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Why do we need on-board compression?

1010010

On-board

compression Downlink

Compressed
Hyperspectral image
image

EO mission

é Yy

»  While the resolution of the remote sensors, and consequently the data
rates continue to increase, the available downlink bandwidth is
comparatively stable.

»  The solution offered is to apply compression on-board the satellites >
payload data processors have to be able to accomplish this task.

» Lossless compression allows for reducing the data volume without
compromising the data integrity (the image can be fully recovered after
decompression). @

IUMA
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Standard Algorithms of the CCSDS /3

» CCSDS algorithms (Consultative Committee for Space Data

Systems) i o &
> cnes esa (w 7
“*'?&‘J:'"*@ ‘#;; A L{XA UK(SZP{C’-'?

=CsDhs =CrsDs

The Consultative Committee for Space Data Systems The Consultative Committee for Space Data Systems

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

LOSSLESS
LOSSLESS DATA IMAGE DATA MULTISPECTRAL &
COMPRESSION COMPRESSION HYPERSPECTRAL
IMAGE COMPRESSION

RECOMMENDED STANDARD RECOMMENDED STANDARD RECOMMENDED STANDARD

CCSDS 121.0-B-2 CCsDS 122.0-B-1 CCSDS 123.0-B-1

CCSDS 121 CCSDS 122 CCSDS 123
» Universal lossless » Lossless or lossy » Multi/hyperspectral
based on Rice 2D compressor compressor based on
codes. based on DWT prediction. @

UMA
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Motivation /

The challenge
— . . » Software
»  Efficient hypespectral image compression on-
board the available hardware (maximum reduction - CPU
of data with minimum requirements of on-board e DSP
resources) . GPU
The goal (not space-qualified)
»  Develop low-complexity high-throughput * Hardware
hardware architectures. « ASIC
»  Efficient implementation on space-qualified  FPGA

FPGAs and ASICs.

|
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TRP Project: Objectives

(9 TRP activity

\
&\\ esa CCSDS Lossless Compression IP-CORE Space

Applications (SHyLoC)

European Space Agency

» Main objectives
* Model and implement of two lossless compression IP cores.
» Described in SystemC and VHDL.

« Compliant with the CCSDS 121 and CCSDS123 standards, including all
configuration modes.

To be part of ESA’s IP core’s Repository.
Compatible with technologies:
— One-time programmable FPGAs (Microsemi);
— Reconfigurable FPGAs (Virtex5);
— ASIC (DARE standard cell library)

IUMA
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»

Summarized Workplan /3

ULPGC

Kick-off ) deltaSRR ) MOoD - PDR ) FR
3/2/2015 8/5/2015 6/11/2015 47 10/11/2016 26/5/2017

y

2015 | Jun | Oct | Feb2016 | Jun Feb 2017 2017

Today

WP1 IP Core Definition (IUMA)

WP2 System IP Core Implementation and Design Space Exploration (IUMA)
WP3 VHDL IP Core Implementation (IUMA)

WP4 IP Core validation and deployment (TELETEL)

WP5 Technology mapping (TELETEL & TASE)

The consortium for this Project is formed by:

The Institute for Applied Microelectronics n

. . UNIVERSIDAD DE LAS PALMAS DE GRAN CANARIA
(IUMA) from the Unive rS]ty of Las Palmas de Instituto Universitario de Microelectronica Aplicada

Gran Canaria (ULPGC), Spain.

TELETEL SA, Greece.
’ ThaIesAI ia
Thales Alenia Space Spain (TASE) tel ete, %rafce
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CCSDS Lossless compressors overview /3

ULPGC

Compress z
sample Sz 4.z # 'y
¢ Sz-py-1x-1 Sz—P.v—»},x-"S‘lz‘v—‘l"'.-y—l.x+1
Local Sum _ Local Differences 3 Szfl.yfl.x—l sz-lv\{:.l-.x” Sz_l‘V—1x+l
- ¢ j \ Szy-1x-1 Szy-1x | Szy-1.x41 I
Predicted sample > Weights “
| 82,9, J | P previous
¢ Szyx-1 Szyx ) bands
Prediction residual -""""cvrl’,.llrrent band z
| Szyz- Sy current sample
5Map »  Prediction-based using neighboring samples in the same
sz band and in P previous bands (local sum and local
¢ | differences).
Sample Adaptive Block Adaptive »  The prediction is computed from the dot product (d )
Entropy coder (Coigl) between the local differences vector (U) and a weight

vector (W) d = W, yx  Uzyx

»  The weight vector is updated according to the prediction

error.
»  Prediction residuals are mapped and then encoded. @
)

IUMA
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CCSDS Lossless compressors overview /3

ULPGC
Compress 4 Entropy COding:
sample Sz y .
I « Sample-adaptive
Local Sum ”| Local Differences ° Block-adaptive (CCSDS- 1 21 )
¢ j |
Ayl weigs | Sample-adaptive entropy coding
!
Prediction residual Umax l
Sz,y,2- Sz,y,x Mapped e
| prediction 02,Y,Z[  GOLOMB ] Codewords [eieiem
6Map residuals power of two J > g;géggg
z,y,T A Compressed
v k, U file
¥ !

Sample Adaptive
Entropy coder

Block Adaptive ) Accumulator &
(CCSDS-121) Previous ¢ Counter Update Rescale

Codeword generation

U < Upagz | Uzeros | 1 |k least significant bits of 2, y,

U 2 U Unaz 2€ros binary representation of 0z, y,

sl

g

"
IUMA
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CCSDS Lossless compressors overview /3

ULPGC

Compress » Entropy coding:

sample Sz 4.z

¢ « Sample-adaptive
Local Sum "| Local Differences ‘ ° BlOCk-adaptive (CCSDS' 121 )

' Predic;ced sample j

: < Weights Block-adaptive entropy coding
Zay’a: )
Prediction [esidual STa
| Szyz- Sy > ZERO-BLOCK | .
¢ o OPTION2nd| | ———e
Map EXTENSION [
6z,y,w » OPTIONFS | ' | \
¢ ] | o [ ]
: » OPTION k=1 | |
¢ ° \ I ID
¥ 7 % / . o
Sample Adaptive Block Adaptive . .
Entropy coder (CCSDS-121) , OPTION | |
k=13 [ | i
OPTION NO
4> | m
COMP. [ SELECTED
OPTION
4
CODE OPTION
SELECTION
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CCSDS 121 Standard

» Block-adaptive encoder:

» For a block of J samples, the coder
evaluates the option that yields the
shortest codeword.

[ opTION
. . " |zEro-BLOCK| |
« Jis a configurable value (8, 16, 32, 64) Seronznd] | |
. ™| EXTENSION ||
« Basic code: FS codeword S
» OPTIONFS |
_ - QTH °
Preprocessed D ) ) OPT'O‘N o . ID
Sample Values, ¢; FS Codeword . A
0 1 [ opTioN | || )
k=13 i
1 01
_ OPTIONNO |
2 001 g COMP. | SELECTED
OPTION
J
CODE OPTION
SELECTION
2™ — 1 000...0001
(2™ — 1 zeros) 1 @
n
IUMA
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SHyLoC Concept - Requirements /J

Hyperspectral
data
CCSDS-123 IP q CCSDS121-IP can be optionally connected
Mappg at the output of the CCSDS-123
) prediction '
Predictor residuals — "
¢ N | or Codewords | oo Vo
> CCSDS-121 IP ———» | oo
Sample— /J Codewords Compressed SHyLoc
adaptive p— file
encoder o
Entropy coder selection Com];c)”r:ssed

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

»  CCSDs-121 IP can work independently as well as block-adaptive
coder of the CCSDS-123 IP.

»  Compression parameters selectable at runtime.

» Capable of accepting samples in any of the possible arrangements:
band-sequential (BSQ), band-interleaved per pixel (BIP) or band-
interleaved per line (BIL).

TRP-A08032 Final Presentation Days 08/05/2017



SHyLoC Concept - Requirements /3

»  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
mEmory MMM -\ TROLLER LEON2-FT I

Hyperspectral | AMBA AHB BUS
data

AMBA AHB
SLAVE

AMBA AHB

MASTER AMBA AHB

SLAVE

Sensor ?:> CCSDS-123 IP :: CCSDS-121 IP

Compressed
file
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CCSDS123 and CCSDS121 SystemC Models n

€CSDS123 SystemC Model » Models have the same interfaces and
1M behaviour as the VHDL counterpart:
g ] — cosos-121 + Compatible 1/0 interfaces enable
. EE | A plug and play connectivity
= = s s between the IP cores/SystemC
& T | LD modets.
s WEIGHTS soaPvE L « AHB interfaces (TLM).
= PAcKER  Configuration at compile-time
and run-time.
CCSDS121 SystemC Model » Exploration allowed to identify:
oo « Relationships between
configuration parameters and
hardware complexity.
=p ST - Data dependencies limiting
i T o e coneal 1] PACKER :> throughput.
al T + Potential need of storage element
external to the FPGA. @
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SystemC Modelling findings

»  Findings of the CCSDS-123 models: L0000 m BSQ (P=3)
o —
« Complexity depends on image g ; . E:E(‘ﬁ;_;f’)’
size, P and compression order. % 100 7 g % BSQ (P=15)
* Need for different architectures ‘g _ ’é g Z E:E((E:E))
for each compression order. £ o ! ?5 Z ;"g »
. : . e 7 /
« Optimize design for baseline P ~§ S 001 gi fg g g
value (P = 3). §2 g ff, g g
.+ High throughput in BIP; lower in 5 00000 WE7Z DB 7 W7 T
BSQ and BIL. OPCODE LOCAL UPDATE SAMPLE
DIFF  WEIGHT ADAPTIVE
* Need for external memory.
80

»  Findings of the CCSDS-121 model

* Influence of J in storage and
latency.

« High throughput.

mJ)=16

1=32
mJ)=64 I
. _ N8 =

FIFO s FIFO FIFO FIFO
output samples second
ext

N B O
o O o o

Number of elements
stored
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»

SHyLoC VHDL description

»

Perform lossless on-board data compression according to the CCSDS 121 and

CCSDS 123 standard algorithms.

»

Separate VHDL IP cores that can work independently, or be connected together.

' AHB Slave ' AHB Master l AHB Slave
DataOut

5
T Dataln = Dataln
Z | —_— . 2 -
< | “Patain_Newvalid DataOut_NewValid 8 ;_U>| g Dataln_NewValid
D IsHeaderOut 35 < IsHeaderln
o NBi > < = -
itsOut = <D: NBitsIn
Forcesto Ready_Ext_— [——Forcestop CCSDS 121
— FoeSton | CCSDS123 |- = ully AwaitingConfi =
| AwaitingConfig IP core ForceStop_Ext > 8 r_n' 6' Ready core
— - o
8 Ready ‘AwamngConﬂg_Ext rcn )Z> E FIFO Full _ Ready Ext
= FIFO Full FIFO_Full_Ext A= z EOP
zZ < (@] (@]
& EOP < EOP_Ext o) o Finished DataOut og
o Finished Finished_Ext 3 Error rom e | 3 S
Error D Error_Ext 8 L=~ w» 2
-« —J - =
L]
CCSDS 123 IP core: »  CCSDS 121 IP core:

High-performance lossless compression

_ » Universal lossless compressor based
of multispectral and hyperspectral

on Rice’s coding.

data. » Can be used as external entropy
Supports BSQ, BIP and BIL sample coder for the CCSDS 123 IP.

order.

Can be used as external pre-processor @
(predictor) for the CCSDS 121 IP core. n

IUMA
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CCSDS123 and CCSDS121 Interfaces

Sample-adaptive Block-adaptive
Hype;i?:c:ral Maphed encoded encoded
= prediction OR

residuals 2
EXTERN Compressed
MEMORY A file
AMBA AHB AMBA AHB AMBA AHB
SLAVE MASTER SLAVE
: \J Y
g header DataOut DataOut
E n_bits_header DataOut_NewValid DataOut_NewValid
E CONFIG CORE IsHeader
. config sample
: St NBitsHeader CONEIC CORE
: config image
# config_pred
L
=z Dataln
; Dataln_NewValid Ready_Ext Ready_Ext
s l=
DISPATCHER
B ForceStop pred_clear PREDICTOR Pre DataOut
AwaitingConfid pred_fifo_full e C; o
s| <—m e — _DataOut Val BLOCK ADAPTIVE
= FIFO Full =
g e pred_finished ENCODER
Finished pred_ready
Error
- sample_clear |<—
sample_error
CONTROL sample_finished SAMPLE
DECODER sample_ready ADAPTIVE SampleCompressed
SampleCompressed_Valid
ForceStop_Ext
AwaitingConfig_Ext
FIFO_Full_Ext
EOP_Ext
Finished_Ext
Error_Ext




CCSDS123 and CCSDS121 Configuration /2

» Configuration at compile-time: VHDL generic constants.
» Configuration at runtime: memory-mapped registers.

» Runtime configuration might be enabled or disabled:

* When disabled: compile-time generic constants determine the
configuration.

* When enabled: compile-time generic constants determine the
boundaries of the runtime configuration values.

»  Example: configuration of number of bands for prediction, P

« Runtime configuration disabled: constant P_MAX used to set the
parameter. AHB slave interface is not used.

» Runtime configuration enabled: constant P_MAX determines the range
of allowed runtime configuration values for P [0 to P_MAX].
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CCSDS123 and CCSDS121 Interfaces

Sample-adaptive Block-adaptive
Hype;i?:c:ral Maphed encoded encoded
= prediction OR

residuals 2
EXTERN Compressed
MEMORY A file
AMBA AHB AMBA AHB AMBA AHB
SLAVE MASTER SLAVE
: \J Y
g header DataOut DataOut
E n_bits_header DataOut_NewValid DataOut_NewValid
E CONFIG CORE IsHeader
. config sample
: St NBitsHeader CONEIC CORE
: config image
# config_pred
L
=z Dataln
; Dataln_NewValid Ready_Ext Ready_Ext
s l=
DISPATCHER
B ForceStop pred_clear PREDICTOR Pre DataOut
AwaitingConfid pred_fifo_full e C; o
s| <—m e — _DataOut Val BLOCK ADAPTIVE
= FIFO Full =
g e pred_finished ENCODER
Finished pred_ready
Error
- sample_clear |<—
sample_error
CONTROL sample_finished SAMPLE
DECODER sample_ready ADAPTIVE SampleCompressed
SampleCompressed_Valid
ForceStop_Ext
AwaitingConfig_Ext
FIFO_Full_Ext
EOP_Ext
Finished_Ext
Error_Ext




CCSDS123 and CCSDS121

Sample-adaptive Block-adaptive
Hype(;z?:c:ral Maphed encoded encoded
= prediction OR

residuals
EXTERN Compressed
MEMORY file
AMBA AHB AMBA AHB AMBA AHB
SLAVE MASTER SLAVE
: \ ]
§ header DataOut DataOut
E n_bits_header DataOut NewValid D¢ :aOut_NewValid
E CONFIG CORE IsHeader
. config sample
: St NI itsHeader CONEIC CORE
: config image
# config_pred
L
=z Dataln
; Dataln_Newvalid teady Ext Ready_Ext
s l=
DISPATCHER
B ForceStop pred_clear PREDICTOR Pre DataOut
AwaitingConfig pred_fifo_full e c; o
s| <—m = _DataOut Val BLOCK ADAPTIVE
= FIFO Full =
g e pred_finished ENCODER
Finished pred_ready
Error
- sample_clear |<—
sample_error
CONTROL sample_finished SAMPLE
DECODER sample_ready ADAPTIVE SampleCompressed
SampleCompressed_Valid
Forc 2Stop_Ext
Awaiting| tonfig_Ext
FIFQ)_Full_Ext
EOP_Ext
Filished_Ext
Error_Ext




CCSDS121 — Architectural description

L] L] L] .
»  Simplified schematic (ccsds121_shyloc_comp)
header_prep
config_in confi
S int E header_gen header
error (cesds121_shyloc_interface) valid S (header121_shyloc)
mapped_fifo(fifop2)
gamma_fifo(fifop2)
-
snd_extension
mapped (sndextension) @@
0;
>@ Lrs compute_I_k (Ikcomp)
:
© > Lyc packing_final splitpacker buff_out
(packing_top) (bitpackv2) | _buff_ful
optioncoder
— e
ign?
O~ o
" |LEADING{—>| Ly (winner)
: ONE
©
Oz}
il fs_sequence split fs_buffered
(fscoderv2) (splitter)
: fifosplit(fifop2)
split_bits_packed
k=12

©
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CCSDS123 and CCSDS121 Interfaces

Sample-adaptive Block-adaptive
Hype(;z?:c:ral Maphed encoded encoded
= prediction OR

residuals
EXTERN Compressed
MEMORY il file
E * AMBA AHRB * AMBA AHB : AMBA AHB E
SLAVE MASTER ! SLAVE
: \ Y
§ header )ataOut DataOut
E n_bits_header DataOut_N 2wValid DataOut_NewValid
E CONFIG CORE | Header
. config sample
{ jconhig_sample NBitl Header CONFIG CORE
: config image
# config_pred
L
g Dataln
£ Dataln_N. wvalid Re ady_Ext Ready_Ext
s l=
DISPATCHER
— For| 2Stop pred_clear PREDICTOR Pre DataOut
Aw itingConfig pred_fifo_full e c; i
s| —== = _DataOut Val BLOCK ADAPTIVE
13 FIFC Full =
g == pred_finished ENCODER
Fini' hed pred_ready
Err¢ -
- sample_clear |<—
sample_error
CONTROL sample_finished SAMPLE
DECODER sample_ready ADAPTIVE SampleCompressed
SampleCompressed_Valid
Force{ top_Ext
AwaitingCc fig_Ext
FIFO_| -ull_Ext
EOP_Ext
Finis1ed_Ext
E ror_Ext




CCSDS123 - Design considerations /3

»  Compression order and image dimesions:

« Different achievable throughput:

- BIP - allows for parallelization of prediction operations of a sample in all
bands.

- BSQ - prediction finished before starting the compression of samples in the
same band.

- BIL - mixed situation.
» Different storage requirements depending on compression order, image size and P,

band, (a) Band-sequential order
MO - OO0
e
N - EEREREE|
bands FEE T v R
band, (T =~ . e e
55 s o OO & 3 3 . )

band,
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CCSDS 123 - Architectural description (top)

ccsds123_top
dispatcher (ccsds123_dispatcher
config_core header 3 ( ek )
(ccsds123_config_core) header_gen F™ " [ hite header 777 ! ]
AHBSlave123_In header123, gen n_bits_header ! fifo_0_header (fifop2)
""""" === ahbslave !
AHBSlave123_0Out control_out_ahb r-- = <-4 -
P ppeeae— —— (ccsds123_ahbs) = ! - ={>
' ahb_config ! _ : fifo_1_n_bits (fifop2)
v . config_sample I
clk_adapt config_s interface_gen config_image < - T
(ccsds123_clk_adapt) (cesds123_shyloc_interface) config_pred ) ) fsm_dispatch
v i R iD'f_eff?_lge__G_lrfo_f) fifo_2_mapped (fifop2)
1
AHBMaster123_In control_s| | Rk B <1l
1
__________________________________________ >
AHBMaster123_ Out ' fifo_3_mapped (fifop2)
ST - - -—-—-—-—-—-—-—-—-———-1
E Dataln _ : '_:' b
e : >| ENDIANESS NN e 1
5] - Dataln_NewValid_ e Y > ol :
=4 L
—_ _ _ForceStop | | | _pred_clear N PREDICTOR Pre_DataOut 2k \y\
AwaitingContig pred fifo_full ( —
=< rad o=t [T Pre_DataOut_Valid, | !
Blw--RV. . |- _p_réd_ eror ____| BET - DataOut
= FIFO Full ! '
O|l €<= === ===~ —< pred finished 0
Ol EOP___ )l oo | : NBitsOut
<. _ Finished _ |~ ] _Er?q ey : ,
Error ' !
e Sl —€ A vy OO U :
sample_clear !
------------- ' DataOut_| NewValld
sample_error SampleCompressed i e - - - - - ----
"""" e SAMPLE - e
CONTROL L, SRz 3 JINEEs] | ADAPTIVE | SampleCompressed_Valid, Ready_Ext
DECODER | §a_n1p_|e__[e;a§)_l ] Bl """~~~ °-°--<
ForceStop_| Ext
AwamngConﬂg Ext
B SO 2o T =
D EOP_Ext
g €= = = = — = == =
I SRR Finished_Ext _
Error_Ext
g <= = = = = =2 =
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CCSDS123 and CCSDS121

Sample-adaptive Block-adaptive
Hype;i?:c:ral Maphed encoded encoded
= prediction OR

residuals 2
EXTERN Compressed
MEMORY A file
AMBA AHB AMBA AHB AMBA AHB
SLAVE MASTER SLAVE
: \J Y
g header DataOut DataOut
E n_bits_header DataOut_NewValid DataOut_NewValid
E CONFIG CORE IsHeader
. config sample
H jconhig_sample NBitsHeader CONFIG CORE
: config image
9 config_pred
L
=z Dataln
£ | "Datain_Newvalid ma Ready_Ext Ready_Ext
2 —>
s l=
DISPATCHER
B ForceStop | pred_clea PREDICTOR Pre_DataOut
AwaitingConfig pred_fifo "ull m
e— |
s| <—m wul o] | Fre, Dafa0ig Valkt BLOCK ADAPTIVE
= FIFO Full Ee—————1—
g e pred_finis ed ENCODER
e
Finished i, predready |
Error
- sample_clear <J
sample_error
CONTROL sample_finished SAMPLE
DECODER sample_ready ADAPTIVE SampleCompressed
SampleCompressed_Valid
ForceStop_Ext
AwaitingConfig_Ext
FIFO_Full_Ext
EOP_Ext
Finished_Ext
Error_Ext




CCSDS123 VHDL description

»  Different architectures, one for each prediction order: BIP, BSQ, BIL.
»  Basic predictor block diagram:

Hyperspectral CCSDS123 predictior: basic block diagram
data
‘ FIFO TOP RIGHT : PREDICTOR
WEIGHT
ol o0 > Szyixal P : VECTOR
. STORAGE
FIFO CURRENT P WEIGHT
: UPDATE
> ‘ e > Sz,y,x#l : .
; : LOCAL :
l l —* g DIFF Prediction
4 error
: LOCAL | | | STORAGE .
P> DFFERENCES| || _—l :
!} !} £ ¥
= & ] MULT & —=
& o = ACC PREDICTOR
= '5 o) fimmp-| LOCAL SUM
=
e = o RHO
'8 hre . >
e " UPDATE :
i i i S ... W] , l :
Sz,y,x-l Sz.y-l,x Sz,y-l.x-l E MAP E
| | =i e el 5
INPUT FIFOs FOR CURRENT AND NEIGHBOURING SAMPLES
Mapped predition residuals
I:] Sample to be compressed I:l Neighbouring samples (to be encode(! by internal
- , M sample adaptive encoder
orage element externa
to the FPGA depending on I:l Weight vectors and local differences or by the external CCSR3124. IP.core)
compression order.
I:I Modules with higher complexity @
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CCSDS123 IP BIP/ BIP-MEM architectures

r I weight vector | 1 Hype(;spectral I CCSDS123 predictior: basic block diagram l
= ata
B Iu';’\[(f)”u:‘:" ” ‘VH ”u "u I ..... Izpf(t)l “ _ o pRED|CTOR ..........................................
B 4 H L el i
§ I_ ,[FIFO CURRENT - — e j WEIGHT
3 [tdw ] I_*:] i H - ] : UPDATE
> = | : B’
g | [ [+] | o -
g Idz.1,¢ D:ll_ : ‘ ‘ ‘ '_‘ 4 \DIFIE?!;:&LCES o
5| [6e. ] =] e[ 18 18| L
y o o
Id,.p ¢ £ ‘ T ‘ g ‘
L ¥ ) ] E
w l Seyxl ‘ ’ Seyix ’ Seyixl [_'
\ —|
INPUT FIFOs FOR CURRENT AND NEIGHBOURING SAMPLES
pped predition residual
N stages i N L ‘Z‘;#E.Z‘%Sﬁ:ﬂv?e‘:c‘i&"e?'
b I:| Weight vectors and local differences or by the external CCSDS121 IP core)
- [MuLT & ACC
— W ] dgt product betweep local
X differences and weight vector r + ¥
\\ J [ O] 20| 28500 [ [ 0] [
Updated
» Parallel structures for dot product weight |y
- : wd O [t O]t O] w2 | w0)] - v 0]
computation and weight update.
- - I ]
»  Weight vector internally stored. We

store one vector per band. g— ’[Wj—l'ﬂ,wm
»  BIP-mem: top_right FIFO in external e T R

memory. A

prediction error 0

NOTE:t =x+y* Ny IUMA
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CCSDS123 IP BIP/ BIP-MEM architectures

weight vector Hyperspectral I CCSDS123 predictior: basic block diagram l
- - . - data
! |'rt:;“‘ (t) ||‘u::f (f)" wNW (f)” u'i(t)” wi(t) | |1t,'f(t)| ! —

. T | |![FIFOTOPRIGHT © PREDICTOR
: i 1 : WEIGHT
2 T b £yt : VECTOR
- -m J[ i = L : STORAGE
S FIi D) CURRENT s WEIGHT
Bl ldy I ~Ek:| = ‘ : UPDATE
© ‘ —-‘ v :
0 ; : LOCAL :
8 |dNW I_*] 1 ] DIFF Prediction :
c|[q [ : LOCAL | | | STORAGE kil
g z1.t == ‘ ‘ ‘ . |DIFFERENCES| —-l :
= i - ¥ :
5| [z -] " 15 : i :
™ : I [} = : ACC PREDICTOR | :
3 i - : i 5] : = LOCAL SUM :
2 : e - o = : : :
= T ° ‘ : RHO :
Id,.p ¢ = . : UPDATE l
i ] . §
L l" | :
E:I ['] [;I ['] Szyxt Szyix Seytx1 :
\ L r
INPUT FIFOs FOR CURRENT AND NEIGHBOURING SAMPLES
pped predition residual
Séinplé to.be dofi (to be encoded by internal
N stages El P i z' e |:| Neghbotichg sanipias sample adaptive encoder
. - o the en on I:| Weight vectors and local differences or by the external CCSDS121 IP core)
order.
+ M UI_T & ACC EI Modules with higher complexity

dot product between local
differences and weight vector

d:(t) = W (U= (1)

Updated

» Parallel structures for dot product weight
computation and weight update.

»  Weight vector internally stored. We Lo -

store one vector per band. .— o
»  BIP-mem: top_right FIFO in external >IE =t -

memory. - A

prediction error 0

NOTE:t =x+y* Ny IUMA

Py i I
IIw D) S0 B0 ) o T

l ¥ Y
l ) o m| ) e e e e

J—LL
| S
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CCSDS123 IP BSQ architecture

Hyperspectral I CCSDS123 predictior: basic block diagram
data

FIFO TOP RIGHT *  PREDICTOR

l | : WEIGHT
LOCAL DIFF Idyy '—H  H e i VecroR

_’@ lnro CURRENT
T o \|

] Q z
m Memory data input Memory data 2 | i ¥ § Wl S:gif; \"
output o3 | ‘ ‘ ‘ ™ |DIFFERENC ;l"
Id,.1 ¢ - i i £ ! :
Sanpl 2+1.0 5 s el | ; ok
o = > B | = w-| LOGAL SUM
f g (
: i 3 | :
: | Szyxt ‘ \ Seyix | ’ Szyrxl ‘
| — [

INPUT FIFOs FOR CURRENT AND NEIGHBOURING SAMPLES

Mapped predition r
. (to be encoded by internal

D Semple o becompressed D Neighbauting samples: sample adaptive encoder

or by the external CCSDS121 IP core)

Storage element external
|:| to the FPGA depending on I:I Weight vectors and local differences
compression order.

Modules with higher complexity

External memory stores the local differences vectors.

» Local differences vector stored
outside FPGA.

» Dot product and weight update
performed serially in order to
reduce complexity.

= "
NOTE:t =x+y * Ny IUM
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CCSDS123 IP BIL architecture

IdN Hyperspectral | CCSDS123 predictior: basic block diagram
m data
—>| R fossoose ettt e e e 4 4 R e S R S S R R e s e s e
= il ' FIFO TOP RIGHT © PREDICTOR
I : WEIGHT
L Ty w2 HEe )
@) ‘ ‘ : STORAGE -
O FIFO CURRENT P— —— —| WEIGHT
< L St | : UPDATE
| S I : =
| o l : LOCAL )
i } A DIFF
(10,1, Nt [ Id,.1, 142 |—> 1d,.1, 41 ->| Id,.1, ¢ I - : LOCAL STORAGE
- ‘ | ‘ ‘ ‘ . [DIFFERENCES
|_> l 2 = : MULT & :
B R Id,.2, t+2 1d,.2, 141 —>| Id,.5 ¢ | = n ’ I 8 ‘ | g ‘ el ebieron] |
: : : . - : = : S T LOCAL SUM :
: : : o s Qo : [~ 5 3
: e :
_ i : =5 llg| :
] = :
I!dz-P, Nt | Id,.p s |_> d,.p. 1 ->| ld..p, | 7 7 gl | | s
\ — r
I Id [ Id Id INPUT FIFOs FOR CURRENT AND NEIGHBOURING SAMPLES
| z0 | zt1 zt Mapped predition residuals
Sample to be compressed Neighb: | (to be encoded by internal
Id,. Id Id,. |:| P i I:I S U sampes sample adaptive encoder
Z10 21, 1 il Storage element extemal or by the external CCSDS121 IP core)
l:] to the FPGA depending on :l Weight vectors and local differences Y.
Idz 2,0 | Id Id compression order.
-2, z-2, t-1 z-2,t
l:l Modules with higher complexity

Idz—P—1, o [ Idz-P-1, 1 Idz-P-1, iR Se— weight vector

f |..»-:\'(4)||u-ﬁ"(/)uu»;"“ﬂ:/)”u-_{u)||u«;'lt)|- I
L

local differences vector for the processing of band z+1 E*E"] ’_E Updated el Rl e
§| [ | { i -
o = gy
o . E|[1d,2, * - ldyy _UP
» Dot product and weight update as in j] = o
Id,.p, * o>{ ldp
B I P. - predidionlerror 3

[ ] [ ]
¥ i [muLT & ACC

»  Additional internal storage for local
differences vector.

> Spec]f ic scheduli ng. 0= W00 G e et vectr @

— e [

Y

P .
NOTE:t =x+y * Ny IUMA
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SHyLOC — |IP Database

»  The VHDL sources are in a Git repository.

» A makefile is provided to configure, simulate or synthesize the IP cores.
» Configurations options are set using *.csv files.

» A Python script generates the necessary VHDL files to configure the IP core
and testbench.

CCSDS121IP-VHDL ($121DB)
——doxygen

——images

——compressed
——raw

——reference
——modelsim

——cover
——tb_scripts
——tb_stimuli

——src

——shyloc_121
——shyloc_utils
—tb

——synthesis
——premap_parameters
——syn_scripts
—ise
——synplify
—verification_scripts @

IUMA
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CCSDS 121 - Testbench ?4,

SHyLoC

» Reference software implementations: CCSDS 123.0-B-1 software
developed by ESA. Emporda software from UAB.

CCSDS 121
CONFIGURATION Conﬁguration
I AHB 121
Slave
INPUT Dataln(D_GEN - 1 downto 0)>
DATA DataIn_NewVaIid> < ForcesmpAwaitingConfig
INTERFACE E——
IsHeaderln >
Ready_Ext
NbitsIn[5 downto 0] - .
B FIFO_Full )| CONTROL
EOP >
DUT Finished >
CCSDS121 IP core Error |
Data to be clk S
compressed — ™
Rst_N
e

DataOut(W_BUFFER_GEN - 1 downto 0)

DataOut_NewValid l

E?fefence COMPARISON WITH
ftstream REFERENCE DATA
0

IUMA
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CCSDS 123 - Testbench

Reference software implementations: CCSDS 123.0-B-1 software
developed by ESA. Emporda software from UAB.

CCSDS 123
configuration

INPUT
DATA
INTERFACE

Dataln

CONFIGURATION
123

Block-coder CONFIGURATION
configuration 121

>

Data to be

compressed

AHB 123
Slave

External encoder control

AHB 121
Slave

signals CCSDS121 IP CORE

-

CCSDS123 1P
core

CCSDS123 t

AHB 123
Master

External AHB
memory
controller

IP core control signals
- & -
CONTROL
DataOut
COMPARISON WITH
L »
REFERENCE DATA

Reference bitstream
Obtained with ESA’s
software

%
Y%
SHyLoC
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SHyLoC- Verification Plan :’6, I
SHyLoC

» Verification dataset combines:

« 35 images with different number of samples, dynamic range,
and sample distribution.

« 10 sets of compile-time configuration parameters
« 10 sets of run-time configuration parameters
»  Executed tests:
« Basic Sanity (BS) =36 tests
 [ntentional - 15 tests
« Stress - 46 tests
« Additional tests to improve coverage - 22
»  Total: 121 tests.

»  Simulations are performed with QuestaSim, and automated with
scripts.

» A pass/fail simulation report is generated.
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SHyLoC- Validation

»

»

Demonstrator with CCSDS 123 + CCSDS 121 IPs.

Compression Core Board: An FPGA based board with SpwW
interfaces. Based on PLDA’s XpressVé6:

« Xilinx Virtex-6 LX240T.

* Up to 2x4GB DDR2 SDRAM

« Extension connector with up to 168 signals

* PCle core with multi-channel DMA host interface

EGSE: An EGSE based on the iSAFT Simulator connected to the
Compression Core board through a SpW link which will validate the
core’s functionality, by stimulating the board and retrieving the
results through RMAP transactions over a SpW link.
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SHyLoC- Validation

» Demonstrator with CCSDS 123 + CCSDS 121 IPs.

PLDA XpressV6 (Compression Cores Board)

\ iSAFT SpW Simulator (EGSE) A

External
Memory

Uncompressed Blocks

iSAFT Simulator GUI
-
Memory Arbiter
Memory (AHB {/Iaster) Compressed Blocks
Controller _(expected results)
(AHB Slave)
A A A —
. " " " . . . . Test Results
AMBA AHB A A iSAFT Run Time Engine
Y \ J
Control/s SpWRMAP | Spw Link | | RN
ontrol/Status p . , \
of all blocks (AHB Master) SpW CODEC |: =| iSAFT SpW board ' /:'
XILINX V6 | e N
LX240T FPGA ~<. R

Compression result retrieved
from board memory through
RMAP READ transaction

PLDAXpressV6 Board

CCSDS IP Cores developed by University De
Las Palmas

Blocks to be developed by TELETEL E><|snng_ TELETEL Blocks requiring Ready made blocks
adaptations

IUMA
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SHyLoC - Validation /3

»  Testcases 2 4 sets of compile-time paramters
« BIP-MEM (01_BS_Val) = (Up to Nx = 8192; Ny = 8192; Nz = 2048)
« BIP (02_BS_Val) - (Up to Nx = 1024; Ny = 512; Nz = 256)
« BSQ (03_BS_Val) = (Up to Nx = 1024; Ny = 1024; Nz = 1024)
« BIL (04_BS_Val) 2> (Up to Nx = 512; Ny = 512; Nz = 256)
» In all tests, the CCSDS121 is configured as external entropy coder
» In total: 17 validation tests.
» Results of performance tests:
* Running 02_Val test:
- BIP architecture
— AVIRIS image (Nx = 677; Ny = 512; Nz = 224; 16 bits per sample)
— Run-time configuration enabled
« AHB frequency: 125 MHz; Core frequency: 62.5 MHz

» Total from reception of first valid input sample until end of
compression: 77987924 cycles

* Throughput ~ 1 Gbps @
IUMA
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Outline /

ULPGC

Introduction and motivation
CCSDS lossless compressors overview

SHyLoC SystemC Model

SHyLoC VHDL Description and Verification

Technology Mapping to FPGA and ASIC

Conclusions

TRP-AO8032 Final Presentation Days 08/05/2017 51



SHyLoC — Technology mapping /3

» Different configurations representative of use cases have been
synthesized.

« CCSDS121: 3 sets with compile-time configuration only; 1 set
with run-time configuration.

« CCSDS123: 8 sets with compile-time configuration only; 4 set
with run-time configuration.

»  Synthesis has been performed for the following technologies:

 FPGA:
— Xilinx Virtex 5 & 5QR
— Microsemi ProASIC3E, ProASIC3L, RTAX2000, RTAX4000 and RTG4

» ASIC DARE 180 nm
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SHyLoC — CCSDS121 mapping

»  Synthesis results for Virtex5 FX130; RTG4 150 and DARE 180nm
» Baseline encoder configuration with:

 Block size J =16

« Dynamic range of input samples, D = 16
« Bit width of output buffer W_BUFFER = 32.

y———

BRAM 0%
DSP48 7 2%
LUT 3495 4%
Est. Freq (MHz) 118
Msamples/second 118

MACC 2%
RAM64x18 RT 11 5%
LUTs* 6418 4%
Est. Freq (MHz) 42
Msamples/second 42

Area (mm~2)
Cells (kilo)

TRP-A0O8032 Final Presentation Days
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SHyLoC — CCSDS123 mapping

» Compile-time configurations for specific images and runtime
configurable.

»  Synthesis performed for Virtex5 FX130 and RTG4 150.

» Baseline predictor configuration with:
* Number of bands for prediction, P = 3
* Weight component resolution W =13
» Neighbor oriented and full prediction.
« Sample-adaptive encoder is always implemented.
» Bit width of output buffer W_BUFFER = 32.

IMAGE NXx Ny Nz bpp

LANDSAT 1024 1024 6 8

AVIRIS 512 680 224 16

AIRS 90 135 1501 14

RUNTIME CONFIG 512 1024 256 16 @
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Synthesis on Virtex5 FX130

Resource usage VS Image size VS Predictor Architecture

LANDSAT AVIRIS
50% 50%
40% 40%
30% 30%
20% 20% I I
10% 10%
0% ——== T 0% ——
BIP BIP-mem BSQ BIL BIP-mem BSQ
AIRS RUNTIME CONFIGURABLE
50% 50%
40% 40%
30% 30%
20% 20% ] I
10% 10%
0% ———— 0% — .
BIP BIP-mem BSQ BIL BIP-mem BSQ
M % of BlockRAMs m % of DSP48 m % of LUTs B % of BlockRAMs ® % of DSP48 m % of LUTs @
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Synthesis on Virtex5 FX130

Frequency and throughput VS Image size VS Predictor Architecture

Freq (MHz) MSamples/s
160 160

140 140

| 170 ™ LANDSAT- Freq (MHz)

B AVIRIS - Freq (MHz)

— 100 AIRS - Freq (MHz)
RUNTIME-CONF- Freq (MHz)

—m LANDSAT- Msamples/s

— 60 —m- AVIRIS - Msamples/s

AIRS - Msamples/s

120
100
80 — 80

60

40 40 RUNTIME-CONF- Msamples/s
20 20
0 0

BIP BIP-MEM BSQ BIL
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Synthesis on RTG4 150

Resource usage VS Image size VS Predictor Architecture

LANDSAT AVIRIS

120% 120%
100% 100%

80% 80%

60% 60%

40% 40%

20% 20%

oo M — W wm . B O%J_J__I_J_

BIP BIP-mem BSQ BIL BIP BIP-mem BSQ BIL
AIRS RUNTIME CONFIGURABLE

120% 120%
100% 100%

80% 80%

60% 60%

40% 40%

20% 20% I I . I

0% __-_-__-_-__._—__._-_ 0%

BIP BIP-mem BSQ BIL BIP BIP-mem BSQ BIL
B MACC m RAM64x18 RT m RAM1K18 RT m LUTs* B MACC m RAM64x18 RT m RAM1K18 RT m LUTs* @
f
IUMA
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Synthesis on RTG4 150

Frequency and throughput VS Image size VS Predictor Architecture

Freq (MHz) MSamples/s
90 90

80 80

70

70 mmm LANDSAT- Freq (MHz)
mm AVIRIS - Freq (MHz)

60 — 60

AIRS - Freq (MHz)
50 — 0 RUNTIME-CONF- Freq (MHz)
40 | 40  —® LANDSAT- Msamples/s

—m- AVIRIS - Msamples/s

30 — 30

AIRS - Msamples/s
20 — 20 —+= RUNTIME-CONF- Msamples/s
10 — 10

0 0

BIP BIP-MEM BSQ BIL
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DARE 180 nm

Area distribution Total area and gates

100%

350,00 200,00
90% x X 180,00
300,00 X X
80% X X 160,00
% X
70% 250,00 X X X 140,00
X
60% 20000 % X 120,00
50% 100,00
150,00
40% 80,00
30% 100,00 60,00
20% 40,00
50,00
20,00
10% I
0,00 l - | I I | [ | I [ | 0,00
P e s g 2e sg=2e s gz s gz s2gEs2g=ssz2gs852¢g+5
T & 2 ®» 3 o 2 ®» 3o Q@ ™3>y > s @ s @ s © s @
> > > > 2 2 < <
o o o o @ @ @ @
[aa] [aa] [aa] [2a]
LANDSAT AVIRIS AIRS RUNCFG
LANDSAT AVIRIS AIRS RUNCFG
W Area * Gates
HComb HNon-Comb M SRAMs (mmA2) (kilo)
»  Notes:
* Memories smaller than 64 words are mapped into FF.
« There’s an overhead in memory usage due to port bit width alighment to match the @
memories view available for this project.
f
IUMA
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Conclusions /

»  We have presented the hardware architecture and VHDL
description IP cores, which perform lossless compression as
specified by the the CCSDS-121 and CCSDS-123 standards.

»  The cores might work independently as well as jointly, offering
simple plug-and-play compatible interfaces.

» Technology independent. Configurable at compile-time and
runtime.

» Resource usage and throughput depend on the selected compile-
time configuration.

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

» Feasibility of implementation on Virtex5 FX130. Maximum
throughput 153 Msamples/s.

»  Low complexity: maximum 7% of LUTs Virtex5 and 13% RTGA4.

»  Demonstrator validates design and shows throughput of up to 1 @
Gbps.
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