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A continuously evolving family of standards 2
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Transform based coding in JPEG 4
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Transform based coding in JPEG 2000 5
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JPEG XR 6
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JPEG vs JPEG 2000 vs JPEG XR
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JPEG XR transform

e JPEG XR transform consists of 2 building blocks
—  Core transform (PCT) which is similar to a 4x4 DCT

4x4 block

—  Overlap transform (POT) which is shifted to reduce blockiness

i“'r“'- 4x4 block
S Y
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)
a
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JPEG XR transform

e Hierarchical transform

Two transform stages — second stage operates on DC of 4x4 blocks of first

stage

coefficients

e 3 overlap modes supported

Mode 0 or no overlap, which reduces to 2 stages of 4x4 core (block) transform

Lowest complexity mode

Mode 1 — overlap operator applied only to full resolution data, and not to second stage

Best R-D performance
Mode 2 — overlap operator applied at both resolutions
. Best visual quality at very high compression

Transform of DC
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JPEG XR quantization 10
e “Harmonic” quantization scale orremeens
- Defined by the set
{Q U {(Q+16) 2, forQ=0...15
e Transform coefficients are equal 7
norm by design
- No additional scaling required during y
(de)quantization to compensate for 4
unequal norms ¢
0 J’
mm Multimedia Signal Processing Group [
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JPEG XR entropy coding 1

e Adaptive coefficient normalization
— Handles high-variance transform coefficient data

—  Key observation: or
08 Lxs8]
H=1.4970 bits
05
012 04
X=Exponential(%) 03
o H=4.4393 bits
02
008
01
006 . T ?
5 4 s & 7 %
004 02
e
oo 0.16
o X'mod 8
° 0 2 30 0 i ) 7 o2 _ 4=\ H=29423 bits
_-on -1"
‘‘‘‘ 0
Why not use fixed length 2{:35?” 008
Alphabet of 8 = H=3 004
Overall entropy = 4.4970 bits 002
° 3 4 6 7 8
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JPEG XR entropy coding 12

e Adaptive coefficient normalization
— Triggered when nonzero transform coefficients happen frequently

—  When triggered, additional bit stream layer “Flexbits” is generated

. Flexbits is sent “raw”, i.e. uncoded
. For lossless 8 bit compression, Flexbits may account for more than 50% of the total bits

. Flexbits forms an enhancement layer which may be omitted or truncated
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JPEG XR entropy coding 13

SYMBOL Code 0 Code 1 Code 2 Code 3 Code 4 SYMBOL Code 0 Code 1 Code 2 Code 3
0 0000 1 0010 11 001 010 0 1 01 0000 00000
1 000001 00010 001 11 1 1 00000 0000 0001 00001
2 000 0000 00 0000 000 0000 000 0000 000 0001 2 001 10 01 01
3 000 0001 00 0001 000 0001 00001 0001 3 00001 0001 10 1
4 00100 0011 00001 00010 000 0010 4 01 1 1 0001
5 010 010 010 010 011 5 0001 001 001 001
6 00101 00011 000 0010 000 0001 0000 0000
7 1 11 011 011 0010
8 00110 011 100 00011 0000011 . 0o 1
9 0001 100 101 100 0011 All code tables US?C.i in L ol
10 00111 00001 000 0011 00 0001 0000 0001 JPEG XR for coefficient 2 001
11 011 101 0001 101 00001 and coded block pattern 3 000

coding, enumerated in

symBoL Code 0 Code 1 binary
0 010 1 symBoL Code 0

1 00000 001 SYMBOL Code 0 Code 1 ® i

2 0010 010 0 o1 1 d 00d
3 00001 0001 1 10 o1 SYMBOL Code 0 Code 1 2 00001
4 00010 000001 2 11 001 0 1 1 9 0001
5 1 011 3 001 0001 1 o1 000 4 il
6 o11 00001 4 0001 00001 2 001 001 9 D)
7 00011 000 0000 5 00000 00 0000 3 0000 010 8 00000
8 0011 000 0001 6 00001 000001 4 0001 011 v ol
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JPEG XT backward compatible compression 14

+ A JPEG legacy compatible HDR image compression standard
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JPEG XT

— Reserved for application segments

15

e Exif and JFIF use APP marker of JPEG

SOl DQT DHT SOF SOs stream EOI

APP marker (0 to 15) Format
APPO JFIF, JFEXX

) Start of APP11 End of
APPI Bxif JPEGXTFile - Image [ - fﬁ" R | Image
APP2 ICC Profile (SOl ode-stream JPEG XT) (EOI)
APP3 JPSearch Part2
APP14 Adobe

JPEG

XxT W

[
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JPEG XT design principles 16
e Two-layer coding, with base layer a legacy JPEG coded LDR and enhancement layer the
residual to produce the HDR
e Enhancement layer uses a maximum of JPEG Legacy coding tools

UlegacyDecoder T

! JPEG Legacy

: Code-stream Chroma YCuCr )

! Decoder —] Upsampling —> RZ:;] LDR image

i Baseimage 1 B2 B3

""""""""""""""""""""""" ' oo,

-_“, ndd [ mu P HORimage
Luminance :
Luminance & Noise floor
1 ___] Linear
S R R
Decoder L i 1 \ fOB2 oy Linear Ratio u
Residual Data gs| 6 : nearze 1 Luminance JPEG
S EAl T H
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JPEG XT profiles 17

Base | B Base image_
decaaer base + residual
1% base 2" base l
Refinement | |nonlinearity nonlinearity conversion
i () log() R
image
x Color vector
Extension Pre-scaling e
refment scan nonlinearity ..Scalar
{:]Proﬁle A
Extension DProﬁle 8
decoder (profile C
DAII profiles
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JPEG XT compression efficiency 18
ST, B
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Compression game over the last +40 years 19

Increase complexity

. 5 i .
Get better compression ﬁ

s m
MM  Multimedia Signal Processing Group E P F L
$PG  Ecole Polytechnique Fédérale de Lausanne
19
Why do light-weight compression? 20

Solve bandwidth limitations, without compromising on complexity, latency, or quality.

FORMATS U'L‘fz_’:ﬂ':;?ted JPEG XS (TDC) IP Networks
o lgﬁngO ~3.73 Gbps 150 — 400 Mbps 1 to 6 streams / 1GbE
4K 2160p30 N 1 to 4 streams / 1GbE
4:4:4 0.9 Gbps 250 - 750 Mbps 310 streams / 2.5GbE
4K 2160p60 1 to 2 streams / 1GbE
4:4:4 15.9 Gbps 400 - 750 Mbps 1— 5 streams / 2.5GbE
8K 4320p30 1 stream / 1GbE
4:4:4 28.8 Gbps 0.75-2.5 Gbps 1_ 2 streams / 2.5GbE
4;3'3/33223?‘?34 ~59.71 Gbps 1.5-2.5 Gbps 1 stream / 2.5GbE
MM  Multimedia Signal Processing Group E P F L
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Use cases: when uncompressed data rates are not realistic 21

IP Production Cloud pr Chip-to-chip Medical
Remote production Storage, connecﬁvnty interface
Remote VAR Connectivity
[h =, Y
A~ o
Displays AR/VR HMD Wireless AV-over-IP Digital
& Mobile Gaming (60GhZ, WiFi-6E, KVMs photography
54 (raw) IFI

JPEG
H xs N

EVERYWHERE where uncompressed is the norm
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21

Open Visually Better quality Ultra-low
standard lossless power pixels complexity
Series of open standards Fully transparent at 3 bpp No external memory, More pixels, higher bit Low logic & low memory in
(IS0 21122-x) (for lossless & near-lossless coding) only a few internal depth, high frame rates, ASIC or FPGA

. SRAMs all at the cost of baseband
Visually lossless at 1.5 bpp HD Highly parallelizable for
CPU & GPU
Additional TDC profiles for screen HDR capability

and desktop content

Constant quality

~——
Q>\ P |
EC X

Microsecond Any platform Multi-res Error Industry r
latency handling concealment adoption u
Line-based processing (or IP-cores & Libraries for Multiple layers of To packet losses for Supported by J PEG
even less than a line) CPU, GPU, FPGA, and resolution in the unpredictable networks multiple industry
ASIC compressed domain (WiFi, 60Ghz, 5G) standards ] XS ]
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JPEG XS Scope 23

The scope of JPEG XS is to provide
a low-latency lightweight image coding system,
replacing uncompressed image and video everywhere.

JPEG XS was the first true high-quality codec with REDUCED complexity

compared to other coding technologies!
JPEG

H XS N

b=

Multimedia Signal Processing Group

Ecole Polytechnique Fédérale de Lausanne E P F L

23

JPEG XS design strategy 24

Best trade-off between the
multiple requirements.

Transparent quality

Low complexity Low Latency
Ultra low latency (~lines) JPEG

Compression efficiency

H XS 1
Any platform
High Quality Low Complexity
Multiple degrees of parallelism.
Symmetrical complexity between
encoder & decoder. ——— JPEGXS
—— JPEGXS TDC

mm
SPG

Multimedia Signal Processing Group

Ecole Polytechnique Fédérale de Lausanne E P F L

High Compression Ratio All Plattorms (SW/HW)
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Multiple resolutions
Multiple chroma formats
Any color space
Multiple bit depths

HDR support

Any frame rates
Scalability

Open Specifications

SPG

— RGB, YUV, XYZ, CFA RAW Bayer
- 8,10, 12, 14, 16 bits

— All signaling support (SDR, HDR,...)
— No limitations

MM  Multimedia Signal Processing Group
Ecole Polytechnique Fédérale de Lausanne

Future proof 25

— HD, 4K, 8K... up to 16K or more
— 4:4:4,4:2:2, 4.2:0, 4:0:0 (grayscale/alpha), 4:2:2:4,

4:4:4:4

JPEG

H XS H

— Lower resolution proxies are part of the XS master! Can

be directly decoded.

— XS is an ISO JPEG standard following RAND policy

cPrL

25

Encoder

image lines Data
Packing

JPEG XS architecture 26

codestream
—>

SB positiol SB positiol
extraction codin

| Rate allocation |

JPEG

H xS N1

codestream

Input

Parser

N Data image lines
Unpacking

MSB position

decoding

Decoder

hs
)
o3
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codestream
Dat.a
Packing

Wavelet Referencd Coefficient
Frame Buffer Quantization
image lines Wavelet
Prediction|
SB positiol SB positiol
extraction codin
Encoder | Rate allocation
codestream
Input Data
Parser
MSB position
decoding
Decoder
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g Unpacking IReconstrucﬁon

Wavelet

A

Wavelet Reference

Frame Buffer

JPEG XS architecture with temporal differential coding (TDC) 27

JPEG

H XS N

image lines

cPrL

27

JPEG XS Sensor compression

RAW data

Read

Bayer
filter array

mm
PG
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De-Bayering
process

Interpolation

algorithm

RGB output

coow oEOO0OON>© T 0 0
wowo@OO0OON™® © o o
woow oEOO0OO0O© U 0 0
oomw oEOO0O0O® T 0 0

JPEG

H XS N

cPrL
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High Throughput JPEG 2000 29

input Multi-Component Spatial Arithmetic J2K
and other point DWT Block Packet codestream

imagery transforms Analysis Coder Generation

Multi-Component Spatial J2K
and other point DWT Packet codestream

transforms Analysis Generation

input
imagery
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HTJ2K - High Throughput JPEG 2000 (ISO/IEC 15444-15) 30

Multi-Component . PCRD-opt
ID HT Block 2K Packi
and other Point e Wr Quantizer —> o¢ Rate Control ; ac _et
Analysis Encoder ” Generation
Transforms (optional)
7 ’
input image 2 @ Complexity 3 §§
P sery § = past frame control %: Q.$ g
3 s statistics —{ (optional) o 22 >
3 < < 59 .
decompressed imagery 3 3 = Se 2
9 =~
S “ S - S S
1 s
Inverse Multi- .
Spatial DWT De- HT Block J2K Packet
Component and  |€ P . < . [ €— < .
X Synthesis quantizer Decoder Parsing
Point Transforms
HTJ2K

JPEG

m m
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1 bpp 2 bpp

m ¢

4 bpp

HTJ2K - A faster J2K!

Decoding speed-up compared
to legacy J2K

Lossless

MM  Multimedia Signal Processing Group
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31

Compression efficiency loss
compared to legacy J2K

2 bpp

4 bpp Lossless

HTJ2K

Numerically lossless transcoding of HTJ2K to/from legacy JPEG 2000
JPEG

cPrL

31

JPEG XL (ISO/IEC 18181)

@

detail/texture
preservation

®©

rapid capture
mode

[[m]

animations/
bursts

()

economical
storage

@

fast software
(SIMD,
parallel)

(&

layers/
alpha

mixed content
(photo,
synthetic)

E

mobile
friendly

o

360-degree
images
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il

progressive/
responsive
(multi-res)

a

short
specification

=
3

lossless JPEG
transcoding

&=

region decode
(+saliency)

@

royalty-free
patent grant

+at
/o

enhanced
JPEG
decoding

32
HDR
high dynamic
range, wide
color gamut
open source
(Apache 2)
noise
synthesis rl
JPEG
H X N

cPrL
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JPEG XL coding architecture 33

No
Colour transform
Tmage feature extraction

| [ Chroma from tuma and
filter parameter selection

||| variable-sizea DCT with

|| adaptive quantization | -

Refinement puses

Context modeling
Entropy coding

Modular mode (lossless)
VarDCT mode (lossy)

Uses Modular for the 1:8 LF and various
uxiliary images

Variable-sized DCT (2x2 to 256x256,

VarDCT mode

Coefficient decoding

including non-square)
JPEG recompression

uses a subset of VarDCT mode (DCT8x8
only)

Modular mode

codestream
/ (ISO/IEC 18181-1)
ixlc/ jxlp

[ — —

Only if

MM  Multimedia Signal Processing Group
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JPEG XL (ISO/IEC 18181) 34

JPEG-compatible
Encoding
_— Server
P

Same quality Same quality Better
Same transfer size Lower transfer size Lower r.
Lower storage size Lower storage size Lower s
JPEG
. " H x N
Mostly legacy clients From JPEG to JPEG XL Mostly updated clients

MM  Multimedia Signal Processing Group
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sunset.jpg
6173 bytes

reversible

Numerically lossless transcoding

35

sunset.jxl
3320 bytes

JPEG

(IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII -

XL

PG

Multimedia Signal Processing Group
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JPEG XL lossless compression efficiency 36

Size difference vs. JPEG XL (-e 9 -E 3 -1 1)

Summary
Type Corpus WebP W::P FLIF
Digital 2d Art Art 16.8% 10.2% 5.8%
Digital 2d Art FanArt 19.2% 10.2% 8.7%
Comics / B&W Manga 21.1% 15.9% 6.0%
Pixel Art PixelArt 12.7% 14.2% 32.4%
Emoji / Icons Emoji 11.4% 6.0% 12.0%
Digital 2d Art Pixiv 15.4% 10.2% 9.7%
Comics ComixArt  20.4% 12.6% 6.0%
Game Assets GameSets  13.3%  9.4% 11.9%
Game
Screenshots GameScr  131%  7.1% 5.8%
Photo ITAP 10.5% 5.2% 2.2%
Photo CLIC 11.9% 8.0% 4.0%
Photo LPCB 13.8% 11.0% 5.3%
Digital 3d Art LowPoly 16.1% 5.3% 3.9%
Fractal Art Fractals 10.9% 7.6% 3.7%
Average 14.8%  9.5%  8.4%

mm
SPG

Multimedia Signal Processing Group
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AVIF PNG -

40.2%
47.6%
23.2%
33.8%
46.7%
47.6%

47.7%
52.9%
53.9%
46.1%
50.0%
50.7%

48.9%

41.3%
40.6%
41.1%
33.4%
43.8%
38.8%
46.3%

3.3%
2.4%
2.5%
5.0%
3.2%
2.6%
4.4%
5.8%

3.3%
2.8%
0.9%
1.2%
2.0%
5.6%
3.2%

8.3%
9.7%
10.5%
18.8%
9.6%
6.6%
12.2%
19.7%

7.0%
5.2%
2.6%
2.2%
10.1%
10.9%
9.5%

JPEG

cPrL
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https://www.reddit.com/r/Art/
https://www.reddit.com/r/FanArt/
https://www.reddit.com/r/Manga/
https://www.reddit.com/r/PixelArt/
https://drive.google.com/file/d/1OOQj9h8HXp2cSb0MIjQiwRzCuL34jlal/
https://www.reddit.com/r/Pixiv/
https://www.reddit.com/r/Comicbookart/
https://github.com/catid/gcif
https://www.reddit.com/r/GameScreens/
https://www.reddit.com/r/Itookapicture/
https://drive.google.com/drive/folders/1wMgmjf54iN46dVihvMnHhGk8oQT7a8Nd
http://qlic.altervista.org/LPCB.html
https://www.reddit.com/r/low_poly/
https://www.reddit.com/r/Fractals

Complexity (speed test)

37

JPEG XL cheetah (4 threads) 49.753 132.424
JPEG-libjpeg 9.013 11.133
JPEG-libjpeg-turbo 48.811 107.981
HEVC-HM-YUV444 0.014 5.257
HEVC-x265-YUV444 1.031 14.037
HEVC-x265-YUV444 (4 threads) 3.691 14.100

CPU: Xeon E5-2690 v4 CPU @ 2.60GHz

JPEG

H X N
mm Multimedia Signal Processing Group E P F L
PG Ecole Polytechnique Fédérale de Lausanne
37
JPEG XL implementations 38
® JibjxI: reference encoder/decoder Already included in several products
® fixl: very fast lossless encoder, now : égﬂgdﬁgogaﬁ;fypsrgffsg%Pro Max
integrated into libjxI (-e 1) m Adobe Photoshop
® JibjxI-tiny: simplified encoder, model for m ImageMagick ) _
hardware implementation = Apple OS (MacOS, iOS, iPadOS,
Py J40: ind dent d d WatChOS, etC.)
£40: Independent decoder m Safari Internet Browser
implementation (single-file C) m  Firefox Internet Browser (behind flag)
® jxlatte: independent decoder m  Chrome Internet Browser (now removed)
imp|ementation (Java) | | SeVergl IOt'r\'I/Ier Internet Browsers
® jxl-oxide: independent decoder i Bgsemsfon
implementation (Rust) Thorium
®  hydrium: independent encoder m%‘gﬁ
implementation (C), focused on speed Cromite '-
and low memory Epiphany JPEG
H x N
mm Multimedia Signal Processing Group E P F L
PG Ecole Polytechnique Fédérale de Lausanne
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Joint Project between ISO/IEC/ITU 39

JPEG is a joint working group of the International
Standardization Organization (ISO) and the
International Electrotechnical Commission (IEC).

The word “Joint” in JPEG does not refer to the = JTCTL==
jOint efforts Of ISO and |EC, but to the fact that the INFORMATION TECHNOLOGY STANDARDS

JPEG activities are the result of an additional
collaboration with the International .
Telecommunication Union (ITU). JPEG RIREG

B JFEG H N =
From JPEG Al Call for Proposals: “The JPEG Al e,
project is a joint standardization effort between JPEG
ISO/IEC JTC1/SC29/WG1 and ITU-T SG21.” S
|"|P|g ’I\Eﬂclzj(l)tlltinsgllst:cl?\:z uF;r(l):CéedséSriQSa iraolijgusanne E P F L
39
How to take advantage of Al in coding 40
e Three possible alternatives * t
: o 2
1. Al assited codec optimization
2. Component replacement by
ML tools (e.g. NN)
3. End-to-end autoencoders
H A N
e o e G e =P-L

40



A radically different coding architecture M

Latent space

Encoder Decoder

Autoencoder

MM  Multimedia Signal Processing Group
$PG  Ecole Polytechnique Fédérale de Lausanne

41
End-to-end image coding 42
Ballé et al. 2017 Minnen et al. 2020
He et al. 2022
Minnen et al. 2018
Toderici et al. Mentzer et al.
2017 2020
2017 2020 2022 2023 2025
Todericietal. 2096 pajg etal. 2014  Cheng et al. 2020
Wang et al. 2023
Theis et al. 2017
Agustsson et al. 2019
MM  Multimedia Signal Processing Group E P F L
$PG  Ecole Polytechnique Fédérale de Lausanne
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A radically new and powerful coding paradigm 43

JPEG - 0.08bpp Toderici et al. —0.06bpp Ballé et. al. — 0.07bpp Mentzer et al.— 0.1bpp
- —_ u s

Multimedia Signal Processing Group E P F L
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Al-powered image enhancement 44
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Al-powered image enhancement 45

Encoder Decoder
MM  Multimedia Signal Processing Group E P F L
$PG  Ecole Polytechnique Fédérale de Lausanne
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Al-powered machine vision 46
;\‘ W
“, it v’ Abraham
\o \ “0;,“ .
,:;. ched Lincoln
> i
«\\\ \,,; ”/ >
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Al-powered machine vision 47

(
»M""‘“M Abraham
4 X7 VE‘; ‘( Z>
W‘ Hellel Lincoln
)
mw
Latent
space
Encoder Decoder
MM  Multimedia Signal Processing Group E P F L
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Image coding for humans and machines 48

e There is more in Al based image coding that meets the eyes
— Al is extensively used in image enhancement and machine
vision
— An image coding for machines and another for humans
divides the ecosystem

— Can we put both under the same framework?
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JPEG Al scope 49

The JPEG Al scope is the creation of a learning-based image coding standard offering
a single-stream, compact, compressed domain representation, targeting both human
visualization, with significant compression efficiency improvement over image coding
standards in common use at equivalent subjective quality, as well as effective
performance for image processing and computer vision tasks, with the goal of
supporting a royalty-free baseline

JPEG Al is the first coding standard that leverages artificial intelligence for superior coding efficiency
while taking into account the requirements of Al-powered content processing and analytics

JPEG

B A m
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Applications & Use Cases 50

— Mobile Imaging

— Cloud storage

— Visual surveillance
Autonomous vehicles and devices

Image collection storage and management
Live monitoring of visual data

Media distribution
360° photo sharing

JPEG
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Requirements 51

— High coding efficiency is important for many applications such as
cloud storage or media distribution

= Al-powered architectures have demonstrated to be particularly efficient in coding

— Content understanding is vital for many applications such as visual
surveillance, autonomous vehicles, image collection management, etc.
= Objects may need to be recognized
» Images may need to be classified for organization purposes
= Actions or events may need to be recognized
— Content enhancement is desirable in many applications such as in media
distribution
= Noise can be reduced
= Resolution can be increased
= Colors can be corrected
— Separate content coding for machines and content coding for humans hinders interoperability
and increases complexity in applications that require both
= Why two codecs when one can do both?
* In many applications, the same content is consumed by both humans and machines
= Compatible with user-centric Al (human in the loop) approach
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JPEG Al strategy 52

VERSION 1 (already published)

1. Several JPEG Al requirements with emphasis on compression
efficiency

VERSION 2 (in progress)

1. JPEG Al requirements not yet addressed in Version 1, e.g.
processing and computer vision tasks

2. Significantly improved tools for JPEG Al requirements already
addressed in Version 1, e.g. compression efficiency
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JPEG Al triple-purpose framework 53
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JPEG Al (ISO/IEC 6048, ITU-T Rec.840) 54
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JPEG Al Version 1 55
1 JPEG Al: Core coding system - 2311 24/04 - 5—; 25/06
2 JPEG Al: Profiling - 24/07  25/01 - 0
3 JPEG Al: Reference software - 24/07  25/01 - 25/07
4 JPEG Al: Conformance - 24/10  25/04 - 25/10
5 JPEG Al: File format - 24/07  25/01 - 25/07

el JTC1

INFORMATION TECHNOLOGY STANDARDS

ITU-T Rec. T.840.1 ISO/IEC 6048-1 S
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JPEG Al Architecture 56"
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JPEG Al: Single Stream but Multiple Decoders 57

Decoder
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Overall Performance 58
Test BD-Rate Dec. Enc.
— AVG kMAC/pxl | Time GPU, x | Time CPU, x | Time GPU, x
HEVC-SCC Intra 7.5% - 0.8 (CPU) 0.8 (CPU) 0.8 (CPU)
VTM-11 Intra 0.0% - 1 (CPU) 1 (CPU) 1(CPU)
Enc0Dec0-tools-off -12.0% 8 0.36 1.05 0.0005
Enc0Dec0-tools-on -16.2% 14 0.41 2.4 0.0011
EncODec1-tools-off -16.7% 23 0.38 2.1 0.0005
Enc0Dec1-tools-on -20.2% 28 0.41 3.3 0.0011
Enc1Dec2-tools-off -24.0% 212 0.61 214 0.0012
Enci1Dec2-tools-on -27.0% 215 0.64 215 0.0018
8K Encoding, s
JPEG 5
HEVC / H.265 2689
VVC / H.266 18725
JPEG Al
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