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Abstract: As a distributed storage solution with high performance and high scalability, key-value storage systems have been widely
adopted in recent years, such as Redis, MongoDB, Cassandra, etc. On the one hand,the multi-replication mechanism widely used in
distributed storage system improves system throughput and reliability, but also increases the extra overhead of system coordination and
replicationconsistency. For the cross-region distributed system, the long-distance replication coordination overhead may even become the
performance bottleneck of the system, reducing system availability and throughput. The distributed key-value storage system called Elsa,
proposed in this study, is a coordination-free multi-master key-value storage system that is designed for cross-region architecture. On the
basis of ensuring high performance and high scalability, Elsa adopts the conflict-free replicated data types (CRDT) technology to ensure
strong eventual consistency between replications without coordination, reducing the coordination overhead between system nodes. In this
study, across-region distributed environment spanning 4 data centers and 8 nodes on aliyun platform is set up and a large-scale distributed
performance comparison experiment is carried out.The experimental results show that under the cross-region distributed environment, the
throughput of Elsa has obvious advantages for high concurrent contention loads, reaching up to 7.37 times of the MongoDB cluster and

1.62 times of the Cassandra cluster.
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BEA XA (key value store, KVS)' L —Fh 56 R 1K) NoSQL H¥i i, I T 17 it B A x4 17 AF 56 B Bde 1 v 1y
SERA A LR BRI T L R SRR 2R (W . AR AR AL R B A (B R EAE).
T3 0 R A0 128 P 3R R, B 5 R R BB TR T 21 43 R, AN T 52 B g A I BRI AT LA, #ie I
KU SR K 20 2 v B 1T 3 X B I L SR VAT R FUABE A 7K 30, T BB 5 P AR 3BT AE . Btk ob, Lk B
TR A PR R T S S A

Wil TR A 2 B e g DR A, BTN PR AN P R 8 0l 2 b 45 R, 43 A SN e B 2 . oA X R S
YT BT B AT R R G B AN L 1 H A, BS b HUERE BEALES, A RS RE Rt RERE 2 R T (H
J&, CAP B P IHIR M, A0 A sCR SR AL 43 XA (P) IORTHE T, SB[ I AL 5t — S50k (C) Rl 2 (A).
CAP E IR I T /A R GBI, T LAAE Be vk 20 A 2R BRI, — e o M I8 FH 7 S5 R 2 1 b 25 T SR e 4
PLAET A CAP IX 3 ANMEFIE I 2 4.

LA MongoDB AR CP I R Gt s INE T RIA —B0rE, BT LA— MR 32 BR324 (488, FH P IR sk 4
S EH N R AT AR B, S B R AR PR, R AP A AR R T N R JE A RE B IR M1 25 P A g AR, BT A )
AL O RAIE R SO A SR R A DU 2R G 1) A ok e AR AR S (384, G HL R e A AN B % e
SEE I E BF SE N B R 10 LA DynamoCU AR K AP R GE N IE A 2, RGN TT MR 5 % 9T B R RAIE
R A RN () 55— S0P IXFP AR, SEREIRNA 1Y s S5 0 00 3R, BT 1T ROl n] AR 32 A B /R SR IR Sk, X
it B 3R] 20 H e B AT

SR, LESRTRETY s B 400 A PRV 0L 9% 265 AR R 50408 [P0 1 I VA R4 AR 4512 I B, L4 m RE SR 4 22 Al
ANUEIA R MEREIR T, AR & AP BRI R VAR, XA M85 T 3-AT 3, X2 Elsa B HIEZ
. Gy JT L, O T RS AR R G A A ] b, AP 200 sV (B AR R G A SRR 4 B SRR R 5
[958 43 52, 40 Dynamo ANSZRFHSS . Redis SR HEACFESR RIS P Cassandra Y SCFFEE D3R A 1 55 58 B %
AR, SO0 T EAE B TS ML CRAFE B — SO R0 58 4k (1) 4538 K B2 13 AR .

RO % B R AR AN SRR I SRR, TRATTHR T — I ST Hr 2 i g 25 B 12 20 1A e P — B AR AR X
AT AR AR UE R G0 RE RO — BOME A THE T, ARG A0 S R S 6 = 25 I 29 ) B2 R e I 4 v O M2, IX AL /2 Elsa
(¥ 55 — AN Hx.

N T S EIR P B H AR, BT S5 T A BB R. 2G0T R R L vk e A T
P, FRATT PR SRR (7 5 4 S I 22 R A 2 5 SRR, ] 1 R, SRR R A () #A e AR
PREIAR, 5 R ) () AT DLHAT AR H S B ST XN I P RR I B A1 R (2 BN, il Fb
T T SR AR ) A 7] ) 5 e 26— B30k, ST fig ARG DR — S50 i 0 T 7 SR 110 B P . 3 5 bt 4 52 4 1) A 5
KO 2R SRR, AT LA 2 SE RIS, RN RSH Arial®, PSIVAE,
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HE IR 5 Elsa: — A& @3 KRB WA A XA A1 R 4 2429

FOR, AR 1A BeE HARi2EA b, 28558 RS MPERE S T8, BATR A B R OTC UM I JF Az il 5
15, AN A R E T B STIE B R P, SR PR — Tl S 45 22 ol 55 B 8 S0 7y g 25 L.

AT T TARAE LU 3 i 1) 1 ) B R (58— B A UR 4, 4R T FE T CRDT 1445
SRR, SIS A 169 25 ol 8 125 20 ) () 25 55 ORAIE DL KOS R AT i e 24— Bk, 2) 2 iy 9555 SPE A, 25
P SCBL TR R ST Elsa. 3) AR K RUBE IO BS SRS, 0T KR I PR B B s, B b A 2 (i IE S PE AT R S K A7
At

ASSCHS 1 AT AR SRR S AR PSR DG AR B 2 1A SRR 2 R S S I T R B R,
AL TAERIAZ LB 55 3 WA T RGMSARGE K. 55 4 W4 T RGN BARSZILANY. 75T 5 190 SLut 45
AT XA IE. 55 6 1 WIS AR SCIR) R 45 5 0 AROK TAR K 2.

1 #HxI{E

L1 FTHREZ D HIEEN
MR MES M RGP EE NI RS, Wt oe, B =Bt 4. I ki R 2R 2 A 2eFext[q]
TSN TR Y AF S 1) 5 4 BT S B 10, 45 SR R b 2 IR R 5 5 b S SE B B ) W — SR
WS 5a4e. A T X R R & R W2 BIANLSE], — 5 T2 BIANGER T T8 RB WA a2 2, H
[F S A3 % T R AR s B A —B0r L 2R EREIAR RIS DU, BSARIAS )20 45 (1 0 R IS, HER £ A4 2 IE
TR — A OSBRI 1) R i 110 7= AR A T B AL R4 8 5 R R, DAL 1 FDE T AR o8, (A R e i —
SE NSRS AT O8 RN PR b i IR IR B B o8, BWLH1E I i LR & S BRI w120 A 2 El 4
— Bk R ) R, TR Paxos™TER Raft! oUW B2 SR . PR ML e T RS A A R R R ) A H )
EF 5500 7 AR R PR B R .

TS B i 4549 (conflict-free replicated data types, CRDT)! i &M Rttt 45 K e 4 — B i I A
gk, 2011 41 Shapiro & A $&H, FLREARHE B & I RUUEAT A I, Tobh i i il P s A (8] i 58, Ik Bk e 44—
BBOR. R BN — P o AT U9 — BN, FESCHER [12] R E R . SOk [12] FR i, M HACY
AN B ASAEAS 3 58 B I Be % [R] Aok 21— ZCIR A RIS A2 s ISP (strong convergence), WK i AS 18]35 A2 5 5 25— S0
T i dpe 28— B0 15 TR0 59— B GUI I 24— B 1 R ITE T, A28 T2 SR AE Il A H50d 22 e i )i 2 — Bk
25, T 57 TR R A2 21— BRI R) 0% ORAIE.

Qi 2 /& CRDT HI# 4514 &, —/> CRDT 45 #1154 F7 i — A Object. Object P #A7Mik Fll A< 24, A fE
Bep FH P el A Object B.F25 ), &8 i 54 /M AL Query. Update. Merge 1X 3 M HHEAT48 H. Query #2111
T &R A S E, Update £ 45 SR H 18 XU A £040, Merge 4545 T4 52 i CRDT Object &K (1435
HEAT [P 5 . CRDT A& — M BE T B S EE &5 0, TF R 8 I vt LA b 3 AN 1 1Mb 5532 R R A B0 4%
2, FTLL A E AR ) CRDT 4544, T SEHARE & i) — SO L.

AN G K TR A CRDT B 41F /& Update Fll Merge #7475 803 A2 7] 45 & VE (associativity). A4S et
(commutativity) FI%E5E M (idempotence), Bl ACT 1. 415 Update #EAEAS S il /2 DL I ACL =4, HE4 Merge #:1F
T BT i CRDT Object [ Update 8 /EBEAT A T BT AT, iXFp 2 20FR M op-based CRDT B & T4 1E 1)
CRDT, —/™ 3 24 (141 2 15 B O TR T ) A A AL

il 3 s, A FUB 23 @ A T P AN 0 oD I ) AR, Tl s P I A B, 224N F P R L n)
PV . AR BN TR A, 2N 00 ) AR I 4SS I milk B, 1) B AR I A 4SS N “bread ™R .
WIS, AN 22 (R RS ek B —ANE . T2 A TR I e =48 E 2 L ACLIX 3 FRHFEER, BT DAFE AT RIA
5, A R B H A A H RIS N 1S i B 4 R A 45 %0y FFEAT BRI AT, nlE] 3 h OF@FF . 2, A F1 B H11)
T ZEE IR B T 4R —3K.

X T Update BRVEAREIH AL ACTIX 3 ZRe MG UL, #5208 CRDT 45 M Mt o4 so {5 Bk i B Update
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AR 2023 55 34 AF S

F Merge #:4E HL 4 ACT =4 IXFHEUFK N state-based CRDT, W4 R A EL A& UK CRDT A% 45 K. 4L 289 () 5] 1
FEIAE R — B i B S L. 401 4 FTR, Alice F1 Bob 0 HIZE R SAN T . 4 T HRUEHE = 10 B,
XTEIAS N T 1) B IR AN TG AE B ST P I, RO T4 AE ) CRDT AR, 7520 B i 2 i g A 1 2
Pt RN T AT A I AR B RO . T L DR — Bk A I R, ) IR R I B 7 25 3/ 1)
RIWT, 4n sl 4 Q@ 7R. 6T ) N EAS B LRSI D0, D)5 2L AR 2512 38 Wk JF 4, Wik 4 Q)
F@FT7R. BT, XFF state-based CRDT KAt JGf5 B A5 248 1) B /2 2 T 1.
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Alice: //RTEZK T ?
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Alice: & KRS HLF!
Bob: /&M ! fRIZY 7052
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K —3ME CRDT 4544
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40 Bloom" 40 A1 A4 B8 5, W Bh G FE N B DRI & TC U R 00 o A sURE . 2) $ T 3E T i B AR 1
CALM"™ERiE, FFAIE B 24 FLAX 24 20 A SR i AL S R PRI, B A AT — SR E A S8 3) 4241 T Blazes ™
SIMTHESS, T 0 Wit v SRR e 2 15 45 & B R AT T LATE B BT 4) S0 T 0 A sUBE( A7 R 48 Anna'®),
FLBTE H bR A% i T JE R s ek e, 0@ T ML A7 30 0 A 1 B AR 1) 2 B R G4, R T — Ak
T G A 1 5 A B 45 ) R AR 43 A 2 AR ) fee 26— B

BT CRDT HARRIM S oE th e E AN Z TR, EEAE: 1) ST RAHI R, A (set). FIE
(list)s B (tree) Z CRDT £ 44 (A 5 AN SGE. 8 G, SCR [17] 38 T —Flopr i T R 22 401K CRDT 282! CLSet, i itk
AR A FAR B AL (K 005 B R AR IE A B (¥ — S0k, SOk [18] #2141 T — Bl S RE T 58 i X T o 51 4
M) CRDT 4544, SCHK [19] 5 TR CRDT £iR 55 Merkle W 45 &Sk, 1@ H T —Fh 42 BR 5 R4 2= 4
(MST) RS &5 0, FE86 0 AT A1 sUAAAd P 2) T CRDT (3838 AN 56 UEHE 42 B0, 32k [20] 5 46 R AR K
RoHRKAIE—F 41 CRDT Vs =, Mg T — AN K CRDT Phistaiid 550 iEAE 4L,

2 ZFEFEMRERAILE—EIERE

Hiedi P22 T 45 0k o 2R R K0l PR O B B, S 22 4 i AL R B /N TP AT B0 0. FEAE G SR R BB EE
T I ACID 3X 4 ANFPE, SR P R0 R 43 R S AR S, B B R I R F 45 I R FRFE I 8 X, B
MR IR R F A IR R, LI IE R B i A T b

71 ANSI SQL #r#E 5 LT — R A 355 bR 2 g, ARG O ess . nTE . PRBR ER ] P50 4.
TR BB B G N SR R 445 LA LR AT IR 5 SRIEAT AT, BT A— R F 1 0] o ok S SRS e {ELX — Bk 25k
B S5 T, AARAT B M A HRAE . TN K B 5B Bk U, AT 3 R S 40N & se A 5. A T AR N
T, AR S AR AY, BATHG T 3 FhIse B A SERR 9 55 I 2 2 .

M B A B A2 K B R %o b 45 B 25 440 ) T SR AR B, s tth X L 5 [ SR S5 s IR 0 2 A SR
LSRG T T N, R AT X IREL R, — AT L ) 1N 25 R sk P 345 (10 9 2 f2 Hh R0 ) @) AR 1) — B30k i) AL, 491
WK 22 WA I R4z ] (MVCC) + Paxos B SRT, X — %8 ] B3 44 (159 — BUiE S, 40 Twitter. Facebook
ST ) A BRI AR RS 6, MVCC + Paxos [T R BARANIE S, XS RGBS INEZ 23 H B35
B80T SRR R RS 10 CRDT AR — b 43 A1 2R S5 40, G0 0 B R 1R e el A Tm] 1R b 58, 4643 5 )
A b (R R oA 24— B, A, CRDT 45840683 (I T 05 8., thRe s A RAMER &5 91 R s hl. IR, &5
B ICHR [21] PR BRI T A7 M IE RS EEHINUEIR CRDT HR, FATHR I T —Fh S5 22 b 25 28 53 (1 76 1 14
— ST T AE R UIE R GE I SRR AT 40 R 0 (R S, DIl 8 i SN 45 5 R A T R At ) AR — S0 ) AR

R, FRATTRE A RAE S5 RR B G0 E SCR T EEAR R S R 1) RN R AR — SO el (R 5 S U SR e ik A
W7 5. TR LR R R, BT Elsa & —FEE E X0 A B BN IS 266, T ARMR ZE D R R, T LAIRAT
WA 2 SR AR 10 L Ry T R A B0 TR DU, B T R VA T #5534 T . BEGIN_TRANSACTION
FR B I — A4 TF UG, COMMIT Fl ABORT 43 1 3R/ 95 45 (4 A8 R R 7. READ(x) 7% B0 1l x 1)
B AE, WRITE(y = 100) REEEIRIN y 50 100 1A 5HRAE.

2.1 [EESENBRASR

B R R 0, AN T AN RS A R B, A AR T B HA BRI SRS R 18
Elsa o, BATE 1 5 45 10 A 42 58 105 8 A5 I A7 A 4E — SR 0 'S 27 I G2 b X Hh, T 2 e 39 95 45 ok 1
COMMIT fir & Ja A G AL (M BT B S AT B R B 4 B FE AT IR 7 PR B2, AT S 7 32 1) i) . BT B, 29 &R
Gt HS AP, Elsa R 40 387 25 1152 AR AS R B 4001

B IR T B EAFENE WD IAE, writeBuffer & —H UL 0G5 3B XN SN 4% - v Zh A eI 22 X
TXHRLR PR DAY TARE 1Y 0, BB AR K IR 4 J5, 1 S IRIBUZAE SR T B (M 3545 fid SRR Sk 12 1Y
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HEAT HIWT. 1R BEGIN_TRANSACTION 84, W i% 3555 73 il — S WA IR 38 Gl rid AT R 5 T8 HFZ
JEMEiE K (3-4 41T). Witk & WRITE #:4F, W iR ES NWEIEI key F value {55 005 REAFTEN M. 1N
XA (6-7 4T). WAL /& COMMIT 345 3K, WIRKF 28 A7 1) A8 5 1 SRAT A0 R 45 IR 25 38 715 mUBAT, 3 Je R i R 45 %) B
) Y AE IR (10-14 4T). W1 R 2 ABORT 185K, JU) 3 75 B[RSO B (6 Py A7 X SR BD AT (8-9 7).

BiR 1. MRS N S ARSI

N P R K IR request, 55647 writeBuffer.
1. tid < request.tid

2. type < request.type

3. if fype = BEGIN. TRANSACTION then

4. startTs < now() // SRICUHTI M IS startTs 28 &

5. writeBuffer{tid] < new HashMap() // Jj i1 F 5 1E S A7+ Wi N AF 25 )
6. else if type = WRITE(key = value) then

7. writeBuffer(tid|[key] < value /| A7 I N L 51EHK

8. elseif type = ABORT then

9. clear(writeBuffer(tid]) // BB F U (1) 5 28 AF W A7 2% 1)

10. else if ype = COMMIT then

11. commitTs < now() // KB /T I &I EZS commitTs 2%

12. commit(tid, startTs, commitTs) // i JRE-Imbe A8 45, HAR@H AL 3
13. clear(writeBuffer(tid]) // $EAC &5, BETHIE I N A7 25 1]

14. endif

22 FAAERERENRRAR
ARTEEBRARXT TP IF A5 A 1B, 9555 A (255 PR ERAFIN 45 R th T 955 B IS4 1 5 201

A F5 55O B AH TR R PRSI, SR T ] — 25 25w 0] AH [ 50408 01 11 5245 A 45 R B2 — 300, 7F Elsa o, FRATIE I 4
—ANRE AT writeBuffer AN AT readBuffer KA G AN Al AL B ) 8. T LA, M RGERIN I R ZA 'S
GEAPHLHIIN, Elsa R3] 230 1R8BS 40U,

WAk 2 B, 4R E B B P R K1 BEGIN. TRANSACTION 3K, iZ S50 lie— S 345 tid R
G 92 A7 DS T T % A7 100 48 A 45 SR D B 4 A PR I (3—4 4T). 4% W ® READ 15K A, & B RS 947
writeBuffer P AT R IE S AFAE B T 2401 F 45 ST R A key IS4, W0 A7 A6 A 5 E 1 (EIR B4 FH P
(6-7 4T). 5N, &4 readBuffer H MATIE R A& A5 A7 AE LB I DU, 0 SRAT B 45 LR M1 45 P (8-9 7).
REAFPAAEAEEAE, W T BN A% SR J2 45 MR 25 25 719 ;34T A5 1), 203 IR 45 45 1) A i 45 R 5 1 JL 28 A A1
readBuffer 11, Z JE¥ 45 FIR PG H ' (1014 4T). BB H /7 &Kk ABORT Fl COMMIT & 3K I, X AR &4 1%
HAIGR, B R B readBuffer Wt I (1) A7 X 4k RITT .

—J51Hl readBuffer i id 247 LA I bR HEGEE S T AN AT B A2 1) 1, 7 — 7 THI B B A Ry 2 A7 (¥ £
WO T — IR RS AW IS AR, 32 T RARE R, FE R ML, XT3 A4S I AT 5 5 3eR8 2 g0, 70 2
FLFEA s U SERE b, 30875 B2 RE s RO 10 IR 2850 Pk . A2 3 SR 0 &2 161 (OCC) BRI R &, 483 453238 I
AT AR I — 20 B AEAS Hh S AR A0 AR (Y 2 TP 1822 AT FToR). Wi 4E v B it AU O AR A (RRAS (S B AT i
CRDT &4 (B B TC 5 B 70 2) 5 2 6 3008 A7 i o 00 5808 8508 MRAS AN 18], W BAAEAE ) — AN R FE AR
HHPAT WITEME BT HH R R, RIAEAE 325 ph 58, o T80 0 1 s AR S0 I B0 S 45, nl DL B2 7 sl BT A
17, RZ W E AR AT R AT, XA REAS LR UE T P AN 23 132 21 IH 24s.
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N P R RHNE K request, '5 5247 writeBuffer, $:25 17 readBuffer.

1. tid < request.tid

2. type «— request.type

3.if ype = BEGIN_TRANSACTION then

4. readBuffer(tid] < new HashMap() // A 2T F+ 55 (E 228 A7 7 FPHE P A7 25 1A]

5. else if type = READ(key) then

6. if key in writeBuffer(tid] then // EELHUN key 1E B ZA7H, HER [MI& 045 HI{E BRI AT
7 sendToUser(writeBuffer|[tid][key])

8. else if key in readBuffer(tid] then // TELHUY] key TERLZEAE, HHK 45 LR [BI245 H
9 sendToUser(readBuffer(tid][ key])

10. else then

11. value «— getDataFromServer(key) // key NEATANZZA7H, K& TR =K 21 Hk 5 viig
12. readBuffer(tid][key] < value /| ¥§ 3 B (FE B N ERGATH IR [0l 25 H 7

13. sendToUser(value)

14. endif

15. else if fype = ABORT or COMMIT then

16.  clear(readBuffer(tid]) /| ¥R 75 (R G247 A A7 25 W)

17. endif

18. function ValidateReadSet(tid, readSet) // S5 UF R, {RUE SO 11 e 2k v

19. for record in readSet then

20. if record.version = DB[record.key].version then /A 154 iP Ei i AS 5 Fdis 77 i+ A7)
21. return ABORT //3:3iF 4 Ut

22. endif

23. endfor

24. return SUCCESS //5:3iF /% 3

23 EREHRBHMRGR

FESCHR [22] B b th TR IR B ML, JFSeth T —FiOF R 'S 'S s R 5 e, PR ZR . &
SR ST T LI S 55 08 S IR T R DX ) AR AT 40 5. I )3T PR A 4 W ) e <95 PR B — IR A T
AR 8], ICML startTs. 45 AU 18] 152 F 55 PR AN I 20T R G KT TRIEK, 00 commitTs. 23 PIA> 255 11 A1k
DAAFAEAZ BT F LS BRA 0 I 1 Bl DA AR A B I, UE R P AN I R 95 A7 45 25 2K BT S ).

A 258 11 PR RG2S OGS T A A PR 25 2 S S O A ot A0 LR A ke 14, I B 58 2 i B A L AR AT 4K
i, RJE I D A O S BRAE A, R A7 AR R A AT B 1R Rl IR S N (M BV AE T B I [startTs,
commitTs] I TRJRKDX 8] P, W SRAT7 A2 W i BRI AN 55, 5 WIPRAAS 35 55 eI, Tk f A6 BB 1y 5 vk,
G T TR FUF P K A, AR I el A5 LA i SR A BB R TS B A8 I A T R BT B ) LA AL
TRAEMHITHR.

AT ARSI AL ARG Pk REAN R IR K BETE H bR, FRATTEE 5 1.1 TR BT/ 411 state-based CRDT (#4 &5
Feg) BEAR, PR T b IC I MR R 5 2R B S R A kT

B SG, AT 55 g 0 B A b A U T S, DL S R (KT s AT A7 B 5 B, ARSI BB A7
ARGHIEAE LU 5(a) S T AT A28, A S AR RSN TS B T a4 00— FF, IR S5 R A
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PEZ R S I I F 55 T AR I RV startTs FIEEATIN T ER commitTs ABEAT FE I, P LAFRATTHG 2 19 ZUI 8] #70
F S EHA IR T Bl A i, BT W 5(b) Fros SR DL BR B CRDT #4544, I8 A, 38 55 34T AT,

LS5 00 DA 0 15 R 7 o 0 DR A2 A i, BT LRI 24 3 45 R 57 B4R,

Key-Value Pair

N

ValueLattice

Snapshot isolation lattice

Key Value I startTs | l commitTs | | Value

b4

7’
4

7’ 4

Ed

Start timestamp ~ Commit timestamp

(a) (b)

Bl5  SCRPEEEES K CRDT A% 4544

F55 K HARSEATZ BN 3 PR, 23 N PGSR N HHE PN B FETIERAS I B, A T8 — A H 0%,
i A W EL S TR DX ) 52 75 5 Rl A ik o (R R G R I TR DX T A AE PR, IR — R S0 R AR AE MR, W55
FRERATRIG (37 4T). AW, 55 TELAT e, BEN G ANHAE R B, K 5 A R AL BB A (8-10 17). 4y
P12 (MBS S AR SRR T R IR 3 5 H A8 SV, Elsa FRG0SCRE DR IG5 1R 3 25 B 2 200 EAHE 2,
N T AL ORAE 2R G 1A AT PR RT S e, 3 P 2 55 AE S AT I I AN 2 s ek I A 1] 45 B K B e 247 Merge #2
5. AR B, AN R S 055 wT ATE U R P42, o A AN il — vk th CRDT S5 ok 0 HUORAIE. i
L, Elsa Z2 48T SCHF KPR SRR 25 2001, 0 Hobr il i SCRSERE LA 1 SR b 3, BT P = 55 OR UE DR R 25 20 ), ki)

KA i 2 i de & B

Bk 3. TR AT S R A A

N BRI S tid, S5 TT IR 1R startTs, F45-HEAE I [BIEK commitTs.
1. writeSet « writeBuffer[tid] // SKREL 55 TFH BT K SEAFES

2. for record in writeSet then //prepare [ Bt

3. result «— preCommit(record.key, startTs, commitTs)

4. if result = FALSE then // Ti$&A8 R, BN 55 W 7

5. return FAILED
6. endif
7. endfor

8. for record in writeSet then // TREAT T, T $EATH 45 2 IR 550 H R AL BN 45 31

9. persist(record.key, record.value, startTs, commitTs)

10. endfor

11. return SUCCESS

1 FREEAZ I B

1. function preCommit(key, startTs, commitTs)

2. oldLattice < DB[key] // 5B A7 i AR 4544

3. if startTs > oldLattice.commitTs then // # 45 KA AFAE I [ATER X [RI P 5, TRERAC f%Th
4. return TRUE

© A
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5. endif

6. return FALSE // Ti$2AZ RN

11N PERY B, B 45 2R 5 NS5 i A7 ik

1. function persist(key, value, startTs, commitTs)

2. oldLattice < DB[key] // FZHUE A7 fifi HH 1FI K 2544
3. oldLattice.value < value

4. oldLattice.startTs «— startTs

5.

oldLattice.commitTs «— commits

2.4 BEIA—HMRMRS R

N T He i Elsa RGEKIAFME R A 40 REdE, Elsa RGP A —Fh SCRFFSI I 1 25 PO AR I 20, ANTR] 4L
B rb s (55 3 19 ) W ARSI 532 H P AR IR B3 5 3R, 2% 9 s TR T A I E IR R, I, 2565 5 18 R 4L
(g R AR A ) — SO AL G &R, Elsa SR H] state-based CRDT &5 F4) KGR IE B A 1) [y 5i dpe 24— S0P

HT TR 55 4 19 LIRS S5 (R DG 2R, T IR 55 4% 1 el i 22 8 SR Al (0 Bl 12 e (AR S R iR TE SN2

B4 R RNAS B —BUMIR A RS 3 o5 7] R B0 & R RN R 4 Fios, T am FE 5 A SR B8 B gk v A 4%
GhRe), 55 A HUAE At (0] A S5 R B AT S FE RN AT, S 3R RN E 28 11 A BT, T DURAEY 4 T AT H
TE XIFRAFTH AL ACT IR 3 4RI AT, BE 4 45 1 T 215 128 MR (last-commit-win) Fi P EI A A I 2.
B 4. RS ui m ] R & A

B N Tz R 25 i 1Y SR R IR A5 XUER remote_changeset.

1. for lattice in remote_changeset then

2. key « lattice.key
if lattice.commitTs > DB[key].commitTs then // J& HEA8 MEH) i1 -G I )
DBJkey].value « lattice.value
DBl key].startTs < lattice.startTs

3
4
5
6. DBJkey].commitTs «— lattice.commitTs
7. endif

8.

endfor

2.5 IEFAMIIERR

state-based CRDT £ 475 SCHR [12] T B IRBIAR H, JF4 HOnS T A B8 A 1 o B AL« A5 ey A8 bk
Fnr g5 G I Y, A EIA R 75 B8 WK O T R 45 HAM B A T UEAT G OF, RIRT AORIE A ) (1) 58 B 26
—EL.

T AR SCHE A (R SRR IR R B (A G5, TR VBRI ME S0 4 SIL, FH SIL, HEAT-A T, 24 SIL, = SIL, i, W44

SIL, USIL, = SIL, = SIL,,

DURRE S AR 5 LU0 B TR, AT AR () 75 ZE AT T R AR R AL AR B A AE X (update) 3R, RIRIE 5T
W 54, Bl AT & 3F (B IRE) BI AT, B CRIE R SR 1E. IXFPIE TR (state-based) (1 [F 2B AHE T35 T
1§ (op-based) ¥R Jy LI AF AL TE T, T L8[ AL &5 3 5 4R (0040 B B3R A, L Re g IR RE S 1. H2,
XAl B RGP AR L I, T AR IEEAE TR RT3 T, wI DB AL 38 52 4R (read set) SRA# k. 24 SIL,
HSIL, AFHAEIN, i T4 45 A 5 O 12 42 4R AT IN A (commitTs) K IR G540 5 N R, T84 AN i
SIL.commitTs < SIL,.commitTs. W] 1A% 25 K 6] ) & I 25 R 538 F0UF Jo o0 (A2 S ), T R 5% 254 (1)
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commitTs JEVEAIIE, AT15:
SIL; USIL, = SIL, USIL,; = SIL,.

AW ANEAFUE. R, 6F T 3 AN S5 44 SIL,« SIL, Fl SIL;y AT W W& FE I, AR5 SIL,.commitTs <

SIL,.commitTs < SILy.commitTs, A 2345 J5 32 A8 R 145 300, Bl %n:
{(SIL1 USIL), USIL; = SIL, USIL; = SIL;
SIL, U(SIL, USILy) = SIL, USIL; = SIL; °

] 2 VAL,
2.6 TiiA—HMHRBH LS

B G T TR RSB B G, T T 3R, A VG IE R MR LUF 3 i (1) SRR G ZE 475K
PR R S A5 S S ) A, AR T g IR S g e W I B AR B AT AR, B S R ARSI B A7 i O i,
T RGP RE. (2) KA CRDT K &5 M A M AN i 3 R 5 5 58, A TR, P IF 85 KRR, (3) &
TS BRI G R, 454 CRDT (W ACTREPE, T RERAL NS AR N ELT . B R A o 1) B, fR1E 4>
=) ) AN PR i e 24— B

AILLE B, 25T CRDT MG HMA — BB AR G (3R WA . LR BUEENL I # Ae 08 i U R S5 45 1 1132
Hpgd, RIAR— B I 8, (R AT TR AR ZE .

AELBUU R — B PR =55 FF A b S AL, FLA 5 R0 0 3t A2 SR A3 B0 10 = 5% T LA SRUAT T L Atk = 4% DU 75 2 5%
P X IE—FMT A RRI T , (REXIE] = A T — Lol gt . BB, SRR AR, IXTEREIG N T RN
BAMI R FFES. R, Dot e A Ik R i SRS 1 56 — T B BN R BEAT S 8 R4 B ) Paxos 253NN
AR B PRI 23 A1 2RI AR (R 5 — BOPE, SR T 7E — LE 5 3 1) o0 A0 PR BE B T Rl AR — B ZE SR B B4 i i3 5
T, FERPBUA TG H.

Xt CRDT i, HI54b bk vh S 7 ff (PN (merge BRIAW) 2870 Bm 45 M b, RIS A7 66 R U1 502 40
LT — A A BRI AR, WA T35 2255 = 5 WAL, A 55 22 AT A5 A e BIv], KRR T il R g
(YRR TT 4, 70 15 3 A5 PR 2 3 5 T ] 2.

3 RGN

R BARZER N 5 S 6 ST, FEEAr % (user client). fCERSS (proxy) FIHR 453 (server) X 3 /M
P T, BATKE g G5 2 1 H M BIERON R R 1T 45 A PR URE AL AR SRR 24T 1 B,

B AR RS F P U7 ) Elsa BRI 2 R 11, 230 SRk DA 55 A RLBE e e 25 AR BR i A B, A B i A B 2
TE L v AR 45 v () b (A0, = AR ST . 1S R R I D ae . AR i ¥ PR T B8 (snapshot
manager) A3 PN 3545 5L 5 H ORI B A, 32 B A SR AT RS SR AT P TR, G Y IR A L A 0 A 2
R 1R 2 R, S S 55 e A T R b A B i A, KA B E 1) 5 45 BN BIIR S5 v AE A . TR T
) B IR 55 i AR, 5 EEH IS Gossip PMSCK 2 W) #5314 f: CRDT £dl >k 57 20 I AR UF 5 e 26— Bk, i B A PRt
X 3 AN E TR PE BT o> AHEAT B R
3.1 BFiR

& i FH T F P FRACE R 1 R A Tk R % i R B o R FH 345 S - I 8 () A S R ke AT AR, ORAIE T H
JRURG SR PR B 5 g S
3.2 K3

AR B i A2 5 i R I 25 o A PR R RV ZELAF, 2B 4 B 845 B I A il D SR A L

(1) PRI BEZS (snapshot manager): 11 57 2545 P (1) A 045 21, A0 S IR R A7 AN S SRAZ PR 43, AU BRI A
A RS S L R T AR S R T HR R, TR TR 45 (4 9 R A IR R R A AT T R
125, B4 1) R e AR RIS, 50 A7 AN B A AT #7055 .
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/_ . _ [ x / ‘\4 ‘\
w| Thread Thread 4 —
X7 ’L/ table table \;/ P
’ \\
/
/ S e Gossip = Gossi et AT \
Thread Hash =H — F| A Merge — 4 Thread '« — | \
I.f ; s *’( e 7 buffer g buffer table ‘__./ -~ \\\‘
v/
Vo = — —— V|
L% ifhread Hash Has /Thre:;\m- | {
A L bl 4 ~ |
\\‘. 7 NG table table . J
\ \‘\ Serverl _/ \ Server2 / }
N e
\ 7
~ s
wEWs 7
S o ———— e e e m———— = >
Snapshot manager =i
Generator
HOHE ) buffer
o Proxy
HAEE — —
I\
PEROE S — — N
o FPsR PR
IRHE - — > /’ )8

6 Elsa R4 E

(2) I T AR 38 (timestamp generator): F T~ 4E Jii-4 Ja Pk B 320 189 119 INF () 88K, A 4% &5 440 vh 1) stareTs Al
commitTs & ETRAH.

(3) % EHAL AT (router): FHT-#% 7 R SR I 5 4k SR BN B 1) IR G5 o AT AT, I 44 £ 3384 IR 55 IRk
T SCRETE LB A A R AT S T F A, AR £ T SRR A, AAE T SN AN IR G5 UK
A, w50 A BRSE.
3.3 BR%im

JIR 55 v 2 R G T E SRRIAE A 4T i, B A S A AP i AR E ST

(1) 2 51: Elsa ST NAE I BRAEAE A, B0 T2 ii IS Redd N, SERORT N B S AR R B A, P LA R 5| 4 U ¢
T VT B VS T B W A TR B N AL AR () B BV A % )

) RS PATHA: Ky T 7853 R FH 22 BIA [ D058 =R A0 21 )4 s R S BE 4 1R ml 9 ek, FReAl 19 R AR 4t
(1) 322 Y A7 () P SRR R 1T 2 S RF 0 A R IR R I Actor 5578 B2 Actor J& R e/ MO ELRIAE i 5 0G, th—4¢
THE AR RN — Y RAAG 18 Y AZ X I . Actor Z [k 7 AL I EA TS84, T B8 207 M0 7 I FA A N A7, AT
fift g T I N AEREIAE = HE RS UL B TR F TS B0 Tk e T B e

2 T 5l 2 TE T v vk 7 sk, S T4 3 i i3 S SR, AR AN 75 ZEAE A Actor BB AT BV R IR [B] 45
KGRI, MASZ 75 ERG AT G R 72D 45 PeAT ORI AS C5E A5 4RAT, wait-free). 2 Ja #8 — & IR [A] X [ )i i i
Gossip P P 515 Hb ) 6 3 5 1 PR B LIk 3 B A 18] () 5 15t 28— BUhk. Gossip buffer 52 T 174t A b 5 57 &5
I —H AR, 75) 3R BSOS 2B 7.

) M FSREIA: AT INERZE I PATROR, B F—A server N IKEHE /& LL Actor B BEAT 20 A CE 1, M0
Z A server [ BHR &40 10, LAMRUE RGN s vl M. 6 T8 X2 A0 F 4, RAZ R B BOR R
UEZE S5 R R .
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(4) FEAM I &G 0 T ORAEE 55 IORF AR, Elsa FREGESCRF N AE Th B (18 15 N H & AR Tk SEREAY 1
TEEFRFIATRRE, $5 AR 2 B AR R ) Bl i 1) 4 oy — OIS J5, PRAIE C v A s s o PEAN T PR 24

i SRR, BRATTRESRAE 1Y A TR0 AR 408 0 P St [+ 2 el e ) £ e T ] B, 52 SCOh — ANt & JF JA 39 (merge
epoch). H1T Elsa (LA RF AT (KI5 0, B AZE S5 F AT P s 1A 1) K3l 1) AN ) 1) A [ 25 5547 R BEAT £E R 5%
I LRI $EAZ pe 2, RIVEE5 I FAL 39T () 22 AR TR TR i A AN B0 D 1 ha A il A1 138 ol 75 0 A 1))
REAA /MK T7 i, AE DR UE R G A7 I (1 BT 38 1 Aol s AN S0 6 1 3, AT BRAE 22 A AT 0 55 I IE S 1. 4
557 WIS SRR, AR AT IR, &I R RN AT LR D 100 ms. AT DR Sl 55 22 0]
155 B MR A — SV 0 5 SRR R T 8 5 J 012 80, AT e 5 ARk 25 7 5K

4 RGSEIW

Elsa ARG SCHS% T Anna REHITTIEANHS, ACHD BATHAE 4000 174647, R GE MBS HEHUE/E ZeroMQP”
T SRV OA S FE () il LA s, TR DA T ey S P03 R RS 4 T B A B, AR T Protobuf® R 414K
AR AR T TR 23 00 N 7 s, AR o R A 55 o 3 Ao T BP0 20 45 5 FLAACTR) SEIR AN Y R 45 Ui 1.

41 EPFim

M P 2ok 5 RGHFATAC L, 25 7 o S8 L SN IR A S EAT BV A IR A 2, A A
SRR T] 7 45 W55 SKAT 9.2 Protobuf $)% 30 K45 A8 P BEAT AL 1.

Elsa 43 %7 #f BEGIN. PUT. GET. DELETE. COMMIT #I ABORT X 6 Fl 3= Z [\ #/E. PUT #2416 H Skex)
BWE R s B AT S N, 548 0 PUT key value, BUEAEAEFATAE key I Ik 5B S 45 45 W) g 36 N B2 1.
JUEE GET 8 /F R 5 I8 X N (0, L3528 0 GET key. DELETE 515 37 8 6] (806 (R 6, 8 92:4% X0k
DELETE key, LA S A K BT Y. (198 15 by 205 11 AN A2 B H K S8 VIO e b Ay PR . Elsa [R) B S RE i 500 45 R
=55, ¥ BEGIN ! COMMIT /& ABORT i 2 il 1) 345 B0 O W o = 45, Horp il LU 22 4% PUT I GET 1y
A TR A L) PUT AT GET 4, REUKHAL N B — & a4k B X F 55, IR A 3.

P AR E 0 [ 152 5 G AT 2 LA SR 45 2 B HEAT R B, i LA P iy T B O IE AN 58 455 1) 4 Jy i — 12k (R —
BYPEHLEE A RE RN AR TE 2 AN RRRIAT IR 55, RLARATRE T = b iR 20 W 42 )R tid = ip_thread-
id_counter, 11 TP Muhil. 285 RIZREAAAT 1) 11 884 U B8 20 B ) 7 4+ .

4.2 iR

FRBE G (1152 5 A7 K e A RIMAT AL, BRI RH T C++ STL #5#fEE 1) unordered_map &544. X1
I AR A 38 (timestamp generator), 364115 T 28U T Percolator™ /¥ TSO 42 Jm &5 eIt 4 vh 2 sz Bl AHELER T
Google Spanner™ 1} ] True Time A A8 SN 41 HLCW, XAl 7 S HL A SCHURI L. ks 2 5 SEIURA G AN

AR ER 3 1) B PR B R T B R SR S T 1 T B, B AR (i AR RN I RES A IR A R T A BB
A1 AN e AR R S A4 22 95 . Dynamo A& W0 25 b4 H (RSB AP 1 &5, oA 7 380 R 1 ] 4 S 1)
Witk A T B A5 50k (consistent hashing)*MWE kB f M. — BUREIS 75 SV AN R TAL SR (h e 25 5, —
J5 T s ey H 8% F 21 PE 0B 7 17 5230 (00 AR 4548 40 o, S )5 ¥ B DR TIE 78 JIR 45 85 10 w0388 o sk /> B 22 %
key {EW A5 45 R AR YE, W58 T R4S 2 MBS T4 B k. 55— 7 D, T8 k390 iB #0007 Aok 3945 R4 63k, #ig 1
TEREAUT R 88 K RS (R AIE 512819350 40 A1 Elsa 5 R SCE 0 E 2 1024

7E Elsa A B o % p ALAF b, PR3 key BRI SR 23 1 SE il I — S50 e A5 3RER key (ELAT & 1) AT RILAS,
Z e B BB AL A SR R B L A K — AN R R A SR AT, — 7 T A s ML — SO v A SRAIE T )

43 PBRSSiH
CRDT A5t b2 56 B Al s 5 4 A 090 70 X8 4 16yl 2, SR 1) AR ) [ 25 SR 1) — o i 10 B30 &8 4 0 3ok, e
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SEW R T LI E 4 AR B3 98, B LR ARGR I B o SCMER G M. CRDT N IR A R A £icdl, K4
it Query. Update Fll Merge 4 11 54 3HTAC H. T AR CRDT (Al 4 R PRI R TG, BATTRA T CH1R
WAL &R, & LT CRDT G481, AR VETT LL A & L2 P CRDT 45#4).

7t Elsa it AR T, RS v Actor ZeF% 22 £l o) #8 < 4l F ok 4 FH P S A1 iR 4%, Actor - [8) TG 1R 1) v T4
7. 0 T EIZ AR, W5k T 2T epoll 1) /0 2 B & IR, 145 socket FAF Il i i SR AL FRRTRE. 75 =
K BIAFAE R 2 1) socket FEH: ((HIFER T socket /D) IS UL T, epoll AT select/poll HLHIA W 2 Mgt .

Gossip ZZ X A FAHLEI A ) CRDT 58 45 S A7 6, HBIAF RSB B &S iR dE N #E0 Be A i
Gossip WSO BB &5 R ) 125 HAL R AR, Gossip ThRIE T W B e &4 b M B Mo W B, LUK 24 R Bl A 11
I 46— S RGEBERR (AR S Y SIS 2SR ZeroMQ JH ELBA B FESE B, 44 FH Protobuf [ 4 8 HE4T ¥ 41l
AR P B4k CLYR D 845 1, FEARIE AR T 4.

5 SLWEHR

i T VPG Elsa [RPERE, A SCKF Elsa 54T 1055 R M B0HE 1% MySQLY), openGauss MOTPVpy {754, oYY
H4% 5 MongoDBU VR 77 f#% Cassandra  7E LIRSS FREAT T 0k Eouf b, I 725 310 20 A A 85 T 5
MongoDB ##f. Cassandra Ja#FEAT T HEREXT L. BRUILZ Ab, ARSCIEXT Elsa MTEREREE T/ELFE. BIALE RS
ZEUB AR I B AR A R FAAE S5 A SCEREE T80T AH VI S5
51 SEUAEE
501 BEDXI oA 2 S0 A5

5 X A S IR IR IR 1 4 X 8 B FT = ecs.c5.2xlarge SEHIAL A, 43 AL T-AE 5 (4EAL), FiH (FEAR),
I (), BB (T ), AN XIS 2 ANSEB. B ecs.c5.2xlarge SEFIBCA 8 # 2.5 GHz ) Intel 4b¥12%. 16 GB
BATINAF 40 GB SSD LUK 100 Mb/s LUK <. #:4F 245352k M Ubuntu 16.04 LTS.

5.1.2  FRHLSEHG IS

PHLSEI R T — A5, B AMD Ryzen 5 2600X 3.60 GHz 6Core 4P 2%, 100 Mb/s LUK K, 16 GB iz
1T P94+, 256 GB SSD, #:4F & 4% H Ubuntu 16.04 LTS.
513 XfHR%

T 75 Elsa R G042 K T0 00— BCMEBORARAL T AR B, SR IR HIA MVCC &L fe 0
#, k4115 MySQL- openGauss MOT Fl MongoDB 4538 AN [RIF A LA S SRR RS 29 95 25 IR Bl 2 R HAT T 1k
AEXTEL SRS, IR, b TR Elsa REEE A SO EE T 10 R A A 0] 30 B 1, F6A1T5 MongoDB £ 4.
Cassandra ZEFFHEAT T RS 6] LU S8, TR THT, X 2ext L R GEREAT i 5 4.

(a) MySQL J& —3K AT I8 REVEIR E, |2 WU - T4 K A ml R, SR MVCC BRI T 32 U As f
A T A IR B 2 0, B SRER P B AT TR My SQL 2B A ] T B 135 (14 B 125 2531

(b) openGauss & H4 FFUR 1) ¢ R BV P2, SCRATAIAEAE AN N A7 56 2 Fheid 1 8. SR T 26 T OCC Bk
KARIUE 55 I K351 openGauss MOT P 475 | 4.

(c) MongoDB J&—3KZE T30k 19 NoSQL H4fs [, S RRfg S 405 (01305 S 174k, SR 7 3T Mvec
FEAR SR DR S BRS04 .

(d) Cassandra & —3K JFURI AP 28537038 NoSQL #i#is 2, B A R I i e ML IR E Bl A iy S 46— 3Pk,

5.1.4 HEKBREE

H T R IR Elsa ZEAFIER S H AR FRIRZEFH IR, BATE YCSB WIARHELE (3EhE 1, 6 kT TF %
TR 0. SRS BN B 1R A ) 2 MBI RA B 4%, I a2l diss . BKEL5S
Rk 0 3%, Gefs AR R A FH S A BERE S, FRZ 8 YCSB-T. % T- MySQL. openGauss MOT < & 4 £ s
[, FeA 1% GET M1 PUT #4585 4k h B X A9 AH S SELECT 1 UPDATE #:4E. 2 7 %3IE S256 19 A 1, 34T+
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Elsa F 4015555 b B 200 ¥ B o0 PR IERE B, 0 Ty RGEHR I T 5 | USSR AL RGP e
52 EHLAFATENELEI

AN SEMRRAE = I A S T (zipf coefficient = 4) () R GUAr L RAZ M, AFANIF A LR 19 11801 10000 M52/
HigRdlpk. JFXK 7 WoR T Elsa (replica = 3), Elsa (replica = full), openGauss MOT, MySQL, MongoDB BA X
Cassandra [ %t & B2 I 1 SR G R B0t 1K 58 N 1K 224K, replica AU Elsa [WEIAZL (full AR A%, AL
fE24 16), BEFNIF R AR T A i R AE B AR . SEIR 25 R BoR, 75 IR R i KR HUN T 14 I, Elsa
(replica = 3) I Elsa (replica = full) ¥ AR Z A K AALT HAL RS, AE IR REREK T T 14 I, Elsa
(replica = full) [ FF I & I I = T HAh R 4.

TEE I RIGULT, MySQL. MongoDB 46K H S KAR T 5 S R 1) R Gu s tHILZE A A L InAd 81 S5 44t
BB TS, TS BT Ak 0 T B, openGauss MOT K OCC HLHIAHE: FBIALH, B 1k 2 i by i IF4,
B I A 2e FEE 3G e ik e IR 1) L T %A Elsa TR T Actor gAY FI3EF CRDT (1) — Sk
B, ARG PMRFT A IR BAR, 78 IF R 4 IS O T P REAR 4T
53 RFHAFATEHNELENELL

TERIF R HT (zipf coefficient = 1) R A i 00 45 KU 8 Frow, v LLE B, 720 Kb RERENT
14 i, MySQL #Mt:#5 T Elsa (replica = full). Elsa (replica = 3), {025 FEAN K. X 42 i1 T M I Z5 45 10 91 O AR 6 3¢
X, MySQL R H IR LA R @, A7 AR K I R 8 AT PRI R Ge IR A

High contention (zipf coefficient=4) Low contention (zipf coefficient=1)
o Elsa (replica=full) @ Elsa (replica=full)
o Elsa (replica=3) O Elsa (replica=3)
35000 r = MongoDB 31473 32520 30000 r 5 MongoDB 25 827
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