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AMBEHBER. XA TR BEOREBRARE TN AR ERETHIH, SHEHLERET
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predicate), 77 215 —HI Wk B 1A TGN 139 L 45 18 BEHAE W 2 1, g R e AR IR R
EAF S T I T A IR LT P AU R AR 12 TSR i = T — ML (map) . 39
(filter) . R4 (aggregation) SFLACEES 1. AL RS THERE V) J0i20 A2 SE PR s FUE R, 2
SERI G R E A ZE, SR G PROE E T, ok S AL BRI RE K. R, B ST M R IR
ERRR R RCEE

DA B — ol T 2T RS, DRI & &k A B R . AT ISR R GuRe
MR T R A2 AN A, RS A EE CPU i, A PR B el T8 2 2 A
JG. BT 2RI HA LB FFATEY B2 CPU %L, RN CREFALCAH N 2 RINT. 754 /T
T, B RIS R HE G AR, B L ROERN 5228 (completeness) Bl F£:4T 77 Sk 25 5 i 4
T ERAZ P AR I EE R, DUER e Al 0 R A P HE 7, B L AR 75T (order preserving of results) (4.
{H5E, F:4777 B FEAT BEY RS2 SR T LA (1) BT IR, Joidk B KA E iz

N7 R EUE R B AT RS, SCRERIIE [ AT 8 (scaling-out) 73 A1 I IEEE R4
W JVERZ Bz o3k B8l A X7 R — LA A B R G2 b, Wi 2 1) Apache
Storm F4t 01 8. X 5N T HESLIZ AT MG A, RIS In T 99 s RDEAS Y. Zeuch 55 1O 7
LN H T KA Java BEAUNLICILT G S S R R, S aT B0 A0 AR BE R 40632 78 70 M 2 % 4k
AR v PO 8% PR R 1 . FRATTET KA I B ) SE B AR B 1 — a8 AR A m D SR AR I B SR
PG POERAE I, AT T 16 MR SRR 16 2B —T 5T RGE
PR EE. B 1 MR EREMEIATE T, 4777 LB - &t B E 2 o A
AT 4 544, XU A A7 IR 9% 1 RER 7 AR AL BEVERE. BT RECRPERE I 2%, TR &R
AN TR EKNE CPU %, G50 MAMIEERE N E WAL SA A, B 2 BoRIESER
TR, A 07 T TR CPU A% Co B8 I TN il 28 AN s Bril kgl . szuifd A [ 2 o 180 8% 300 s HITH
BN TE) T AT R, A CPU %L R E SO FE ] 5 HE, DAAS R i 75 i et
HEMT T CPU .04k, il sePrEE il gl R T 30E. 45 B 82 B 75 ST AU A% B it 1
(1) R 7 P, AT RIS B2 T 7 B SR I AR ATT 40 N A 640 ZISLER - S RCE. 4%
R, 2T R R G SRR, BT BESZ IR, T A 1) oA 205 e R = AT
JE£ (1 ) R 2 A S A P A5 23 7 S o

FEX LR R G0 R OB g ) f A EE SOV R H I nT 2R A2 1 1RE %1 (field programmable
gate array, FPGA) FATIIEFERE W TTE. — 5, X T HFa g (register transfer level,
RTL) &5 SLBUERAE A &, MY R, FPGA BA LUK EL HIEEZERIA, AL
FIRAFIMINESETT 4. S8AKRE CPU T BRI MRS, HT FPGA LRSI
TP LLAL A 2. FPGA Al Jmf2 i Rl f2 1 RIEHE R 1, v A% g ih DASE AN [R) ()3
BB, —J7 i, FATIMIER R G B A Z A, (EXELIE N CPU MNAESCIRY R, A5 s g
FPGA N8 /MM 2R 55 SEPL R B3 (scaling-up). FPGA I 25 H i K 347 75 AT AR i Ab 2
KEICH, FHE B VA, HEARIFERMNHA. 58X, FPGA I E S mER TSN
AT E.

SR, AT FPGA KB AT A v SR I — S8 IR e, ANF] Tl FHAREE 28 CPU, £ I FPGA
BT EARA B AL Vi AR, AR K E AT 5 A2 0 )/, KB AT I8 T8
SPRICR G, WA R X SR AL SO R, LA IR B 2 R O R A P
RS S CRUE U SE B, T FPGA AT TR X — 2%, e LSS % 42 52 B k.

1) DiDi Chuxing GAIA Initiative. https://gaia.didichuxing.com.

315



MITHEEE: Floin: —HFpFET FPGA FIVRERIEAT Nk 2%

x10° T -<- 300 s (predictive)
[ Pe?ral‘lel splltJf)m 1000F - 180 s (predictive)
[ Distributed-BiStream ¢ 300 s (real) s
% 10 - = 180 s (real) &> ,
3 £ 800 u
a =) . /
e g /
g 2 K ,
§ 54 E ¢ S om a’
k= 9 400r - .
= £ b
3} 2 . =’
= 2 . "
Q B 172} L -
g 200~ <o o’
R T -
0 0 A-i"/g = 1 1 I 1 1
4 8 12 16 2 4 6 8 10 12 |
# of CPU cores System throughput (tuples/s) *10
B 1 (WEREE) 26RS5HTTRARNERITEER E 2 (MEREE) FRELRERN CPU &L
BEXttt Figure 2 (Color online) CPU cores required correspond-

Figure 1 (Color online) Comparison of join speed be- ing to different throughputs

tween distributed and parallel extensions

BEXFIXLE ), A SCHR ISR T —Ff FPGA WERIHATINESS Floin, € HZ K NS
ZHEAMIVIAFEBIE R FPGA JEFH . A FPGA i FH K S B A 4 B 70 H B TR BG4
TUKE, Foe A HE B CHIERGR . SRR &l — RN — 2R 2 To 4, 125 — SRR iE
B D e UK ERIN T AT ST AT SO T IR, — D EEAER ITE A MK — B,
B A RIEGNE S, KL POCHBBZ MR . IR I FPGA BHHCE A 2K 2
HUMEEe, BT — SRR R TR AR R E — AN UA R D, W T UM REIE . S FPGA
FEATEREAE LLRAIE TS, 7RG ENLAS 0 AR SRRUKE ML — T 2RE, ff CPU, FPGA AT
PE. EHURERE S B BRI AR5 Task, HAEALSS LG Task 2 HCLS KT
ELAR, B LR Task PAT PR EIRIFID 2 FPGA W& WNAEG, BATIERRUKE. A LIEMEE
2% M R R > EHL CPU e, fifh 7 RGBT, IXPh AT N AR 2R BE T 2 1%
ITRIERR RGP RBR ), [RI IE B S 7040 2 v M J AR A 1 e TR 9.

ATER % FPGA MUEZS KRB & LSEIL T Floin, AN ESLHIESE (WA 4 SR EHE
BT MR ) FMARSCHIERT I, SEEAE 40 DT AR LI B AT S 1A A SE R
AGHATVEREXS L. SR 5 RRIIASCHE S Floin FIEH— FPGA i ds Lk ®] 5 (51
ARGt KBRS ST 16 A, RN CRUEE SR SERENE, 2 SEIR AL B AR IR A8 5K

AR, AT 3 TR A

(1) 2 —F FPGA FUERIHATINE S Floin, Bt JFSLHL T FPGA mIFATHITBNIERTE,
FHZEASERE S0 5 B KR B R IUR ER, AT T FPGA FREES v S AR I AT A 1 i) 7

(2) £ FIH CPU-FPGA WA AR, R SR v 58000 AT 55, {3 R 2% I RE42 i) K 7
Hi CPU SEMK, £ m AU IFATIE ST S [, PRIE 1 I 58 1

(3) I SEHAREEXT Floin HEATVEREVIAL, SCUa 45 AR WY, AHXT T H A S i 70 A sQRIE &
g, Floin 1R T RGUHMTE, UL T /G4t HER %S EBUK AT AR,

ASCHAF P HLAUR. 5 2 WA ARIER RGN RTAE. 5 3 WIEHN 4 Floin A 53
it 55 4 TSI Floin (9 —LE84075. 55 5 PR RGMERE. 26 6 TONITIR, BB 7 TSR
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2 MxXIfE

DA BIRIERE R G FHE I NFET 2T R IERR RGN 0 A N R4

FATIOERE RG] 2 IR IR R AL B, B D IR ATREY e 22 CPU 3, FFOREE - PR ICHI )
#. Kang & MU E 56t 7 3 IR TE, BONEER W S RF SR BRI I At 77 7. s 94 . A
VUK 3 AMPER, AT AGRIESK B W 2 I BN O R — IR Gedik 12 480 3 it RN A T
ZRG LSRG IENCR. ER ST LB S-S TR —UAF 2N, 78] 2 B NUMA 42
Py SRS A% O 1) A IR T B 2 A AT 252 1. Teubner %6 B 32 H T8 F- %42 (handshake join) £
B AL 2% LU R BB I 21> CPU IEHAZ, AR Ju AL TR — A% O BEAT A . IX AR i
e 1 2R UTFRIMR, 780 MA] NUMA ZER 005, SR e HEAE i 8 45 A BIE IR iH 4. Roy
L 08) 2 JE Rl TAE S o TE TRAE S B ZE 554, AT DASLRIAR 38, A PR TR, (H2X
—ITEAAFAE TS 12 O R Bl I 5 A A B DR R, TR 2R T — B CPU PERE, R T RS
H. Najafi 55 4 QUFHLEE H T Split Join, ‘& A B ) B0 & ACHRE P B XA B . Split Join
WA JCH L F — 2 Jm i) FE 2T CPU A%, RAMZ FARAFR B — 3870, ST EAT i R 5.
XFPTTEEF I3 RAE T A 2 %9047 a5 M i vERe, (5 B T BEUR BRI, JRATIRIE R R G0 T0VE N AR

T IHAT T T R YA R, S AR AR 9T 1 OGRS AT IR SR R L. Elseidy 55 ) 421 7 —Fhdk
TR (join-matrix) KA RIMERE RR. ©F 2 /M0 AL —MERE, — 2015
FURERE 24T 70, 51— 2R BIFE R 41, PSRRI TC AN S AR e b — AN S8 BOEHE. Fang
S DAL B 5T T A el 20 230 B DL B KA R G i AN AL BEUR R FE 8% (B2, 1IX— B i T WA T A2 Gk
(K% O TC 448 DRSS T AR RRAT B0 s 8, AR RCRAR, BHELAY . BEXT LRI R, Lin 55 (7§21 T
— T A E AR (join-biclique), B — SR A ULIEREZE— 41T RiFR, 53— SRR AT LR T 5
2T, RN T R AR BN SLR AR AT S b AT . X AR S AR L T L
Gy TGEY e, S M B Stk 0 o0 A AR B, Zhang 45 B $2 ) BiStream FRSUTEAL I 45 H 442
BRI, SR EEAT R ()P R AR, et 7 — AR B RR B0 B iR X 2y R R
HHFR AV, 0 VB R R SIS, Xk A B A I S A 20 R SR, BEE AT R 7. Zhou &5 B SR T
TUHEFE IS A5 70 R AN (R B s R e, 2 1 R IE R R se ), Rt 7 — MR E A BT
K. Gulisano 5 191 3 AR ORI T R R B 2 AN PAT BRI, sEm e 2l B se B4, JF it
T P 2 LR AR R SR B IR AT HE Y . RS AT SRR R G T DL, {H R
—SEBIF S ST TR A B o A SR AL BE R G R B RE B AIS, IX B AE L 2 FIg AT iR
R4, Zeuch 55 U0 RSN TR Java MERMWLSEILT &7 MRS SR R, 24 5 0 A0 iRt AL 2 A
GrICTF 70 53 P FH 22 A% Ab B 25 R0 1y ok D9 4% () R A 1 B Zhang 55 116 (IR AR RS T Aol 2 TR 28425
FERR AL R G

BT — S TAETE FPGA ISR AR J7 T BEAT 1A ad AUERER . Najafi 55 17 32 1 —Fh 2 BRIRIEHE
HITEA K 2, HAG B AR B RAERL B 17 RIS — > FPGA _LRJALERZ L, BT AL B 2 1A) i L
SRHFEIAERARTE. BT A FAZ B IR 28 58 TR RAE BAR W 80, XM R TH BB B X R & 1
BARREATY e, (HASRELE W 2R T IE BRI BT KRB B 34T 9 /€. Thomas 55 U8 #it T — ML T
FPGA & E AT BRALFIAEZE, & R AR — SR, v DLSEI MRS . b8 SRE SR A T, (HA
REEAT IEHEERAE. Wu &5 19 FER G RSS2 ittt T FPGA I AL R 48, (HAEHE 5 oA
HERE T
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*®1 AR

Table 1 Notations

Notation Description Notation Description
R,S Stream relation T, S Stream tuple
tr,ts Stream speed WinR, WinS Join window
T System throughput P Join predicate
w Sliding time window size o' R/S stream speed ratio
C Calculate cost np Number of basic join units
n Clock cycle utilization rate

3 ET FPGA HIRIEZEMIRIES

3.1 REEMRRE

A ST IR I FE R AR AR SCOTHR [7) TR E S, FREIER 1 8 H B RS DA .

N T BRI RRF ARG R A S, FFEANFPRAE R A S — BN AN BIA o, X
IR TCHRR NIEREE 1 WinR, WinS. i 2K R To 20 50 SER I a0 H kAT IR, 4 E 1
B P, fEREAJCAN AT FIWT, £ 5 S P A e A R e . i TR e R S N R
T, EEAR I TR R S P AR IR R SRR tg - te AR, BOATHRE S BREIES 7. B 1R
THE, TRIERE RS 7 EORUE e B I, B Ao R 2 SR i L R mlitife . S ARG 00 T, IR sl AT
PRGN R A M L, 6 A2 PR P

BRI A LR, AT T — s AT RIS &R T, DU KR IR FPGA 4%
TR T BEAZ AN B A T U5 A7 80 P I . bR T 300 i () SR AR IR TG 2R B R4 B = BE LA, ]
PASL[R] S — AN R BIE R G HE e, 1K O RT3 AL T LS. > FPGA THESRICIRAF—
WICH, BIESEA REIHT IR T, SR E oA Soohim s —i, RIA] e X kiR
TCHRERI . AMIRA BT T — PR BEOEERUK LR, B Rt R B A R T, & R In ek
& TR AN SRS SR T AT (IR R, AR IR AR R . NI R, AR T
BAAERESES, RS L TR oE, BARBORKZER—B. 5870, @R T a5 75 2
E N RHERE 1, X F SR S R R R 7 ST B N R AR SS, 10 TS B AR
], BRI IE R S e, BB S| FPGA R R 2 i A AT TR B B, AT AR 55
X3 E AR ACH ENL CPU 8K, H FPGA BL& X4 Ry LLd g, X @itk 7 /g it, el
HOIFAT AR SR, CRIUE TSR 1) 58 BE 1

Floin BARZM VTN 3 FiaR, REGE50 b80 05 1 E LB AR AN R 2350 23 B MR 1. i
WA FPGA FIURIKZIREMNL (finite state machine, FSM). Vjf7# 1 (Mem 1/F), UL H
R HE A BT H TR TR I R K 8. A8 7 LR AT 55 R %% (task scheduler). 4=
JRE R H A B AT S5 B R ST B IR (completeness controller) 45 53 JG ALEEARER (post-process
module), LA X BES% FPGA JEB/KZRNT B ) — MEE LR

RGIBATI, B N ER e BRI HI AR (completeness controller), A R, S Jit#T 2k R4
— /I TCH A AT S5 Task. FERETE B ML BB AL AF A4 2 B T4, KA R A% 1) T
HINAAFAE, FEWHE Task ERE HYEH] Task (5 8 O FEFFAHER TH R ML B, DU RR 2%
()% Y L B AR S5 TR E RS (task scheduler) ARIEFEH K, ¥ Task H R A1 .S Him oo TR FE
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Host system
N Join completeness controller ’ Post-process module
R&S Sliding window manager Result
stream stream
FPGA task
scheduler
Pipeline manager thread Pipeline manager thread -
Shared buffer Shared buffer
A 4 A 4
[ Device memory bank ] [ Device memory bank ]
A
FPGA logic v FPGA logic I
[ Mem interface ] [ Mem interface ] [ Pipeline FSM ]
T 7
[ Pipeline FSM ] Window 1 Result '
— FIFO +—m:mememem e 1 FIFO !
Ir— [ _)| | ! f-___\l_)r___\]_) _)If'___\ 1
_ 0 L_J i | i
= -5 SED ]G] - D
e swan 4 D1 OD 1 - OD
—J — FIFO (___ > ___— g SR
Task [ Basic D> Q) Userdefined  — phafiow  4—p Dot ~ > Control
7 join unit join core migration flow
3 (MEBIRFE) FJoin B{fLhy
Figure 3 (Color online) FJoin architecture
(D Load Empty:()I @ gll-"\ ~\ . \| (3) Clear
S
\ ] J kd
oo < ! \ !
e’ el Seos’ Clear:1
Conflict
O@@ Stream/window/result tuple D Basic join unit — = % Movement in a clock cycle

Bl 4 (MBHMEE) EERKEETSE

Figure 4 (Color online) Join pipeline operations

SR R FE R L, A TARRIRAOE BV, 75 X AV RO RO K S BT AVt B e
) Task VSRS, IR 5057 8 OB 22 BRI 72 IR P, FPGA MBS &R
FRHEAT AL AR Task 1015 8, YETCHLRIER B 1LY (FAE R B0 4 A7, JEEHURIE
B SRR R BE B, VERESE AR B P AR RS I WL, JFAESE IR IS S R4 5
JE AL (post-process module). 4 5IE AL B BLHUS #AME AL IR 4 0 RE 4 BLIIEAT IR PEIR ST
HEFF 1R 0 4 RO R

B KRBT LA RN R W% 8 MU, W 4 PR B, 8 O SRAK
Task AT 0% AMITALNIAK R IE RN, AP 5T, SRR, 3 @ it
BB Tosk 52 9 806 P 7 01 53— SRR AIEBE B 11, (2T DR LA A A TR, 595 ©
SPARAF RO ALMAT AL B, 007 5 BT LM BN T 065 2 47 B8 2, TG B
AKEEHI 1. SO R 2 37T A S5, MR Join HURIE —HEREHTT, IR AN
RETHI AR5 R C LR BE 3.2 N, 35 © Sl RAEFTA B LG4 E R, (638 clear
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thisWindowTupleEmpty <'(~ L Ao, A, } '''''''''''' -) ® nextWindowTupleEmpty
prevWindowTuple .'"' "‘ —" »  outputWindowTuple
thisStreamTupleEmpty 4~ \ s P ® nextStreamTupleEmpty
prevStreamTuple .“P' "" outputStreamTuple

prevResultTuple @ P outputResultTuple

A _. -b‘ Join state
inputClear @ |=P» ~ Clear Jr=r—rmrmrmemr === = == P outputClear
outputStall €=+ === === @ inputSual

Reg for Tuple D Reg I:l Combinatorial logic
I:I User defined logic @—P Dataflow — - - Control flow

5 (MEMFE) BAREZAT

Figure 5 (Color online) Basic join unit

BRI . FEAR TR TR AT T U E R UK R AL BERE 70, TCSRAER MR E AR T,
PAERE Task 1 B 2A F HIE LUK L BT, BREVIF T (Mem 1/F), BERERUK LT 7] — a7
s WAF, BRI JCAL . R H e MEE R, RUKZARSHL (FSM) H TESZHEE & RIE )
T84, BHIK LI R 15 FEAT.

PAF 3.2~3.4 /NI PRAAA HIERRRUK R . e BRI . Ja A PR 3 AN IR BE I

3.2 MENEENEAREBT

SEPLERTH I E AL 02 FPGA O P BIERRIAUK L, BT I i Y 3 22 X RS 2 KRS
P LTS 0 A SRR RN, IR SE P A I FR TH 3. AT KB RS A E 32 S0 s BR AL il — 2%
BREERUKER, A oo RS BRI S THIE, TERRETA & RSG5 XA RUK LR 5 1
e o, SEIZt Y IR, il — A BOTHI BHRAE PG O, TRASTE T E) FPGA Hh REWS S il Y
ITHR. WKE TP IS AERE TR TR ML AF, i Bl MUK LR i) Sk BRI J % i, IXAFE— 2%t
K KB BT A B — MU A EIE.

HARERL R T A ImE 5 s, XS RTL B € XHGERRZHE, WATHE S &R
TG4 (StreamTuple) & H 7G4 (WindowTuple). Z5 R IGH (ResultTuple) =2k, BHALH clear
stall #EHIME 5, DL —NEBSRESFFAEE. WKLKISATI B BT AN Task HAFLH R T4l i
HMNAAF IS, WFUKEELAITIR, i S A SR oo KT c A AR R L. 5T 14
BT T H FAF RN TN, RRTTRAFRRCHIR B 2T —8on. MNBCIRESTHA, AK LK
Ja—BIARSR empty (5 S REFN 0, 4530 N B TCH S & RAFAE & S eI T A %5 A7 a5 .

TTHBA )G, THRER T, X PR H e R I S AE L T, & ZRIERUK
LR ER G RAEEMNBN. EER DB, B Roui o AT oy sk 1 Por,
VR LV AT R IA T HAE L IO AL T IE RO BRI R T A . i T A AE R ST
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Algorithm 1 Serialized description of the behavior of the basic join unit during a single clock cycle in the join step

Input: nextWindowTupleEmpty, prevWindowTuple, prevResultTuple, inputStall.
Output: thisWindowTupleEmpty, outputWindowTuple, outputResultTuple, outputStall;
Local Regs: joined, thisWindowTuple, thisResultTuple, thisStageStall.

1: windowTupleStall + false, outputWindowTuple < null, thisResultTuple <+ null;
/*Transfer the result stream tuple continuously through the result tuple registers in basic join units.*/

2: if prevResultTuple is valid then

3: thisResultTuple < prevResultTuple;

4: end if

5: if thisWindowTupleEmpty = true AND prevWindowTuple is valid then

6 thisWindowTuple +— prevWindowTuple, thisWindowTupleEmpty <« false;

7: else if thisWindowTupleEmpty = false then

8 windowTupleStall +— ! next WindowTupleEmpty;
/*Submitting newly generated join result tuple to the result tuple register of this unit after arbitration.*/

9: if joined = false AND JC produced jcJoinResult then

10: if prevResultTuple is valid OR thisStageStall = true then
11: windowTupleStall < true;

12: else

13: thisResultTuple «— jcJoinResult;

14: joined <« ! nextWindowTupleEmpty;

15: end if

16: end if

17: if windowTupleStall = false then

18: outputWindowTuple <— thisWindowTuple, thisWindowTuple <— null;
19: thisWindowTupleEmpty < true, joined < false;

20: end if

21: end if

22: outputStall +— thisStageStall, thisStageStall < inputStall.

FRATTHSELERAR, PR SE RocH il 25 R A de ki, AIREE N F AR BB A4 A
TR IR SR, BRI R IY, 45 ROTH A A AR B AR 2N — MEASER .IT, IR H
GER (BB 2~4AT). BERTTAMLIEARE, W HTAEA R ITE HOnH A A7 2, A LI A S8 E TR
N (B 5, 6 17). BEAEFENE W, BT IRA I E D e S IR I e AL R R, PR A — N
AR T, L b (arbiter) FEAZEEAHITHIEE ROCH T FE (5 9~16 17). ZiRcH T RS
AFEARIE T b — A Boo & i 45 R EEA e A M a RIS RIPEASRIZ e s R, &
FEARTOFT AR, X R P28 B L cdlR, 7 MDA ISR X AN R A R (58 10, 11 4T). AT —
Ab AT TR RS 5, X PR A A5 AT 17 (0 B 1 el A7 A7 s Pl SE e FHL 2, B &K 2k 50
AN, G35 H e SR >, s & 1o O A RT TR I B oehE AT R A IR, HIR N — R
TeR FHIE TCVE SN, MERIRZS W A7 33 10 3R 58 BRES AR HPIRG, i S R A5 (3 14 17). i
THRTCHR M FFEALE, 2R T T A P RS A TR K, XA e T 2 fH2E 4
SWRE. D RAE TR T D ST AN Z SR e 4L s 2K R R ARt R 450R, R g S 3 AE T, 18
Gufteids clear (5 5762 A #t.

X T RUR IR IEREER, T RE T 2R 2 AN Bl R, DAIRAS BEAF IS PP AR AR T,
R DA I B 2 A B L TR A7 R 2R 32 4R 20 B, EEAF (0 1) 45 SR 75 28 5 00 B B 1 e 4L e R
BRI _EXSTE. B 5 A DR RS0 RILEC R TSNS GPS (LB 246 E R B iEE 2 (Manhattan
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Slices (start_ts, end_ts) Expired

Timestamp list (Sourcel — #s,, Source2 — s, Source3 — s, )

pd
~

Process time & logic ID increasing

6 (MERFE) ERETREMHTHIRRIN TR RSN

Figure 6 (Color online) Main data structure of join completeness controller

distance) 9, FEDMEEAERL BITHCE A 3 MNE LT ey, EEZIEE 1 By it E A M
HIZEAE, FEORAE R B 2 SR R — I 2, X LR e E DT AR5 2 DA AE. IEREEE
2 BOW P ZE MBI LR SR AN, CRAFAG 2 2 e fieE 2, RIS S A 7 FOT L E NSRS 3 o fres.
Ja— BOA AT /AN T BUEL RO, 3 R SR AR, NS 3 AN D Tl A A7 A A O AR 45 R e AL

FPGA HIRHR 7> B H] TSI 56 2 BT IR £, (B /5 —FB 20 BHIRH T Ui A7 AR K Bk 3S
PLEISEBL. FKEARSHL (FSM) I THE2 EHLNIR S, IBHIGUKLINISAT. HIERA R AR LI E &
B WAERT, it G Jo S IR A R B K, UKL BRI stall 5 SHMATREN 1 BFRKE, stall 1%
i85 28 T PO B FE R SR 5 RAR AT (5 10, 22 4T). 415 Task "PAFACEIT U CAHBR 2 THUKL IR
BT, — EE TR, W 3 NP EER AT, HE Task BRI F K.

3.3 EETEOHATEEMY

AT ANER ] URE FPGA FHATUFEALSS, BT Task i ZiEY RIERZE M, fitndl
FIERIF AR BEAT . LN SRR 52 B P I Dokt 3 22 iU e e T b AT RIS ) 23, A4S Task
EAE —/NE BIR R A A E AT 3L F R & DVE ], FPGA Fla 0 45 R R it im LA v, X —
B S BO IRE T S B, RIS T FPGA 8 A Had A2 5 B AT TS BRI

AR Task I, 5 ZAF A% EERE DA S Wil 6 Frosipl 5, BRSOk E PRI r € R A1
s € S WA TCAHARGE Bk, EATHERIA R —A Task, HIFAELRIESR:. BEH E 2 oA BIA, % Task
SBRFE R X LFEIAT. 1% Task ERRE H K BOHIL FR thi 5 BE K e i€, AT
Rt HA)E T S VN BAEREE O, A Z AT S WocAE T R R BIAEREE 1. R, B
IR s THAE r ST JFR)IE, (BN Task HEEE » TTHAENKIIA R R JCAHTE REREE Db ia
U s, FIRNF s TN RFEREE DR a S T . /£ FPGA HITHE R, PISRERRKL B
PR R s WRERRSEIR, IR Y RIER T 1 B HL R E R A L

N T RS 1), 5 B IR M RECR A OR SE B 3. LT Uc 4L N RGN, se R
HIREHOAHA I — NI id VERZ RN AR, X — id #fRon BA — N2 R BEIT. T4 id 2
FrEEE G 32 AL, EREE ARG KIS A tiztr, BB K ERE. Proocd d B
RAEPRICHL, 2IcdH id R A E R S, S R R fr) JE K 4 A BT IR IC AL R — R 1
W BAAREILT, WocH R SR AT RIAR e H S, Bl o4 id WP EE S A oA, e BLE %
HERE. (HIX TR BN AR BT N id PeBOR R, SRR AR, 25 B B R E A R
HUAE Task 2RI 8]0 B Y HE B, o5 BESFE AR, BT DAREASIE B e ANEAT ol id I EREE, T R4,
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U AR — o A 45 B 150 R 1 AR I TR BRI A, e B A ) 45 R

WA Y 2R T A TCH AR ORAEAE N AE, EaR 0 v] S I IAR o 40 S B N (A1 AT: i 1 21 1) 6 e 4.
H2, ORAF2 P S RE R IO IE R 8212 AT, BB oA B E S, AT L& 4 10 77 205 7 Tu R ARAIE
SERT AR, )V A R R R N S R LB AE I R RN o, KT T4
r€ R (MM s e S), A Er AEZFMA 0 < rtime — s.time < @ (XMW 0 < s.time — r.time < @) MIJT
HseS (KPLre R) AHER, X —2I WA nTE N o 4lid 1 & K3

TERAE X, FEERMP R R A S Al Rek B 2 AR, BSR4 5N 1) s 1 1
JCA. B e BARL IR id PR N A7 IS, (E SERRI (R EK AT BE R R 2 AN TR R B B
FAETE A, B W2 AR EL A B SR AT ELIS . A 11 W sl TR) & L 9, 50 B 42 il A
B [FD 2 R 2 (A (P T B T 4E 3 ig shis () 11, B 6 R 7L R B 45 0. 2 iR n R (R 8K TR
AW EE K A IR R A 58 BE SR, I 8 IIAE SRR HP R NI (RS 5 oA, e B R Aok
EREANFLIR ) SO I R BRSS9 3R (timestamp list). W05 BT AT 00 U5 A 5K PR f 0T BF T 8RS 281 08 A B )
R, WE SR /NI TR R 89, MIERE RGH € AU AL 89 X ATHIFT A ud. HETX—%
i, SEREPERIRA & ORI A2 7 (slices), fEREAN 7 P AEREE 1 AN JudBARS, B 8855
) /NN TR BRPRVE RS A6 A, B start _ts, {8 G — o BIIE NHE 5 2 B B R TA) bRy 2 1
A, B end_ts. P RRHZ5 B & o AL TEYE . i e n] DURf 8 Task B % LG, Task A
BTG BIA RGRT, 55 RSN R EIR L © BT6 N EE H 50 Fr, B2 Task EH:E O & IH
WF. WRPE 5 F CeArSBE AR KBNE MR CHER, (A5 IEERATH Task AHCH 7 & i
TENNAEEFE, AW JATAT Task K HATCAL 73 | (expired slices) A4 A P2 4 E 7.

I TCAH I B e B R IR R RLEE D — A0 Fr, JEANTE A viEmfl, wTRE ™ AR BN 2
TH SIS B B AR AR RS EE AL,y 1 SRS B R I 18] & 1 20 PR A, BRI K 2 ) 45 AR H
Ab T B AT ST B AR S, T BRSO, BN DS E DO o WEEIE N
R AR, M I DR R AN B W AR A2 . T Task 28 BT A8 F 2 1802 TUR I & 1198
B UAAS 2 B ) 18R

3.4 ZREFLIE

FPGA HEARRUKE - ERNER S R IR B E WA, It E AT I ENAFE. T eand
JE T R A5 RANANGE LT BN 18] B QR AF RO AR, IER Il ENLAAE I e R E R G R
S5 R A A PR BRI AT TS AR AT KRR AE R, $2 I Task 455 BABI IR J5UA My 77 A e 24
SRV, DRI Ab B HORE RT3k ek 25 R N DA A AR B, T B IO A AN Z SRR R

RFHIH. FPGA JERRUKE K 2 MR ES B0 TR, WKL B R RERE RN R ST
7R R SRy A Rt 45 R, TSR AN R B s R S5 SR TR R ARMRRR £, SRR A e 1) 45 R IR
TR A TCN , W TR —> Task "N TC4 A2 RS REDFHET. TT R CRFP4 I, Jioc4br 1
IR TC AT 5 seq F-BL, % T BbR IR CLAAE Task 2/ MATCHF T 5. AR 0™ AL e 4
SRR, R ATCAL seq T BRI RIS R CAL, DUEJE AR BB EIX 70 AN R e 4L R 4 R Bk 2
R T R A B 45 R e HEF T B BARIE R, BA A seq HITCAUIFR 2 IERHI, TIAFE seq
XFRET AR R T P AR RS8R, N2 N BPR BT HEE (55 5~20 1T). HoKRHE Task 11 R FHIIER
SR S PLHERRSS R85 ZMAE seq B #EATFIFHET (56 3 17).

HRWE. HAEZE P T PG RAARTTAL . iR TN w788, LA AR E DT a7
&, BIEEE A FPGA FR ¥ oA 9858 K0 BEATE R e I B IR 5 P R 2E AR RS . AR o,
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Algorithm 2 Process of sorting result stream of Task to get order preserving results

Input: rStreamResults, sStreamResults.
Output: sortedResultStream.
1: rSortedResults < GETSORTEDRESULTSTREAM(rStreamResults);
2: sSortedResults - GETSORTEDRESULTSTREAM(sStreamResults);
/*Merge sort two ordered result streams according to the tupleSeq field.*/

3: sortedResultStream < MERGESORT(rSortedResults, sSortedResults);

W~

: return sortedResultStream;
/*Sort the result set according to the tupleSeq field of each result tuple.*/
: function GETSORTEDRESULTSTREAM (joinResults)
for ¢ = 0 — joinResults.getLength() — 1 do
tupleSeq < joinResults[i].get TupleSeq();
if tupleSeq > Buckets.getBucketNum() then
Buckets.addBuckets(tupleSeq — Buckets.getBucketNumy());
10: end if
11: Buckets[tupleSeq].add(joinResults[]);
12: end for
13: for i = 0 — Buckets.getBucketNum() — 1 do

14: for j = 0 — Buckets[i].get TupleNum() — 1 do
15: sortedResults.add (Buckets|[z][5]);

16: end for

17: Buckets]].clear();

18: end for

19: return sortedResults;

20: end function

SIERAFE AR R A 7 BUR T O T B SRR AR P B R AR S| FPGA . @i
FOCMRE 75 20 e AT R Y, RO 7 B, PRREEA SR T BT, AR EEsE iR, Ja kb2t
RREHR P e 45 ROT AT IR JT R Je BT 545 RIKE N, e B HI B 2k R0 oA
FEAEPIIR. — e SR e id S £ N A7 SR AT, X KRB R Hiel S i, MBI T4 id
BEAT 0k AR TN IR N, FT R BSR4 8], 55— 4B ondl id 1768,
ECRE R VAT S U IKESR B D A4k, JFARTE 2> e i shind ) a7 1. %24 HOR B s 4L K e i 7B
M FPGA HEHETHSE. FPGA P A RIERE R h A SO MM AN o id, e A B AE AT w4
id 7R 1 AR EHRITAL ARG AR, T 5e sl RO PR E.

3.5 MEEMATIIE

Xt T [ R T B TR B R RE PR P IR S0, @ 2SR e AL S IR B DR T e, iR
TSI 5 I TR O MIRLE A K. R LALE tr HERIOTFROTHIN RN tr SAIE I o
S WENERIFTA ICH Y7 tes MITE, WIERL B ST R PSR TH TSI, RN

C=tr» tsi+tts» tri. (1)
=0 =0
3 (1) BAESHON (8] Jr SRR O, ML, ST A e, B w2 it AU e [ 5e Jy~F 45
{H, WHEZLLEE A tp/ts = v, RABERELILN T = tg +ts. BT UIARIR (2), EEEH O LT
SE T N IR 7 1R/ SRR SRR, TR T R AL PR T B R ORI AR AR SR 1, R IE BT S K
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N R 0 T2 M.

(72f z)2 " ®

N T TG o A R R B ERE, B CPU BITHEVERE Copu S M 24000, AT DU At
Copus BILFTTH CPU BHEE KA Z MM HUSEAL. Wy SefG5n, BA ny B RGO
BANFRIE KN T 1R, Rom NI EVERE ny - Copu NTIUEBFTT, TEA no N RG] LUK
T W, WAER ny, no BISFSEUN T Copu, R A (3). IR, LLITIG RGifn: T %R
Fr&E 1) CPU B4 n/, Wk (4) Bk,

C=1tp wts+ts wtr =2wirts =

4ooyT?
(n1 +mn2)(y+ 1)’

2oy

(v+1)2

2 ~
T < ngy- C1c:pu7 C’cpu ~

3)

ny - Ccpu <

2wy T?
nl = - 4
(v +1)2Ccpu )

£ FPGA TER RS, EHRUK LV RERE R AE R FICE ny &VEY E, ATHEIERELL T
BRI TR IR frp. (ARG BCTH P EOFARRAT I A T BT 5, AN EAE R T
N T AR T — I A DT H A A8 T Uk 2 50% KA, FKZIS T I EANNE 2R
VR BRI ). BRELL n oI b BRI T 26, AR GEBEARTERE 0 fny 229K TRUESE T
S, AR (5) ATV ARG A T 8 BRR. A R & s E Bt K 4k g B AR
NRGHARTERE, nfny VWEE @ FERRUKLRITHREVERE, n, SFRKEYERERIFAA 1nfny.

n.
2oy £
C = T2<77fnb:E nfny, T <
2 b
(v+1) —

nfnp(y +1)2
2wy '

()

4 REXI

BAERC % Xilink Alveo RFNEHE H I R & LRI T Floin, BT Vitis HEH K,
ALHE KL 2100 1T CH++ FREGFT 1900 4T Verilog ALY, AILE GitHub 3REUA JFHIUEALAL2).

Vitis N FPGA IR K& St —MibsE T KAER 5181707 &, ZHEREHE C++ AT
FHUREFA RTL AR BIIE M. Floin 1 E MU A AE HESE i 1) =W LAR 7 528, 4 0 A4 v
KRR RN NHEZE R ) —A RTL WAZSEEL. ENLRGUSIT 2AEEE, 2 5 T ERRK L
sl ohfeidh, Z R UL ENF R AL BEWE. EFIARG5HEALET PCle FIINERR £
NI P A% 2 T8, {3 Xilink 3217 (XRT) #HATIE(E, RN & NAE A FPGA RIRE
hig. ENFEF 8L OpenCL APT A H 5 g 28 FE 47 22 1, i XDMA 3T 50 & 4.

Floin EHLFEFHET OpenCL HELE, FEHWILEALIN BEOA IR RS R H 2 A RTL NAZ A AL 5
Wi A A, FUEFAT 55 VR FE B ALK 48 (AT B AR A IX L iy - BAFIRT Task HEAT L. FEEZ6HE
ERFRE ) FPGA EIINALHT, 7524200 58 N 2 S 80k BAEURE A2, Task el & BE 5515 BAE
HNAZSH, Hhr &S EES NUE, RS8N LT & WA Z X RS, oo 5
e 3 R0 BX S 5 AP R P X . i XDMA BT N A48 DL, 3B DR 7E N
A LA 4 kB AR SE, X T BER G A AL 58y 4 AT R RS

2) https://github.com/CGCL-codes/FJoin.
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ATV I 5220 1) i 4 BAIURE LS LR S5 A A% F SR SR N R A Far T 4. R i e
REWS SCRF 2 A Task HEBAIAAT, BAEAE—> Task $0AT WAL TSR, SERHTE Task FI45 RAL A
BFP. TR LR Task AE55(5 2 A 1R A B B2 R, B se BRI BAT Br A FR 8 46
PEZ AL LA BIER T 1, SEE LA R BSMRAE Task FESEERIA. FBELEN FPGA 8%
0] U RE PR A IR T AT G AL B R AR, 2R M 7 S N, IR 2R 545 R 5 b
A1 22 A A7 B 220 DR T B A #e. JERRUK AR IR [PLEFRAE RN, B e ml— N RE BB, 1%
RS ERGIR A BB, A5 2 OO AN IR [RDERRSE R, i T i 1 2k XM
KA R 45 VAL B ok AT TR B R 2R (R i, SRR /K B 0] B0 4% N A7 IR 38 )R B R 8 SRR A%
. AR L IIZEM FIFO, BRHATAES MEHE K/NATIE AXT PR3 RR oK fE.

FJoin [RZERAT 55 1 FE 258 #6107 sCI . Task BIFEE RAZALHAT. FHAARRUL, 56 B M i i
B F R T TN — N EAF BB T, A3 — N b AR 1 ol A B e L . R IR )% 82 47
BAFII, SE52 X 60% A LA TCAL B HfT 1 Task o, O Jo2L &SR 2T PAS R & 2 b — bR o & 1Y
Y FEL U R G A7 BABIE 2 S A — A ] E I BURE BT 2138 B T H I 20T Task 1, X — )
ONERE RGO E 10— FEAN e L & LVEEE B )5, S Task BEAESS IS, AR 55
FERRH R I E LR PAT . AR5 L SR8 AR HE AR A, A — AN R 1A T — SRR
RIZeRE. MAESSBAFI I BAEY Task LR TR I ZEAE IR, ARRERE — A Task [FREIA, Hrbrik
N 2R, DALSS e IR L. Bl Task 1 € SR K Task eI E 7 A ORFFREAS Task B
i TSR BUM ], X AE & 2R /K 2 R A T 2 B e B A R 20 AL

5 1R

TRATE AN B S B 4 5 M3 4 1B R FJoin RGMIPEREIEAT T VA, = a2 NI 42 10
ik S SE SRR, PP SRS H AT e B0 A URUESE RS BiStream 71 HEATXI EL, BUAIZ R Sith
REN I L KRR [P SN FER ST R ST Ak B RE

5.1 SLIGECE

STIWIME. BT FPGA MSIHMETN— G264 4 > 14 % Xeon Gold 5117 CPU, 16x32 GB #
TEHIIR %%, @i PCle Gen3x16 %3 —7K Xilinx Alveo U280 ¥ Ok ds . RSS2 A
Xilinx IZ4THPAEE (Xilinx Runtime), ffH XDMA ¥ & 5 hn#ds K2 H. BT 0 m e R
4t BiStream IBAT/ERA 40 M AUMERE T, B SIS 2 1 8 #% E5-2670 CPU, 8x8 GB N AE,
1000 Mbps %%, BiStream RGizfT#E Storm “F& ¥ F, {FH Storm BAH 1.2.3, JDK KASH
1.7.0. FATEEAT SEZHE ERHN 16 4 CPU #, Btk Z v H 640 4~ CPU #.

WHREE. SCIOA T RS KRB B AR, Wk 2 B, 28 1 AR SRR i AT 5 R
IR, ZAR SO W AEIRR, 5 1 %2 HAZEMSER GPS 47 B RINHUE, B85 %) 30 14
FACSE, B 2 FREEMIEWITE, G52 700 k0T, XEEHR 2 2016 4F 11 A 7E A EPY)1144 5L
HRAEM. 5 2 MRS RH WIDE B T MZEHR A3 fH 2020 4 12 H BN FEIFERFE S
KA BRI 2B, AT B 529 9000 JAIZ) 112 3000 J34&i03%.

EEIEIRIR. X AT O BE AR, IR IR T R ORDER AL ZEAL B GPS A
4% (long, lat) TEMEREIEYE, FONEE 1T H 2 URIE LS AL B BT I H LA, FSLrIT g &

3) WIDE Project. https://mawi.wide.ad.jp/mawi.
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*®2 RBIBEIIR

Table 2 Statistics of the stream datasets

Dataset #of tuples Type
DiDi orders 3Band 7TM GPS position
WIDE backbone traffic 90 M and 130 M Packet IP trace

T BRI, FATE R —ANR & W 25— D IcHBE RGN, St shi (a % H N 51004 GPS
A B 1) 2 MR BN T BIME diff (A, RoRu R

SELECT * FROM ORDER, GPS

WHERE ABS(ORDER.long — GPS.long) + ABS(ORDER.lat — GPS.lat) <diff.

XF WIDE ‘B F M RS, sibfd AN e sk SURFEI R A1 S, PA sourcelP 1 destinationIP
VE NI JEYE. A — AN E N 2 — ARSI (8 & H A, P A ids 1P B H 1) 1P
BT R BT %X, o T

SELECT * FROM R, S

WHERE R.sourcelP & S.sourcelP <diff OR R.destinationIP & S.destinationIP <diff.

SEIRE. IR T A FERUR T RS TATLE Floin FESLIL T PR AIEHLRUK LR, AR08 5 2 0k
KRHEFL R ITCREL, UL Floin-z FoRIA o MERIER LIS, TS5 BN % M/KL L. £E BiStream 1,
VR EL AR B TS CPU a4k, LA BiStream-y Ronf y 4~ CPU A TH#EHA, y IME
ANEEFATE UANEE) CPU BHUE. B A Sae A FH [l 2 K P ROV sl i 1] & 11, HAQ B2 FE BAR S 5G
HE AR, AT 52 R G AT AL BRI SE PS5 T EEAL T FJoin M1 BiStream HIVERE. Hirp, &
Gt e SR BRLIN ) 2% AL BT R AN RGN e AL B, WK IR IR EUAE  fE R AR seie b o
AR BB, AL BRIN G4 58 SR 45 S e 2 i th 0 B T) 385 G2 42 1) 79 /1 e 46 v e KU [ BB 2 1, I 2
AT BT YA R H— T 5 AME A RS EUE. R S0E ShHT I RE nT Be A7 7E B35 AR Ak, RIIRATIFE &R
Gra B BAT NI B I 8) B QB JS GE it 25d . I [RJ R A HBIASH ), R 55 s R IR B R Z 45 £E 10 ms
PAPY. BRGNS ER AN, SR R 2 IR IRZAE 10% LA BIIE A 9 4s

5.2 RZEHEM

BATE V- T Floin HIEREALPERE ), 35 BiStream RGAELEL. HIESCRR [7]) P55 81
7 BiStream 7 BMEMRIE, DME 5 2 BT A FELEL.

T RGACFERE ) 1) E R I B (] 568 BOE e TH S 3cE, sl (1) RoR. B 7(a) & Floin
5 BiStream 81T 8P 5E BE R THFLECR A0 ST b FRATIEE AR AT BB SR S A NE S 1A, R
WA E /DN o WE N 180 s, 2RISR S A TUE. 1817 — BN i) fa, @8 101 2 i [a)
HW O WENE RGP A LA, Wi # e 5w 3T IE B BT 75 B A T RO B T RS
SRR () B AR, G0 BT R PR SE R T SR Y RGO EAE AT B, e T U B SE RS T
K 7(a) G REW, BAT 1024 NEEARERHITH Floin BAD A LLSERGE 1000 12 JGEBE A 5. 1M
BATIE 40 MSMERF, B 512 4 CPU #1 BiStream &P 58 lUEEE W 1 HEETE 60 141K
. WERAEIRHE R A, Floin BUSHIMNELLZ N 17. Floin BN &R K R K £ 2 HiA.
H— R AR T I B 8 SCEERZ T DLE REBAE R T S5, R B R D BRI
KRB VAT T LS. R T FPGA Wit 2t i 7 is 47 P& . JVM. #1/E R4t
A S BB R TR 2, X YR 2R B0 oA R R G AT 3405 = ) CPU, iz kb3
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—=— FJoin-1024 140 —=— FJoin-1024
-4 FJoin-512 -4 FJoin-512
-4+ BiStream-512| 130 —4- BiStream-512

100 ~A M A AR .V

+ * S PSR u { s *
o Ml et Wy B gy oS aten i ?
R TARL B A s R TEL T ES S ORE TIRETL S ot P CRTL ¢ Bn T IS EL T
b e 3 FEEEY e g I

£ 4 p 2 &

y's
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Join calculation times (x10%s)

System throughput (x10° tuples/s)
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A asA £y AR Iy ‘/'.ll‘*‘/\ RS
M -as Mapan s N UTAA AT, \‘.l ‘a A
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B 7 (MEMFE) (a) FBHHTERBANAGEMNITERE; (b) WERENEERE 15 s BO THARG KA
&t

Figure 7 (Color online) (a) Realtime calculation speed of DiDi join predicate; (b) realtime system throughput of network
trace join predicate in 15 s window

PEREUIIE T 24T FPGA MEEAER 6. NI — 5 F, B 7(a) R8T CPU B EEARER B IuHL
HEARFR, Floin FIHEHAERTHEHEE FFEA 10 72 4 3Tt

7(b) ST T FJoin 5 BiStream FISZAS Fik. iR {5 FH W0 28 900 2 40020 () B 4 5 40 B 3
T, B T E RN o BB 15 s, IRATREIFESS N2 R EE i A g, M RS Re K 2 1 &
mAE. FHECEA 512 4~ CPU 1 BiStream H#4t, BA 1024 MNMEAEFR TGN Floin 1IA 5 %S
it FEEAR IR, SIS R T K/ E I, GO T R AL FE AR ) S AR XA G, FPGA
TR A IS AT INERIA B e KA 300 MHz, H5H & IR 2 n 78 0.31 Zdq. 455 (I Jo] 4 3 2
SRR N BT E DT 7288 S RS R UK R BN RE 2R SRR, 7RI S Hh 45 R o4l
FESH AR AT LS. FAN, ST ERE 512 DNERITTHI RS, Floin MIGHIRTFE 4 A4,
FHEL BiStream, Floin HJSZES 7tk i 28R I H B8 R ZU A E), X2 RN FPGA R 477 2 R —/ Mk
JCLH A e A Task T EZE AT, 1M BiStream W] ATEREAN TG BIA S HEATALFE.

N T AT AT B, AT A P N e S S A RO, K RGN 16 & 1024 FLITHL 7 Fh
AR E, WA R R PRk, BT R FR T, BiStream JoikMlR 1024 #%. A H4T
B SRRV SR B 10 KN B ¥ A 180 BR300 s, {1 FH N 2% i S Ah 2R B s S 40 I BN 15 8]
30 s. B 8 JEHL T IREE R, 24 Floin 1 BiStream # CHUEAMFIN, Floin MIFMIRT NE/D 3 15, H
TNk 284 B BHURAE 1S Floin o URIAY R E 1024 H7s, B3R 5 ARSI, MR T, 38K
R (1) o0 A7 SR RGAEY R IRE LR ROA | 18 4k AR 7 TR A 3.

5.3 ZRGRTE

AN SEIGIRIT Floin IALHEI 4E. FJoin fAbHEIN 4E 3 B 57 1 AN K M. 58— & Task EEH]
WK 2 EARATIS, 3 P i BB A7 Hh BT R & LTI TR). AEA/ NS SE S R, FPGA Vifeik
FEIARZE DY 300 MHz, ViAEAr 56 1 512 bit KT JusHE RNz, Pk iy i) —F 3 AN SRS H ool
IR T 3 ms 247 35 S AL Task IR EJIAIRG. o164 Task 82 ST ELREPATIS, #REHR
AR BN AR R & DI R R 2 FPGA B AAF, T2 A [a) T8 PRI 1 Task (K19 5
BN G DU E RS SH, POV E, HAHE T Task A2 pEHAT 72 B 1B E], ¥
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Figure 8 (Color online) Average throughput with different parallelism of (a) DiDi join and (b)network trace join
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Figure 9 (Color online) Join processing latency quantile 5rrEE

Figure 10 (Color online) System throughput and latency
of different R/S stream rate ratios with order preserving
output

TEFAT 55 P 28 2 MR TS SE Ve 5 A 3E Y Task W FE IR, 7EAS/NTT B S256 A, TR I S B (R w15t
BN 200 ms, IXE R BRI EEAS 1. 2 PO GBS T2 A8, EdE /e AN A5 18] 1T #8 ok i
PRI SRR, 2 G0 A ik AT A P R AT 2 H AL

Bl 9 eIl 7 AFRIFAELR Floin 5 BiStream FREHIALFERS 4E, % 5% M1 2850 B s I AN [ (1) 73 Air
L SIS FH i TR S A S A O R, B BOE N 180 s, Floin TN ZE W E Y 200 ms, A/NTT
SLEI KM E. BiStream RGHA —EITUR TR, DURTSFRIF I @RI, 450K 64, 256 F
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Figure 11 (Color online) Latency change in continuously increasing of stream speed
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Table 3 Lines of code for join predicate
Join predicate FJoin LoC BiStream LoC
Manhattan distance C++ 21 and RTL 121 JAVA 28
IP address similarity C++ 22 and RTL 130 JAVA 25
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Table 4 Resource occupancy information of join pipeline

Resource type #of basic units Used Usage ratio (%)
LUTs 512 209k 62.8
256 105k 31.5
Registers 512 450k 66.7
256 225k 33.3
BRAMs 512 37 7.9
256 23 4.9
Clock frequency (MHz) 512 300 100
256 300 100
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FJoin: an FPGA-based parallel accelerator for stream join
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Abstract Stream join is widely used to extract key information between multi-source stream data and is an
important supporting technology for big data processing. Join is easy to become a performance bottleneck because
of the large-scale join predicate calculation when joining two big data streams. To improve performance, stream
join systems often adopt parallel or distributed expansion methods. However, the multi-core parallel stream join
system cannot cope with large-scale data streams because scalability is limited by the number of CPU cores.
And the distributed extended stream join system introduces the overhead of distributed framework, resulting in a
serious drop in hardware processing efficiency. To achieve efficient and large-scale expansion, this paper proposes
a stream join system FJoin that uses the FPGA accelerator to scale up. FJoin can do High-Parallel Flow Join,
in which data of the join window can flow through once to complete all join calculations after loading multiple
stream tuples. For join predicates whose logic is easy to implement in FPGA, a large number of basic join units
are connected in series to form a deep join pipeline to achieve large-scale parallelism. The host CPU and FPGA
device coordinate control, divide the continuous stream join calculation into independent small-batch tasks and
efficiently ensure completeness of parallel stream join. FJoin is implemented on a platform equipped with an
FPGA accelerator card. The test results based on large-scale real data sets show that FJoin can increase the
join calculation speed by 16 times using a single FPGA accelerator card and reach 5 times system throughput
compared with the current best stream join system deployed on a 40-node cluster, and latency meets the real-time
stream processing requirements.

Keywords stream join, FPGA, stream process, hardware accelerate, parallel computing
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