1

NULL

NUEL

NULL

No coefficients are quantized with this bit depth and h
parameters are signalled

tnce no

qlj]=0

Qoff [ ]

NULL

Coefficients corresponding to some QBs are quantized
this bit depth j . The quantization range is not quantize

stored for this bit depth and is assigned a constant valug
to the offset Qoff|[J].

yith
d and
b equal

qlj1#0

Qoff 1]

Coefficients corresponding to some QBs are quantized ¥
this bit depth j which has a non-zero mapping q[ j] for

rith

the

meta quantizer. The other parameters (offset and range) also
need to be specified.

© ISO/IEC 2024 - All rights reserved

51



https://standardsiso.com/api/?name=61f3e015270418665e553e20479f0a5e

	Foreword 
	Introduction 
	1 Scope 
	2 Normative references 
	3 Terms and definitions  
	4 Symbols and abbreviated terms 
	4.1 Symbols 
	4.2 Abbreviated terms 

	5 Conventions 
	5.1 Naming conventions for numerical values 
	5.2 Operators 
	5.2.1 Arithmetic operators 
	5.2.2 Logical operators 
	5.2.3 Relational operators 
	5.2.4 Precedence order of operators 
	5.2.5 Mathematical functions 


	6 Representation of digital holograms 
	6.1 Digital holograms and their signal properties 
	6.2 Functional overview of the decoding process 
	6.3 Encoder requirements 
	6.4 Decoder requirements 

	Annex A (normative)  JPEG Pleno Holography superbox 
	Annex B (normative)  JPEG Pleno Holography codestream syntax 
	Annex C (normative)  Non-binary lossy coding 
	Annex D (normative)  Binary lossless coding 
	Annex E (normative)  Hologram tiling 
	Annex F (normative)  Light propagation models 
	Annex G (normative)  Short-time Fourier transform 
	Annex H (normative)  Quantization 
	Annex I (normative)  Arithmetic coding 
	Annex J (informative)  Rate-distortion optimization 
	Bibliography 

