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Data Reduction and Compression Session &Eesa

Introduction to CCSDS compression standards and implementations offered by ESA
Speakers: Lucana Santos Falcon (ESA), Roberto Camarero (ESA)

Using CCSDS image compression standard for SAR raw data compression in the H2020 EO-ALERT Project

Speaker: Enrico Magli (Politecnico di Torino)
Preliminary On-board Image Processing Solution for the H2020 EO-ALERT Project
Speakers: Mr Juan Ignacio Bravo (Deimos Space), Dr Murray Kerr (Deimos Space)

Image dequantization for hyperspectral lossy compression with convolutional neural networks
Speaker: Dr Diego Valsesia (Politecnico di Torino)

Solar Wind Analyzer - The Solar Orbiter milestone Towards On-board Intelligent decision making systems
Speaker: Dr Vito Fortunato (Planetek Italia s.r.l.)

From a hyperspectral/ multispectral on-board compressor to a Knowledge-based on-board processor:
spaceOP3C HW/SW evolution

Speakers: Dr Leonardo Amoruso (Planetek Italia s.r.l.), Dr Michele lacobellis (Planetek Italia s.r.l.)

On-Board Data Reduction Software in CHEOPS

Speaker: Dr Roland Ottensamer (University of Vienna)
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Introduction
How is compression possible?
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> Mission Support
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Liaisons

e el CCSDS Management Council

Space Assigned (CMC)

E

Numbers Authority Customer Relations b
]
CCSDS Engineering Steering Group (CESG)
" Space Telematics Space Systems Domain  Space informatics The goal
. Domain Domain
> Ease interoperability and adoption of compression
Mission Operations and . . .
TR0 Maidisedt s > Develop low-complexity high-throughput algorithms
> Ease efficient implementation on space-qualified HW
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The challenge
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viders

Meet unique requirements of space missions and provide
state-of-the-art performance

Multispectral
5 Link Services Area \ Hyperspectral Data
(515} Compression Working

AD: Gian Paolo Calzolari Group (SLS-MHDC)

Chair: Aaron Kiely
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CCSDS algorithms (Consultative Committee for Space Data Systems)

2 Data Systems

=
ECEDE

T Consaltatve Commites for Space Data Syswms.

Recommendation for Space Data System Standards Recommendation for Space Data System Standards

SPECTRAL PREPROCESSING
TRANSFORM FOR
IMAGE DATA MULTISPECTRAL AND
COMPRESSION HYPERSPECTRAL IMAGE
COMPRESSION

Recommendation for Space Data System Standards

LOSSLESS DATA
COMPRESSION

Recommendation for Space Data System Standards

LOW-COMPLEXITY LOSSLESS
AND NEAR-LOSSLESS
MULTISPECTRAL AND

HYPERSPECTRAL IMAGE
COMPRESSION

RECOMMENDED STANDARD RECOMMENDED STANDARD RECOMMENDED STANDARD

CCSDS 122.0-8-2 CCSDS 122.1-8-1 CCSDS 121.0-8-2

RECOMMENDED STANDARD

BLUE BOOK BLUE BOOK CCSDS 123.0-B-2

BLUE BOOK
September 2017 September 2017 May 2012

BLUE BOOK
February 2019

CCSDS 122 CCSDS 122.1 CCSDS 121 CCSDS 123

> Lossless or lossy — » Lossless or lossy > 1D Universal »  Multi/hyperspectral
2D compressor 3D (1D+2D) lossless based on 3D predictive
based on DWT compressor Rice codes compressor
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CCSDS algorithms (Consultative Committee for Space Data Systems)
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Recommendation for Space Data System Standards

IMAGE DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.0-8-2

BLUE BOOK
September 2017

CCSDS 122
> Lossless or lossy

2D compressor
\ based on DWT/
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Recommendation for Space Data System Standards

SPECTRAL PREPROCESSING
TRANSFORM FOR
MULTISPECTRAL AND
HYPERSPECTRAL IMAGE

COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.1-8-1

BLUE BOOK
September 2017

CCSDS 122.1

> Lossless or lossy
3D (1D+2D)
compressor

= == B 11

Recommendation for Space Data System Standards

LOSSLESS DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 121.0-8-2

BLUE BOOK
May 2012

CCSDS 121

> 1D Universal
lossless based on
Rice codes

=
ECEDE

e Consltatvs Commses or Spica Data Systems
Recommendation for Space Data System Standards

LOW-COMPLEXITY LOSSLESS
AND NEAR-LOSSLESS
MULTISPECTRAL AND

HYPERSPECTRAL IMAGE
COMPRESSION

RECOMMENDED STANDARD

CCSDS 123.0-8-2

BLUE BOOK
February 2019

CCSDS 123

»  Multi/hyperspectral
3D predictive
compressor
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CCSDS 122.0

Image Data Compression : Lossy & Lossless

.
®
92,
Q

4+ Blue Book. Issue 1 - November 2005. Issue 2 - September 2017
. input Discrete ,
4+ DWT + Bit-Plane Encoder Data | \vavelet > ?;332? }
+ Progressive lossy to lossless Transform o
4+ Fixed-rate or fixed quality
4+ Green Book CCSDS 120.1-G-2
e DC coefficient [ [ ——
pe componec 1 i el e SraNGENGEe By parents [ [
| E childrenl } }
Low-pass filter : . H grandchildren
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High-pass filter oy peplane !
bit-plane 0 - LSB
coefficient
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CCSDS algorithms (Consultative Committee for Space Data Systems)

Recommendation for Space Data System Standards

IMAGE DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.0-8-2

BLUE BOOK
September 2017

CCSDS 122

> Lossless or lossy
2D compressor
based on DWT
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Recommendation for Space Data System Standards
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2 Data Systems

SPECTRAL PREPROCESSING
TRANSFORM FOR
MULTISPECTRAL AND
HYPERSPECTRAL IMAGE
COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.1-8-1

BLUE BOOK
September 2017

CCSDS 122.1
> Lossless or lossy

[—

3D (1D+2D)
\ compressor j

Recommendation for Space Data System Standards

LOSSLESS DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 121.0-8-2

BLUE BOOK
May 2012

CCSDS 121

>

= == B 11

1D Universal
lossless based on
Rice codes

=
ECEDE

e Consltatvs Commses or Spica Data Systems
Recommendation for Space Data System Standards

LOW-COMPLEXITY LOSSLESS
AND NEAR-LOSSLESS
MULTISPECTRAL AND

HYPERSPECTRAL IMAGE
COMPRESSION

RECOMMENDED STANDARD

CCSDS 123.0-8-2

BLUE BOOK
February 2019

CCSDS 123

»  Multi/hyperspectral
3D predictive
compressor
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CCSDS 122.1

Spectral Pre-processing Transform For Multispectral & Hyperspectral

Image Compression: Lossy & Lossless
4+ Spectral transform (1D) + 2D compressor (CCSDS 122.0-B)
4+ Blue Book. Issue 1. September 2017

®
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CCSDS 122.0-B
Upshift Downshift

Stage Stage 2D Encoder
Spectral
} , Transform : , 2D Encoder
| | | |
| | | [...]
I I I

| 2D Encoder

. | .
! Transformed | Compressed
: Image ! Image

interleaving

I
Upshifted Downshifted
Transformed

Input Image
Image

4+ 3 possible spectral transforms:
» 1D Wavelet transform (5/3 “lossless” DWT)
» ALT (Exogenous KLT): Pre-trained Fixed Arbitrary Linear Transform
» POT
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CCSDS algorithms (Consultative Committee for Space Data Systems)

Recommendation for Space Data System Standards

IMAGE DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.0-8-2

BLUE BOOK
September 2017

CCSDS 122

> Lossless or lossy
2D compressor
based on DWT
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Recommendation for Space Data System Standards

SPECTRAL PREPROCESSING
TRANSFORM FOR
MULTISPECTRAL AND
HYPERSPECTRAL IMAGE
COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.1-8-1

BLUE BOOK
September 2017

CCSDS 122.1

> Lossless or lossy
3D (1D+2D)
compressor
= 1111 = =

= == B 11

Recommendation for Space Data System Standards

LOSSLESS DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 121.0-8-2

BLUE BOOK
May 2012

CCSDS 121
> 1D Universal

lossless based on
\ Rice codes /
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e Consltatvs Commses or Spica Data Systems
Recommendation for Space Data System Standards

LOW-COMPLEXITY LOSSLESS
AND NEAR-LOSSLESS
MULTISPECTRAL AND

HYPERSPECTRAL IMAGE
COMPRESSION

RECOMMENDED STANDARD

CCSDS 123.0-8-2

BLUE BOOK
February 2019

CCSDS 123

»  Multi/hyperspectral
3D predictive
compressor
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CCSDS 121.0

Lossless Data Compression

4+ Blue Book. Issue 1 - May 1997. Issue 2 — May 2012

4+ Lossless low-complexity predictive compressor
4+ Green Book CCSDS 120.0-G-3
4+ Different options for different distributions

4+ Low-Entropy options

Histogramme
(distribution Laplacienne)
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CCSDS algorithms (Consultative Committee for Space Data Systems)

Recommendation for Space Data System Standards

IMAGE DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.0-8-2

BLUE BOOK
September 2017

CCSDS 122

> Lossless or lossy
2D compressor
based on DWT
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SPECTRAL PREPROCESSING
TRANSFORM FOR
MULTISPECTRAL AND
HYPERSPECTRAL IMAGE
COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.1-8-1

BLUE BOOK
September 2017

CCSDS 122.1

> Lossless or lossy
3D (1D+2D)
compressor

Recommendation for Space Data System Standards

LOSSLESS DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 121.0-8-2

BLUE BOOK
May 2012

CCSDS 121

> 1D Universal
lossless based on
Rice codes

v Space Data System Standards

LOSSLESS
MULTISPECTRAL &
HYPERSPECTRAL

IMAGE COMPRESSION

RECOMMENDED STANDARD

CCSDS 123.0-8-1

BLUE BOOK
May 2012

February 2019

CCSDS 123

»  Multi/hyperspectral
compressor based

\ on prediction. /
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CCSDS 123.0-B-1

Lossless Multispectral & Hyperspectral Image Compression
4+ Blue Book. Issue 1. May 2012
4+ Lossless low-complexity predictive compressor
4+ Based on Fast-Lossless (FL) algorithm (NASA)
» Sample adaptive encoder (FL) & Block-adaptive encoder (CCSDS 121.0-B)
4+ 3D predictor adaptively adjusts prediction weights
4+ Green Book CCSDS 120.2-G-1

3D prediction
context
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Lye j

current sample

mapped
prediction
. residuals
nput 1 predictor |  Encoder | —» COMpressed
image image
Sample Adaptive

Entropy coder

Block Adaptive
(CCSDS-121)
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CCSDS algorithms (Consultative Committee for Space Data Systems)

Recommendation for Space Data System Standards

IMAGE DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.0-8-2

BLUE BOOK
September 2017

CCSDS 122

> Lossless or lossy
2D compressor
based on DWT
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Recommendation for Space Data System Standards

SPECTRAL PREPROCESSING
TRANSFORM FOR
MULTISPECTRAL AND
HYPERSPECTRAL IMAGE
COMPRESSION

RECOMMENDED STANDARD

CCSDS 122.1-8-1

BLUE BOOK
September 2017

CCSDS 122.1

> Lossless or lossy
3D (1D+2D)
compressor
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Recommendation for Space Data System Standards

LOSSLESS DATA
COMPRESSION

RECOMMENDED STANDARD

CCSDS 121.0-8-2

BLUE BOOK
May 2012

CCSDS 121

> 1D Universal
lossless based on
Rice codes
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Recommendation for Space Data System Standards

LOW-COMPLEXITY LOSSLESS
AND NEAR-LOSSLESS
MULTISPECTRAL AND

HYPERSPECTRAL IMAGE
COMPRESSION

RECOMMENDED STANDARD

CCSDS 123.0-8-2

BLUE BOOK
February 2019

CCSDS 123
»  Multi/hyperspectral

3D predictive
\ compressor /
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CCSDS 123.0-B-2 \

Low-Complexity Near-Lossless Multispectral & Hyperspectral
Image Compression

4+ Beyond lossless: + quantization + new entropy coder for low entropy

4+ Accurate quality control in pixel-by-pixel basis
» Bounded maximum and/or relative error

4+ Very low memory & computational resources (wrt CCSDS 122.1-B)
4+ Includes more efficient entropy coder for low bitrates

v
92
Q

mapped
. . quantified
_npu residuals
'Mage TN > compressed
P Q Encoder —> .
Prediction Image
residual
Q- Y }
Sample Adaptive Block Adaptive
' Entropy coder (CCSDS-121)
| Spatial/spectral
predictor Locally 69
L reconstructed )
image Hybrid encoder
©PoliTo Local decoder
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Pros and Cons of each standard Q\k cSa

; ; Relevant
: Lossless Lossy Fixed-rate Commercial

Variable-

N EIREEPN I° ©00 ©00 ©0©0 @ -- ate  JPEG-LS  TORT

Lossless

Fixed-rate
2D
CCSDS 122.0-B-2 NG ©0© ©© ©OO© % recao00  CRICOM

32 bits(B-2)
control

Variable-

CCSDS 122.1-B-1 oo ®) © OO0 OO0  versmem  IPEG2000 -

for rate
allocation

Variable-

CCSDS 123.0-B-1 G ©© ©©* ©O0 -- & T Bl e

Lossless

Variable-

2D/3D rat.e
CCSDS 123.0-B-2 16 bits © /© ©06 OO0 Al | B --
control

* Mode-dependent
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Implementations supported by ESA &&Eesa

@ AIRBUS
DEFENCE & SPACE
. e B
ICO e,
> | bypass] 4
= Input Interface Controller Source Packet
CCSDS WAVELET IMAGE COMPRESSION MODULE L | [ e |
—(CEE)
Em i I = F (=)
Key features Budgets
Lossless or lossy mode 60 Mpixels/s
Exact Fixed bit-rate Up to 16 bits
Equalization (non-uniformity correction) Max width up to 3496 columns
CCSDS Source Packet formatting Max height unlimited (push-broom)
No Eternal Memory. CQFP 256 ASIC Compression 0.5 bpp to 10 bpp
Bit accurate C reference software model Power ~100 mW/Mpix/s max (5-6W max)
ESA UNCLASSIFIED - For Official Use Roberto Camarero - Lucana Santos | OBDP 2019 | 26/02/2019 | Slide 19
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SHyLoC Compression IP Cores :'I,' Lt esa
SHyLoC

« Implementation of two lossless compression IP cores. _ t' tM
- Described in VHDL. g_—m o | 23
- Compliant with: Ch — e |&
- CCSDS 121 %ﬁ gesis %: %%
- CCSDS123 lossless 2 e Luathocota | §2
« Includes all configuration modes. 5 Eophd ‘% %
- Part of ESA’'s IP core’s Repository. - DEE——
« Developed by University of Las Palmas de Gran Canaria. t’*””'“e
- Technology independent: 2 e
One-time programmable FPGAs (Microsemi); % - s
Reconfigurable FPGAs (Virtex5); e 0oSDS 121
ASIC (DARE libraries) :
3 Finished DataOut oy
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SHyLoC IP Cores &&Eesa

« The IP cores can be combined into a logical single entity.

Hyperspectral
data
CCSDS-123IP CCSDS121-IP can be optionally connected
MaPp‘?d at the output of the CCSDS-123
. prediction
Predictor | residuals =N\
OR Codewords pletaer
Samp.le- Codewords - Compressed
adaptive =N file
encoder e
Entropy coder selection Com?ill':ssed
> CCSDS 123 IP core: > CCSDS 121 IP core:
*  High-performance lossless compression of multispectral «  Universal lossless compressor based on
and hyperspectral data. Rice’s coding.
*  Supports B3Q, BIP and BIL sample order. « Can be used as external entropy coder for
* Can be used as external pre-processor (predictor) for the the CCSDS 123 IP
CCSDS 121 IP core.
ESA UNCLASSIFIED - For Official Use Roberto Camarero - Lucana Santos | OBDP 2019 | 26/02/2019 | Slide 21
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SHyLoC as HW accelerator dcesa

«  Throughput up to 1 Gbps (~60 Msamples/s for 16-bit input) when
implemented on a Virtex5 FX130.

« Include AMBA AHB interfaces.
 Compatible with GRLIB and LEON2-FT.

EXTERNAL MEMORY
mEvory N -\ R0l ER LEON2-FT

Hyperspectral I
data

Pt ‘““._, | I
Eﬁ CCSDS-123 IP i
Compressed
| file
|
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SHyLoC performance ‘QM eSa

« Compression performance in terms on data reduction depends on the CCSDS
standards.

« Performance in terms of throughput, hardware resources and power
consumption depends on the selected configuration and target device.

 Mapped to 7 different FPGA devices: Xilinx Virtex 5 & 5QR; Microsemi
ProASIC3E, ProASIC3L, RTAX2000, RTAX4000 and RTG4

 Maximum throughput 140 Msamples/s in Virtex5 FX130, 80 Msamples/s in
RTG4

« Low complexity: maximum 7% of LUTs Virtex5 FX130 and 13% Microsemi
RTG4.

« On demonstrator (Virtex6), throughput of up to 1 Gbps.
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SHyLoC availability

« Distributed by the ESA IP Core’s service
(https://www.esa.int/Our Activities/Space
Engineering Technology/Microelectronics/S
HyLoC IP Core)
« ESA/ESTEC maintains and distributes
a small catalogue of IP Cores.

« The ESA IP Cores can be licensed
for research and/or commercial
use, under specific conditions to
companies based in ESA members
and participants states

«  Commercial version by Cobham Gaisler.
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microelectronics

SPACE ENGINEERING & TECHNOLOGY  ELECTRICAL

+About us

+Technologles for
Space

—ESA IP Cores

ESAIP Cores
- About ESA IP Cores
- ESA HDL IP Cores
Portfolio Overview

RTS3EUR
I
SpW-AMBA
. SpWb
. SpW-RMAP-Astrium
SpW-RMAP-Dundee
. SpWTDP
SpaceFibre Port IP
Core
+ SystemC IP-Cores
+ Discontinued 1P~
Cores
+ Usage Statistics

. Licensing

Events
+ Events
+ Contact us

+ Development

ESA > Our Activities > Space Engineering & Technalogy > Microelectronics 18 |

Related documents
+ SHyLoC IP Core

SHYLOC IP CORE Datasheet

+ SHyLoC IP Core User
SHyLoC comprises the VHDL description of two synthesizable IP cores that implement lossless data Manual
compression algorithms as defined by the CCSDS 123.0-B-1 and CCSDS 121.0-B-2 standards. Such + SHyLoC IP Core

1Ps are capable of working independently, as well as jointly. In the latter case, the CCSDS-123 1P Summary Report
works as a pre-processor and the CCSDS-121 performs the entropy coding stage. The designed IP % g"vlo(;':m'

esentation
cores are technology independent and can be mapped to several FPGA targets representative of B

» + SHyLoC Protocol
space-grade hardware. Conformance Statement

Overview of the SHylLoC IP cores

Block diagram of the SHyLoC IP Core - CCSDS-123 and CCSDS121 cores connected,
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https://www.esa.int/Our_Activities/Space_Engineering_Technology/Microelectronics/SHyLoC_IP_Core

CONCLUSION dsesa

Compression is an enabling technology that maximizes mission capacities while minimizing data
rates and volumes and overall costs

® Only major drawback is complex and costly implementation in space HW
4+ Eased by standardization and “of-the-self”’ solutions (ESA IP and components)

CCSDS standards to meet space missions requirements providing state-of-the-art performances

® Large choice depending on:
4+ Type of data: 1D, 2D or 3D
4+ Type of compression: Lossless, lossy or near-lossless
4+ Operating mode: fixed data rate (volume) or fixed quality
4+ Memory and computing resources

® Widely available software & hardware implementations

® Large users community and literature
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