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Abstract Different from traditional distributed systems, real-time collaborative editing systems support natural
and harmonious human to computer interactions and human to human interactions. Real-time collaborative
editing systems allow multiple geographically dispersed collaborative users to view and edit the shared object
over computer networks. In order to provide high responsiveness for collaborative users, real-time collaborative
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editing systems adopt the fully-replicated architecture, which brings the great challenge for consistency
maintenance of the shared object. Consistency maintenance is one of the most essential challenges in the design
and implementation of real-time collaborative editing systems, which has been a continuous hot topic in the field
of collaborative computing for over past 25 years. In recent years, the research focus has gradually moved from
result consistency to operation intention consistency. In this paper, from the perspective of operation intention
consistency, we give a deep and comprehensive comparison, analysis and summary of existing real-time
collaborative editing algorithms. First of all, based on Lamport’s partial ordering relation of events, we discuss
and generalize the basic concepts and terminologies of the causal ordering relation, the simple concurrent
relation and the partial concurrent relation. Then, we give the classification of the total ordering relation, such as
the total ordering relation of operations and the total ordering relation of operation objects. Moreover, the total
ordering relation of operations is further categorized as the centered total ordering relation or the distributed total
ordering relation. After analyzing the total ordering relation and the priority, we investigate three types of
consistency models, including CC (Causality-preservation, Convergence) model, CCIl(Causality-preservation,
Convergence, Intention-preservation ) model and CA (Causality-preservation, Admissibility) model. Specially,
we propose a road map to maintain operation intention consistency according to the categorization of causality
preservation, convergence and operation intention preservation. Next, we discuss the research status and progress
of existing real-time collaborative editing algorithms supporting operation intention consistency. Until now, there
are three representative classes of real-time collaborative editing algorithms to support operation intention
consistency, including OT(Operational Transformation) algorithms, AST(Address Space Transformation)
algorithms and CRDT (Commutative Replicated Data Type) algorithms. Furthermore, we dig out and analyze the
basic principles and overall framework for each class of real-time collaborative editing algorithms, such as
representative algorithms proposed by Sun, typical algorithms presented by Li, key algorithms developed by
Shao, significant algorithms invented by Gu and most existing CRDT algorithms. In the mean time, we present
the integrated procedures of typical collaborative editing algorithms in detail based on the same representative
collaborative work scenario and sample. Then, we summarize and compare different kinds of typical real-time
collaborative editing algorithms from four major aspects, including the summary of operation intention
consistency, the comparison of typical algorithms, the discussion of key operational transformation functions and
the theoretical analysis of time complexity. Finally, we draw a conclusion and give some examples and possible
future research directions to promote further development of real-time collaborative editing systems, particularly,
the development of flexible priority strategy, the improvement of scalability, supporting sophisticated operation
semantic types, integrating coarse-grained operation objects, providing selective undo mechanisms and so on.

Key words Real-time Collaborative Editing; Consistency Model; Operation Intention Consistency; Operational
Transformation; Commutative Replicated Data Type
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PAT R T ATIHL3, 61].

] 3 J9—~1> session HT =AMl s AR R A R 4
WERAE S 5. SCRYPTARIRAS Hy“abe™, &l i
EEAER RN N sitel PR AR EREN
0,=del(1), O,=del(0); site2 7/ 1A Hu fry H 1E Jy
O,=insert(2,x), Os=del(0); site3 /= (A HitAE Ay
Os=insert(1,y), Os=insert(2,z). 4 sitel f1site2 it
BRAERE BT PAT R A RS, sitel STRIRAS
exzye”, site2 [ SCRPIRA A “yzxe”. # & Sun 1)
BRI, A=l R T Xy B =
ANl AR S T yzxe”, #FF A Sun ERER K
— 31

Sun (R FRERAE S B — B T 2 R )
T XA Sun =R EMEREIEE. 5
Z A X HIE T, Sun O #R4E & B — St 34
2R AEFEIL P — A —FES R, 2R
AKITEE FARIEZ A A A ORI 7 R 5
#, e PR B A B S R

sitel: “abc” site2: “abc” site3: “abc”

0,=del(1) O;=insert(1,y)

O,=insert(2,x

05=del(0)

0,=del(0) Oe=insert(2,2)

B3 = ub s AR IR 9 abe R 1) [R] 9 437 5
3.1.2  Sun [RAE BRI R A

SCFF Sun ORRAT B — BUMESRE 1 BER AR
PER (RS 2.2.0 F9) TR, 73 oA
G ITEMEE Ay T

AT AP Uik, BT EA SR ]

BB Nmik.

%—, XM undofredo F &4 I HRME, HREH
WA R T e 4 AT R B O R R A P AT,
R L GOT M TIBOTI[33, 35], EAHAT IR L
PR SCHR[52). X I EIVEIRE s A R e s B 1
T, AT EH A TPL A TP2. {H X KHIL %
AR A, B EME— A E R R 2. IR
WEFEAEH, 55— 0739 1 undofredo I & 12 il sk
FAERL, M HATRES 5] 5 128 B A [38, 39].

B, FIER AR A AT B R R i, (H AT
M % 4 AT, LR 2 SOCT3/4. COT Hi
TIBOT2.0[31, 36-38]. A[FAIT2H Tk, B KT5
5 BRE 55 T RS 75 B4 R 4 e 3 A T R B RN
17, TR AE S H R ERAE 7 7 AT AR e 3T,
HREEAE 7 4 SRR 1 2 P HED J5 18— AT i AE
R AT, 5582807, X7 VER
TERRETE R, AR B M R ERTIR R, BT
i s A E BT IRUY AR, R — SRR, X
R EM B e R B BT TR 2 TP, (Al
XTGBT BT B B8 — 2R VR k.
EE 5 W T 1% & P AT B AR R 3 S AT D IR,
WL 1 B,

BiE 1 AT .

A Hh AR AR B B

N AH AR O

Wit AR T AIERAE Orequest

1. O AL JG SEAIHAT, 4% O /3 H .

2. BRI O MAERRTE A Orequest-

3. K Orequest I85>l i A& R

TR L

fN: SR EHH G RUIERE Orequest

i #RAE Orequest FIFAATTE X EO equest

1. PR AR AR RAE Orequest-

2. 5 Orequest I R IIHRAE, I Orequest 5 HIT R ARAE 4L 4
7 AT IR E R /519 3 EOrequest-

3. AT EOrequest ,# EOrequest ZE/MF H .

EAH R VEEE A, SOCT3 F1 COT M4 Bt %
Et TIBOT2.0 M1 SOCT4 f&j 8. JH K& SOCT3 1 COT
PIAHEEANE O $ATELZALHE, B Oreques=O. T
TIBOT2.0 A1 SOCT4 {IAH#:AE O AT )5 IEIRALHE,
XF O AT T TALHE, A& FETE X Orequest i 22 B & 427 1E
O HiFTA IR EAEXS ST = A I RUR. 7R FE 1
IR, TIBOT2.0 1 SOCT4 (4 i #5 t SOCT3
A COT fiH, KR EARBICAES T2FE O
BT B R AR AT RCR, R 7R Rk p AN 75 2%
JEATAE O Ja I RARAEXT SCRS =22 I R

e p vk, AR N Jupiter R4[32].
Nice Z%:[34]. Google Wave/Docs*®. ik Z%if#%
B[R] 3ty A #5 rO AR 4% B A B2, W IR s PRAT A




8

it 5Pl E R

20774F

B AR R M R AR AL R B D IR S5 2% O iR 3
157 4 PP AE (0 B BT EAE R 0 R), FFk
PR T 25 0k AL &, PrlR] o AU B IR 55 2 AL 1 1
BRI, AT BRI G BT, JER RIS
VEAERERI AR EAR G5 f . o, Jupiter R4
R 55 2 AP RE ASOR T 2D RS 2 [ A7 i A
1TI3EAE, 25 1AIJT44 5K, Google Wave/Docs [k
% R T B R RAFE AR, A E T B
Jupiter R4/, Nice R4 Ik a AR5 s
KA T RPERAFEEAE, 2SI ESEL Jupiter R4t
F1 Google Wave/Docs /. i s i (5032 (1 IR 45
A T AT B, 233 OT HIEMEE
TR A, g 22 [39].

Xu M Sun £ 2016 K FRAE TPDS b—F3C

3.1.3  Sun B3R = BN P E AR S 0 A
S

T EIEMWIEIA Sun [ERE R KR BRI
AT R, AEE A 3 o AR KB R et
A, o5 B A O EVELE site2 IIPAT S FRIAT Sun
(3 B B — SR R RCR. R sitelD /NEIR
N sitel<site2<site3, . H AEEAEDTE, S ASCRSIR
A F 15 Sun FHEEE R S B EIEAE site2
IRAT S H]. SR EVELE site2 #RSL—EtE 4
Rexzye, HT 3 H I E ], Sun (HER4E R K — S0
[ 82 FH 28Ry “xzye”.

BLRIRER GOT Al TIBOT 4% fi FR B A 1) 4 /7

>N

ITERAR R AT, RIBRAT 3 Hit 12 55 THR AT

SR B BAERI 2R BT AR

H BAER R AT S

BT SVIMER 2R A
0; <0, <03 <05<04=< 060;,0,°,03°,05,04,05
4 TI=0 7*£ Oy, Op, Os, TI=10,’=insert(1,x), Os’= @,

GOT

01,07°,04%,05,04’,05’,
Oz’=insert(2,y),0s’=insert(1,z) O, =insert(1,x), 04’=¢1 -
Oy'=insert(2,y), Og =insert(1,2) '

TIBOT R4 Os, TI=2 774 O4, Os, F:O05’=insert(2,y),0¢’=insert(1,z)
T TI, #ER AT E GOT 01,02°,05’,05,04’,06’
02,01°,05,05",0¢",04’ Oz’=insert(1x), 0=,
TIBOT20 [ TIBOT 01'==del(1),05'=insert(L,y),
Op’=insert(1,7),04°= ¢
SOCT3 0,,0,°,05,03°,04°,0¢’
T CGO,#ME 4 [ GOT 0y’==del(1),03’=insert(1,y),
SOCT4 0,'= ¢ ,Og’=insert(1,2)
i - s 5 £.02,01,05,03",06’,04’
coT PRI AL E%HEA‘éol’=:del(l),03’:insert(1,y) 02,01,05,03,06,04

Fe, BAFEI42 R GOT Oe'=insert(1,2),0¢'= ¢

BRF R T A R OT &33: POT(Pattern-Based
OT), ZHEWM KA 7P e J7 ik L
1E R B — B [39]. 5 kit RS EA A,
POT AR 45 g AN T BT HAE e 4, T A 4
YRR AR A RS ST PAT. POT (A A2 b 2R
TFEERAE R TR R 22 B 9 O(N), JHrp N A& #
PEI%R.

#%4%. 7€ TIBOT2.0. SOCT3/4 Al COT i, UYL
PR IR A P 3T, MR EPAT A R IZ
SR, Horb, TIBOT2.0 Al COT M#RAE AT I
B R IRE BT MR, 1 SOCT3/4 [HHRAER
PATERABR T 3% IR B SUUF f e, I8 7 ZE
£ B2 Wi A R 1 4% I CGO(Continuous Global
Order)#EAT . 3 1 AT %0, Sun [ H R E145 8 T
—HHEMERIES RN ETFMNEX RN X < “2”

“y” =< “C”-

<

&1 Sun IRMEEE TR BIE KT site2 BIITRIE

3.2 ZHFLINBIEEE—HIEBEXEE
321 LiM#EfEsE—8

Li B = B BRSO R R, BVERAEXT
% 2 (ARG G A0 B o5 22[46]. R B/ AN RMELE AT
RER ARSI Y Z i L@ ERERUR R R,
LRSI B A — 2, Uk T IR,

BT SCHk[42-46] 108, 454 E 3 Fin g,
Fuli 5P ERRAE Oy, O, O3, EALHJHRAERNUR K
RNa” <y b7 <X < ¢ Y site3 A O i
ST BRE R R R “a” < “y” <927 < “X7 < “e.
R L e R 8, U8l S W AT e T

BENG, FA =l SIS T yzxe A A Li [
PER B —SE. Li 5 NI NEAERCR C RIXFE X,
XF 4 PR ) 58 A& MR EAT T8 IE (O 58 4 MKt
sitelD), /3= I — B A PR, IR TS
FEMpE LR A [46].
322 Li HiRfEm RIS RE
SCHRE L e B — O M R R A
X R ITESEI (AT 2.2.2 7%), B =
R B, MR IR R R AT, SR, W
XU RV E R 4 Bk A, 58 =, M ERAL I g s 3k
H, fANRIEFS) Hi7ERT, MERERIEF S Hy 7E )5
BRI BEMANEZ SDT. SDTO[42, 44,
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45]. IXFETTVEIRE ST Sl A T R ERAE O
I, O 1523l s B4 AE s A2 At 1) AT 1) I
RARNE B FE HT 7 ASME —, BI85 3 r MAH 5] AR SC RS
WK, WA A R AR e 4 AR AT 5 T
JE AT, N T RS U s — B g R, X
KTV TR B R BRI N 2 TPL AT TP2, B
SX SDT Ml SDTO 7R H B i+ )/ 1 4 o B 2
TP1 A1 TP2, 1EANH & TP2 H“puzzle” i S Bk[54]1E
. IR AR, TERAAEAF OT &k
o, HAT A TTF A Randolph £ A &3t H shHL& R
4R AE 5 0 R £ RT LAY /£ TPL AT TP2[40, 54].
R AR R R LBT[43], XA H LN
FERURA G TR iR ik 2, w4 @
@, SR F A ) 4 3 4 % A2 1 R DR AR E 4 P 1)
OTH VL, AT LM R—8tE, FERIMRER
e bR K BN R TPAAITP2, 4RI, Weil4d NI
IT & HRIET(Exclusive Transformation) &5 30 /£ TP2
ew W, Rk, EEBUEFREAE R, WO AM
BRERVE, Msthk, W BAh O T4, R
T AR D7 58 R A7 i 16 CLBRAT 10 9F R B4R 7 91 3
ITHAE R, RONIRNEAE, E BAh@itAT
BRAE G, BREOHERR FLD HAE 17 51 Py Hh B I B 2
PERI R ELR BRASs”, SRJE S ik, H4)E  4
PEAEPy, 193] T OES F M IEHHATIE RO’ .

5

Ps s

Py

B 4 B E

B ROTE M AR SR 2 ABT[46], ABT 228
—Aguk Pt fRIE B RE % St B & B R
FF 09 OT 57 vk, IXRTIENFR St 7 iitb
YEDT 2905 H=H; Hy, b Hy ARSRERAE D7 s i
PRV HAT I T A7 3R NIRAE 7 51, Hy AR
J3 5 rb e B ERAE B HRAT U A7 i () I B B 7 41
FUPAT D AHEGEFRERAE G, R E R E R 2R
KRR E) Hy B Hg . EERE S H b, H
HITE Hq 71 5 PR 2 HE R B g X e N4 = 2R
B2, AERFERAEXNT RIAT G A B R R, MR & uk
MRS —E S R, fEES T ABT BVEMR

1T, WSk 2 k.

&3k 2. ABT &k

A M E AR AR

N AHPEAEERAE O

it AL R R e IR AE Orequest

1. O P2AE Ja SEZIBAT .

2. ¥ O 5 Hy AT 32 #4045 3] Orequest F1 Hy'-

3. ¥4 Orequest 7150l STAE 5.

4. 3 O Fgffi NEAE, H=H; Orequest Ha™; W15 O JulltIBS
1B, H=H; Hy O .

TR E SRR

BN: oK BB B Orequest

fith: Orequest FIHATTE X EOrequest

1. PR N RARFF A EAE Orequest 45 Hi M A
Orequest 11 HEEAE Hin #1155 Orequest R RN ERAE Hic.

2. #4 Orequest 5 Hic AT IT £3 2 Orequest”-

3. # Orequest” 5 Ha3EAT IT 732 Opequest’-

4. EOqeques=Orequest’>PAT EOrequest

5. I O Hyfli N4, Hy'=IT(Hg,Orequest "), H=Hi -
Orequest”"Ha’; W1 O M BR#EAE, H=H; Hy Orequest -
3.2.3  Li M#EAERE T R AR s E
S

N T EIEMTEIR L M E R E R BRSO EE
PIPAT 7, 256 K 3 Wit A AR st B B 491,
o5 % U EVEAE site2 FIPAT DU Li HE =
E—8E N AR, K27 H T Li g EERT
ML BVEAE site2 AT T [7). % BLAY RV AE site2
HO S — B4 Beyzxe”, B Li 3 & B —5
P [ 8 FH ROR ey zxe.

A SDT. LBT F1 ABT HIERME HIFAT K
EARIE], #e i B RIS A 22 (). SDT (1)
PR DT SRR E RPN« $RAE () i A28 S B
YERIPAT B AR EBARE]. LBT AU4AE D s e AE 4k
IG5 T HAE AT B8 42, 10 LBT M3 AE #L e i
1) AR PR E R AR T W A, BRI A2
MHIBRAEAT, Bl R i B A0 5 T g s b IF 3
PIHEBITY; MBI R N, MR Py
1Py, SRIG IR PotPs SR AT H B 5 6. ABT 1)
ERAE Dy s R B AR I HE B IR AN 10 B 4 B 42 A
6], #P2 AR P HIERT, MIBREAEP 5T
JERIZEI). 2R 2 5B Li i LR B 3 T — 8tk
HIHEEAEXT R P AL B R Ry < <27 < “X” < “C”.

2 LiINBREEE THRBE R Asie2IITRE

ERE BAEPAT AR H

BAF e it S BN RIE PR AR
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02,01’,05,05,06’,04’
SDT O,’=del(1),03’=insert(0,y),

02,01°,05,05’,0¢°,04’

Os’=insert(1,7), O4’= @

0,,01,05,05°,0¢’,04’ O1’=del(1),03’=insert(0,y),
0y°=del(1),05’=insert(0,y), Os’=insert(1,z), 04’= ¢
LBT Op'=insert(L,z), Os’= @

MBR#ERIE: 02,0:°,0505,06,08°
FNBRIE: Py=01,0504, yzHE

“y”< A WA

P=02,05",0¢’,01’,05,04°

02,03,06,017,05,04

ABT 0:”=del(3),0,’= @

02,03,06,017,05 ,04°
0:7=del(3),0,’= @

3.3 X#FShaokRMEER —HIMRHEXEL
3.3.1 Shao M#EA/ERE—EUE

Shao %5 N ¥ #MF S IR REAE B R T
(ERO), REM R —PHEAFMPATAE Y C T
) ERO, 4FrA B & ul AU AT IS, &uli i
T EIE S5 R PR AF R X B 2 T4 A1 F] ) ERO, B
e T HRAE R B B0, IS IEMII SR, 5t
br b, Shao fOFEMERE IR Li MR RAKE _HA
A, #EEAEN R AT e E R R, Wil 4y
ERAE X B 2 8] 4 7 B A B R ROk i #4E = E
— 3141, 46].

BT CHR[47-51] /0 18, 456K 3 Finiiig s,
Yl S PAT T AR S, RA = S
Tyzxe” A 6 Shao [1#R1F & B — k. Shao 55 A
FINBRAE R P IZ A8 S, XA PR s 1 58 4 Mt
1T THBIE(R 72 2 kH sitelD), 17545 1F & 18—
PEANFIRON, JF BTG AR SRR,

3.3.2 Shao MJ#fE= ERIM R I%

Shao [ AF & B — Bk i 595 AT SR A B AR X
R AT TR SE (A S 2.2.275). 78 ABT HIL )
JLAit I, Shao 25 A\ H T ABTS 5HiAL[47]. ABTS ¥
ABT ACER I RN FRFY @A string, 7E#AE
e R AT DL B string R B MR IBE 4y LA 1
. BT ABTS, fLfbiR4 ABTSO #% 2 Hi[48],
ABTSO HHHAE T8 ERO HEfF, TEHAED s
HHAR I R BRAE B (] N 2R PR R [R]. ABTSO HIAS 2 7R
T Ab 3 string M BRERAER, ANSCHF string 192454
FLRNE S, MR string FMHBRIRAE S H T 17)
FEHOMH B AR AR FE . E3RTHE R ABT. ABTS.
ABTSO B R HAEAE, T ABST[49, 50]
AEERII GORNERE B, AT Hi A Hy 1258
ERO /7, RN —AMEAERFH] T FRAEE AR K
EMIENERAE 5 T FIAR RS MR E 51 Ty,
H T, f1 Tq 43 5#% ERO HEF. 5 ABT. ABTS,
ABTSO L, ABST H3d& & B I 7E# 3 15 7% H Al
ARSI, KT ABT 503%, Shao £ AR T
3 #F selective undo ThHE N ABTU[51]57%, ABTU &

TSR Hi A1 Hy #218 ERO HEFE, A Ab BT AR £ A
(RIS TE) B2 2% FEE AN COT [ 05 1% 30 28 M ) 1)
3.3.3  Shao H#AE = B P R LA s A9
Xt L sy AT

5 osun R Li 4 = R I 2 BN ],
Shao ¥ AE = B R B 57 ABTS At ABTSO )
BRI R AR string, A TIEMT A Shao M#IER
B SR ST S, X S A 5 bR T
VeSS AL, 45 ABTS 1 ABTSO 7E site2 FFH
AT GUR Shao [ 7= Bl — BCHE I L P 8UR.
site3: “abc”

sitel: “abc” site2: “abc”

Oq=insert(1,xxx =insert(2,yyy)e Os=del(1)

Og=insert(2,zzz)

Bl 5 STHF string #4F 10 R gw 37 5

5 A—™ session H =/ il 157 AR AR AT R
BRI TAE St SORWIRIRAS “abe™, &l mi ™
HEEEAERE LN sitel 7245 Og=insert(1,xxx),
O,=insert(2,zzz); site2 7=/ O, =insert(2,yyy); site3 j=
4 Os=del(1). sitel P74 Oy Al O, I}, sitel AHi#EEAF
J3 52 Hy WA IBR AR, AT Oy A1 O A7 L4
MHERERVE R, o] BB ) FL el A% 4. site3 7=
J O3 I, site3 AHbA A1 7 58 Hy H A I BRATE,
1M Og L A &0 i A5 4.

#* 3 FIH T Shao MIE/EEE TR ABTS Al
ABTSO SVEAE site2 FPAT 7 [A]. #LRI4RE ABTS
A ABTSO HIHRAEMIHAT IR AR, # 2 TL RERAE
ARSI AL . ABTS IR AE 7 52 A (19 N
R 7 41 R B 45 4F 5 91 248 A2 42 BE 4 A AT Y
F. T ABTSO [RI#RAE 3 52 H R N #4541 A A
BREAE 7 74 BB E AR T HES. 3R 3 1 Shao
1) ABTS HI ABTSO Hik1F 3| 7 — Bk 145
“axzzzxxbyyyc”. #HAEXT R A 7 1AL E G R a”

=< ch” < “Z” < “Z” =< “Z” =< “X” =< “X” =< cnb” =< ccy” < “y” =<




WAL LIRS No.3 1
[3 y”_< [3 C”
73 ShaoMR{EEE T BB E X site2 I ITRE
; . P H o (et P o
LRI IR BT B8R o o PR R AR S BER R AEFR AR
i d
ABTS 02,01,04,073° 02,01,04 (0FY 0,,01,04,05
0z'=del(4) Oy=del(4)  Oy=del(4) a7 < X7 < g < g =L
0 « bvvve” o 2 St g g P g S
ABTsO 0201004 01,0..0, Oy 812%?;;% ) e j:-< T Ty mEy
0y’=del(4) Oz'=insert(Byyy) Os'=del(’) . o Yy
=

4 bk s [B)5E R E AR #H R AR
4.1 GuliR(EEE—H1t

Gu 25 N Feh i 7 Hhhk 2 e e g, it
GUNT FRFT i 73X Fas X, A = B — 2
PEANFIROR, 1T LS | N5 44 S 1) CCIRFEL4,
62]. AT OT HoR, Huhk4s )5 A 2 R A
B R, T SORS PPRAS AT Fe 4. 1X M AT
DAARIIE 24 Bl AR AE 80l s AT S5 R i, %3k o
LR 25 0 P AT P B 2 0 s DI A — B,
SEIR T HRE R S0, ST S S

BT CHR[4, 62-69]H 1R e, 455K 3 FRi
Wise, Sul SHPAT TR ARG, %I Gu A
B AR R, 2 A R IR R A S T ST
“a” < “y” < “b” < “z” < “x” < “C”, Eﬂ“yzxc”j‘ﬁﬁ‘ GU
PR —80E. Ko, 25/ S fe 7E A
UL EAT] W45, Gu & N 51N 451 R
L 3% e s S, % A AR IR 58 & M EAT T B OE
(ANTERMMBL sitelD), 145 #RAF & B — Btk A f s
B, FEERFEEAE SO R.

4.2 GulIR{EEERBXREZX

Gu 25 NS AST SRR [F) 3l 55 A0 4
PT AR MBI S Docs, F T A6 FT A B
TERI TR . ST IR, B 24w SR
RS FE B3 F2 B P AR I RS, TR
fEJG, PR SCRPIRESIKE B ATRE, WWEE 3.

Bk 3. AST Hik

A Hh AR AR AR

W\ R PRI AHERTE O

it AR BT SRR Oreques

L. O P2HE JG ST 6 E AR B SRS Doc, O Fd
4 .

2. FRIC O (X9 [AIBRJG 15 A Orequest 1L T 36 1 4445

by s Y (59

BN A R | BEUCR RS R B Ofrequest

Fit: U4 Docg

1. R A B S A AR ERAE Orequest-

2. Doc; [E1 1 E| Orequest 7= AR JG AT Orequest:

3. 4 Orequest FEifi 21l DOCs H T Orequest TERAETT AL,

4. 3 ) SVi[j1=SVili]+1.

5. ¥4 Docs [ E 4 7T SVA[1RISCRRES.

5 OT Skl XREVEM Szl 12
fal 5, WG T OT Hkrh I R R 1A 2R 1) AE
e AR, TR SO TR T TR BRI R
AR E, AT LA HF selective undo ThAE. BhAh, X
FEE AT B 8 T R 40 B T LA N
O(logN), N A-4F15 s (i

BT AST 5k, SCHR[63]F2H T S FF selective
undo ) AST-Undo k. Z ksl A— A1 5ds
counter Kic sk ARSI S R E R B EE, 1
i counter K 1R e e 4445 1T A A B

SCHR[6413E T AST 5032, $&H 7 — M2 s
b, 3K S A & (DCV, Direct Causal Vector ),
SR R RO R AN R K R, DCV BB &2 H
Sy g5 IS AR I B0 R4 I, R/ INAS RS Ty 15 P
&, &GN T RS 302 U R e

BT AST 59k, SCHR[65]F2H T 7F Web2.0 115
TET XML gMsgt s ik 5445
(PVBRATL I T v AF G, 20 AT 3 L B8 6 1 i) o7 ]
SEPR R 1 B A

SCHR[661% AST Sykdtsr /s, Pk 17 —4
JRA R4 Hydra, T3 FeR8 8 a5+ i A VE e
ARG IEHE — Sy, TR T O RS 2%
TH T A b 2 1 IS TA) B R AT W) AT R 56 3 9 %
R, WG G N AR USRS 315 & .

SCHR[67]2E T AST 53k, $RH T CFEF A )
G IR 2% 1 — B 4R 7. 2O SEI TANA]
AEE SN E ke P N e I ik

SCHR[68]%T AST SEvhibATH RE, $2H T 30k
string £:4E ) AST-String 57k, 1% 77524 AST
PIERVEX GBS FRF Y RO AP, 1 DASCRE
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string [ E S A1 72,

Zoth AST SIELE site2 HIPAT I DA Gu 31t &

AR AF SVo IEFEEME SVo

Retracing(Docs,SVo) £ SVo #4147 izt #£Retracing(Docs,SVs)

AT 5E#RAF G ) Docs

B SCRIRAS BAEESOIRES MRS
0, Oy=insert(2,x) <0,1,0> Docs=*“abxc”
0, 0O,=del(1) <1,0,0>“abxc” “abxc” “abxc” Docs=*“abxc”
Os Os=del(0) <1,2,0> Docs=“abxc”
O3 Os=insert(1,y) <0,0,1>“abxc” “aybxc” “aybxc” Docs=“aybxc”
Os Og=insert(2,z) <1,1,2>“aybxc” “aybzxc” “aybzxc” Docs=“aybzxc”
O4 04=del(0) <2,1,1>“aybzxc” “aybzxc” “aybzxc” Docs=“aybzxc”

SCHER[BOIX AST kit AT dduisk, N H 2 W) ik
T PR IR . % SRR R P B N B
TF, SB[ e s e 1) — S5k
43 GuMHREEETHHETIEH =BG
b3 #h

T HEIEME IR Gu R R B B R
MIHRATIE L, 456 B 3 Fh 1P F) AR s b i B 4g,

P — S SRR, R 4 N AST BVRAE site2 1
PATIEOL. Hr, 78/ B AR B EAT] I
775, AST SykAE site2 #PWTS— ik i 45 531
“yzxc”, Bl Gu [M4AE & B — B0 R &OR N
“yzxc”. Hsite2 A #RAEHAT 78, AST [ Doc, 45 #4411
Kl 6 7. & 4 AST BIARISRIEEE site2 HIIT

@ @@@%@ @@:}@

Os=del(0) Os=insert(1,y) 0O,=del(1) Og=insert(2,z) || O,=insert(2,x)
<1,2,0> <0,0,1> <1,0,0> <1,1,2> <0,1,0>
0,=del(0)

<2,1,1>

6 site2 #AEATE AST H LR Doc, 451

5 AR EHIRAEIELR R
R FNEAR

5.1 CRDTHYR{EEE—HM

LR AHIS CHR[30, 70-81], CRDT Sy 1/ =
B AT R AR RAERR S5 R 2 R E,
S BLEEERAEXS GME— 2711 1D Wi

6 B 3 R R dmiss 5, S EAEr AR,
ANEF) CRDT HkLE & AFR ID 2 ECHTiE, 4
VEXT S EEME— R4 1D, JEid 1D K ERE X Gk
SR N EAR LS, B EIEEN RIS E N
“y <97’ 29X <“c”. CRDT HUERME & B — ik i 4
AT DURE S EE AT B 0l TS R 2 )5,
-l p PN B 2 A R R A R N R LA A [
4 A 8. B, =k SRS T cyzxe” A
CRDT A = Bl —F k.

CRDT @it 47 ID RIFtE WA e S5 1 4

EXT R4 /AL E, B 5] NiZiE SUCRIBIE 4 R
W) 58 & (R 2 4k H sitelD), fd45 5 &— 2tk
ANFEER, I HFEZIE AR,

52 CRDTHIREERIAIHEXEZL

X FF CRDT H#AE & B — B AR
VEXT RN A7 T E SR IL(A L 2.2.2 711), AR
J& WOOT. TreeDoc. RGA. LOGOOT. X7k
I 55 BT A AR E X S 4 e 4 SR ME— Y 1D,
{453 R A 2 8] A DL e AT . 9 T R 45
RS — B ES R, X IER A AR R T4
IS B E R S5 R RN A BL 28 B E X R B 1D, R EXT &
A7 BIARAT B BB B G e . IR Rk R B
PR A QT 25 A E X G o3 B 4 SR ME— 1) 1D, Wil gk
D BERE T S R T, EE YA T CRDT &L
PATLIR, WL 4 PR,

&% 4. CRDT &k

A H A SR

BN ASHEE R ERAE O
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Bl AERERI T S EE Orequest

1. 024 )G, G EaARRBIEEN, KHAAFE KIS O 1)
AN R BCME— ID.

2. BT EHEM 1D, $RE] O TEAHRLEHE L5 1 1 1E
L& JEHAT O.

3. UL O AL T 2\ Orequest: H4 Orequest M-85l A% 4K

TR AR R IR

FIN: SR B H B B Oreguest

B . Orequest MHRAEALE. Preguest

1. ERER & A I AR ERAE Orequest:

2. FET Orequest IERAEXST 51D, SRFAA[FISEHE, TEAHN
(R A S5 A8 TR Preguest.

3. 7E Prequest NLE AT Orequest-

Oster 25 N#2Hi ) WOOT[70] 25—/~ CRDT
Bk, B P ES s RS AR AR E X R B it 3R
S P HSRAE M EE G Pool. <ns,ng>(sitelD F1iZ
BRI E N ERAEXS REME— ID. JE T Orequest MF
PEXTRIWID, 1E S hARFIRAIEALE Proguest T AT 1R
fE. S5HEFRM OT ByLMHEL, WOOT Ak
F Lamport 1] happened before < 5 1 iz A2 41,
MR E T HETHRAEE KUY Precondition &1
SRS R — 5. WOOTO[30]/2 % WOOT (1)
TR, BRAEXN RN R ONAT 4.

WOOT/WOOTO I s A2 A5 FH 32 I b A
SV, (E15HE RAREF AR Aa 1. R s FE R I
BRI G B B, K4 R PR R, Bl 5
TRE B R BG I, SRR A s b . A
SEICHRFE W, WOOT/WOOTO 47 A Iz A 4 A\
PEVRIOIT R S A4 R O(KY), Horb k IR RAG AL
% = [80].

Yu 1 Ignat 2 AX WOOT Sk AT 7 ek Al
flti, HeH 7 32FF string A1 selective undo ThREEH]
WOOT-String[78, 79], iZ&H%RM 15 WOOT A ]
)77 A7 F KA AN 45 5, #ig B WOOT
AR [ R ) 2 2 B

Preguica FI Marques $2 i ] TreeDoc[73], #:4>
i i YE A — S O SORE IR AR T SR Z 1 B s
(buffer). & T-05 JK & g B A0 — W o 5 3 g,
buffer HAJHRAEXT R 5 = R &5 fO0 B 1258
I 4 Al 36 755 (counter,sitel D)/ Ny # 4 X4 42 (1) ID.
TR RAMIEEAE O IR FEHEAE Orequest, MR 1
TEXT G ID, #RENHAE = X IR E AL B Prequest
JE AT ERAE.

TreeDoc I s A2 K H T 45 5K i (flatten) s —
OB 4 %2 Ve R AE Ak, TR SR F T B 3R R
(garbage-collection) 5 W& I FR 22, PRI, 00 —7&
FEEE B9/ T 25874y, TreeDoc [k A A4
IR R SAE ARG, T U — SR N AR
O SCRE, B R R R o P N o, B

garbage-collection ¥4 1¢ 2% 55 2 (¥ ] [A] TR 485, Bk,
FHSESCHRTE HY, garbage-collection HEH& I AN IE & M
FHAE p2p K [FI44E 5572, 80].

Roh £ N4 Hi ) RGA[75], FF/Nh IRl b s #84E
P 75 2% (hash) A5 2 (list). I Sdvector 1F AHEAE
YT R IIME— ID. SERA A T ZEE T list 48 E4H
@H‘Jﬁéfﬂiﬁ I:>request- %EE]‘E%%T}%{/E Orequest I)—]\U%g
iH1d hash F1 Sdvector k2 list H ] Prequest. £ 7K
TENERVECOAE Prequest EHEAN T AL A, 2N
Orequest 1] SAvector 5 e145 £ Sdvector LL#%f5 3k
HUEIRAALE.

RGA HERIML RE/E WA CRDT Hik,
HA BT 0PI RS, BT T hash Sk —
SEARL list H A EXT G, ATze R BR 8 R 1 Bsf 1) 52
HREEN O(1). ImHEHE NEAE I TR B 4R B2 O(m),
m AH R IEANEREXN SR RGA BE ISR s 2
JE X Savector IS T SV, AT Fifi & By (7] r 4 =
AN, Bk B 4 1 22

Weiss 25 A2 T LOGOOT[71]. &M vk
RUERAES ERAEXT G 1 ID BT 4 ¥ 1D Table f1 247
FFLH R Document. 7345 BT 44 <i,s,c> (R 1AL
sitelD FZ A ) /E ME— ID. /T IDTable # ID
K/NE Document HHERAEXT G AT B —— BT,
AR SO FE RN, TREAE IDTable HREIH#:AE
XA 1D, B Ar PR s 2 Document A (14 E AL
E— Prequest-

LOGOOT [MR#AZfE £ A CRDT &HikH,
LOGOOT HA &l A MBS fE, o
A& S M B R AE R T SR R BN O(1). itk Ak,
LOGOOT #A M SV, HILHIESNHE p2p 1)
PrFEAEIAEE . LOGOOT ki ID MK &5 A
IRRIZS AR, JCHE KR H AR AERAE &
AE7E Document H[E—AL B, F2ID WK ETGIR
Hahn, SEJFEEIRR. A, LOGOOT WA ML
o AT S R SR — B[ 77, 80).

Weiss 2 A% LOGOOT HysbfT 1AL Ay
J&, B T %4 selective undo ISEENY LOGOOT-
Undo 53k, SCREH P AEATARTINS 20\ AT AnT o7 B F B 45
1E[72]. 2 )5, Andre 25 N$EH T SZFF string #1ERY
LOGOOT-String[80], 7] FH 7 A HUASKEL K B2 (1) p2p
EE i sZ Sl

Wu 25 A4 H i) PPDS[74], &4 To 45 ) AR Y
) gl I g RN R RO — A EREL S,
HETHEPONE TR ZALE, B
Fo AT LS s S — St A s R, (HIERA
PR TR AL IE BA.

5.3 CRDTHI#EEE THHE TIEARAEHIXS
Eesr i
N T EETE M A CRDT H# 1 S E N ARG
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20774F

FEHIAT R F, dia B 3 I E TR S R
1, 45 & BT BHVEAE site2 HIHAT T HURT CRDT (¥
BAE R BRI RCR. 3R 5 45 CRDT 1U#
TER BT & MAVEVETE site2 FIPAT R, Hp B

& B IS, S A BEIRLE site2 HRUSL— it
14 Feyzxe”, Bl CRDT A#AE = B — 2 1 M
R N “yzxce”.

#*5 CRDTHYFRIEEE TR HRBE KT site2 I NI TR E

Sy
ik

ID PEAEXT R0 5L S

AN R EFR RGN p NEETH)

ID(01)=(1,1),ID(02)=(2,1),ID(03)=(3,1),

“a”< “y” <LCPT =< X<

“yZXC” “a”< “y” <%z’ < “p <X =<

WOOT hER: aybzxc
ID(02)=(1,2),ID(05)=(2,2),ID(05)=(3.2)
ID(a)=[0],1D(b)=[1,ID(c)=[1] g

TreeDoc ID(X)=[10].1D(y)=[01],ID(z)=[011] XM ayzbxc
S4vector(01)=(1,1,1,1),S4vector(0,)=(1,2,1,0),

RGA S4vector(03)=(1,3,1,0),S4vector(05)=(1,1,4,2), #%: ayzbxc

S4vector(0s)=(1,2,3,2),S4vector(0g)=(1,3,4,1)

“a”< “y” <47’ < “p <X’ <

6 SFHRIFEEE—BMEASSELE
B EAN L SN

N TR RERAR R R A SR SR AT 4T
MUXFt. dr 5 gy, FATEIR R Uk
7 (B SNSRI R R N R SRR PRIWE S
AR 46 bR BT S 7R S92 P B 1) 52 20% 58 70l 11 1

6.1 #HIEBE—HIEAIXTEL

BT Bk 3. 4. 5 S, Sun (iREEE—
FrE N H R H)F Li. Shao. Gu A1 CRDT [
BERE SR N AR, EEFEREET Sun
FEE R E— B vz, AEd IR 2T E 3
EPFEZM - FES R PR A B g R
Al HeRnl e e E S 5l N T A
PEAE X, E1F A B — SO PR, 1 dn, Li
AR 2 B — UM 5 NI B AR B SCREAE RO K
#; Shao HERAE & B — Btk 5| NI E SONRAE
BOR P, Gu 3 E 2 I — B0 5 NERETE U
FE MBI, CDRT fO#fE & I — U 5] N

VEE SURREXT AR MR e /A E. L.
Shao. Gu I CRDT [J#AE & B —Eitk 49 # ]
CLIE L e B E X R P AL E R 2ok, K
i, Li A1 Shao o /E = B — B0 R T B4
ARG T HEAEN R EFALE R R, Gu HEER
P — SR A T kb 2 R e 4 R AR SR g 7 455
MI—EU0?, CRDT M#fE = —himid 454
TEXT R B4R 1D, 456 W EE S50, Kk
X G A T ) B Bt 38 PN S50 110 B 5 b rp R 4 A
PO EHEZ VAN

BERE— MR L 7 s, SEER
B — S AT S #02 i IR 45 2R — Bk, 72 Bh 2L it
b, Sun [#ERAE R E—SUEIE B Rl A T 4G
B, 1 Liv Shao. Gu 1 CRDT 54k & K —F it
AL PEME— R R P B, T
R 5 NFHEFE XSS K, Liv Shao. Gu #1 CRDT 1)
BE R MR . R, R
VE B — .
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RS R k2 e iR i

J sy S S RN B
i 0 AR B AR B B B0

L R | fggjg i i gifﬁzﬁﬁj | i ?F%‘zﬁj | i fhﬁ“‘&jﬁj |

! + i i + Lo Loy + Lo + [

|| wm—se |1 | s ! ! G ! ! G ! ! g !

| N — ] | | I

———

Sunfty 1 5 & — Bk Lift B B A — 2k

Shao 1 #4F 2 E— 8tk

Guit ik & B — 5k CRDTI#AE B — 3tk

A A

A A

Betf BB — 2k

K 7 e

6.2 BIBEBE-BIEHOHRBF XL

F 6 HIH T SCRF Sun (R B S g
HEXT. T SRR SR — 3, GOT Al COT fi
T SV M CV, “Z 5 FE I S EER KR, i
SV M CVv % B AL WAR K1y B B I B
TIBOT/TIBOT2.0 #B(HH T TI SRSZHLR R —
TEHIFAR BARALS T A ey 8 B DA &3 i 9 T
WAl [ 25 . SOCT3/SOCT4 % FH 4 v 2 i I 7] 8%
TS(Time Stamps)RSCILAI R — ik, Ha TS ik
B 75 Sequencer FEATEREMI R FIAL, RIM3REL TS
T BAC SRR IR TR] 4.

N T SEPLSE RS, GOT M TIBOT #) 4 ¢
HIERAE e B PR AR AR EPAT IR AT, T I R A
(45 5 R EEFI AT . TIBOT2.0. COT. SOCT3/4 #4
BT PR, EERERPITBRER
P HE A P F A,

6 H I BE AR R FH 2R VR E s 25 A0 SR AT it A
s, Hop, N T HE IS FF selective undo I fiE,
COT [W#AE 7 s R A7t )0 C 23T M R 2 R4,

T L i 7R Bk R R AR T S AR A I R i R
e J5 AT HAT IR

6 HIEIEEMEH T EAE R R A, 1KLL bR
B BTk 6.3 Tiitie. H, GOT Al
TIBOT ¥R 4% 46 bk BOA 7 22305 R e e Jm e TPL
1 TP2, RIS M 4 RE A 1 4 1 1 B AN BT
TIBOT2.0. COT. SOCT3/4 [{)#1F #4 Hie by B 75 Bk
SRR ENE TPL, MATREWE TP2, K XLt
TE A FE A — 4 P R A B e B A R AT B A B ¢
WA T TP2 BIZIK.

* 6 PHISIERH T AR E REET.
Hr, GOT. TIBOT/TIBOT2.0 K T /0 A B4 5
J7ik, T SOCT3/4 K A \4 7757, COT BEH]
DA 43 A s 4 7 AT DASK 4 b aQ B 4

R 6 HEEY, WA COT 3 selective
undo Thfg, R GOT (¥ string MIEEE. TR 6
WS AE F SV BEE [T SV R IR, BOE A M
F Tk s B e BN B Rl il R, A
B R T ORI p2p ik 7] 2 645145,

% 6 3FF Sun IVIREEE —H MR BB EAX L

R WaRrA GOT TIBOT TIBOT2.0 CcoT SOCT3 SOCT4
R — 3k i /2 ISV T W E/TI i /EICV W EITS W EITS
SE s 2 e WL i e 2
- AP RWITPAT AP RHIPAT et e [ g1 it e T4 T
BREF 47 b i 27 &7 &7 Ehi
dpp  JERRROERAE CHATERAE CHATERAE CHATHERAE CHAT IR AR E CHATERAE CHATHERAE
BARAEN BAERHF  &F=PUTINF A FP=P AT I A FAFRATIT FLF=PITTF  EF£PITIRTF  EFEITIRF
PREF R AL IT. ET. LIT. LET IT IT IT FT. BT FT
jﬂf% BEBEE NGB 2 TPL A TP2 AR E 2 TPL A TP2 W2 TP A2 TPL e TPL it A2 TP
HEG L TPL. TP2
- — -
RESUAS  AARREFsED AR s T ;ffg;g@;;‘[’ St RTINS A N
JE 4537 #F selective undo AT FE AN SCHE AN SHE YRR ANCHE AN SCFE
S 753 # string R 1E CHE AN SCHE AN HE A HF AN HF AN SCHE
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20774F

R TRIE & p2p WhIF g NG AidE G

AidE G A& G NG NG

RTHHIH T SCHF Li P #0E S — S gy
BOERTEG. N T SEILR SR — 2, R 7 RETA A
YEHESE Lamport ) happened before ¢ &, KA T
SV il R Ok BRI R K &

T S SR — 3k, SDT A1 SDTO i i
V0 HRAT I A 2t 450 1 3% R R AT, 18I ) 2
SDT/SDTO # SCHk [54] K BL T 45 52 ¥ &= T 1
“puzzle”, AL R —8ME. LBT 2 1528
GER)— UM, IR T ORI ) A e

1%, ABT 8 T 1 NIRAEF 51 H TERT, MIBRERAET
HI| Hg 75 )5 R e 2% A7

T WL T RAR R T S (B 45 W SR AT
fit#AE 7 5. SDT/ISDTO. LBT (K34 7 st e 4 4
FIPAT IR . ANFF SDT/SDTO A1 LBT, ABT
(P3AE 7 SE AR F Bl N3 R 7 21 K (e R, R 5
VERF3 Hy 78 Ja i, I L Hi A Hy AP A 2 42 1
EEE AT IR 1.

R 7 3FF Li BIRMEEE B e B R EAX B

TR SDT/SDTO LBT ABT
R SR — Sk i A2 ISV i A2 ISV Wi RISV
" T2 LS
R A AWz ST e B AT B 047 B
BRI R A% AT TT A B PR 4 IH; Hy
2R kK MBI AE CHATEAE CHATEAE CHATEAE
] BAERIHET PAT PATIF H=H; Hq, Hi Al Hy HARAT I HET
BAER R IT. ET. SQIT., ETSQ IT. ET IT. ET. Swap
MR R RO 75 B L TPL. TP2 T 2 TPL 1 TP2 BERERAE. R TPL A1 TP2 T TPL
FEANAE: FEEHE TPL
AT E R e VBRI K R +sitelD BAERER K R +sitelD BAERCER K R +sitelD
15 ¥ selective undo 11E Ui AN ANLFF
FE T Y string $4E ANXFE ANXFE AR
EHIES p2p HhIFgwiE NiEE NiEE NEE

F 7 PR REAE TR R A, X L
MR B AR K e 6.3 Wi, HoA,
SDT/SDTO A1 i e R 50 75 253 /2 TP1 Al TP2,
H R SDT/SDTO 75 FR v I 1 4 6 pR 50 /2 TP

A TP2. {HAE, JEZAHTURIL AN 2 TPL F1 TP2
[f)“puzzle”. 7ELBT H ik, WF NMMBRIRIE, H1E
AR BT L TPL I TP2; W oAl NHEAE,
PRVE R bR BT B 2 TP, JR R 7k
PRI IR AR B T TP2 (20T, ABT B
PREC N B TP, RN A s s 12
Hi 7E /T, He 725, M5 7 TP2 IZ K.

EAFE X, £ 7 F RS @ 5N
BRI K R +sitelD X & FRHTIEIE. R 7 FH
WAV ETE A, WA SE SR selective undo ZhREA!
string #AE. B T3R 7 R FTA SIEEMER T SV 4
PR —EE, AERA RN, FTUAES
S FH TR FNAE ) p2p 13 [7) S .

% 8 A T S Shao HUERIE & B3Ik
LRI EE XS B, R 8 HRA H B BT A B
Lamport 1] happened before 5 &, KA T SV k&l [A]
RRKEZMIIERKRR, YRRt

N T SEBgE R — 8P, ABTS. ABTSO. ABST.
ABTU IR #0262 32 HE AR NHRAE )T 51 H; 72 7T,
TR IRAE 51 Hy 78 5 R 4EP A E X S 4 AL B

TERER A EdE S5 %, ABTS. ABTSO.
ABST. ABTU #KH] T 2k M A5 25 M SR A7 il 45
PEI s, FHodr, ABTS H ) H; AT Hy AR R A 2 4218
BRI PATIRFHES, T ABTSO. ABST. ABTU
H) Hy AL Hg R R PR E RO P HEF. 3R 8
H 1 R R SRV TR A D S R A A T A R A A
B S I AT AT HRAE.

& 8 A I EIEA T B R bR 2T, X
6 R B () BARGE TSR 6.3 Tt ie. o, ABTS,
ABTSO. ABST. ABTU #1354 ek B0 35 235
A& TPL, FUNMIER 3R e ¥ A2 H 7ERT, Hy 7R
J&, MG T TP2 LK.

A e X, £ 8 i R B yE T 5\
ERAERCR T +sitelD X A FRHMTIEIE. 7538 8 FI Y
sAEEd HfF ABTU 59550 selective undo
Ihfe. R ABTS Al ABTSO 5% ¥ string #R1E.
ABTSO Lt ABTS =2, AbFEEFEERAERS, K ABTS
(1) BT (8] 52 44 B ISP 7 A A D 28 VR R ). (&,
ABTSO HyEAE S HE string HIMMBRERIERE, KT
string PRI BR 3/ B A0 N T 7 25 (O N B B 1 7 )
JaiE—AbEE, % 8 FIH MR Rk, WA RIS
¥ selective undo ZHREAT string #AE ) Hk.

= 8 HHIFTE FIEAAEH T SV 4E R R —5
P, REA RUFRgEtt, BrbAASE & BT R M
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BEH p2p ik 7] Gt 4
3 8 X#F Shao HIRMEEE—E R B BB ERTLE
TFEREE ABTS ABTSO ABST ABTU
AR — otk ISV Wi RISV Wi RISV RISV
—— i 2 2 i 2 i 2
B AEXS RN AP AL E BAEX RO A AL E BAE RO TFALE  BRE R E
BRI e FH; Hy R4 FH; Ha B4 F/H; Ha AEAFIH; Hy
peRdiEE CHATHRME O THRAE O THR(E O THRE
&M&ﬁ ; . H=H; Hy H=H; Hy H=H; Hy H=H; Hy
i PR3y HORHeBUTIUEHEY HORTHGBCERO Y H AT HgB EROHEE  H, I Hy f% ERO HEFE
EERITEN ITLL. ITOSq. SwapDsq. SwapLL ITLL. SwapDsq. SwapLL ITSQ. SwapSQ IT. ET. Swap
BRAEF A RBUR T 5 2 2 TPL.TP2 2 TPL il 2 TP1 ik TPL i TPL
A SUE IR a2 AR RR o +sitelD FRAERR - +sitelD BB o +sitelD BB o +sitelD
R 7530+ selective undo I AN A SR
RT3 HE string B4 SR SR AN A
RAIES p2p PR Rigs Rig& Rigs Rig4

9 HIH T 3CHF Gu I HRAE S B — S R
gL, R T SEEL SR —EE, AST. AST-Undo
A1 AST-String #B8%H T SV KA IR AN I % 6 &
1M Hydra £ 0 B &S 28 8T E 7 — M & [ B[R]
SRS R B Ok RN IR K &R

NT PR B, RO TPHFEEIERAT
iy 1k 7 [R) 2 5 AR R 4E 25 A il s R A A
FA ) —FOB . BT bk 2 A 5 e ok SR R
AT, A RRHREAR S AT e, BRITA
T BT R PR 2L

2 9 Hi) AST. AST-Undo A1 AST-String #ii /&
KT &g LM MR e R,

Hydra > Hl 1 #87 S I I B 25 MR A7 il 1 A X &

TEA T S, & 9 I A S L@ 5N
FRAE T ST +sitelD W 4 FHEATIEIE, (6754
FF 58 AR TEAR sitelD. % 9 71 H i) S 4y
i, H5 AST Al AST-Undo 3% 37 £ selective undo
Ihig. R AST-String 595 3 #F string #:4E, ] LLAL
HYFHEMNESM SR, BB ELREN X
selective undo ZhAEA string 1.

% 9 1) AST. AST-Undo F1 AST-String #fii
7T SV 4y R —8:, ANEA R4,
BT DAAS & A& B T KB p2p W [F) 4 . 1
Hydra TR 7 A 0 e [ s 00 A SR 2 &2 0 5
RKZR, FrLli@ & T RSN # sk & & p2p
EE LS

R 9 FF Gu IREEE—EM A BB EEIT L

JriExFEE AST AST-Undo AST-String Hydra
AR — ik RISV RISV RISV i e /scalar timestamps
e e 2 2
ELE S Ht 5 () A6 Hl 3 () 46 M3 () 46 M3 (A 45
SR S AT SR ST SEPFFFAAF SR ST
R T B N ENES NGRS N
peEa ) 4257 1| N M 454 Docs A5 | SRR 4574 Docs A5 i 3R 4574 Docs 4 S T 4
A2 58 SUE R IR 564 TR ST +sitelD TR I +sitelD TR I +sitelD FAREAT BB +sitelD
&7 L FF selective undo XHE XHE ANSLCFF ASCFE
FE T SCH string B {E AN ICHE AN ICHE HF ACHE
SETIE A p2p P IF) Gt TEH TEH RdE S WA

# 10 N K CRDT M#RfF & B — Sk g A
FENTEL. 12, IR TSR AN [ B SR S B R
B —3k. TreeDoc #1 LOGOOT. LOGOOT-Undo.
LOGOOT-String #2515 % I C A [ p L ok S 3 ]
Bk, B, TreeDoc 1A ALK SV B
VV(Version Vector) >k S L Kl R — 1%, 1M

LOGOOT. LOGOOT-Undo. LOGOOT-String 1%
Al LA SR A R34 % ML I (Causal Dissemination
Mechanism)>f S Ji Al S — 4. WOOT. WOOTO

F1 WOOT-String 5 X Precondition %143k SZEL Al
R—3ME. 1M Precondition £ %I Lamport (1)
happened before <&, Hi# 2% [&#AELE L EK)




18

it 5Pl E R

20774F

R AR 0 &, 1 )5 3% 32 225 FE AR I [a] Lo e
X 4. RGA 5 X T Precedence Relation 5 £ &SI

happened before ¢ &, 11 Hid e LT Ik #EAEZ 1]
FAEPAT AL 56 L. PPDS 310 7E B 55 43 BC KL )

R, ZRKAANHEAE T Lamport [ CAFRE THEEZ AR R KR,
#< 10 % ¥ CRDT MR {EEE —BUE B RIS X XL
. WOOT . .
FiERT TreeDoc RGA LOGOOT LOGOOT-Undo  LOGOOT-String PPDS WOOT-String
WOOTO
- 1 fe/causal i 2 /causal .
PR — 3 RISV B VV Preconditio Precedfance dissemination dissemination -{W\J/EI-J:/C&USEH ) S Precondition
Relation . i dissemination mechanism
mechanism mechanism
LS i 2 i JE i 2 i 2 i /2 i /2 il 2
g —3 ik BER R BAEX RN BENSN BIENRE BIESRT BAER R BRI BREN R
ol ol A7 o 2 ol £ 2
e TR NS NS NS NS NS NS NS NS
Binary Tree s hash IDTable IDTable  LOGOOTSPLITNAIVE PPS View
Ere | Buffer Pool list Documnet ~ Documnet LOGOOTSPLITSTRING LEQ. REQ Model
Log o0 Patch Patch Patch LOGOOSPLITTAVL Buffer log
ST ATt ZE & & = % 5 B & &
huffman code + . i S:rational i
ID . <ns,ng> S4Vector <i,s,c> <i,s,c> <base:offset> <pid,pun,offset>
<counter,sitelD> numbers
BAERT R A R AR R ERAEXR R4 BAEXN R B ERT R4 BN R BAEN R4
P AR R4 R
EITE L MR AREE RER 4RkE whe CTOROERLE L lee R
HIE S ) ) . ) ) +sitelD ) )
+sitelD +sitelD +sitelD +sitelD +sitelD +sitelD +sitelD
= “ij; dsoe e Rk FxE AR AxH L AL f AL f LH
JE T FF string #4E ASCHF ANSCHF ASCHF AN SCFF AN SCFF SCHF S Es SCHF
TBIES p2p ) IF) i NiEE &G NiEE WG &G &G &G &G

N T SRILES R — 2k, & 10 HRIEVEH R
BT 1D HEHRAERT G A e (0 R AT B R (2 2544
H, NTT4ES T ERAERT R AP A B A&

R 10 FRFEACRH T AR R E R £ AT
fit R AT RARAE X R 1D, PRI AE 2 ) 2% 18 T 41

K. 53R 6 25K 8 ¥y M R A b, 3R 10
PIEEA TR B B R R R, FEREERIAT
B, AN ERTHR A R e R K

£ 10 FEE, T B MR A E X GRAT
NEERR)A TreeDoc. WOOT/WOOTO. RGA. PPDS
1 WOOT-String. H:1, TreeDoc 1 RGA 45 H 1 %
TR R S0 . WOOT/WOOTO A S hR I 4 SRk,
B 5 W o 8 4 0 O 38 o, 2 o 1) 2 1)
K. LOGOOT. LOGOOT-Undo. LOGOOT-String 7%
S 0, T A BB B X G M AH S P B HR 2
PGB, R R R X e BVE A BL S B E X 4 ID
B R /N R AR 6T G A AH S B0 25 4 B HE 51 i
— B, RIS AR B R, R R A ) 5 )
BRI AP E R AR,

7 10 H1¥) CRDT HiZK HAN [A] (1) S W 43-1C. 1D.
H:A1, TreeDoc. WOOT. WOOTO. LOGOOT.
LOGOOT-Undo 7E4 A ID IHEF 7 sl i 5 AN it
B T SV, RIS G R T p2p (1 R g R 55
i1, 7 RGA 5 X ff) S4Vector i T SV, Bt Aid

G N HAE RGN p2p P FgmEIR . th Aok,
LOGOOT-String 1 WOOT-String 7£ 5 X 1D i #fdi
H T %% = (offset), HIMZN T ME—briREEAH 5
2411 string. PPDS Ji i Ak — 1A EEECR AR IR
VEXTRIALE, BRIt PPDS H3E & 3 FHAE JCHURL )
p2p [k R PRI .

#* 10 WA LS, A LOGOOT-Undo
LRI WOOT-String 5792: 3 #F selective undo jgE.
Hr, LOGOOT-Undo {3 FF2:T line 1) selective
undo Zhag, ASCEF line il 24 A1 8 &, WOOT-String
FIHRAVEXS Ry string, [FJISSCHF string [ selective
undo L REFN string F B A1 5024,

£ p2p Ph[F4m%E 771, BT RGA #il TreeDoc
Bk, e HEEER ] N T p2p B9 R g .

6.3 HBE XA IRIERRIRR L

% 6 3K 8 P F (1A% ot/ e 45 R B50o0S
Kl 8. Hr, HfERH R B =2 B, Uik
Z I R R A, A0S R 1T HE SRR BT /U
AR FT. JG R BT RIZC#Hfc4 Swap; 26—,
TCERAE SERAE P Y 2 (R ek B, BB &
LIT. SQIT Al ITOSq, HE/F## LET. =4 #
SwapDsq; £ =, #EAEF A2 [ Pk L, AEE
BE# e ITLL A1 I1TSQ, A8 et SwaplLL A
SwapSQ.
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TCHRIE LIRS P TEHRAE

P TCERAE

. T ‘ i
0, =ET(0,.0,)

: &
0, =17(0,,0, )|<—>|ol =FT(0,.0,)|
]

Hikey
4

S

PN TTERAE

[BT(0,.0,)=(0, 0, )|

T S HRIEFF 5

0, =SQIT(0,,0L)

4

[
S

I [

Swap(0,,0,)

©.0)

[0, =1T0sq(Q.OL)«"“»{0, =LIT(Q OL)

S

EiNcs

PN ERAT 5

T SRS |Swastq(OL ,0,)=(0, 0L )| E: ITLL(O,.0,,)
A

b
\

EX

Y

sl SwapLL(OL OL,)=(0L, 0L, )| [0, —1T5Q(0,.0,)

A

X

|swapsQ(oL, 0L, )=(OL, 0L, )

8 HZ LR A e e s 0T EE

IT BRECE ST PR 2 18] ()8 R 4 R
SRR, — MREAE B — MEERIUT
ROR[33]. 1T BREHAT B — D EE R R AR
FEREAEA T MR B SCRPRES, BIPASFR REAE N
IR R R, FT BRI ATBOR SR T IT. AT
AR ERAR I R AEAE, \T I8 FEHE 7 3 e s B ET B4
H[33]. ET & ST AN ERAE 2 18] B HE R 300
HITH R, ET & 7E—MEEFHHEBRBE 5 — MREM
PATRR, H BN TEAFSCRRES N IR R;
PN E B SCRPIRAS. BT Al Swap HIZHREME, &
ST PN ERAE 2 TR A e 3 ). S 7 A

PRVERS H ) RE IERf AT, BT A1 Swap 35138 7 ET A1 IT
B, 6 ET(0,,01)=0,", #RJEIHM 1T(01,0,)
=0,", 33| 7N AT F1[04,02]=[0,",01 1.

BT T ik, v Y e oA E AR 7 51
Z A AL S Rk B LIT. SQIT A1 ITOSq, IXL8pR
HThReM I, Sntfed)s, —MRERET
— AMNEAE P B FTA A E AT ROR. LIT. SQIT Al
ITOSq R HAT I — A EZRTHE 2642 O 5 OL
B MEREEAHFE PSOIRS. T ET RS, 7K
Hy oA SR 7 51 2 18] 1 HE e 7 6 ok 40
LET. &3t LET JG, solfEHER: THAER S e
BEAFIPATROR. HET Swap sR3L, wTUAY B N et
VESEAE 751 2 8] A e 4 v £ SwapDsq.

T IuERAE IR 7 51 2 18] 1R B0 5 s 6 pR 40
LIT, AT CLEE—259 e N5 7 51 2 (8] 1) 2
B3k B0 ITLL A0 ITSQ, XN R B B REAH ],
S EEE, —MNPIEE T S AFsIH T
HEAEMPATRR. T ooEE S8BT 5 [
T R K SwapDsq, W CAE— 5y R N

1 P 51 2 18] A8 46 2 46 ek 2 SwapLL #11 SwapSQ. iX
PN R RE AR ], 224 B AN B E 17 51 1 AT I
.

6.4 BARVEEAATEE ZXTEE

UG T H R FE B 5L
I ) 52 AR FE X L. o, &7 5 AR M UR:
IH AR AT 7 5L BRI, [HGARER A N B A 2 21 1
KN, Ho AREMBRIEAE P FI RN, TR AR
RAEWIERAEF BRI RN, NOAERVEST SR8, d oA
FAHBEWRNEEBEESRMEE, BT
WOOT/WOOTO Hi%; m AREHRAHANEAEXS R
&, T RGA; kKRR AL HAEXT R 1D HIR/N,
AT TreeDoc. LOGOOT. LOGOOT-Undo; n %%
SCREIR /DN, FF LOGOOT.

Sun AR = BB R SR VR A R I
e S, PR AR R A R A S S RIAT, AH
BAE R 2R B9 O(L). mAEHRAE BT 7 EAE
PRI (B P4, JUH 2 COT Ml GOT HyimfzH:
VERB 18] 52 2% B 4R 5. SOCT3 $ATIZFE B 1)
I 18] 52 2% B 9 O(HP), FEALBEITEFEHRAE R, 1/ SV
£ H IR BRER S, G s BT
¥ H HEAREEAE T IR, JEREAETFHIE)S,
JIT AR 1E) T4 4 O(JHIP). SOCT4 it 3t #1E () Isf ]
TAREN O(H|), BRI EfEEECEas
T AFEHETIERBRAERPAT R, FrUAATRE
1E H IR AR5, NRE S FERER
EAE PP BT BRE 6 3:. TIBOT/TIBOT2.0 HIiZFE
AR B 8] &2 42 FE o O(JHI), 7 Ab 34 320 F 45 1 B
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KT THE H 4R R A7 5.

75 Li e B — Stk i s A vk, SDT.
SDTO A1 LBT MAHLEE{E I [0 A O().
SDT PATHE PR AR (R 1] 26 B2y O(HP), A 2
R BT FR IR R, REAE H P IFRMERIEF
H, WATFRS Y O(HP). thab, BB E I R
VEFE B (AN A S R e AR B R 7, I
I TF RS O(HY), Bk, & i 1a JF 85 O(HP).
SDTO & SDT WILALRRAS, $HAT R4 A ) Ik ] 52
PR O(HP), KA LI T AL B SHH RN, 4
T ERERCRF, I RTF4 8 O(HP). LBT
STERTHRAE (A 0 52 20 B A O(HP), 76 ACFH AR 1
i, 78 H R I & IR 5 T B 3 O(HP). £E
ABT 5y, ABT AbBEAS H B4 O FR 8] &2 44 R
O(Hdl), ELFE A A (AT I R AN A il O AL %
T3 Orequest (IR 8], ABT 7 40 FHzt A4 A1 [ ) 7] &2
ZPERNO(HP), Tl e R D2 HER T
Ho FMIBRERMERIRCR, T REE H hikIEL
IsRE 51, DRI IS ) T84 9 O(HP).

7t Shao MIEEERE—HMEM A H, ABTS
VLTI 6] A FE[R] ABT, AbFEAS i34 O (1 [a]

H PN O(Hql), ABTS 7 AbBEzC FE 45 1R IR s R 2
Z4 2 O(IH{I®). ABTSO Hl ABTU A Hi At 75 44
VEIRI 1) 52 2% BE 8 O(H)), BT H ¥ H; 1 Hg
iR ERO HEF, DRI IE A ERAE R R4S M
O(H]). ABST Ab3i ot S HAE 41, PRI A Ho
VERZEFRARAE B[R] 52 2 FE AT O(IHI+TY), L+ H
HR H; (1 Hg DL T #5214 08 ERO HEF 1.

1E Gu FI3ME & B — 8 i R Bk AST 5
PRI AR 3R B R 52 24 B2 O(1). AST b3z %
F AR 3 B [l R AR AT A, A TR
AR BRI ESRAT R, AST K470k 745 19 551 10
LRVESE MR BN AT R T A AL A 5 ), 56
ST SRR TV SR RO AT AL SRS, 73 Ah B2 1 Sze P2 4 A\ A
T AR P AEAR AN O(logN).

f£ CRDT #:1F & B — S0t i g 7 5 vk oy
WOOT A5 i Fel N\ F5 1 7t F2 47 N\ 45 15 f B 1) 55 2%
FEHR K O(N>d?), B 5eH:ET Precondition 251, M N

MRER SR A Bhrx R, SR)E LA B s
XGRIAGE, IBIFMITE d DMEREXT G RAE A AL
B, AR R O(N>d?). WOOT AsHb
B e FILZE R S48 VE R B () 2 2= B #h O(N), 7
N AMEVEXT G AR B Arxd GO L BN ZE, [Hf
i [ FF45 49 O(N). WOOTO & WOOT IR ILARA,
% degree {8 WOOT f#] Precondition 2¢14-7E N
AR AR A AT H bR G, R 7E A B 378 R 4y
NBRAE I 1) 5 24 9 O(N+d?). RGA A A1
AT IS AR O(N),  JE i A2 AR Hiu e N 8 1 308 42 A Hb i
PrigedE, #0FRZOR HEER T N MEIEXN R, 2
H bt 4, S (45 O(N). RGA Iz Rl
EEAE I TR) & 2 B 4 O(1), i hash FIEE1E X 5 1)
ID W] LALE O(L) R[] py e 7 2 list w1 B it 4.
RGA HIZFEHf ANEE I R B AN O(m), &%
£ ORI R BB R ) BARXt &, AE 5 H
PRXTSJEAEAERT m AN IR RN P HRAE X R A&
H ¥ Sdvector J5#k EIFEANALE, RIS (8] FF45 M
O(m). TreeDoc ) Hy Azt A4 1 s 1R) 55 2% J 4
N OK), R4 k MIgmbsfE — X R B bR Xt 4.
LOGOOT. LOGOOT-Undo [#1EXF % AT F4F,
AT A N B A BRI TR B2 24 FE D O(K), HR4E k 1
B, 76 CRY R 40 N 1AL B 5 36 O\ 5 E X %
LOGOOT. LOGOOT-Undo [#)A Hh fiHl B 45 4'F fit B 18]
FHREN O(), BEHEAE SRR H AT )G R
LOGOOT. LOGOOT-Undo [J3zeFE #EAE i 1] &2 24
JZ9 O(kdog(n)), T k METE IDTable Hi4k | #:
EArE, BT IZEME, O R R
BRSO B S AT HRAE.

MF 11 AI A1, AST Sy5A1 CRDT Sk a1 &
HeFE F A T HAEXN R %E N, SEIERE H
MIR/NTER, BIE H BRSO, R R R
e N RRF R E, PATHAERN R A 2B H 1)
TR K T3 0. 5 Mk 2 (A 5 46 50320 CRDT 55
VEARLE, OT By [A] & 2% BE 32 AR T4 4F 17
SH IR/, BEE H B OR, PATERAE B )
LERS i iR

11 SEFEEE B AR B AR A S R E T

7R BTy A Hh A LA
coT o(1) o@"), a AHE
b e 2 ] — %
Sun P R 5 ot om o
T LR By
SOCT3 o(L) O(HP)
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SOCT4 o(1) O(HI)
TIBOT o(1) O(HI)
TIBOT2.0 o(1) O(HI)
SDT o(1) O(HP)
Li f e 2 P — e SDTO o) O(H)
(g ST LBT o(1) O(HP)
ABT O(IHd)) O(HiP)
ABTS O(IHd)) O(HiP)
Shao [ & B —51 ABTSO O(IHD O(HD
P LT BTy ABTU O(H)) O(IH)
ABST O(HI+[T] O(IHI+[T])
Gu I = B — 8k
L AST o(1) O(logN)
WOOT Insert: O(N>d?) Insert: O(N>di?)
Delete: O(N) Delete: O(N)
WOOTO Insert: O(N>d?) Insert: O(N+d?)
Delete: O(N) Delete: O(N)
CRDT f#fE R B — RGA Insert: O(m)
SO SR AR ik O(N) Delete: O(1)
TreeDoc O(k) O(k)
LOGOOT Insert: O(k)
LOGOOT-Undo Delete: O(1) Otk>dog(m)

7 INESRE

7.1 INEE

SCHEL Lamport 1] ) i o8 2 S L, X
KB R G R MBIR KR IR R fHRIF
RRZ It R R A SHAT R, R, x4
PPt AL S AT IRANTINT . FEULIEA b, 120

AT A DR B AR B AR R
B —ZhE 002K, g 7R R — B i g i
2RI, AOZBREREONR ™, SRh 7S R IE R
MRS, R T SR EARSATIERE . PEH AN
JEBRE, JEEE &R BT T A, A,
AR SC DY A JZ T X A8 SR AT A5 1 — Bk (4 9 17 0
PR SLIRREAT A X L 5 i
72 RE

Ke K AT RE A 7T 07 17 2R 0T

(1) S FEIR R I e 2 SR AES FH P )
EEK

H AT, 28R 73 S B[R] SCA S o B30 R D [
SE A0 5 2 SR 4 e 13 A B0 3R A 0 GOR 4
FERIE R, BUEEEGRZ RENE. fln, SO
R 6 23R 10 ML KRy SRR e e U, 2

HI #4058 S AR AH AN, #E sitelD R/MEDSAR
T RETRAF BE BAE N BUE Y. SEhr b, BAE R
(K123 55 NP2 v AR SR I, R 5 [ 2 AT 45 5E 1Y
BB ERIVEN, TS & A RKIR A ST
BARIE SORE e, 4ed AL AR &, il
41, SCHR[84]:8 i H4 A< 4412 (Ontology) 51 A 2 #3 [7] 3¢
ARG AT, FEE T AN AT DAY BRI S 2
PR 2 A S0, A R 4R TP 3R AL S
HR[181R T 22 FRAS AR e e Blp 7] P 7 4 8 o
FHERAE R R R . SCHR[21]45 5 T EIE g i
IR AR I B AS ANEN A TE S, AR RAE P [R] BT G o
PP A1 SO e R i AL SCHIR[26]45 ] CAD 7Y
RBUE NS Mt RGeS - i ERAE R .

(2) R4t sRAE & p2p 19 OT 5k

R FRI, p2p ik A2 48 2 St i B 2Ry
AR HAETE, ORI RIS EhAS A
BT, HMES 50 v SRR, thRECRIE
RUFIITERELBS]. ZEKEE7r OT SHIAHE A E K
NSV ORI R A 22 1B (1 PR R S R A R R &R
SV HR/NHZ 5 RN AR R E, 2250
Al ot R BCRAROKI, 49 SV R M SR IR KNI 2%
JHAH. BRI, afr i BLA R OT ikt AT ladt At
W, 2 BEE p2p B A2 % U E
WEEgE. Bl RA0%OT HukiE & 8 2 p2p
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(P (R g A0, 940, SCRR[64] 4 H T —Fhr v
DRI SRR IN J7 92, & & RSN S 1) p2p 1 [F) 4 45
SCHR[86]HE T Z A HIAR, $-H T —FsCH p2p 1
SP R OT Bk, SCMR[B3)E T SCAR M #RE G
X, R T RO R RAROBOC R, BT RASCREPRA]
P EhAS I BB A 221h, & &M T p2p
[ [F 2 4R A 555

(3) & L HH =R S FF selective undo [ ST
GIE T AP

TE SR B Rl 9mfE 22459, selective undo /& —
HERIIRe, WREHEH P EAEALE . B
Al 2] BT AT 4R [58]). H A, 76 B ] SCAS 4 4
o, /DS 3 HF selective undo ZhBE[4, 36, 37,
51, 58, 62, 63, 72, 78, 79, 83, 87]. H:rh, CHR[87]
F—/FF undo IR IFIgmEREE, W DASCRE RS
A, B ZHARE ZFZEA undo #:4E. (H2
ZEIEER A undo $RAE T BV LN R] 5 4k
B, SCHR[83)UAN SZFF undo AMhERME, I HO&w
Ja SR R I T R R B F) TAE 37 5 1 “puzzle” 7]
f[40]. SCHR[36, 37, 58] #F undo [ 52 R AF AT
1k, (HRPAT—A undo #AFE 7 EFRE M R 2
IR BE. SCHR[SL]E I R 45 A P e 4 M A E RO
G E1FEE R — undo HRAEMIIS IR A E AN
LRI ], SCHR[4, 62, 6338 i K FH 21 HE B 1 B0 25
R IFEs-E AN A SR EE, AT LK undo 44 (R IR
5] 52 % BE AL AL AT B 8] AR o By [F) G 6 0
#7 F undo #1E, {H2& undo #EAE KIS RCR AT LA
Bk, tAh, BIRTHE R SRR R
FRIR 7451 selective undo Ifg, S#F string 1)
selective undo ZREMISHIEIR /D [78, 79]. kbr b, 7£
SET A SCARGR i R G, SCHF string 1) selective
undo EEEAEHH UL, B WHEEY —BOUAR, SR
Ol U= PN N A K I A= = S a3
selective undo IhRE, JGH A2 HF string [ selective
undo D RE MR, X SIS i 7] G i ek 1 = S E
PN

(4) RHFFHE 2 HA BT B8 E1E K
Y S P (R i 02:, AN 2 R AR R
R R R Bt B R g

R SIZ I W (] o 66 B VR AE AN [ 1) S FH 4503k S
FRERAERAUARIR], {5 B a4 K 2 500 R SCAR Y
SRR A SCRF AN FE AR 1) J5 7 #84F insert A1 delete, /b
BEVE R update #:4E[59, 75]. HAR, Hig L

update #/E 1] LA H delete Al insert £ /B4 & 5281, (H
FEAESCBR L, dH A R AR X BRI 1 RE A R K5
M, JEHAE M P HATH update BEECE G Inn,
P AN delete AT insert [192H &4 VE S R
B, ERVEFERE Z I S, B, RERE
P SRR A A R SO B S ) G B 2
B PR NS N . B, SCER[59]K H
T ZIAF AN AT update B (AT RO AR B N
ZANRAR, X 2 AR AR, AP
IS A By Ak B H A — AN AR, SCER[75)38 T
Y5434 update A/ ACME— 2RI 1D, 245 £ M
M update #ERS, BT HEE ID BRI RAR R H
H i —> update RAE FRCR.

(5) PRZRET R RERL BE X G0 AN A2 J AR 2 45 (1) S
Sy [ o R B

EIF R 20 2R, KR EiE R
R8T U] SCRETH 18] 5 (R . SR, TEECSEM)
W E TAE R G, SBRAE R AR AR .
W, W ESCAR R T, SR BT OIS . LE T
FI AT R R, 7 g s 52 24T
P 2H R IR 7P B 2 X S S R P B A TR BV
FABRLRL RS VIRl G R G0 ), 38 R 2 AR
(R AE TR R T 7] 2 55 (R B AR 7 A1 SR B S B, =
HMARRFEPATHE Z WHAE, 2B EAT R
[41]. JE4FR, BEE KEGE. =IMERIRRE, SCiHh
IF) 2 R 2 490 0,0 T ) T KRS 1Y) 4 R AL P R [4,
88, 89]. {ERREILINE TAE RS, SCRefL b Xt
S EA R T W R P B A AR, =R
B ERURIRY ER[90]. 7E UL ik Rl TAE RGH,
HTZ 5 R SE 2, SUlx 20w
BAEMEEE RIS L, Hig FAERE 2 R &
UM SRV A PR R 28 B ME[91]. DMk, BRI
HCRTE R o [F) B 0GB . A G AL SR
BH, SCRPADRLEE ST S0 — B 4 SR e T SR
L A[76-80]. PRIk, WifAr T E S RER R EE X
IV R e B35 % A — AN B I FT T ).

(6) 7e43FIF £ 8% CPUIMIZ GPU 1A Z K insd Hy
[EE T RS

TESCIT P Rl g R i, R 00 1 R A DG4,
e R SVE R R FRAY. WA P R EA RS 2
sk i 5, 2 IR N 2R G0 A0 s i T R H P R 4
. BHAT, FRM OT HikHT AR HE R R &
ZRBESY O(HP). 7 $ skl ik 5% F A A B s 4
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AT FE R I TR RS AR A O(H)). R
B OT HIAMTHEMERER AWk, (ER 4K
5y OT SRR TS0 IRF 1) AR -8 4 17 5 ) KD
B 5 A B (P BCER R 3 o, AR g s R/ INBE 2
BN, b FE R I TR A R K DR,
W R FH 2 1% CPUIARIZ GPU 4 R K I ILA (1 1
) g BT, SR R A 7 B — D TR 2R (0
ML N, SCER[92)45 H T — AT GPU Bk by
[FITHRAESE, ZAELE T FF 2 F i ik CSCW T4k
RGHIVERE. SCER[93]IRH T —ANHHATIN OT Rk
St B (A B R . 1% R R R A T
N, N IR XS AR 7 5 R o R A o g
ZHATERIETERR, KRR T RAME &,

(7) HWEAHLELS OT Al CRDT ) SZ A B[] e
7R

FRAF LR, OT Hikiim K2 LB MR
UFH AU S [3, 4], OT Sikimi it i K Pkl 2
gt . 5 OT HykMLt, K4 CRDT &
REA R HRGEE, EANAT p2p (I F g
AU, SRT, 4aKE4r CRDT 5% R ARk K)
Bm B SRATAEERAERT B, BRI 2 (BB K [77].
R, ] 8 2 R X R BRI IR 3, IR A
A TR VI NG AFb 4 A R P S A [ g 9 A 1 AR
KRB FNEZ—. BT, M54 T4
L B8L], TR ER— DRI

(8) HRZRSCHFSLIN PRI gm i 1) = T SR 45 1T B

W& IR ST E R R, @i s f s
PUE B R g O R AR T B i, &
WK% Google Drive, P& T Google Docs, A4
BT RATAG A 18], 7 LS RS 1) S B )
N, MRESTE ERRSHHFER I FZH
PR AR R RSk R R s, filan, SCHER[67]142 H
T S R T R G s R 4% TR B 4
o7k, AT LASCRE S A R G ) 2 R 55 2 TR
SN E RS e A L SCER[941 R T ol 1
%A CAD RS FE T RRAE X $08 58 4 772
TR DUAE = Wit 5 187 & A5 sl
14 CAD R4t (B HrE] = dh e it

(9) K SIS iy [7] G 8 S50 7 FH 81 5 92 FH A s
ik

S Rl G R G (6 SELFE SO . BT
K AME 4 CAD iYL A Site 73T
PN R e e R o T ol EE e A L PIA L

FSE % CAD RS (B ) 4 SR AN Wi B, T A
TR E BB TSR [16-29, 94-104].

FE 5T 00 R BT BR 0 [5] 9 5 5 S8 A [
CAD #4ih, ANFERGHIXN FEILEM AR, AHM
(B ) e VR AR AE 22 e, 0 B HICR R 1) BRI
P EmEE[17, 191N EE Ko I T [l 4 4B [18,
2|2 IafFAEZE T, 4EEIE R 416, 19]5 =4EK
WA Gi[22, 23HF(EZ 5, = 4EMS KT 8d5[20] 5
=4k CAD SHREIEE R[OS/ £ % 5, =4t CAD
SR AR [95] 5 = 4EEFIE CAD BT i [29147
1E 72 5 [97].

PL Sun S A& MSCHR[18 M, KA T Z A
TR AR LR T 0] G BT Gt 6 v FH P 45 A ) o
R, K H P RAEAE R PAT SR R 2 i
A, TR A RCA ) 3 2 B, i A I AL
BT Rk R — AN RO,

LA Gao 5% N 2016 5= SCHR[191 9, K 2 WA Iy
%45 undofredo J7iEAHAE G, H 1A TALEIH )
I71) P A5 20 4 ) — B4 T 0

A Cheng %5 N 2016 = 3CHR[291 041, HRFEAHFE
CAD &4ttt u = an 4 HLHI[95, 96], X4 CAD
FAEEE R TR AT A 44, 3R — AP SCRE P[]
TAE 19 46 41 70 F 20 45 &5 4 (TES_Tree, topological
entity structure tree), 45 T =4ERFIE CAD HIHEAE
MR BRI 77 ¥ B — B 44 7 1

1) CAD HRGE RIS RS PR TAE 2 H AT 4
RN FH[27, 98-104].

PASCHR[99, 1009491, 4R 1 & Gt 2 M4 A
(system modeling operations) F H 4 & T Ay &
(neutral modeling commands), K3 £FF4) CAD &
Gt 2 18] () S A5 R A

PASCHER[27] 9 91, $2 HY T W [ 4 AiE 4K A6t &
(Collaborative Feature Dependent Graph) Al [F]4%4iE
#1E 513 (Collaborative Feature Operational List), >k
SRR Fh i 725 (Legacy) CAD £ 45 2 [8) SEIH 0 [F] T
P, FFHEAT RIG T A .

b 1 RS R TAEZ 4h, ib$E R4 CAD &
Gt b WA TAE SEESEOR. STIR[101] 700 1 i 7%
TG BRI ZE R, el T ETIEERE RN R
¥ CAD $ERS R TAETT k. SCHR[102]42 i f4h
S TCRILE T, BEE R DR TR, X ERER
PR TAE. SCHR[103, 104] M &F 5 451 (singular
feature) i@ i &, & T —F 3K 7H CAD R4
A AL e 5 b W IR AR J7 .
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Background

This paper provides a complete survey of real-time
collaborative editing algorithms supporting operation intention
consistency, which lays a solid foundation for us to develop
related algorithms. Real-time collaborative editing systems can
support natural and harmonious human to human interactions,
which are different from traditional distributed systems. A great
challenge of real-time collaborative editing systems is the
consistency maintenance, which has been a hot research point
in collaborative computing. Over nearly three decades, many
consistency maintenance algorithms have been proposed, such
as OT algorithms, AST and CRDT algorithms.

At first, most existing algorithms more focus on how to
achieve the result consistency. There are two strategies: one is
to design transformation functions capable of preserving
TP1/TP2; the other is to design generic control algorithms
capable of avoiding TP1/TP2. Past research has found that it is
relatively easy to construct a total ordering transformational
path to avoid TP2 by using control mechanisms.

Even if the result consistency can be achieved, the
consistency result may be contrary to users’ operation
intentions. Therefore, the consistency maintenance gradually
focuses on supporting operation intention consistency. Over
nearly three decades, how to maintain operation intention
consistency has been a challenging issue in real-time
collaborative editing systems.
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In this paper, a survey of real-time collaborative editing
algorithms supporting operation intention consistency is
presented. From the point of Lamport’s partial ordering
relations of events, the concepts and terminologies of causal
ordering relations, concurrent relations and partial concurrent
relations in real-time collaborative editing systems are
discussed and generalized. Specially, after analyzing the total
order hypothesis and priority in depth, the route map of
maintaining operation intention consistency is proposed
according to the classification of causality, convergence and
operation intention preservation. Meanwhile, the typical
algorithms are categorized into different classes according to
operation intention consistency. Then, the main principle, the
whole framework and the same representative collaborative
work scenario and sample are discussed in each class algorithm.
After comparing and analyzing these algorithms individually, a
conclusion is drawn. Some possible research directions in
future are given.
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