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Abstract: With the advent of the big data era, massive volumes of user data have empowered numerous data-driven industry applications,
such as smart grids, intelligent transportation, and product recommendations. In scenarios where real-time data is crucial, the business

value embedded within data rapidly diminishes over time. Consequently, data analysis systems require high throughput and low latency.
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AH % @& Apache Flink X457 B 49 & Aok AL R 3185

Stream processing systems in big data, exemplified by Apache Flink, have been widely applied. Flink enhances system throughput by
parallelizing computing tasks across cluster nodes. However, current research indicates that Flink has weak single-point performance and
poor cluster scalability. To improve the throughput of stream processing systems, researchers have focused on optimizations in designing
control planes, implementing system operators, and improving vertical scalability. However, there is still a lack of attention to the data
flow in streaming analysis applications. These applications are driven by event streams and employ stateful processing functions, including
low voltage detection in smart grids and advertising recommendation. This study analyzes the data flow characteristics of typical streaming
analysis applications, identifies three bottlenecks in optimizing scalability, and proposes corresponding optimization strategies: the key-level
watermark strategy, the dynamic load distribution strategy, and the the key-value based exchange strategy. Based on these optimization
strategies, this study implements Trilink based on Flink and applies it to various applications such as low voltage detection, bridge arch
crowns monitoring, and the Yahoo Streaming Benchmark. Experimental results show that the modified system, Trilink, achieves more than
a 5-fold increase in throughput in a single-machine environment and over a 1.6-fold improvement in horizontal scalability acceleration in
an 8-node setup, compared to Flink.

Key words: streaming processing; distributed system; performance optimization; big data system
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it CPU ZH0H 60, [RITiH: Flink J1T B BN R BN 60.
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5, KeyBy 1 FH 52 21772 BAIE ) murmurHash™ 5 920 B M5, K BodiE 20 e 21 8 (4R B 10 57 AR 45 b

FE3ETF Flink (1) KeyBy 5T S i 5 e i se 56 b, 3 5 0 324808 B8 80 1D, IR47 R 60, o i &=
A AETI% BEBOT, 60 M TIPS N AN FEZ) 16666 253048, BD 1.67% BI63K. 2R1, sLIR 4t Rk 3
Fi7R, 13.3% [FAT55 40 2.17% LA B SRR, i id — R0 FAES AR Z AR 1.57% M5, sm fEy mid s
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“E B 5K (10 7K AR 2 i A K 78 57 AL A% 3. X TS R Bedle 7 A R A B L1, B KA A B A 95 oK AL 4T
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IR GBI A

SRR 2 AT LA 55 v (R B8 23 A0 AT DL R AN 2 A, Key 2341 (10939 S DA R 5038 43 A IR 2 S0 4. 3o
TAERENC B SR UL, AT DA 2 D B IR A RN SR YR AN S . BRI, AR SRR L I B8 o3 A1 1 S RN R I B LI
ANFEEE, 735 H Modulo. LeastKey. LeastCount. Weight iX 4 Ffi 67 #43 & 5K &, 3+ ##/E KeyBy H T L HE
SRRy R AW

(1) Modulo

2 KeyBy I FH ¥ Key AR, #ltn s WEF ID, A& Key K23 Ai45) (FFR Key ¥5170 i) % Key
Xof B PR B F A 2 (R R 59 40 A I, S840 kT DUIRIE Key X JFA7 BEHUSE, STl 41 800 R B S 2L 5
THTFAES L.

(2) LeastKey

4 KeyBy JTfili H (1) Key A5 50 40, (A3 55 43 A, Modulo &K LAY 43 & 8. 4l n 3 vl o A%
JRART ID S6 AX O A BERT 4R, 41 A X 100000+ B [X 200000, J5 5 {07 ID 8 [X P 3 22 3% 5 36 38, L i
ID IASELL M, AR RS 1D #E4T KeyBy B, Modulo SR A fE S 30085 22 ) £ 2k 240165

EFXTIX R 5, AL Least /0 FR KM, Least 73 FE RIS K& L £ (k) =n, K ne N BT S (n) &1,
S N o Z 2 RS S B A AT A P E N EOE S, BT AL B R G R A G
FR A N B UL, BT A7 3 20 i AN DA 2 T AR RS AR . 20 sUEE T A AT s SR 1R) Key 1 H AR T4E
5, BT BE A BEAAAE TR AR AL, RAM M EOR SRS SUR, SECTE AR H AR TAESS RS K AE SR, Bk
Least SR 11155075 22 B 87 2 IO W0 2 EAT VSR A2 6. Least 73 R SRS SCILAN B 1 .

Bk 1. Least 70 K 5REM%.

Function: Least(Key, S)
Input: Key: Field used in KeyBy of data, S: Load function that measures the load of nodes;
Output: Target node.

1. if Key is contained in History Assignment Map then
2. return assigned node

3. Select node N with minimize load by load function S
4. Increase load of node N in load function §

5. Assign N to Key in History Map

6. return node N

Least HEHSTE MM B AT, RHALGE AR5 K45 K. 7E Least 23 RSB h, QT £ B A S/ N U075 1 N 2
SRR SREAR 70, SR T 0B RR 8 S ey 7 Ak~ i R S AR SO PRI A 2R A1 e xS P 7 28R, o PR Bk x4
RSCEGHEAT HE Y, DASIE IR B 18] 5224 P2 P fie /N 7 38T e 2 HRORRT S50t 1) 52 4% B2 A 4 3 AR

LeastKey s F 20 e 20715 5 _E 10 Key HCEAFE VBT G028 BRAL S, 1670 KA, 3 3% 24 A 0 BB (%

(3) LeastCount

LeastCount 1 LeastKey X 75 T & S AN S AFE, DI WAL A, 75 BARE Key XM %L
AT B K, BT e SRR Key X R 2040 & H G AR7E — g I TR] N AN TR ZUAR AL, mT DA o s 110
B 2R B TR, LeastCount A7 43 BE 279 s b 1) Key X B ) 7 s $idfs 12 2 Rt 5 s 3l A7 FE 12, JF
TE 43 I 0 B 645 24 W1 11 SR B AT A, TS T BRI S A 1 5, (R F5 B2 I s B (M S

(4) Weight

Flink LA Task Slot Jy S0 8 B 15T 55, X T A 1) Task Slot —#[Al1=, 44> Task Slot #:fE %< —4> CPU #%
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. 24 Flink £FEARF T 500 CPU T B AR, S8 CPU MO MEREAEAE 2 SN, RIS [F) A ) 4 3 20 A 2oy, b
SFENRAZ O ZE B S AR ZE R, LR Z I RS BN RE A . AR SCHR AT ALE 1
U RIS, VAT B SRR B S A, AN E Task Slot [AIAFE7EPE RS 22 F i, BRIUEST s e R AT
BRI, 123 50T B SR T DAY SV R AT AT B

% Task Slot #ZAH I [0, 100) Kl 7> NEATELLET X B, &CSLHF LA Key BIRGAAEFBENLET H95 5. 4 Key
B o AR, A EE T e A U1 SVA s, TG H PR T T4 B0 0], Y Key NI ATIT, 75 Bl 4 e I o i
BT BENLECI ATV, CRAIE f Bk 516

Weight 73 & S50 [ SEBL AN 3% 2 o, 10 S 751X Weight 506 R B 7EA M 5, 6 FHBEHLEUN Weight 0%
TEM R A EHAT. 76 Weight 4 & SRBE R, 647 s SR 50 ISR B, AR 32 (V00 1) 2 DA R PR RS, MR SR i
LI, A B WeightTable FiAbFE A B-A1, 411401 {20, 50, 30} ff) WeightTable 24 FALEE A {20, 70, 100}, AT
LR A = BT 5 4-6 47 LLSEEUNT SO 7] 55 44 B2 98 i L H 5

B3% 2. Weight 73 K& SKIE.

Function: Weight(Key, WeightTable)
Input: Key: Field used in KeyBy of data, WeightTable: Weight of nodes, sum of weights should equal 100;
Output: Target node.

1. if Key is contained in History Assignment Map then
2. return assigned node

3. Initiate R as a random number in [0, 100), N as node0
4. while (R >= WeightTable[N]) do

5. R =R — WeightTable[N]

6. N = next node

7. Assign N to Key in History Map

8. return node N

25 b, 3R 5 70 RS K GE I a1 BAE A SO B 4 Rl oy e SRS AE A ) S 300 b SR S T iE Y 37
St BT SR RO A BEATLIE, AT A% GE 1 B TR ), KeyBy 551 97038070 I B ORI T e i (K0 S g o3 Ak
PECA R 3 SOIRZSAF B 8 T RO Z AR A IR A, 1E58 4.2.2 TS 4.2.3 5, RSPt T3 TAEL I
{1 BB S8 A SR EH AN TIC B AIRE T ABS SVAIN T Hh i SRS 2 3k

RS PRANE G

93 R W S Be s 77 2 A Hh 5 &R
Hash BT A RS B A & Key ANBI51 5040, BARA I S 5040, 15 rivEREAS B
Modulo X FEAT B HUAR & Key WAL, Key¥ 2104 BRI EnAi
LeastKey 3R O FeKey AR T 5 & i35 A
LeastCount HRHE 58 1 1) 7 S i vk 4 i AR S 440
Weight FRAE 5 R 3 T W T i E 5 r [ R A i B AN

422  EETAELEN ARSI E

T i B B [ 3 PR SRS AL 575, 5 AR A Rar AN [+ SR (1 £ 388 i P2, A SCilad Xt KeyBy ST 9 J&,
SCHF AT C B A B R R, R RS HEAT SR AR R, T SR A SR 2 RCHEE TR 1 S B T R B R 4
KeyBy 57 I, SRAFLARAR YR e B (0 RAE 20 Kl BEALR AL, TH50 /5 A S HC B iR 05k RSk

B PR SR AR 0 T AR A X 04 A B MW bt S R, (Lt ] R B 22 T SEAR . AR R AR LR YA S B, R4
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W] REGR A FOHE ) A R DU 2., L BEAE BRI D1 38000 e SR, R IR R AR AE — BUR RN, AT AR
WIS S, TEFE AL 70 A SRS AN S AR SRR, U AR AS v N2 AT, T B IG5 B3 3, IX = i il
I ) 3 A R AR SR SR R A2 4 AR X I — [ A, A SCHE T30 B A AT TR, STRFFEAR 5518 4T I B A T B T
B, BAERFER . KeyBy 7 AR, B0 B AZ SR A B ) A0 B O 5, ZhaS R E O X T8 B A AT
HIER R T K E] KeyBy H7 Bl B BEAH I, M2 KeyBy 51

HeTAEL I 5 B ASHE B, A SCE LB AT I B SR 2 R SR SIS 2 G A, 8 0 SRAE o I
T, R GERT L S IE R R AL KeyBy 7r BU S E HF #EAT 20 & M B, SEBLAR SN T8 At shas 78 i 2
el i, BMEIX 3 Pt 1) e I o e 2 I s i D)3 21 24 AT B AT i DI 7 380 17 8 (10 S 3 00 e S,
8 A BRI UE R E 3 5 2) 58 B UAE B B 4 8 B Bl N ik A, 38 B IRATE ARG K3 5 3) BUAELA
2D 24 7T P SR 14 7 8 35 A PR AU P L R A, 3 P P P A B AT sl SRS DI 66 (1137 53¢, 0K 3 i
B LUER 6 ZhA TSR A 2 A SR RS,

Ko SN BERME R K RIa 5

(L& fiah SR A & 5t

5E ] SE IR B IRALER E
JEH BB H B BRI Hm IR A e
BIMH GBI AT BIE A SR e gD FEE T4

423 T ABS HIEMTE B RS e

% KeyBy BT 5870 KRS IS, BT 70 FE WS O¢ R A8, 75 LA H#e %71 s RFH 11 Keyed State, [H 75 %
TR b B AT, FRIE T Savepoint 58 CIRAS I3Z 3k, 1X 4 5 B S5 A B 181 AN T A9 R

MR R G H H Checkpoint $2 {1 245 A YK Z AL, Flink i) Checkpoint A /8K A Chandy-Lamport &
12" 25 i ——ABS (asynchronous barrier snapshot) 3%, Forb, b ] DU 5 B, P00 T 50 7, 302 il
i, 5 Chandy-Lamport 532 [ IR RIS N, ABS 535383 Barrier #5300 7 A 18] _E X123 JF, Barrier 15y HLiE ()34
B T X2 24 DR R AN R — Vb B (808 . Barrier M Source 8 T VS BRI AN, 4— N TR TG
FNBIEALE Barrier B, £ SORZSTRIR, H4k 82 m R T 3% Barrier, TRIBAZ RS, f7 X B o) PH2E, 4445
T, W 10 £ T ABS HikM T i #on = E.

W st
R W
KeyBy ProcessFunc
@ Barrier
O e Hdie

K10 T ABS B Wi B K

T SEPLAEAS R W A b B FH (1 T 5E BREMERAS A8 W, AR BT ABS VLK Sync $54, H T
RAFAG A RAS IR A S U E 1T A5 IR BIRAS 2 e, AT ZEAS H W7 2 RS 0 1 58 /% KeyBy B 513043 K SR (1 3)
A%, 24 Source HF#EILE] Sync F8 41, 21 KeyBy B T4 5k 10 B B bR ic F P ZE Mm@ N ; 2
KeyBy 57K B2k H BT 005 1B IE AR IC R, 766 R A IR 5 i A2 SR A TR, JH R B BT S @i 1 P 2.
TEEARIR b, &30 KeyBy K H 5 B RS LI B ABS BIEH I — A5 5, 25717 A5 0038 i U 3 5R B b
O, 12 A P 2E, 2 T IS AR I B AR T B, AR SRR A P, AR BRI 8 18 (Y B 2.

4.3 ETRENBIRHRER
AR Local Merge. Global Merge Al Ahead KeyBy iX 3 Fft 3 T8 (0 3035 52 P 50, 383 9 20> 538 4
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KeyBy )4 i B £ 4, LA s 7 ik 26 70 B AR i B 3.

(1) Local Merge

Flink 4242 7E MapReduce ZifR iR AT e, il id AT HAT B TAE S LRSS IAT, AXXFES
AL T, 3 KeyBy 5 T2l MapReduce H ) Shuffle Bt Bt, (E 42 Combine B HH 1T A MEIE R &
Flink {7 Flink SQL " 3 #F Local-Global Aggregation'”, 3 F 7 & fift v B4 A0 R ) 851, ASSE P T Fo 4k K 3l 2 37 =X
SRR AL AL o, T B R AR RS R, A REE AT 5 A A SCH HH Local Merge .1, STHFI 7 i A
PIA AL TR A, T k/D KeyBy B 0 0 25 4% S 2 &

Local Merge 5% S 44X 43 ZIA R A I (R0 RE b 43 5, SR i SR IR et () BBA 150 B R P SR 1 KA
AIA) J& A2 AR 1 7K A 2%, an Pl 11 56 T4 1O BE 28 # 5 E (b) BTz, Local Merge BHF7E 1] J5 R BR B, 23 4%
R TVl 1] i 0P A o K ik, AR IR EUHE A 7. Local Merge B 3288 € #1. € EAIE s B0 A R, & R 1E
B A B BT TR A IR I A, A R AR B IR 5, E IR R A TR E B B S R, & A
SR A2 5 T AR IR B B4R B SR AT, T DATE B AN B AR R b, TR B 8 1 S RS 4R
P, FRAREE P2 £ IEIR ; W3R 7 Local Merge #E 2 it & 5644 J & F ¥ 5 s

|
|
:
! (a) KeyBy KeyBy
I
I
I
]

state

l Scnder ‘----*{ Partition }—-l Conncelor }—" Consumer |—'
-

1

1

1

(d) Ahead KeyBy:«.”

i | —— |_____.| Partition }_.l Connector }—'| Consumer ——

BT SR e 1 Al 52 e s

# 7 Local Merge #3264 S 3& FH 55

LN ke S A TR

TE Y BEARE R fIRAEIR

JE PSRy ke it

SE KL Bt /2 5E 15 AT Rl A 1 54

(2) Global Merge

FEAR F HAST N 2 FF 7 3¢ o, R 43 S i FE e J 1 16 B, AN B S 4 R IR, A 7 24T A 4
RE. RRUFAES AR W WS 5 5 BOE R, KR IEASB A RRES. BIE &7 fi ol 5,
K 85 RAFFAEAMIRZS th, FRRRREAL IR A B 4 R RES h e RO L0l (5 oA, 4R R8s w] LU an g (&
17fi# Redisy 5 R B0 MySQLI™Z5 5B,
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Global Merge & — it 5 T~ 1) H0HE 22 e R, Q045 A HIARZS AR A1 2 JRARZS FE 4%, Global Merge ATETT A1
[ A He 4, 38 S KeyBy iy SR (19 W 25 A 3, 2 T MBI 73 A &5 SRAE &5 39 s B 31, il it 45 R R A AR & R S
B4 PR FLE b, Qi 11 HE TS R B0 A H KK () FT7R. Global Merge SEM& & FI T o4 0 45 R & 0L
D E S A IR ZER L TERA 13 55, 4 RAEIR R SEAA I, 45 R AME R USRS AFAE AT 58 &, 8 WEE =i
HeREREEG, RMERATREWRESE R BTN T H0 &, WD W2 &40, AHUIRES 52 FIRES R & W
THREEM. EREAE B

(3) Ahead KeyBy

2 AL R Gl 43 A7 2T 2 A SR B IR, B T3 £ 4 A7 2T 2 A SR EfE R oy B 2 AN 0 K HET A7
fith, KIS RETT LA EE TR . WA B 8N, [AI0k KeyBy 1B 7T DA HE A 209 B BAF Bt 47, il 11 22 T4
BB A e S (d) B, BRI S0 MBI IR 532k 213 J2 BA B 1) X 28 A% 2 s 4 /2 ] 58 47 7E 1), Ahead KeyBy it
FEHTFEW B AFHEAT KeyBy, AT EAFEANIG DA SR OA 18 00 T, 8 40 )5 Sim ot B 8 KeyBy 87740 58
e, T — %o — PR S5 ) 808 A i 2 R AR AE R — T B0 s A, AT RS DA i 6 P 28 $ 48 45 5. Ahead KeyBy 144§
PR BIAE )7 X B, 5 KeyBy BR300 K BIA R F4E 559 s E2REL, Ry PLAZ 26 T ik i) 438y
RS

AR HEH Local Merge. Global Merge 1 Ahead KeyBy iX 3 it 3 T H {5 1 203 22 e 560, 3& F T A [H A =X
Bdm oA s, CLBEA P AR .

5 RELISEKEY

A TAELLUE A Flink HEZE J93Eal, SEELIEY R 7 ik 3 AN J7 T M fe AL 5508 . SR &, A SN BHR 7 1 A
R, RIT KeyBy 57000 KRS LY R . BPUKMEILH . 2T 8 E 0 BEss e sk, 5 2R kb3
SLIFANTH S FE MR, TR T — &8 A f st A v A EE A A B A, 4l 12 Trilink st B A ; i o A
Flink RGLHAT &, 28l 7 JR B R 4 Trilink.

B

Kafka bl HiEas  ETHRME S b
K fr 2k 11925

T 4L [T
DataSource Reader Iij‘? ﬂﬁﬂ;‘j 27 KeyBy H— ST
| u\ " :'l

S L
DataSource Reader T )7 KeyBy
DataSource Reader FE%I?%E‘EHT> 27 KeyBy H— £ ----

B 12 Trilink 427 E

i

Trilink - Flink 5230, HEAAEM W 13 Trilink RS E R, Hrb 1o &35 F E A4

1) TR KA 28R 1T HISEBL R, A SCIE T Flink 32451 KeyedProcessFunction #f— 5 % KeyedWatermark-
ProcessFunction 2, % SZIHEA 1 KeyedStream #7403, A0 & & I B3, AKALLR 58 3 4 oo i vk

2) AT R AW SEI S B HE: 47 T TaskManager H KeyBy 184> & 5RH& . B KFE. Sync IRE)E
Ui TC B E O, DU AT JobManager H1H KeyBy SEBS R AZS . BHRIC R 533 1 835# . Sync WrAZS
BHAHC B H PO,

3) T AE I E0E 2 B R IE AL FE Local Merge 1 Global Merge, ' Local Merge i1t TaskManager "' ]
Local Merge 57523, Global Merge i/ T TaskManager /1 A H IR A5 FIAL T JobManager "4 R iR A& #L
ARSI

XY R R, RS AEC B ORI ST, PRI DU Je {5 A L A AR R B (5 SR b EL R BT R ) e A
oAb FRHA A
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TaskManager TaskManager, - - m e e

TaskSlot| |TaskSlot TaskSlot :

Task & #
N TR JobManager
T
ARG i E &

R /
Bz N

Job EHL | K7 i

Client

B 13 Trilink RS2 1&

6 RELWSFN

6.1 KB

SEHG T H AE T 20 BT VT A5 AR SCHR H 1A Ak SRS AT AR G 2k, [RIIE 23 A 3 45 2 48 %o B4 S F o ik S 1) 5
M, BA K55 Flink J5A B SRR (1 14 RE X L.

AT RISV G [0 2 LA R B A 1)

A& 1 (RQU). AL B Trilink &%t 5 J54E Flink A LG, TERER TS AH Prie s, W RYERSA A &2

A8 2 (RQ2). Trilink H BT i1 19 3 FERAHLHIZEPERE B2 A4 R R
6.2 LWIMNEEIWE

ARSCETE R SER IR SR 9 8 G b3 BT RN AR 7Y, [ A M3 B H — A5 0 Intel(R) Xeon(R) Gold 5215 @
2.50 GHz 1] CPU #1128 GB HI P47, L5 [ i 2 eh #5142, M AT IEM 4%, 8 G HL#AE343#E Flink worker.
ZooKeeper. Kafka, i — & 1 NEERE Master, #5% Flink master Al Redis, FT{# H I#AE RGERHAERRA UZE 8 52
IR B A WA 7R

R KIIPFPAERCA

EGGS AR
oS CentOS Linux release 8.0.1905
JDK 1.8.0_301
ZooKeeper 3.7.0
Kafka 3.1.0
Redis 6.2.6
Flink 1.14.0

IR I3 FEARG EE R ASE U 87, AR SR B TOT S I 85 42 F0 Yahoo Streaming Benchmark 1E AR 3%, 5 & 0 M A
Trilink #H b T~ Flink 1 GeoFlink 7E 77 2 FH/K P4 g i b g 4@ 2R MR Eodis Sl T 3 3 sk W R 458l =2
T8 Mt A2 it 15 A T S I RO O A AR AU, M S5 . b, MR RT3 5T, 7 B DMIGHT A, = Al e Xt
M it T B RAS HEAT 23 B MRS O S5 A 150 it 8 18 P . I 504 TR (i /7 7F Kafka 1, 75 509 & 2 AR ik
FRIARIE IR A b ) e 5000 A 3L ), AT T 7 P A ik 2R
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1T Kafka SCHF 2 F8CH0HR, 040 BT S 80 A E AR R B m 4 B adb A7 D0, 3R Hh vt 2 P EAT T8, DAYE B
SCAFRAT RN, BT RS TR 3 U R R~ 3548, AR/ SEa8 R 2.

R S A BE ARG R AS I S B AR 9% H R H 0, B G 3 Bl R AL B A AT SO, D630 4 i M R AR
FHEIFZ M. 17E KeyBy BF 3 K SR HH, 2R 3C IR [R] 5 78 AS [R5 2R - A 18 0 T B 53946, LA A
o3 %ot I P A ek 2R R S T R B /K A 28 0 T B I B AT 4 SRS P, AR SO TE B F R E AA f  2R.

63 R RAMERALNK ST

ARICAE 3 ANAS RV BHESE B FH B th 0 3 R ARALBA, 8 B0 43 A AR BERL B 5 %SRS 0& FH 3 el T 45 6. B
PSR, SRALRTAH B, AT AR ZOK AL R E TAE S KL Lk, WITEBIME T LeastKey £ KR0S, TELE RN =
B BONBIE, B 28 G 1% ¥ Ahead KeyBy, EMF 2R LTI M 24 4E 70 Yahoo Streaming Benchmark 1, 4 7
PREFIR — B0, AT

SIS R 14 iR, AHECT Flink, A6 HH A U R BR800k 238 AL 42.5 T3 323 560 75, H B85 59
JRE 8 i i, FEERIETFE] 6.56 £, BB FARB LT 8 {5 H 2R A 82%. AHELTIFRAT 1.24 1%, AT AT R 115
FIBR RO, 1RF T 4.3 £, LTS A A A F AL 37.8 J3ARFAF 510 /7, BB AY R E] 8 T AT,
BERIRTL B 5.4 1%, BB EAAREILT 8 5B 1 68%. MHELFJERM 2.1 15, AP R LA R 9 & ik, 31271
T 1.6 fi%. Yahoo Streaming Benchmark [{IFp 7 2 AL 71.9 J5 423 430.6 15, HEHHAT iy R H 8 19 mAT,
BRI R 6.4 1%, BB T 8 A RLEN 80%. MHLL T JEH 2 %, KFAT 4 e vh15 20 B o3, 117+
T 2.2 £ ##T GeoFlink, 3 iR T 1 BLA LA ZEF0/K P9 R IE LG Trilink Y446 H B0, FEERNE,
B PR AL b 3 A AR 5T, BT A AR N i R I KR A R LR R .

160 500 4000
450 +

140 _ 3500 |
400 |

120 - 3000 |
350 | /

@ 100 Jg{» 300 Q;( 2500
5 80 N 2 250 = 2000
it i X 200 = x
= L . iy r = =
i 60 Ne N[ i - k< i 1500
) - 150 | O
40 - . _ : 1 000
100 o
20} 5 % ’m 500
0 0 0
TR 279980 4790 8 TR 270 4780 871 s
(a) Flink (b) GeoFlink (c) Trilink
KRN TR =<3 Yahoo Bench I3 w3 T W 3 e 2R

— = = AR AT R g Yahoo Bench HI# JEMERAS — - — BRI AT RS Mk 24
K 14 Flink, GeoFlink 5 Trilink #2574 f& 1t Sz46:

AT S, Trilink A T Flink 22 524t 7 i B A B M Re. RVEELESEALIEOL R, Trilink B 58 704841
T A Flink, 55— 5T, MOKFRI R M BESRE, ARSCIR B RS TE 78 70 % 18 T i 2 AL B8 A B4R Rt 1 3
AMEREM S A, T RS EI T BRI RS AT R

R A, R Trilink f&, 1% B EAS IR 1 R G PERE nT 3 R 3R T N B3, R RIE T, K s R A
I SE T AR IR BE S e 2, JRAE Flink R Go/K A 26 LG R T ER ARSI TR &, T S BRG] 3 &
MR TR, 55— 77T, KeyBy B2 01 8RS X F 5 A B 70 A7 7 ok T 38 i A o0 R Ab BE R
6.4 REIMAIRIEGRIMR ST

T2 S 56 K R R R S R B AR 5% EL R B, o A 3 R AT AR AT S R R R, CA o AT RO BR A A
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AMRALSERE X T R GRS AR THIOBUR. M8 T Yahoo Benchmark, 5% F 546300 52 P 6 250408 370 56 388 P ik, HSRVE T
LR, L6 BT R AR B R H 2 e R 2 5 FLIR AR AR 5 oy, DR, P I — Ha VR R £ 5 L Al
1E KeyBy BT 73 R HElE 1, 2R SO 5] S s 72 A R 2N 7 A A 00 T 1 S b i B, DL R SRR 5 i 7
HEARTRI B[R TR FE SR K AT 2R T B AR I B A8 e SR, AR SCORE B I R AR A Ik 3R
6.4.1 KeyBy $# /AL &I 5 74l

B TR IR IR, 2S00 4 A F 21 KeyBy H 70 FL SRS HEAT 578 510 L AR, 3= 2200 4 Fh it =808 &
fidh 5, AHE Key 1515040 A Key IR E M550 (FREIEH S0 ) Key RS MAEEIEH S
434G Key Y210 ABEARAESS) A Key 635250 4 A AR AR 214545

ASEEGVR A ES 3 TR AR H 1 S Bk R R AR, Seae g5 R an B 15 iR, Flink 5 195 T Hash 1977 U 7E 4 F3%
S TFHEIAE, BAR M AR ECE 0.26, X SEL 70% HIFSMNEIN 8. Modulo SIS 7 Key 500N 71 %%
WIRTRERER 1, BAEJE 3 M FRARE 0.66. 0.41 F1 0.24. LeastKey 5RM&7E Key A6 5] 0 At 11 B BT 1 ()1t
BRI E, AU IE B AR 51 /3 4ii 3 5. LeastCount SEBETE B/ ] 2 40 A1 {5 B I LT, 5 LeastKey WH i35
5 AEA PSS BRI, 76 3 Fidn S EDERE 0.97 M.

1.0 -

EIN EN SN[l

.
§ 04+ ~J § % % %
<MEN N = = =
ozt EN \ el = =
\ I = =

0 Hash Modulo LeastKey LeastCount LeastCount-

withHistory

B Key f#5 010 R Key 99577 [ $aRdE2)0 i [ Key AR AR5 576
K 15 KeyBy sk s KR IE 5 f kg8t

E 4R Least SRBE R I L Hash B Modulo SR F5, (HA7A7E 78 ZEER A0 43 BC IR 553805 1 4H, BRIEE A B
B 20 PEREH 5200, 24 Hash B34 Modulo i & {5 & BRI, ANFE B ] Least 5. LeastCount 75 7 15 B
HISC e, IERGA SRS 5 LeastKey WA 3 257, BRI T 2351851 0 4ii 37 5 1% $ LeastKey B A].

B3P, A ST T Hash £ 4 FpET-00 BRI T, iU B Rk 2. 45 R El 16 iR, 75 Key FIEE
A2 AT, BT E 1, LeastCountwithHistory 7RI T FIFEHEMERERT 3 5L L. EH AR 34N
5T, M#T Hash SEBK, 4 FRoEms 500 H T B & YRR IR 3.

40r E Hash [¥ Modulo [ LeastKey [EJ LeastCount [4 LeastCountwithHistory
35¢ ]
3.0 7] )

=5t

D 2.5

M 2.0+

0
el
Sal Bl Bl me

Key FIHHEEI 5104 Key AR5 504 BAEAII 204 Key AEUEAR 515041
Bl 16 SEkor A s A i R B2 TR R
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FEEE 4.2 1, ASCHR M T 2 TAE LI (0 S B T sh AW B 5 3%, A SR E R B BRMEIX 3 Fiis
A, 31X 3 AL E ] T AN E 37 5. AT 58 SCEOHE S A A 8 B o, B R AR b — I 2028 R T o BRI
IS A B 3 AT AR AR B TR AAL T v, v AR AL 18] (min) BRI EAZ R EL. T FRATE XL a =0.5, ¥
R 9 Modulo, WA RIS 70 AT AR A 2T, 3 AP S o0t RGETERE ™ A2 (520, R 9 PR, SEI 45 RO,
5 B IS A B VR U AR X AR E 37 55 R SRR 2 & B AU AR A S B 13 5 BME R E A TR AT
REIR/D SN I (K137 5. SR 5 Bl 3% 5 2258 R MR i S AN s ik A A AR S
RO AFGEAAL T L SO R G AR KL (FT5%/s)

PR (YK /min) 0.1 1 5 10 30
SE B (12.%%) 130.1 128.4 76.2 61.8 478
TEH (10007%%) 101.2 97.2 72.7 70.5 68.1
EH (20 s) 96.1 95.7 74.9 70.1 67.2
EH(59) 82.2 83.1 81.9 80.3 75.4
A (0.6) 131.1 129.2 90.1 82.1 64.2

HIME (0.4) 130.2 128.7 85.4 89.2 78.8

6.4.2 HEFUKA IR S5 1EL

AR 3 PV PR AGE I 2 Y, 5%k 55 20 K A 46 A0 = B K a7 26 RO L P s B A e 22 5 AT UK. T T %
FL AR AR B 70 A P, 123 AR BB GUR AL R8O BLP B0, (BAE TAESSJUKNMIL, T M2 I S Fp 2
B SN, AEAE AT AR P R A OB, O T ORIESE R IR0 1, 5 2 IR BUAGE SR 4 R, IX LA Y S
BfF 2 ARG R T SLI0 7 B E B AL RN 25%, 50%, 75% (500 T BEAT I, R ZUKAIL T
RN A, 2 TARSS BOKALE TR 5 DAL, a3k 10 TAESS S8 UK A 28 dL 7 PR RE MK P,

R 10 TSR EGEIOKA LB LT LRI

o EL T L) 25% 50% 75%
Flink FAES % (Ji%k/s) 425 28.2 13.6
Trilink#& 4 (J5%%/s) 2443 241.8 228.5

T I S H TR AR W B Sl % vy, A A B SR BP0 4 S o, E T A RN X 4 S 1 P 5 i, SR O Hl T AT
2 BKALLR T B 78 & AR TR E, SFITE 50% LAE. A Flink JRAE FAE S FoKM 44 53R G sSLm M RE )
KM 5T B T AR SR H B /K A 2R AL AR AL B AT R0 S — ] 7.
6.4.3 BT BAE A B 2 H g M 5 1AL

SEHG AN [ 1 58 T B A 10 50908 2 450 SR 110 5 ek 4 A0 00 2% A% A 0 . D45 SRR B, Local Merge SR
AR 25 Hr A Flink Ji A SRS AL 58086 &1 1.49%, T Global Merge R I&Fl Ahead KeyBy 7 I AN 75 BLAE ) £ H
A A At . 3 I a2 B G 7E IO 2% o BE AT T SRE W B0 ST 4, T AFE 48 7T B S IR IR BT oy, B B R AR F
3.92 £ LA L, 05 SCIET 17 Hod Se 4 s me A RE DK i s
6.5 SLIiTe

ISPl AT AR I 3 PR SRR B RS TR AL R G PERE. AHECT Flink, Trilink $ALE M
FRFAT 5 FELL L, 8 W AR FACTY RINE LIRS T 1.6 f50L L, 2IH TG KBS

AW FLE W BRI 51N T HIRLEE (R 7K AL 2R, Rt SRARAM R G HAS. A% T Flink 9 AT %5 2K AL
RN, A SRS A B KL G AL fifi 2 )R8, DR 8 B 38 25 () 4 LA B A 6 v B 58 3 R 4. 7E 23 )
FEAS b, SN o B, W T AR, RA T BT — ARG LIRS, 8% 2 — AN RIEL. BRI 2 8
FT (64 SLETEIER). W RGN TAEYEY — N E S, BRI P AE S A BT B 2R R KN, 8 B
) AL TL T A, R E g s, SR A S E S, RIS A H AU S, X —K
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PG A E BRI, A2 AN A 18] o5 L A2 KER 3 5 R, BATA X — T A A& T LA S 1. 6 T HOT 4,
AR AL T, T O N K AL, B A HORAL L HRO TR B ONIRAE SR, T I TR A
i, B E A AR A B DL BAR T SAT 5. TR, 7€ Trilink G0, [FRESCRE N-BRGOK AL ML, B N A Key JE3
[ — 7K i 2k, AT IS B2 (8] TF4 55 22 G 1 RE 18] (K 2204 . B oK AL e WL SE B it 1 — o F2 pty 421 77 5, FH P T
PAFE SR AN 5155 0 8] B R4, AT 2 vk e ed A

F AT
S = N W R~ W

E

KeyBy Local Merge Global Ahead KeyBy
Merge

B KeyBy [J Local Merge []] Global Merge [J Ahead KeyBy
B 17 Bl s e s vk e ik

73— 77, FEEAT KeyBy 70 K SRS AE 2 il 5 VI ey, 75 200 Key IRASHEATIER, 74— € HIIT4H. R4S
AELNIARBE T 3 FAN R SRS, FI P AT ARR B S I 0 A P 5 2 AL S £ G 10 2 80, T B ARAR S T 3
R IVENTA. 7R3 6.4.1 TSI lrh, ASCh B A 3 FBEEI N TR R EE IR, REPEREFIELT Flink,
VosRA 25 1 e

T T AR B 20 KA 2 SR IR B B 4, (R AN SR F Bl DL A G B 5 0 B 3, RO AR T BRI L
a7 2] BUIN ) A7 3068 T A AT i DU EAT TN DA R Ak s b B R R K A 2R . (R, 4T KeyBy $12807>
IR P e 2 T mOFAT TS, T REAEAE TR AE ) — BOVE 1), 5 8 AR AR e 2 o3 A 3 B B s ok
KeyBy $1 #8073 5 g 1 2245 5 v 50— bk v .

7 B %

ARG Sy BT L 200 AT P PR SRR AL, 38 3 43 T 5 S 8 4 I S P AE L I K S AT T P )
M, B SRR R BT Sl SO BTRIEIR e LA T B T ik semg. 2 R R, 0@
W RIA R AE Flink A2 T R AL R4 Trilink. SL5045 R W, AHEL T Flink, Trilink % 552 87 A0
R RGN RBET T 550U E, R KA RINEILER 1.6 5Ll LB ZERT, 2PV LG K.
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