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Abstract With the advent of the Internet of Everything era, traditional data processing methods have gradually
evolved towards cloud-edge collaborative data processing. The complex load connections and fast-growing data
volume on the cloud and edge sides pose new challenges to database system performance and SQL acceleration.
On the other hand, the rapid development and applications of new hardware technologies represented by
GPU/FPGA heterogeneous computing power, NVM (non-volatile memory) storage, and RDMA(remote direct
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memory access) network, will have a revolutionary impact on the existing software architecture system, and will
also provide a foundation for the evolution and performance improvement of the database system and point out
the research direction. How to use these emerging new hardware technologies to empower the real database
system used in the industry is a very important and challenging topic. At first,this paper introduces the
architecture of ZTE GoldenX database system and the design of columnar storage engine, and then focused on
the software and hardware co-design and optimization of the GoldenX columnar storage engine using new
hardware features at the computing layers and storage layers, including: (1) Offload the tasks of
compression/decompression, encryption/decryption from the CPU to the FPGA, and use the programmable
characteristics of FPGA to design a dedicated MISD (multiple instruction stream single data stream) architecture
processor, using "software interface level- Computing core level-functional module level" three-stage pipeline
design improves the efficiency of data stream processing; (2) Customized vectorized execution engine for
column storage, making full use the new features of CPU/GPU namely SIMD (single instruction multiple data)
to optimize the traditional volcano model, reducing the cost of function calls; (3) Optimize the SQL execution
engine, dynamically evaluate and utilize GPU computing resources, and the JIT compilation technology is used
to push statistical and analysis SQL operation tasks with matrix computing characteristics (such as
filtering/sorting/aggregation) down to the GPU, so that the ultra-high parallel computing capabilities of the GPU
can be used to improve query and analysis performance. Our experiments show that the software and hardware
optimization method proposed in this paper can effectively improve the system performance of GoldenX. Among
the 22 queries in the TPC-H benchmark test scenario, the system performance after optimization is 2.5 ~ 10
times higher than that before optimization. Compared with openGauss with vectorization turned on, the
optimized GoldenX reduces the execution time by 17%~78% .
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kernel) : £ i (compression) . i & (decompression)
hn# Cencryption) . fi#% (decryption) , #RJ54C
XETHRAZ O i HE R 25 TR K 2 5K 2R,
Kl 2 TFER 7> FPGA R FTR . 82 OLAP 375
25D R, BATOHR UK S B 2 % T
K& E.

FPGA i KA RAMILAF (HBMD
54ME: DDR WAT, A SCH o B AT THEAT 55 .
GoldenX JiF | %48 1) ER AT AR 55T 5k, R
BT ZWKEM A THAT LSRN, 18 FPGA {1k
BEZ BRI 7 — AN IFAT T RATE S50 . H5d e
PAT ST FAR S e P R E BTSSR 550
RS (tasks pool manager) i#it FPGA IXEHFLF
(X-Driver) {EHtEFAFAFTS FHES] FPGA R
M2 MRKL, B2 MR OIATIEL, T
KPR HbAZ 38 FPGA THEE 7).

FEA WA, AT 51 B — e e 5
IR
BiE 1 YU L ReadBlock.

N R ZIRH oid, HHEHLS bno
il FdEHLE X block
1. IF BlocklsInBuffer(tid,bno) THEN

I AEZZ I X ) B AR [] 45 1
2. block < BlocksBuffer[tid][bno];

3. ELSE

IHE R 54T 5%, 4872 [21 1 2 4L PostRead
4. task<CreateTask(tid,bno,PostRead);

IR AT 55 A AR AT 55 it B PRL2R
5. TasksPoolManager.PushTaskToPool(task);

I BT BT %% T #HE4S X-Driver
6. TasksPoolManager.BatchToXDriver();

AR R R e e
7.  WaitForDataAvailable();

1Y B I 3 o e ] 8 PRy g B A i
8. IF BHUKI THEN
9. block < null; //iz [7175
10. ELSE

/IFPGA BEHUS T, Bli b LI AL X
11. block < BlocksBuffer[tid][bno];
12. ENDIF
13.END IF

FEE e I s PR & S SR = G
TasksPoolManager I 2 AN Ff A Ab B2 FE [A] B i
R — M S i RAESS, — kit X-Driver T

HeZh FPGA 1, LAKIE FPGA ZiKE& AT AE
71, FPGA R #E %R X AR 1K oid FlEk*S bno 7£ NVMe
SSD e B i fr B, 4R 5 HEAT il 5 R0 i 4 i
B, RbEREE RS S S A BRSO\ A7 R 3
PR X, FEIE I A1 R H0E k0 LR R

BN TR LR, g 5
BELSHE, a5 EHEE, Fad
X-Driver, Kzl FPGA £ %5 /K4 HAT K46 Al
ZHIEH, FPGA it DMA 77 R EH#5 A NVMe
SSD 1, 2 Ab R gh Fa i v b RN (R bR 0K
PR A1 L2 AR AR .
3.2.1FPGA K W Z /KL Wit

1t FPGA Wi, THHEATS &dit bl /E FPGA
PRI EAZ G SE B, — AT EAZ Gl — A
SETEE R, T EAMITREATS, AATES
M EAZ O PMEA RETE R

FHLAT FPGA 42 il 2 i i % 5 S A A B 1
AXI-Lite SEIL, FE ML FH @S AXI-Lite 4715
Wl ROEER L. 5NAFD &L, HEAZO
R a4 B HBM 2 N 508, R [ 1k AR
TR AT AL BRI ], B 045 R P iE d HBM
AR

NT R FPGA E 71, GoldenX %1%
AR TV B IR VA2 tH AL Z . DR
BERE T ZHIFATIRAK L

D B BARSME AR X-Driver
R, EATHEEHRE RAS R AL EE S IR (1) T S A% O R
E—id, MWER—MMESIG, FAMMEE G
—ZFKE, R 2 Fias, REER,

2) WEZLY: BT EZ ORISR E A DI
B, MIRGRKER LM, BRI EEE IR,
Kl 3 FlToR;

3) DhREMIHL . XTSI E M RE IS0 DG
DiReride, PRI IR T DI Re i, s
ZIFATIIKE

T LA zlib FRAEE LB, AT RGOSR
FATWARLE AT zlib FyEES 3 NFEILIR:

1) LZ77 B¥EEYE (LZ77) - SRR
LZ77 SEAT TP AR UCED, 6 AH B 1 2 A
FERIEE B, /MRS IE R AR B B e 2 Ik E
B, SEIYID B K 46

2) WEREWAR (Treegen) = XFHEE 1
A ZRF AT K 2 Y, XX NG R 2
D AT IR R S OO AT IR R B Y, A



8 it Bl IR

S R 2 5

3) MR ESY (Huffman) « RIEHE 2 45
PG R S AR ARk 1A R 2 30 DL R GRS )5 1
K R P 0

RS FAZ O FIR RSP RS R LZT77
Tree gen F1 Huffman 3 ML A, I b AXI
. AXI 51 Header Gen 3 MBI, 4% i
IKERLEM, W 3 FR. A, 76 FPGA & Ll
ZARPEREg AL, RO 5%
AT E AL B U AT R K 28, TSRt £ i
FHAT AL FERE

FPGA

zZilbE gt Bzl

| AxT
RESERES
DDR/
HBM AXT
N

LZTTHE F—>{ Tree Genffith ]

Huffinani&

i

Bl 3 FE4a T 5HAZ O N I 2 I K 2R 45 44
zlib A 5 2 R ATIREVE, BN FPGA R
i, XPEESE T A O AL BERCR AR . LZT77. Tree
gen 1 Huffman ix 3 N OCHE@ AR HA 05 2R 1)
ZILIRAN R, THEH — DT R AT IR K
LRk B 4 R T LZT7 BRI AT IR 2R B

LZTTHE
HN e s |

DSWiE R .

TovER
«\‘ LZMUER2E [ Lzffifts® |—»| Lzmifiss

4 LZ77 BN A5 1)

LZ77 B T2l LZ77 B, S8k T8
I 7 B B B RN B A5 SR R 2 A B
MR ERBE B, SRR MR 2w, A5 K
N zlib AR KR MERE S R RAT TR LZ77 A
ity LA 50 % 1 (Dictionary and Sliding
Window) ZHEEFHEL R, H2 ML, I
WY A n AXEFRE) DSW #iE, 4k 4 fios.
LZ77 BEHE BN R R 5, e i e 4

IR AN, BEAS DSW BEHL - HilEE B rp— A
oy FriAT AR B, B e BRI  BT A Ab 3
GEWR . AT IS, LZ77 B AR AL PR AT
BEAR MR R n 732 —

1E FIRFIK G BT, B —A> DSW B4 75
B3 AN LZ ULECSS . LZ b8 Fn LZ 43i
B, W 4 RIS FTR. FUKZAL DSW itk
SEEL T B R _EIRAT, — A DSW O AEHRTE [F] — B[]
ATARER = A B, AT D BE HE AR ) R A R

ST zlib JE4E 15 A% 0010 Tree gen A1 Huffman
BEHA AT T 2R3, A TR .

St LL EoisE, zlib R4 R A AT AL AR
IR E PR IFAT AR, R4 ORISR T
3.2.2 FPGA 4 it i & it

£ FPGA S Hit5d, FPGA 5 CPU Z IAlff%L
WA AT R, (H2, WR—ATEATSW
A B PR R B B L, MR S F

B o 3X Fh A2 HALHS FPGA 5 NVMe SSD %3

Pt (5t 1) LLRORIA FPGA THEZ G 2 7] 1)
B (s 2) , RGRAREE e R W AT
GATZ WA, XTHE CPU S HH A,

XEFIE L, (R B R 5 v AT 55 2
F| FPGA J5, BN T #45r CPU BIH, (HER
FEIBRTFEE L CPU ik, RIUEIRR IR
KT, mHEREFE—ER CPU RIRALEH G
N5&HE, WK 5 (@) Fim. N T R T4,
GoldenX JEZa/f L1t k%0 T PCle Direct 4%
A XFFAEF[E—4> Root Complex R FPGA il
NVMe SSD ¥4, FPGA ifii PCI Express # I B 4%
1 FI DMA 77055 NVMe SSD # ¥, it
CPU, w5 (b) P, XEEZE% T 110 #(fE, X
W/ T CPU WETFEY . 7EBTH 110 BibszBlt,
CPU 5 FPGA ERTTHHAT T HFkl4r: CPU R Aot
RS AT ;. FPGA 7 571 B a5 SR R B i
B, WRYRIRIE . IR,

B %5526 LiEER
El’%; ‘KZPL‘ P RERD

HER
[ DRAM

0
NVMe SSD

R
#ED
= FPGA] [N\'MeSSD] [[)RAM](——[TPGA
HERD

HREIH

3 § BERHE
RELHMESART pomme (REMED

RRRHAES AT
(b) PCle Direct R

(a) CPUPEHR

5 FPGA il I/0 B35 H
ARG I AR R 5 TR L
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BN, XS R BIAS R TR AZ O 2 1) I e % 152
TH . T SAZ O 8] B S B T 2y A TR
— FPGA I~ 14 B I v B % O [ B0 45 38 45 A0 A [F)
FPGA F bSO MEHREE. T AT
Bt 2 1Al B A% 336385 CPU R, GoldenX 415X
AEAE 51 BT A AL 2

D XFFE— FPGA R, THHEZ O I
VI R F g AR 7 CUSE I BB AR E, Bm (e
AT EEE AR ANA (bl HBM) 2217,

2) XFFAF FPGA -k LM H A% O eE,
{1 Direct Streaming it A, ¥ b FPGA )4 )5
A7 LS 2 AR 3] 2 ML 1/O PN A7 1], il it DMA
TSR [F 0 Fi e FPGA L4 WAFZR R 5, M
T SEIL A S e, IXATREZT CPU 5L,

3.3 MENXMITSIE

b o B R R R R K R e, A28 SQL
THE BRSO PE RS VEREIET, L2
EW L EIREFER OLAP 5.

25 31 SQL A AT 51 25 I EALFHE Expression
A1 Operator %) ()75, Expression JZ [ —f
K H Expression Tree f 8K EEEHAT, 1M1 Operator
JETN K 22 R F KLY oKl B 2R A7 7 AR T4
5t CPU Cache fir H IR 45 ) {1, 11 17) AL ARAT
SIEEFF AR RS, W RAEIR TR F
WAL GBI e o ) AT H A R BT — %
CPU $54 S 2 CBUE R A, T H 20 AN [F] F) 04
PATFIFE— AN B— /IR L.

GoldenX [ EAHAT 51 45 G A b BE il |
R gdt ) A AL BT, B P G BRSO
SERE . fEONBEE R, A R B AN A
JESRAT Tuple CEPCSRAT) 45 E— 277 kb2,
B — 2 AR B2 % Tuple 2 Jm 4k4E4E B2 5
fEi%1% Tuple FOFR AL FRSE R, SRk B 7 20,
FERBEEL—A Tuple, ACHEESERSE, FEEEUR —4
Tuple. kS Tuple B MM HAT, 40
HECRICT . N T fEJIX A8, GoldenX AT 51
SRR T AR T A

1) Kb 2T B A2 307 4 oh ) =L
PR, M EYGR AR AR S AR BT, Sl
PAT T RIBEEAS B0 ST AR AR, AT S A
) A5

W E W TR T R R T (i AGG.
SCAN. JOIN %) ghuiti i S AL AT 77 s 35 i
5 [ LT 200 for IR AL ER [ B, MIEE AR

BEIEIEHE I, FEE R R R A iR,
T+ CPU FI K,

3) XTI AAEET EE, TEFAT EAR R,
577 X —VEREC— A Tuple 20— FREL—4H
FEsk, HFEAN—AN RS, A R E
PR, RAE HEE (A AN 14~ CPU Cache Line,
XK, BEMEGHN CPU Cache iy, X$EJ+ CPU
L DRAM a2z A L

AR A PAT R ) )
BSOS, ST HEAPATIIE. FE, R
WM EL, Ynikae AN CPU SCREY SIMD
R, HAEREMIES, S PRH mE AT
Sl-JipvE

WER— A EPAHE N 5058, B4 FE TR
T2 10 bR B0 B I BC D T N A%, T mris 47 3%
2, Phl—% SQL iBA) AT Ik 72 9 B EAT B BH » 4
Kl 6 Fim, 1% SQL fifiih R & 3 MRIET AT
EE. BRAEBEMNERHISIE, B RE L%
ANEETERIAAR Y 5, AT FR U A UnR

D AR pOE LA TR TR, H
P, BFESBROG);

SELECT SUM(Gid) FROM e—
Test_vec WHERE b>100 BEIER

) ¢
[ R R ]
@ |
ETFER RAGRE CPU
Bainl ﬁ L) % ijhmignrgx
(| 2ig
@ T®
HTER FEIER CPU
- EREES
il o L
27
® ' ' @
aTHiE EmsEn
HBeExcr

K6 s AT 5 SR

2) SBIR@OFHE L PE AT SN ST R EUE 48
BPE, R R AR — A A R

3) HBEOIPH Intel 1) SIMD #544 SSX,
ITIRAEN: HEET T8 42 4 LOAD 18444 —4H m =
B a2 757 a%, AR)EEL CMP ELER 4T
Befidyk, BJ5iEid STORE #5441+ 545 AL
BN AFH



10 it Bl IR

4) WROWFF & F T EYUR FI4 R E
BEAT AT N — b B

5) @A SIMD [1] ADD 54347 &5
FE T

6) REBHETEAETE - ERE, X&
PR @ ) T U AR R SOR B R — A5
B Ik 8 2 A 1 e

7) BB ST A KRS, REER
HREN AL ROEE A Rk ES R
BAET AL, IR ERALS RIRBIGH P .

RIS TR O F T, BT CPUIGPU
AXFE SIMD, th4x | U] 21 = 3 I PR A ok
56 B ) B e AR

T, FIR CPU | Rk H S FF SIMD #54
£ 0, et Intel Pentium Dual Core E2X £7%
CPU 37 MMX. SSE, ARM [f] Cortex-A %41 CPU
Y EE NEON. HF&F&A s B2 R EmE
FEME, GoldenX [a] & AVIAT 51 80K 45 & eof v LAl
PR E AR A B AR B s — 8 B TR R
3.4 FETFGPURISQLMMIE

SQL Hifj /it —ME I EREE, AEA
MISD $F#1E, KA IE S FPGA g . s2bx |, SQL
B 43 BT 1) 32 B Y R A I L X i R
ITAPERIHE . BERIUCES . HEP . 4. RESEHR,
TG A [ B A A 3 T AN RS SRR AE, CPU
HAEK., —Hubidtn GPU RrM &k E EF4
THE A% (Core) , HABEIFTALERE ), FiE
K v B R B2 B . AU A e R E S T
&, GPUZET FPGA. Hinlk A LI 7 —uk
LB R B GPU ¥ %, H i Kinetical®® |
SQream®®, MapD %%,

BT FiRabr, BATR&ER GPU Whihibi
Guit AL SQL 1 #k, FAH GPU MHAT THE S
EOEEAR A TRE )T, X KB SQL FLRIHS ks,
FELZIET A T (just-in-time compilation) AEZ2
RERESMERHATAE. 2 SQL AL HIELE
GPU AT AR BE /NS, i A GPU Module 75
e, @i T gm LA RKIZ SQL 1EA) X M) GPU
AIPAT RS, Kk uE. HER . RS E
AT E T GPU FHUAT.

B IX T EIEE] GPU 1 H /2 PR SQL s
EPATEHCAT CPU JFAY, 2R1T IIT BhAS9m1%A Bk
GPU il ARRY A & 75 B (AR AR, B 75 L FE—
SEM CPU BRI, Rtk R A AR e 5 BRI [A]IZ AT

ISR EAE A B {E. GoldenX UL CUDA
C++RASIIFE L TIE ST GPU [MIEMIEATAL
HE T, fRERIAXMGE. oA, B, &
. . HPE . M EACH IR B VEAS T
A SEATE GPU $UT HPATRIN = T8 €
B BB A8 T shAsg .

GoldenX JIT HE4LHF] FH #1534 GPU [) CUDA 3
AL, ik GPU Module ] NVRTC(NVIDIA
RunTime Compilation) J&4 75 1 & 4F ) - 52 80
ik GPU iZ#) CUDA CH++IEFIEACHD, Zhassm
PEA PTX (Parallel Thread eXecution) 5440
B, BiRFE G WTRIF R CPU Y, &5
A ARG B TR . AT S FE ST R R E
GPU IRENFE ¥ Bk PTX F54 S A0RS & B e H
br GPU AL #36S, FEHER S| GPU 1217

N — MR GPU 4 i R,
W 7 foR, X&AE BRI SQL T E, Tif
A A B ZPATHRIE S TE GPU LigqT, {#4s
7k GPU Module 383 JIT 47 BT 55 #4540 i GPU A
HRTHATAND, SR 5 AT a5l I 5720 7 K5
GPU 5E& Lidig & .

SELECT 12.cid,count(t].*) FROM tI JOINt2 ON tl.cid=t2.cid WHERE t1 weight<4) GROUP BY t2.cid

NVMe S5D
e
SQLiFIESE #ig
®© “ AFFT R
s W
GPUGroupBy

GPUSean

7 #F GPU 11 SQL jniE

ZEWIE A B PAT R R

1) SQL Zmidatr L IROLULEIN SQL 1F
A, HERATAE TR

2) EIMRALE F R AT IR JOINS
SCAN F1 GROUP BY #:/Ei& &7t GPU _Figfr, {#
B B @7TE 7% GPU Module 7545 5% PTX HA#AL
fith

3) K PTX HARRHS & & et 46 21 1+ X1 1 S5
CPU ATARES, Az AR Ab 5 (2 i) 1Kl s

4) EHPAT BT 1Z W TR ) R oK %
PTX HARID & FHEE] GPU HigfT CGHERG) ;

5) AT H SR GPU $hAT 58 B i SR EX A i) 45 1
£, 1E CPU B HUTIRE T1E.

] FRL M 42 1% 25 9B O RI ) SCAN L JOIN Al
GROUP BY iHHAL45 FEF| GPU $4T HABEIRTS
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BEEMERE, XERNETE 2 MTEATS 2 AT E R
S 1E DRAM 247X 5 GPU 2 ] 3R [l 4% 3 435 kb HH £
i, K. N TR EiR B, GPU Module
# SCAN. JOIN fil GROUP BY &7 —it2, 4k
—ANFERMTFERIR, REE T E TR X
PETRHER] GPU 40T, ATV B TS 8 >k
(5] A% 3 T4 o

N R EE B CPU N B N AF AR IS S
GPU HIZANT4E, 5 FPGA KL, HBOXH T
PCle Direct (NVMe-to-GPU Direct) #A. GPU
Module 7EHahAARK IT 2 A N
NVIDIA GPUDirect RDMA #3511, %45 fo ¥F GPU
5T F—A PCle B ZR1I5E = J7 4 S I ity 31 v
AL, HARSZEL 7 : ik GPU @it PCle
MEREPVI NVMe SSD, Skl in#k# GPU
PR HBM W17, B GPU 81K T/ MZIf
#7347 SCAN. JOIN #l GROUP BY Z5#/F. %
AR GPU 4f#% CPU/DRAM S57E% 2 7] ) SQL T
AERSE, WD TEE CPU FREEANER R &, M
45565 110 B4R A /> CPU JT4H

4 KIWERK SR

AT GoldenX 2 4t 7 A4 s 25 SR 2k A7 I 46
UIE, S5 PN 2 ALK TR 4 /A S ED 3 B FPGA I
R KRy HiE HE ) GPU MK, 191§
AT ST LEI . 1 5 LR ARG J5 1 e Xt
LIk DL A AT openguass HIXT IR . AT A S 3
THE—& RSB, RARENER 1 k.

F= 1 NWINERLE
B4 S5

CPU Intel® Xeon® Gold 6240L CPU @ 2.60GHz %2

GPU Tesla M40 24GB

FPGA Xilinx Alveo U50

DRAM 32G DDR4-2400 %<2

SSD 1600GB Ultrastar DC SN200 x4

AT A S5 A P AR e A A,
4.1 EZE/FREEEZIFPGA

GoldenX K H ) L 4/l e« 0 & 1o ot
AT HEE] FPGA BT, N THIUFHAR, &
ANTIGUE T R, RE UL ERE 5 Tk GE
PG oA, PR 40 B, R AL

FRFE L HM 3 R, Akl N KN
1KB, RAZIRAEMET N, EAEEZN zlib, THE
1000 Jjs&kicsk . Wik T2 K Sysbench, 4% 7 uify
HRLEFEHOE F] 120 N0 TPS M RE ST i i . SR
G IR 2 SR AT R A A

6

. O F-{FRFPGA B ERAFPGA

TPsEM B/ 108

RW-3:1 RW-1-1 RW-1:3

ES A

K8 FPGA In#f k4R %

PEREXT LLMR 4 SR an i 8 Fom. fEHEE (RO)
TAESBT, 1H FPGA MERELLAE A FPGA 1R
BIT 12 f5; £EH-E (WO TAEMET,
FPGA TEBELLAVE ] FPGA MEAEIRTE T 2.4 %, i
HREWRET, TAERBNEEH 31 (RIW-3:1)
W, PEREIRFE T 14 fF; TAEHAECHIRE L 1:3
(RIW-1:3) B, PEREIETE T 1.8 fif; TARSME NG
11 (RW-1:1) B, PHREESEF T 1.5 5. L5
SERVIRI FPGA SRS 703 e 48/ 1 ] LA
ARART R G R, S AL, TR
A KESERER, N FPGA IR E T
X RN R S FEAE 110 LI a] & Bz (T
REY5, FEFPGA Rt H s SR %8 4

o

CICPU B CPU+FPGA

CPUFIF 2 /%

B

wo RW-3:1 RW-1:1 RW-1:3
EEHA

(a) CPU FIHIZXfEL
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O CPU E CPU+FPGA
100

80

60

1/OFFEE /%

a0

20

wEE

(b) 11O R ZE5 t
] 9 A G: ViR 20 L

9 (a) &R T AERISE M EGE LT 1HEAT 55 E
P FPGA Il L AT CPU 5111 CPU R X} HE
IR 5 Mg 5N CPU R 24 Bl B#AR T 19%-16%.
10%- 12%- 13%, Ut B3fd F FPGA ml 5 &d/> CPU
BRUE G, FORFFE TR

9 (b) JB/RT LIk 5 Fiz 5t T 110 FI RS
tt, CPU+FPGA #HEL CPU, 434l L7+ 8%. 1%- 5%,
5%-. 4%, Ut FPGA wTLLiE—2B4EF 1/0 F|
2, drmde . X2 KN FPGA # it DMA
J7 S NVMe SSD, wJyHBR CPU HH#ETF4Y, 4
B 1/0 B84, M 110 I, F R 2,
R S5, i FPGA IR T 1% 1/0
FIRZE, HIREFZEEAMH FPGA B 1/0 JF445E
CLEEIE 100%, FIHETH2S (HA FR .

{55 FH FPGA I (1) R A2 Al FPGA B AR5 4 LA
o 254 BAR TAE GO AE B e BB A S . A )5
446 FPGA TR R I R R IR RAEHET 70 4.
HEAEAF SQL 38 57 I HEAT S A IO e mT A7 14
4.2 FiELEREIN BT EEHEHEIGPU

A AN R WIS, 155
BT B s # K B, IXLSIE BOA e o
CPU %R . 7EMhH AW THRIMRINET, W bes )
SEIX e EAETE GPU L1247 E CPU B 4T, I GoldenX
SR LIE FAT S HEE] GPU L. N T HRUFH K
B AN T RRIX 3 MIEH R SQL iEA]:

SCAN: SELECT count(*) FROM t2 WHERE
cl=? ANDc2=? AND c3=?

JOIN: SELECT count(t2.id) FROM t1 JOIN t2
ON tl.id=t2.id

GROUR BY: SELECT tl.c1, count(*) FROM t1
JOIN t2 USING(id) GROUP BY 1

33T CPU. GPU. GPU+PCle Direct i#4T
SRR . ik 3 4% SQL A A ] RISt Hr
RURRE: REBHEADHEIN, N T HEEHAT

it SV IX R AT R R A B G RE R, TRATTBSM Y
T AT A 5 BRI 5, DO HREATRA R M
AER M. EMNRIR T, Bl t1 FE 1000 /5
AR, 12 E LAGFEE. %5000 100 4H
B, BCFE.

17 AT R R 5 Rl 10 (a) Fiows,
JOIN 1) GPU HI# SR o N, PATIF KRR T
48%, SCAN T F& 1 33%, GROUP BY K% 1 35%.
KH GPU & PCle Direct £ R J5, iX 3 fliiz 5t #p
BB BAK T W 4E, F+h SCAN. JOIN. GROUP BY
53 AAE GPU JEfl N F% T 33%. 8%7FH 16%. =K
U603, REZE T ) OLTP 35 AT RFEME AT,
GPU SR TSR BE = A R &

n

AT < 10V R

2 B
JoiN

D{TTF+CPU B4TTF+GPU B {TTF+GPU+PCle Direct

(a) EFAT A RHERPATI K

wn

HATEHE /% 10 R

| P e o

SCAN ]

OfTTF+CPU B FIFE+CPU 8@ BfF+GPU B BfF+GPU+PCle Direct

(b) T 51 A7 fik (K AT I

& 10 SCAN/JOIN/GROUP BY AT AE/FIAERT Ll

F A7 A AL il 45 S an ] 10 (b s CA
TET XL, R —FE TAT4+CPU i
2

D RAGIAFMEEARG, AT UGE R
JeH B, H5IT7+CPU B, X 3 Fiigsidt
HIFE+CPU T [ AL RIS T35 TN B B R 62%),
Hrf SCAN T T4 92%, JOIN F[%T 50%,
GROUP BY [ T 46%. iX /&K A5 2047 fit H i
WG, W T ICRAIR) 11O 48 K H A
Hrot4s. SCAN ARBHIN N B0 B 2 (1 R A2, 7E
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CPU #3051 2UA7 fits A B AT A7 0 1 5 AR 384
PLESHO R WA S iz s, wd 7 K5
I/0, T1fii JOIN F1 GROUP BY & T &ic sk 5
HpEIEEAS, A EERES S HER.

2) 5577+CPU BiAH L, FI/FRIR A GPU
Tni#E 5, SCAN &1 48%, JOIN FB& T 78%,
GROUP BY T[4 T 75%. X it BH7E 5 #4550 F GPU
ISR AT A N B3, IR F A7 i
BB A T P b 2 1 B ALK LR, K¥E GPU
e R VSR B (1) v AT AL B R

3) 5%47+GPU AR, FIAFRE0E s A
GPU+PCle Direct K5, SCAN #t— NfE [
17%, JOIN T4 1 7.8%, GROUP BY F}% 1 16.8%.
X 1588 IT PCle Direct #4640 1/0 B{ARXT 038 14
REA IEHACR .

gi LRTR, S F LRGitairiss, A5
RAFEME . GPU #1441 PCle Direct 5K J5, GoldenX
IR RESRAT B B AT
4.3 EEHHITSIE

GoldenX K E AL AT 51 B SLHL T AGG.
SCAN. JOIN it Ha M A7 1 M EHAT. N
BOUE R, AN T TPC-H eIl As Y i) 32
A, ik 7 5 AN SQL 1HA):

SCAN: EXPLAIN ANALYZE
I_orderkey FROM lineitem

AGG1: SELECT sum(l_extendedprice*3 +
I_discount +1) FROM lineitem

AGG2: SELECT  count(CASE  WHEN
o_orderpriority ="1-URGENT' OR o_orderpriority
="2-HIGH' THEN 1 ELSE 0 END) FROM orders;

JOIN: SELECT o_custkey FROM orders JOIN
customer ON orders.o_orderkey=customer.c_custkey
LIMIT 1

AGG+JOIN: SELECT avg(o_custkey*3
o_shippriority+1) FROM orders JOIN customer ON
orders.o_orderkey = customer.c_custkey
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