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Abstract In scenarios where data read performance is crucial, such as databases, deep learning,
and efficient storage, the performance of data decompression greatly affects the quality of service
for higher-level applications. The 1.Z4 lossless data compression algorithm is known for its high-
speed decompression characteristic, making it a popular choice in scenarios that require rapid
decompression. However, 1.Z4 compression places a significant burden on CPU resources. To
mitigate the overhead of 1.Z4 data decompression, academia and industry have proposed FPGA -

based acceleration methods for 1.Z4 decompression. However, the majority of existing methods
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utilize a byte-by-byte sequential processing approach, which severely limits parallelism and
throughput. Consequently, developing high-performance methods for accelerating 1.Z4 data
decompression is a critical challenge in current research. Our research aims to achieve high-
performance 1.Z4 decompression acceleration. We investigate the parallel acceleration of 1.Z4
decompression at multiple processing levels and propose an FPGA -accelerated method for high-
performance 1.Z4 data decompression. Initially, we enhance the parallelization of the [.Z4
sequence parsing process by developing a multi-field parallel parser that enables processing
multiple bytes per cycle instead of one byte per cycle. Moreover, we optimize the long-delay logic
for parsing the length field in the sequence parser. We introduce a dichotomous-based parsing
method for rapidly determining the maximum match length. This approach substantially decreases
the critical path delay of the sequence parser and enhances the design clock frequency by
approximately 21%. Subsequently. we develop a high-performance data decompression engine
based on the parallel sequence parser. This engine separates the sequence parsing and data
recovery processes and expands the decompression output data path to resolve the input-output
throughput mismatch during decompression. Finally, to enhance the throughput performance, we
introduce a scalable data decompression accelerator with multiple engines. Additionally, we
construct a prototype of a heterogeneous end-to-end data decompression acceleration system
based on CPU-FPGA architecture.

decompression engine proposed in this paper outperforms existing methods in terms of

The experimental analysis demonstrates that the

throughput, processing parallelism, and memory resource efficiency. The byte-per-cycle
throughput of our decompression engine is 4. 1 to 6. 8 times higher than that reported in previous
studies. Our decompression engine achieves a decompression throughput of approximately 1.7 GB/s,
representing a 2. 6 to 6. 6 times improvement compared to previous studies. Our engine achieves
remarkable memory efficiency, with a throughput of 114. 5 MB/s per BRAM, surpassing the best
existing method by a factor of 2.5. The experimental results of the end-to-end throughput and
resource usage evaluation of our system prototype demonstrate the excellent scalability of our data
decompression acceleration system in terms of throughput performance and resource utilization.
The throughput and resource consumption of the system exhibit linear scalability with the number
of engines. In addition, due to the faster growth of throughput compared to resource
consumption, the resource-performance cost-benefit ratio of the accelerator progressively
improves with an increasing number of engines. Regarding power efficiency, the prototype system
demonstrates an increase in power efficiency with the number of engines. The decompression
acceleration system, integrated with 8 engines, achieves more than a 1.6X increase in power
efficiency compared to the software-based acceleration method.

Keywords data decompression acceleration; parallelization design; field-programmable gate
array (FPGA); 1.Z4 algorithm
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TRERIFTR OB SE i BOTRYE TN SR 2 M)
AE AP H1 At 1 AR BE B 1 B0 40 5 2% 1R
i AT R AR DG I B . ARIER 1P 45 A TKN
AR AL AL 5 T ARG 5 SR A AR OG- B
6 TLTMLBL2 ] i 1 A £ B ARG 5 BLA 6 T
L.O.LLL1] ZJ5  IFA7 S E i i e 2 AR 3

FIE AT IR AT AL B, 45 B — AL S PR R e 4 R
Al 7 B B AR B HT 24 Bl & kA1 9047
ST o B IO LA AT A5 B, A6 A R 4 5 RC L A
B HJn AR AT A B TR SR S R A G
YERBEREA A G5, R AR A B 15 5 i b ok
I FBE TR BRIRA . 5 TKN A b4k B2 T
AH A T A7 RS A AT Ak 33 B 5T 1 22 7 B 2 R 4
KT HAT AL, 253 T AR, I EAR
SxHE Nt Z2 (A A M b BRI A
3.2.2 KEEFBRE AT Tk

ZF BTN I7 1 T LA 4 w5 P 9 A A 4 1
Frnk e (AT 5T J% 13 B A T AS T s G 2 1
B A FRES [] . AR L B BT b AR A7 i 22 ] 1)
B A B AR OB AR ) X R 151 B4 o oo Pt
AR R FR A2 AN i g 3 B . 7RI R1T 1k
FE O AT # b KB B AT 2 4 P 2 90 R R B
2 A, » LR FIE 7 S A2 B E R 7 Ll R K R R A
AT AR REAY S 2 . B AT S AT R M B
AR SO B - B AT AR A T A R, B T
T o BE RS R Y B R DT K B DR T 3L AT
A BK RERAR S B B AR I A

K T B AT 2 LLEN 25 H MLEN 25 f# #r &b
AT AZ DTN AE . A 1 Fr/R . 76 LLEN 25 Al
MLEN Z5 77, #7245 7 22 %5 LL A ML A K B 5
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BEUEATIRAT AL AT a8 0 K B - BT D AT
X I 1) 7 B A AT B (decoded bytes. DB). 1% Uik
RS Fff AT b B 2056 1) - B A AR B Bl v S g
HLAR U, K B M 75 2T R 4 K A A R
ZHHNEE T TR R HE S S 255 I
AN B, AF I FR A B K UL B K (maximum match
length, MML). fB1%—A 4 745 F4F 2l “255(255)
2412557, HHiT 2/ (HIE LN 255, 55 3 AN,
W32 52 45 52 19 MMIL 2 2. B0 09 K B 2 B A
T PBER T SR 171 A28 1 DG e e 36 1) SEL I
KT MML, H A 2546 221> 06 3% 4 A 700 5 922
AL . Bl 8(a) R — N A K 35715 1 L MML
TR, Hor A B PR A AR F X6 1 7 1 14 DR e 45
Ve PR VG B BEAE . A AT m A2 VR 56
m+ 1A F A AR DCIEE I, MML 335 8351 25 i Y VT T
(B m. B A S AE 7 T, X6 0 A ) R
B AL 58 MIML TR Hp 11 o 5080 Ak BB A2 (O
ST R A B DG JC R A O AL FE n SRR, HLAb
L Isf 2 it i A 1 R ) B R LR

byte[3]=255 ?
' byte[2]=255 2

byte[1]=255 ?

KR B A%
T-=-3---- >

(a) HBRIZRUATE (R KERIBEARINEED)

byte[3]=255?
byte[1]=255 & byte[2]=255?

byte[1]=255 ?

1 >

0 >
(b) /i (RKHE QIR ML)
K8 i Ak 3515 1 MML TR B A5 R 1L

R B AR MIMIL 3350 (8 5008 B B , AR SO MMIL 3
BT R T T R AS R
MML P 35 . MML P8 53 i 5 A Ji
PR ) R A7 0 0 o it J ) TR LR A 7 945 Ak
RO, AT B AR TR R Rl 0y

KEEFSE AT e PR iR S g 2t
Bic . BI AT A 515 (5 0 255, 2 7 5 52 e DU B, X
IO 5 PR BE PR A S T R MMIL S 25 5 5
T2 H O 58 4 DG EC , D) 35 8 b A o H
MML 8455 F 5 MML 315300 R 4k 2 R
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b B AR B TR . — A 3T
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B MML P 335 7 2 0 HL A B S A
B AH R AE BT e A B30 Ak 33 B AR A 5 1 L 3K
ARBCR A L H AL A n A FEIRE] Log,(n+ DA K
VI 7 B it BT 1) B[] 42 2% B8 R MR O (o) B 31 O Clog,
(n)). B ARSCET I SE T o BERES5#4 1) MML
PR AT I T T A BRI B 7 B AT 2 e i b 2
B 4 , 2 1 IEA T AP S A A s A A BRI E

4 BHEREMESIERITNFITY R

FEATAL 3 5 i AT 25 v R4 T im0 3 910 i B » B
P LS R R 4 A S RN C LA B, . FE 8 T
G AT I - T EEAR A VT BC A5 2340 JF UG B 458 . A8 3¢
BT IO I 2 BT T — A e b RE AR d i =
518 TR i R A BRI K AR AL B . i BB
FHRAFE A G540 8 5 50 e b7 9 B 5 iR 152 5 ) B i
5 S I e A R KA B . A AR SR T
T XHEZAT S5 AT AL B T 3 R Z2 5 | S Mgt i i
8IS T BET CPU-FPGA 280 1Y 53 4 %5 40 e
FE Tk 22 45 A
4.1 ETHRBERMNEEEIIERIESIZE
4.1.1 B En 25t

BRI e e A P AR X i R 1 R A R
— SO WS R R 25 b BRAS U R AT 77 51 g AT R C
P 55 B 15 B, 5 BCH O A PR AR A . A B
5 2% v A RS SR TR S T AN A i o
R i A B 0 SE PR R R R T
A B B s AT R AL T A BE . &
Xif DA b [ R, AR SCHR B T A ZEAL 1) T B
I A 1 7 | BB X 0 A s 5 3 R AR A B 1 85
T 308 SR A T A R AN At TR e A PR B
T A B G G Ay AT T R
e PR RE B it 55 | R 2 G 8T 9 A IX 7
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A SRR 24T e 5 gk A o i o DE A B MR e 4
F R IF AL A BT A 1 5 B A A
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IO A P B A Hh A kR

eS8 18 it I T i e AR P A R
RFFAA A A E T 5 | 21y
R LRI T A SRS DR L AR SOXH R
5155 0 Rt A T B RO 32 5 3R ) AT 1 R L LA
SE R R A L T8 SR BEOR B SE B A kR X T
i A TE BT DL AN SR HH AR R B A G R
AR i RG2S 0 B 5 T ) A
GAEL . iR 5 B o A A e A P e A i 5
E L -

RS e 51 8 v 4 B AR a1 5 T 548 FIFO
S A Y R A A g A s P B R A
F - A 5 B4 ) e A R Bl i St A v 45 PP 81 Y
F 45 3851 A 58 4 — B0, T B A9 A i R FI AL
i i Y o AR A B A RS A WAL . TR R
B 4 P 816 IO B4 i e RS FEE S A
Z (R R T ] X I o A B A i 3 18 RS
MG BGAT - LIRS RS i Al th A R b
525 FIFO A] SRR I 5 B A3 . BRI, )3 5]

AT o RN 52 55 3 40 AR IR 82 1175 K 43 1R
AN [ %) e 43 3 S B A fige PR 5 B S A U M
R
4.1.2 BIEENHETTH

WNE 9 i B i 51 38 th 24 TR He A
AL A KR sh B 11 ST A A5 B A
LB ESRE AR YA SR R T N Koy
B o LR A 8 A A AT L 430 4 B
J¥ G0 S AT A0 S A A7 . Ay TR R T
i LA RN - L o

J¥ G TR 3 R 5 AT A A S v sl
HALRL . JPH M E5E 3T SN 4 . 78
3.1 2/ H AR B, R A M AT A8 DL 2 AN ALY
b BRET AR A4 A o AR AT 78 A S 0 A AT 1) 7
TR BEIEARE . B A SO A B W 3
FIASEER FH 42 il & 0 i A B85 5 17 9 AT 2 22 B 1)
BT . A B T KN 2xP 1% A KL
B X . B X A AEFT A P 1 S AT %
A A A B 1. AR 2 T B0 A BT 5 1 i BT
K AR EAE T — JE DK 28 ol IX o 50808 i 3h
A BE B AR Y R o X P R K /N T P T
B, AR e SRS A P2 ER P 71 AR SRR G2 X

il 5 |2 AL FE A B AR Sl 1, R R 4615
A% T R DE S B S m A L AR T R P
FIFO 523 . SR 45 2 1% i 88 1 T1% i )3 1) i
BT i 3 AL SO0 0 P A R0 45 B R R 4 24 A
BERBE ARS8 A B K S R RS
B VCACAE B T8 FH 1550 e 90 A b 2 X A~
J7 370 gt BT A5 21 114 DG P 2 A5 8 N DG o7 i B A DG
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BB o AR A DR LR B L A AR
DEFC A5 B 15 VG B BOCHE £ 7 B (4 ik 38 2ot i =7
R 26 RS I A R 43 i VC e B0 e B 72 i
FEEHE A I BRSOk B A& 58 I i R R4 1
SR A S 300 DT LR s . — O T, AR R £ TR
RVCHCF A5 R BE AT DHEG I 03— i
BOR AR UL LA 5 DERC SR PR 50 . A T4
FE 5 MBI IR B A PR 5 AR A0 A o i
PLTE VAT RE G . 2R R B % R B £
CPNE S

MU B 1 5 B i A O A, HLE R
il . 5 | 58 Y i S B 4 B . Ry S R A D i
B J5 7 MM S T A B £ ik
AP . AR, FPGA H 5T block RAM 45 J-
A BT SBR[ B e
PEAT HbhE 285 | RV 1325, JC 12k W) I S 400k 2%
UM SIS . e, X F—AN R B A s
BLFER 149 B IRAEA B30 T #7151

AR R R s L7 8ds . B XSt ), A SR
TR T — AT UGB SRR AR B R 5 | () ety
Vi I R 10 I 3 ML A R fit e )
BAEHA TS G A 38— R e R 2 N
PRAE it bt AR 5040 v e 438 T 400k B2 1 250
BR8N FAT R “abedefgh i 2 T R B AT
fiti, “ab” “cd” “ef” “gh” 43 A F B 10 5 i+ 1.
i+ 2 i3k B AT B HUE 4.5 F 5 de”,
W)= 50 DA 3 A5 T PR A i R A 285 1+ 1L i+ 2 ik
HREECH “od” e, PR A Bl HE 1 A2 B N “cdef”
W R cde”. DLk R, AR A B Y BlE s
Hi ik (rd _addr) F1E$5 32 58 09 35 £515 5 AR U6 5 e
B hE A B B0 S AT 2 R it e ) B s
BB A S AW . 8 S A Uk R A R
WAEE S AME 5 (wr_en) LAk H ARG S . 16 /R
JEG IS, P A A AR B2 T 5 % 2
P38 [ 57 TE AR R) . AR SCIRE T A7 i R AE AR B R
327 o R B s 5 0 A T ATk 32 1 /SR

T
— AUk rd addr | | |
— B NH ik — wr_addr : ) : : \\
— B NHE wr data : ! : b2 : rd data—>
B |
— 5 A Fi — wr_en L 2
TEfEgA E i —>
rd addr : : : 3
wr_addr : : :
it i3 rd data—>
wr_data 1 | |
wr_en : : :
L TEAif B )
E10 i e ik it

4.2 Z5|EBEMERFZITSEELHN

BRI e 15 | S DN AR A BT T A v T
P B i R PR R (R AR T R R 2
HEI . 55— 5 R S LR i R AZ IR T
b R T o DR] AP X LA T Ao AN RT3 i 5 | PN O
F7REAR v TR BE . XTI AR SR S 25 | S i
FENEAR BT 76 MR R 5 | SR 0 Jeml I, S £
I Z R AT 55 WA T AL BE , i — 2D 3R THf e Pk
AE. MeAh, ARSCRITHSEE T —4~ 3T CPU-FPGA 42
A (%) S5 ) it N 8 2R 9 i AR F 9 o 4 1 1
s E S
4.2.1 WY RRZ 5RO

ARSCE AT RT3 R 22 5 2K fff s Jon 3 25 4244
B9 BT . s 28 2H A 5 AL 4G 2 Bl i TR 5 1 2

— AN AL B R R AR . R Bl
FIEE R R R GG BT 4. 1/ R E T
M. Wi 251 T 2T AT A B AT YRR
el KSR i T A e S5 g e 5 | 5 A i ] AR B0 T B
PEGEIRANN 757 5 B AT IC B A V8 HE 25 Ay
R EE R T SR S 2 5 | B AT 55 ATl s

i A TR BE A% T ST R AT 55 20 E B 2 ik T
S R PE SRS A AT 55 B B R 24
5503 85 o R FHAE T 58 1R A9 9 B2 SR e o i A AT 55 2E
PRI HE . AT B — AN AT 55, B 2 X fige
GRS IATIEIR A AT 55 20 HE 248 300 2 1y ==
VRIS . i S R B 07 TORE 2% 5 1 5 A ) A e T it
E RE R 1 o R SR TR 10 R BE S . o, B B R A
PRI A A T | 8 8 Rl U 7 S AR A 4 ]
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RENDCHC , iy AU B2 2% A ol s bk ot 7T
5225 FIFO S 47 08008 I DR 4 LA, 9877 s e
B A LA
4.2.2 CPU-FPGA S fif g 2 45 i Al
ASCHR 9 225 4 figp R Jn 2 Pl i Z2 AR X
AT W A7 A T3 R AR i) I M 45T 5
CERER ) \PCle finsk <45 . AlAR 8 W HH 7 5 75 oK
FE R 25 M B 3G i R E B 2. Horp, PCle i
R AT PR 55 A AT 4G S, B R i
Bk B ASCERRSS A CPU LA PCLe s <
() STA - 15 0 225 |4 A H s 4 1438 2 o7 FH A 7
RVISUE I, R 1T SE 8 T — A~ 5 F CPU-FPGA 42
A %) S A fif 03 R 9 D A, LBR AR A ] 11 s

e | FPGA
(AR | A
o ___
( PCTe % ##i21/0 %%igg
e sz 1

F11  CPU+FFPGA A B f Nk R Ge e 4

Z 4 )58 i CPU M FPGA Wi 2H 8. i 2
[i]38 i PCle $2 3% 2 , >k F DMA i 47 450 1%
iy . FPGA #4) £ B4 G 225 | 5 A F ok 25 4
[/OREHE . Fdli T/ O B 61 5 CPU A FPGA Z [A] (1)
AL 323 0 PCle {444 1 2 58 # DMA
SIEF AL . CPU B4 EZ S | —A LZA B it IR
IR O % 0 R R A AT 5
b PRASES, T SERE I P e e R Ak . BRI,
RS2 AR 2 & 3% BA B DA S 45 b BEASE SX i) FPGA
Uity I KM AT 55 30 2o BA SR 2 4 o sk 2% 1 286
R BT KRS U7 A Ab 2,
A SRR A SE 2 A P 2 Al 8 5 SR s

5 ZWIFEMESSH

AT XA SCHE Y 3T FPGA NG 1Y i 1 g
Bl i = 7 R AT TR AN IEAL b . B S N T
X A R0 5 | 5 ) M BE A T VPA L IF S5 A TAESE
TTXT b . Z 5 78 R GE R A S L il o 2251
BN FR S8R0 AT R AN T A O T AT PR A
I3
5.1 K E LM T E

ARSI FE 3 5 | BT 22 15 | i H o i s 7

JZE XA SO 1 A 4 B9 3FEAG 20 A . A SCHEfigf T
IS5 C A 7L T TR et .
Bk 22 5 | 5 Mgk e Jin S 45 X0 IS8R K ml 7 Rk L A
SCIE S S B T 2R G S R o e g B REA T K
AL . LI PP BT Calgary BT, SLHIT
FHERSE A PRI S BONE B AR 2 I

®2 ZWITERESHEE

HR M S H
g RN 5 | FE DA

FPGA Xilinx Alveo U200
FPGAJF LT H Xilinx Vivado 2019. 1
T RIS Verilog
Yige i TR ModelSim PE Student Edition 10. 4a
FIEAFE O RN 1651
R A Calgary JE4i VAL £ 4l 42
225 | il N A VAL
R Intel Core i5-7500 CPU @ 3. 4 GHz,
SRR 3L .
CentOS Linux 7
SR JFH FPGA Intel Arria 10 (10AX048H2F 34E2SG)
. Intel Quartus Prime Professional Edition
FPGAFH KT H
18.0
R R 1E S Verilog (FPGA); C (software)

TR iy BEIH AR 125 MHz
BT Intel Core i7-6700HQ CPU @ 2. 60 GHz,
B AL
Ubuntu 18. 04 LTS

Intel Integrated Performance Primitives

BAFIMHE S 7 5%
2020
PUIRZ: WA €S Calgary FE4i PSS 46

5.1.1 M H S | EEPEA ik

TE AR R0 5 | PP Al v, S T b 5 90
TAESEATRT L i RN 5 1 P4k 1) H AR FPGA -
G5 IR B N | R Y
ViU B R 32/ JE I L B A R 32
T AR X B A BT B 8 i
Mras AR B R 11K /NP B A 16 7715 .

X i OIS 15 | 8 %) SPAy 4 fie s M B A {1
VW5 I . PR RE VRN 098 bR L FE i A ik
XoF b7 ) Ak 00 Ak B 3 ) T PP A i e 5 1
(1) S B fiff F PR BB AN AR BRRAT . 7R VEAR 7k b 4l
FH ModelSim X i i 5| 35 i Bl f 1 o R kA7 2h g
TE A PEIRAIE , I 10 S5 A e 2k R JUT 0 7RE 100 o 1% i 4
JEVHER . 3 o ) I A B R B A
R AA R 110 i A ok SR R g ] B A B R
BB A PP AT J2 B X B RS AR L il i FPGA
FER T L5 A G UR FHAR A5 20 5 2 i B U5 FE
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R . AN, HIRE 3. 2. 2 /N1 HE K B B bR
SR AT 7 25 AR L AR SCRHE R Z 7 S5 AR iR Y
BT AT VAR 24T

5.1.2  Z5|8 R s as s O ik

TE 25| B f g PEAL B2 R G
TR P i 381 i 50 B0 e 3R 2R 6 9 VA FH 0 ke X
BT R AT DA I 5 I %0 T 3ok 3R e Ji 7 sk
FPOIFEROR BT . VA 51 b s AR Sl o %o e AR
AN (RS TIN5 | 5 1Y) 22 0 Dt 2 1) g 3] i v ok 23 L A
PF B DAL DB RO R AT RGP RE W 4 R
G3HT .

T St ) I A e 2R DU, — 2 O R A T R
145 Rl N LI ) FPGA Ik K & 2%, sk -k ik
PHSEROHE 5 AR [0 2 E AL DA WK 6 R 55
FNCEN R JG —A B 58 BT 55 =22 1] B4 e ) 4 Sy S figt R
B 0] . 38 o R AT 45 AR A R B [ 3y 1) o oA
R R G R T B RE 4 B R T RN ) R 4 i

FPGA T & T HB M &5 5] AU RY
IIFER LUAEAE I R R DI AERCR B A8 bR . A
SCXF LZ4 B A% F 3 F Intel Integrated Performance
Primitives (TPP)EAFIIE 2 ) LZ4 Jis Ty i 2647
T B HIFERCRANE g 225 XA Y i sk
RAEATITAL .
5.2 fREMES|IETFE S
5.2.1 kR IERe s #r

& 12 J7m T A S e i 5 2 4b B Calgary %5
Pt 4 v 25 B0 00 B SR 0 A s R AR SR R
IS T B R 9. 7 A A B A e
(geo). N ZEHRMIALE K E L R F R 5%
A FEAEAE — 8 AN . U 40 3B B
JE o AR LA S DG L A 8 22 B RE A P - i
e Y B RO A Tk R vy L BT 12 TR A SR 4
RFEHT XTI I Es e G 4 3B K ) i
FeAv i R sy

12 7
L rab ] A B T A 5. 944 -I
10} : —O— R4 % 9.112 °
{5
] 44 5
Jay
&g 5. 189 3044 gy
piil ES
5 1%
oAt
# 12
1.054
2F 11

KI12  Calgary %l 2t b fige 1 7 | 5 fige 14 g

IAAETE S 4 36 BT 5 T4 2 A
XL KB A0 R . — R B 4
SR A 0 75 ¢l 2 T8 5 X 12
geo MBI MRS B2 . AL 1 TG PR 4 B
P KA T2 B T S B
8 L OF A7 B 3 7 T KL B 75 0 6 B R
B

53— BB PR3 R 7 1 5 2 T
I SRR pic O FEHERE . 7= I B0
925 A pic HCHR o 7 46 K B T 1 4G
. CRHCR ISR R I ICR RS — e e
HCH A FE R B S /Nt i
e 5K LB A 5 065 A/
R E IS SO T i e R

5.2.2 RS IR AT

ASORE AR 0 i Fe s 5 | 48 5 | A LZ4 fig R
TR (MLZAD)Y S EA B 1Y LZ4 i s Jr i
(APNet-22)"" Y Einlk Bt 3 5 77 i (Xilinx A1 Xilinx-
Streaming) " HEAT X A BT 45 i RN 51 2 5
(14T 200 B A T At ) % e P B A5 i Gn 3% 3 T
Horp AR T 1 R ARk K B2 5 B el A A 7 i 40
Tt AT 2 IR . S LZ4 %
JE 5240 b AR SO T A e P B R A 00 IR 200
¥ BERT

TES PR RE T I, T IFATIR R ST 8 1 2
FBOM TGN 1 53 b R E T, S 3
AVt 13 T 2 (217 MHz) 5 550 % & & 0
Xilinx-Streaming J5 ¥ (300 MHz) #2224 27 % . AR 3
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®3 BBESIEARNFRERRBEELREX L

e BRI BRI iR kR SEPRIFAT BRI AT 5
LUT FF BRAM  (MHz)  (MB/s)  (F9/RAMD  CGEEFE/LUT)  (FFiE%/BRAM)

MLZAD 342 377 20 260 260 1 0.76 13

APNet-22 - 14. 44 - 660. 76 - - 45.8
Xilinx 7300 7000 34 262 443 1.69 0.06 13

Xilinx- Streaming 6000 5000 32 300 368 1.23 0.06 11.5
SIS 18 447 2136 15 217 1491 6.87 0.08 99. 4
At 2 15 266 2191 15 263 1718 6.87 0.11 114.5

7+ 889 J5 % (APNet-22., Xilinx . Xilinx-Streaming) f) i ] 7 BRAM LA A7 il %8 U5, A S0 8 514> BRAM %5 5 (36 Kb) %

X 5 S IR AT- Ak B DR P S5 9 T AR 1 BRAM 2

P2 0K B P AR BT O A RO D T S i
FERSAE . PRI AR BT 2 4 B AR B 1 1 A3 5 AL
217 MHz 4 & %] 263 MHz. 427+ T 2921 %.

FESF R ERE T 10 AT 15 5 ff BT 773 1 e b 28
AT W BT T MR 5 | Ak Rk BE . AT
(4 4 B4 7 BE TR 3] T35 6. 87 AT/ R R A
B 7 (Xilink) B9 4. 1A% . A3t 2 7] 58 9 i i
1.7 GB/s &t 2, ik 8 7 A fe 75 1 CAPNet-
22)1 2. 6% . TERTEHUSSg FP L MR S A R
(R 42 T 1T R AR AT 55 1 A SR ], bR b J2 g
4 Kb EHL I 7
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Hofth 5 2210 3 AR R /D L BR MILZAD 2 4h , HoAth Oy
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I 2 A R R AOR . T R IR 25
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3,000 |
2,500 |
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|
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I (e A it 9% U8 0% B9 506 BRAM ] 55 31
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B R G0 1 v B S A R A K AT IA 4 GB/s
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Uiy 1k 25 B 0 5 | R T e PR B 3 iz A5 3R
W fige i R 40 2 ag R iy ek ST 4 ek
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FEPGA 2 [ i1 5 3 A2 i » HE 52 B o e 2 18 114
IR A B AR | R A B ) 22 B B R



2700 27 I N A= S i 20234
80%
- B | HRi/o | R | mEele o
o | W S N
60% "\'\K‘ﬁs
s @ | O | 8 |y N S
50% k
40% @
30%
20% \
10% &
0%
15| % 25|85 35| % 45| % 55| 8 65| % 75|85 85| 5

K14 RGBS ERIMHEFERT IR FPGA BB IRAY LL i

FEARTGEDRAT P R SR ACR A | 25 | S T n e i Ci
N R JEE 45 A T 5 1 2 i A P ) B D R B |
BRI R RE R LM Y. BRRE RS
SRR P AN 2 B 5 A 38 5 | S i e A B
K .

SEEAT AR APERE T AL M n] R Bl 0 5E
FIEE RN R ST IR G B - R RE 2k AR A i
FTh, RGBT IRPERESCR . X T4 BT
AT AF AR BE R AE B2 T2 BT IR . e A, 25458
B R 45 28 BT IR B0 DA W] 25 L BOHE 1/0 A
BRI B2 A T AR 00 A7 A SR L) S 2 R T R Y
TREEB . AE8 TR R G B b i e 5| B M AR T
40. 5% M TR K 14. 526 BIAFRATE IR ARtk
THAE T 8. 600 B BT K 59. 1040 R R B IR .
I o A S 2 75 | B R 0 AR A i 9 0 A T
DAY AR 5 AGEE D 482 e B AR W R AR

VAL B8 2 G BRI B 2 B 22 5 1 B2 e 1 T sk

A LA AT R AT 4 R M ST IR M RB AR
5.3.2  INFERCR T

DIFERCR I B o0 B sh i B S T RE U
s P EE N PR RS b o A R A W R i v
() A R 28 . AR SR BN ) 50 i e 15 | 2 1 o sk
ARG INFEIATIRAR /34T » I 455 B R T FERCR
PEATPEAS .

TN 2 e DR RETAL 25 R An & 15 7 .
T o H R I A R i B IR FH 3 2, R4
() T FE AL 23 B 22 398 O AR MR B T N K. T RE
o S 1 A W T . — T BE /O
ity Bl B A S B T | AR A, A R I DR
HRARARAE . 5, FPGA B F A i Kl i 7%
TR 2= A — i I TIAE . L, ST FERY B &=
BRI G B0 R IR AE TS Bl RS | A
K, FPGA AR TE A R4S BIE T, REWH
BLAAME I DIFEH A Z . th Tk R i

7.00 — — ~ 1400
— R DR e TPP NG D RE R
00T —omm it aibesi T = LZAMKIEIIRERE 11200
5.00 41000 7,
w400 1800 &
B I I mI'h''r>»ats I''h'o'5sf o' oo er| ~
o0l - L =600
&
2.00 | 1400 %
=
1.00 - 4200
" 0
B3 e=s 1 2 3 4 5 6 7 8
IhEE 4.33 452 | 4.69 4.88 5.04 5.23 5.41 5.59
INFER 2 1905 | 365.0 | 527.7 | 676.2 | 818.5 | 946.5 |1067.5 | 1180.7

FI15 205 S Al o s 22 40 5 i AR S I REs R



123 XTECAE . —FhEE T FPGA N Y & M R ECHE fik sy vk 2701

KT DIFERG L, K R G 1) D FEE BERCR B %5 51 %
B TE WG K . B8 B B R G T ARSI R T
1k 1180 MB/(s+W) , J& LZ4 5 A F1 TPP il i J% (1)
1. 815N 1. 6 F5 A |

6 HEXHR

6.1 LZAEEMEHR

H Yann Collet 7£ 2011 4E# 1 LZ4 Bk e .45 1
EEXF LZ4A BTN AR S WA 4 2 1 . K28
WFIE 2 XS LZ4 48 o B b AT s e 31 . 4%
M PRI P S 1 2 5 /b 0 N S s b B i TRk
R T Sk T L Mg RN 152 T A B 4 o i B
APk

20154F, Bartik M 48 N B R T LZ4 53800
Wi, EESEIET FPGA X AK U4 vE4T 1,74
TeUELE . T IR LZ4 3 el A =Xk
TP AR A B, WA X R s R R A T IR A Tk 15
Th . H TR R BN T AR RN % 1k
THU/N T B/ NI Ay 2 TN BEAR T A7 5 5
il H i A5 4 PR Re B R B R . i AFEfS
et At AT 17O T ARG SR T SRR
A7 AL B ) H 5 DR A R BT I DA R itk 1
T SRR LZ4 FRGR a8 (AT R A
(1) 22 vy 1325 - Wi )y S8 75 BOHFE R I AAAf o I
HAPAEGTIRRCR AL

B A AR L AR S K LZA Bk S
FE2 a7 —Fh T FPGA 1 k456 fin i
WL R G R 2 g X LZ4 F 46 J5 4L
PHEAT R4 2R TR SR
FEE AT T # I Tk kcadk v SRR 4 F
g I A Ah B

B LZ4 Fe 4 3k P 50408 i 1 5 S AN A8 1Y )
A, Liu W3 AWFFE48 L T 5 T LZ4 BBk WG 2K
it 45 FPGA N5t I [ 4 47 i e m i ik
FHO ST A M LZA 5% 2 D R 45 5
i o B s AEE 35 8l . AR L i B A% X e ik
5 LZA A, LA B &858 P e iy s
A5 A FE B TR R F 8 1 A BRASE =, PR e A ik
RN RE A XA

B F A I 5 vk A AR I AE A S R T A
BR CFPGA IR A AN 245 A 7843 1 ]8T, Liu P
AW T — 3 F CPU-FPGA 544 fin sk (1)
m PERE TR RS e it KOTA T4 LZ4 R 46 I A%

BT ARG TR G4 8 B U5 T AR 6T e 4 Jon 3
it 47 7 9 Ar e ik S T i AE i P e

TEMY B, Xilinx X Fe 48 526 sl 47 17 8¢ 2 00t
GE . S T AL LZ4 78 N 10— ZR 50 R 40 5305 in
JEL Xilinx SR 5 J2 W &R G BAR XS B 1 E iR 1T
SEIR, % 5 s Has T OB T o H B R
LZ4 fif B TR R FR 48 P45 7 B AT RVE FL 745 18
S B EAT T PR et v S RER A AT Ak 3. 1
TSR ey PR T 3% 5 Be b 31, HOR 17 {0 72
AR

BTN 174 ff A R4 T4 ME S, Mahony A 55 A\ 4
T s D B A 1Y) 174 g AR Ak
HEIT . B S 1) o3 AR AR N S s, R
P& AFEF S A AT 5 DS RO BRI S5 22 (8] 5% 57 28 A7 LASR:
T AL BE LR, I DG B R A IR R R AT T AT A
ek . H I 5T A O TR B AT A IR AT AR 1
Th. Liu P& SR T 456 LZ4 F 456 R He Jin s i)
T R AR RGBT AL T G UR I RE A R X 4
FEMEREVEATRACEC B (R TAEBAT 45 Hh AR
i FE N 5 | B R B S S0 K

IR TAERT LZ4 FE48 R s UEAT T 2 84
K BLEIATAE T 2 TRAF Y . K2 50#%
JE NN 7 5 A AT IR TR, S B A i R
ik . —2e 5 gt LZ4 fif FE AR o i Bk A7 17 9074k
U ABATY SR A FE 00 R AR A AT AR B 4.
Ab s BUAT 5 TR T 45 43 B B R4 A [
W AT, VA 2 S S PRA R i A R A
iy A SRR — B O R I A A i AT
FI AN 38 53 LA B i s G5 A 1 IR . AR SCEF XS LA
IR EAT T IRABESE , N 2RO LZA ff He i
WAt AT IR AT R A e B T — OB i 2 T
FPGA Jiin i ) e P e 50 it 15 ik
6.2 HhfREMEFR

Ko TAE X LZ4 DA i H At 28 308 153 5004
i PR I I B T Tz AT R 48 Deflate
Snappy «LZW %55 LA b AT 31

Deflate 5356 1277 1 45 F0G K2 g 45 45
A SEERER e B R4 28 2 ZLib | Gzip %5 1 40 5 g 2
fik™. Lazaro J 58 AN7E 2007 4R T B 43 F FPGA
(1) Deflate fif H g s it , AT SEEAE 212 MHz iR T
B 1A AR Zaretsky D S8 AR TR
FHAE W 25 37 it R 4 fife e Ah B 37535 7P (9 Deflate fiff
T % gl i 8 51 g £E 120 MHz 45



2702 it

'

¥R 20234

RS GB/s ff A ik 2 H i R 5 | 3R A
PEATIFATAE T . Ouyang J 45 AR50 d ohoc A4k
YstR I T 5T FPGA 19 Gzip FE4 fif s %31
AR T AR IR T CPU A %07
PTG R S fE T R T T I TGt o s %
FRGAE 132 MHz Hi % SC 8 T 5 K 249 300 MB/s 1Y
fift R % Ledwon M A8 A& T3 T J2 R &5
B H AR K Deflate F 48 fift M 15 11, FoA e | 28 51
BT K2 550 MB/s F-F- 28 i A i 20,

Snappy -5 Google $& 1 5E T LZ77 B35/
— BT RS TP 4 B B I AE R
AR ERY Se . 2018 4F, Qiao Y S5 AWFSE 4R I T B
AT 7] Snappy f#H B9 FPGA s % 11, m] 165 WAL
Ik P2 I 3 4 v S B A K 15 N B S I A e o e
B Qlao Y S ARG B I S B AE AR VT
ARSI [, Fang T 58 A GHZ o8 647 T ik— 4
PEAL R TSI T — A = 1 B Snappy i H
- AR BT T SRR 24> Snappy FEA R4 BT
FEATAL I DL B 8 ) F B T SRR 3154
T R g A

LZW B — R 3 T 1278 B9k 1Y 42 i 0
JEAE T3, J& GIF TIFF 25 % g 5 44 3 A0 LRl
5 LZ77 ZANVE PR o MO H R D s
s T B ST AR 1 L PR O R o O T R A
K. Lin M &N R T IR0 0 LZW 53k 6l
PRSI FE R LZW S5 2R FH B 33 0 4 ) 5
BLEAT TR BRI T — AR IR IR G AR
T B TR S MR R B X LZW R T
A7 A M 3 MR, Kagawa H 25 A% LZW i 1k i
FEHEAT T 40 82 11 T — Ak R A f LZW i
B BT ] S22 295 MB/s 1 i 1R AT
.

e M B JC 0 48 B5CH A F E Af FEEE [) R r)
Mg Eh 26 E 8 H R BRI . h
TIATALRR BEBAG 0AT 56 T FPGA A9 it 5
SR ST XE LS R e R B 1LZ4 B 1 . AS SCRIFFE AN
ZZU LZA g e AT AT Ak it 32 0 T LAFAT

PFF F AT e A0 8 e 1 R S0 i s 5 1 5 2L R ]
Y251 B i I # . AN SO R 51 SR AT iR
IFAT BE AFRE SRR AT WA T A I ik . &
G S RN B AR SCER Y 10 22 5 | B fige T sk 48 245
RAFRITERE T 3 I K IIFERCR .

J& BEOR R AR SOOI 5 W] A 22 U E AT 5 R
. ASCB R I 0 2 5 BOT AT IR Bk
AT 22 5 BT R DT I AN IR T LZ4 i
F s, o m o7 T Al A R R s it % &
FUIFAT M7 BLALE X e 51 i A i ) Ak LA BE
RGN A A B T B S S TR IR R X
Frf by Bedl & AT el st

BOW ARMASIEEAARAFEESE ®No
62202486, 61972412, U22B2005, 12102468) . & By 4}
F K FRAHA B No. ZK21-02)F 340448 % %
BT AT AR 69 & A B!

Z % X #

[1] Hu X, Wang F, Li W, et al. QZFS: QAT accelerated
compression in file system for application agnostic and cost
efficient data storage//Proceedings of the 2019 USENIX
Conference on Usenix Annual Technical Conference. Renton,
USA, 2019: 163-176

[2] Jia Y. Shao Z, Chen F. SlimCache: an efficient data
compression scheme for flash-based key-value caching. ACM
Transactions on Storage, 2020, 16(2): 14

[3] Tu Y. Chen H., Wang H, et al. Research on heterogeneous
accelerated columnar storage engine based on co-optimization of
software and hardware for GoldenX. Chinese Journal of
Computers, 2022, 45(1): 207-223 (in Chinese)

OB B0, WRin e, ERBCAE . T 15) GoldenX BRE B[] 0 AL 4 5
Hyhmig s AFFRG 1905 THEELFA, 2022, 45(D): 207-223)

[4] FangJ, Mulder Y T B, Hidders J, et al. In-memory database
acceleration on FPGAs: a survey. The VLDB Journal, 2020,
29(1): 33-59

[5] YannCollet, et al. LZ4: extremely fast compression algorithm,
https://github.com/1z4/1z4 2023.3.,13

[6] Deutsch P, RFC1951 DEFLATE compressed data format
specification version 1.3, https://tools. ietf. org/html/rfc1951
2023,3,13

[7] Google, Snappy: a fast compressor/decompressor, https://
github.com/google/snappy 2023,3,13

[8] Agostini M, O’ Brien F. Abdelrahman T. Balancing graph

processing workloads using work stealing on heterogeneous



1249

XFESEAE: —FIET FPGA I 4 e M BRI i 16 7 i

2703

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

CPU-FPGA systems// Proceedings of the 49th International

Conference on Parallel (ICPP). Edmonton,

Canada, 2020: 50

Processing

Samardzic N, Qiao W, Aggarwal V. et al. Bonsai: high-
performance adaptive merge tree sorting//Proceedings of the
ACM/IEEE 47th Annual International Symposium on Computer
Architecture (ISCA). New York, USA, 2020: 282-294

Abali B, Blaner B, Reilly J, et al. Data compression accelerator
on IBM POWERY and z15 processors//Proceedings of the
ACM/IEEE 47th  Annual
Computer Architecture (ISCA). New York, USA, 2020: 1-14

International ~ Symposium  on
Liu P, Chen S. Reducing network traffic storage overhead: a

hardware-accelerated lossless data compression system//
Proceedings of the 6th Asia-Pacific Workshop on Networking.
Fuzhou. China, 2022: 85 - 86

Xilinx. Xilinx 1.Z4 compression and decompression, https://
xilinx. github. io/Vitis_Libraries/data_compression/2022.1/source/
L.2/1z4.html 2023, 3,13

Ledwon M, Cockburn B F, Han J. High-throughput FPGA-
based hardware accelerators for Deflate compression and
decompression using high-level synthesis. IEEE Access, 2020,
8: 62207-62217

Fang J, Chen J, Lee J, et al. An efficient high-throughput
L.Z77-based decompressor in reconfigurable logic. Journal of
Signal Processing Systems. 2020, 92(9): 931-947

Bartik M. Ubik S, Kubalik P. .Z4 compression algorithm on
FPGA// Proceedings of the IEEE International Conference on
Electronics, Circuits, and Systems (ICECS). Cairo, Egypt.
2015: 179-182

Liu W, Mei F, Wang C, et al. Data compression device based
on modified 1.Z4 algorithm. IEEE Transactions on Consumer
Electronics, 2018, 64(1): 110-117

Sayood K. Introduction to Data Compression. Fifth edition.
USA: Elsevier, 2018

Ziv J, Lempel A. A universal algorithm for sequential data
compression. IEEE Transactions on Information Theory, 1977,
23(3): 337-343

Bell T, Witten I, Cleary J. Modeling for text compression.
ACM Computing Surveys, 1989, 21(4): 557-591

Intel. Accelerating L.Z4 with Intel Integrated Performance
Primitives. https: //www.intel.com/content/www/us/en/developer/
articles/technical/accelerating-1z4-with-integrated-performance-
primitives.html 2023,3,13

Bartik M, Benes T. Kubalik P. Design of a high-throughput
match search unit for lossless compression algorithms//
Proceedings of the IEEE 9th Annual Computing and
Communication Workshop and Conference (CCWC). Las
Vegas, USA, 2019: 732-738

Benes T, Bartik M, Kubalik P. High throughput and low

latency 1.Z4 compressor on FPGA//Proceedings of the

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

International Conference on ReConFigurable Computing and
FPGAs. Cancun, Mexico, 2019: 1-5

Gu W. The optimization of LLZ4 lossless compression algorithm
based on FPGA [master’ s thesis]. Southeast University,
Nanjing, China, 2017 (in Chinese)

(BiEL . 26T FPGA B LZ4 B R 50 AL B [ 124 08
1 AR HE 2017

Liu P, Wei Z, Yu C, Chen S. HybriDC: a resource-efficient
CPU-FPGA heterogeneous acceleration system for lossless data
compression. Micromachines, 2022, 13(11): 2029

Xilinx. Vitis high-level synthesis user guide, https://docs.
xilinx.com/r/en-US/ug1399-vitis-hls 2023,3,13

Mahony A, Tringale A, Duquette J, et al. Reduction of
execution stalls of 1.Z4 decompression via parallelization, New
York, USA, 2018,5,15

Lazaro J. Arias J, Astarloa A, et al. Decompression dual core
for SoPC applications in high speed FPGA// Proceedings of the
33rd Annual Conference of the IEEE Industrial Electronics
Society (IECON). Taipei, China, 2007 738-743

Zaretsky D, Mittal G, Banerjee P. Streaming implementation of
the ZLIB decoder algorithm on an FPGA//Proceedings of the
IEEE International Symposium on Circuits and Systems
(ISCAS). Taipei, China, 2009: 2329-2332

Ouyang J. Luo H, Wang Z, Tian J, Liu C, Sheng K. FPGA
implementation of GZIP compression and decompression for
IDC services//Proceedings of the International Conference on
Field-Programmable Technology (FPT). China,
2010 265-268

Beijing,

Ledwon M, Cockburn B F, Han J. Design and evaluation of an

FPGA-based hardware accelerator for Deflate data
decompression// Proceedings of the IEEE Canadian Conference
of Electrical and Computer Engineering (CCECE). Edmonton.
Canada, 2019: 1-6

Qiao Y. An
[master” s thesis]. Delft University of Technology, Dellft,

Netherlands, 2018

FPGA-based Snappy decompressor-filter

Fang J, Chen J, Lee J, et al. Refine and recycle: a method to
increase decompression parallelism//Proceedings of the IEEE
30th International Conference on Application-specific Systems.
Architectures and Processors (ASAP). New York, USA.
2019: 272-280

Lin M. A hardware architecture for the LZW compression and
decompression algorithms based on parallel dictionaries. The
Journal of VLSI Signal Processing-Systems for Signal, Image
and Video Technology. 2000, 26 369 - 381

Kagawa H. Ito Y. Nakano K. Throughput-optimal hardware
implementation of LZW decompression on the FPGA//
of the Seventh International

Proceedings Symposium  on

Computing  and (CANDARW).

Nagasaki, Japan, 2019: 78-83

Networking  Workshops



2704 it

'

¥R 20234

LIU Pu-Guang. Ph. D. candidate.
His research interests include big data
processing  acceleration and cyberspace

security.

Background

In the current era of big data, the large data scale has
brought huge challenges to data processing. Lossless data
compression can improve the efficiency of storage and
processing. In read—first applications such as databases, data
decompression performance will significantly affect the quality
of services. The LLZ4 lossless compression algorithm with high
decompression throughput is widely used in these application
scenarios. However, it inevitably incurs significant CPU
overhead. To reduce CPU costs, many academic and industrial
studies have focused on accelerating lossless data decompression
by field-programmable gate arrays (FPGAs).

The data dependency of LZ4 decompression severely
limits the parallelizability of .Z4 decompression, which makes
the acceleration of 1.Z4 decompression a huge challenge. Most
existing studies are deficient in parallelization and cannot take
advantage of FPGAs. To address the challenge of high-
performance 1.Z4 decompression acceleration, this paper
designs the parallel acceleration of 1.Z4 decompression from
multiple levels and proposes an FPGA-accelerated high-
performance 1.Z4 data decompression method. This method
improves the parallelization of the LZ4 sequence parsing
process and designs a parallel sequence parser based on multi—
field parallel parsing. The parser extends the throughput from
one byte per cycle to multiple bytes per cycle. In addition, . is
optimized and a dichotomous—based fast maximum match

length parsing method is proposed. It significantly reduces the
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critical path delay of the sequence parser and improves the
design clock frequency by about 21%. Moreover, a high-
performance data decompression engine is designed based on
the parallel sequence parser. The engine decouples the
sequence parsing and data recovery processes and extends the
decompression output data path to solve the input—output
throughput mismatch. To further improve the throughput
performance, this method proposes a scalable multiple-engine
acceleration system framework for high—performance data
decompression and implements a heterogeneous end-to—end
data decompression acceleration system prototype on the CPU-
FPGA architecture. Experimental analysis shows that the byte-
per—cycle throughput of the decompression engine is 4.1-6.8
times higher than that of existing studies. The engine achieves
a decompression throughput of about 1.7 GB/s. which is a
2.6-6. 6 times improvement compared to existing studies. The
end-to—end throughput experiment and resource usage
evaluation results of the system prototype show that the
proposed data decompression acceleration system has good
scalability in terms of throughput and resource usage. In
addition, the power efficiency of the decompression
acceleration system with 8 engines is more than 1. 6 times that
of the software—based acceleration method.
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