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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 editing systems adopt the fully-replicated architecture,

which brings the great challenge for consistency maintenance of the shared object. Consistency
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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 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, CCI
(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.
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J F) I S5 380 N 50 1) 3080 445 A v o B A R R0 45
FRARVEXT R R AL E G R T S B AR B —
ok IS T — B R 4

BT ERTHE  ZRG AR SCHR S0 g R R
K — S e g DF S BRI A

(1) 7 43 454 2 I — BOPE i B R HE 22, B
T — L PATE eI AR 1 B 1AL

(2) B XF FEAh 0 7 Bk T Al ROR 7 il ik 5
HE R R R A

(3) JE T (2) v A T BT A il ik 803 5 3L B3t
HE L 8 B A 2 T — SOk 1) 4 4 Bk

R R P A B R B B AN TR 8 O
[, 44 7 vk AN [ i FRICRAS 18] (5 2 H Ay Ik, ik



846 it (=2 Hl 2 it 2018 4F.
A AR RE S Bl b A i Ak A T A Em 2y (WL3CH 2. 2.1 39 Jr ik sE B8, 43 0 43 A =8
FeF bl X e = K — BRI A9 e, i 2 ik Mg e k.

R AR iR B — Bk o 3mSRk R o =
I PR AR Tk ik A (A e 4 Bk ] S i) S
il A K 28 B0, 23 3 LS 31405 1Y

3 BERBREZNHERMIDK

3.1 XF Sun WEERE -—HMMBEXEX
3.1.1 Sun f#RAE I —E

Sun & FHEAE 0 “ PUATOR " H R AR
T SR AE B BT R A SR
(1) $AEAE 7 Az i) PUAT F07E I8 72 0 5 B AT 2 A A )
AIERAT SR 5 (2) #8415 A5 I K #R A i 04T RIOCR
AT,

K 3 g —> session H1 3 Al g 77 Az B AE I
WCERAE R 7 5. SCRE R IR AR ZE Dl “abe”, #5 3l 177 AR
BRI OLA < sitel PAEM AR O =del (1),
O, =del(0) ;site2 PR AR M A EAME R O, = insert
(2,x),0; =del(0);site3 PR AHBENE N O, =
insert(1,y),0s =insert(2,2). >4 sitel fll site2 &3t
PR R IR AT S TR A IS sitel 19 SCRPIRZE N
“xzyc”,site2 By SCRY AR B H “yzxce”. B Sun By R
YER 2 3 Al )RS T xzyc” BUE 3 Al
AR T yzxe” HBFF A Sun 1Y #HAF B — k.

Sun Y3 Fp VR B — SR F 2 AR 1
S IX It Sun BB — SR B E BT . 5 2R
A HITET - Sun By B AE & & — b o A2 )5
KBRS BOE SR 2R Ty ik
HARRIEZ DA A SOEF 2 588 R )5
I P R B i — A — S5 R

sitel: “abc”
0,=del(1)

site3: “abc”
O,=insert(1,y)

site2: “abc”
O,=insert(2,x)

0,=del(0) O,=insert(2,z)

B3 3 A ul s AR RS o “abe” B W3 [) 49 8 5

3.1.2  Sun WA E BRI R BE
SCHF Sun 48 15 B — BOME Bk 32 EOR 1R

1A 3 A 7 ik v B TR ik O R T
— B PR,

(1) 2R M undo/redo Jf % 44 il SR , feff 550 ) )
JE T 43 A P AT R AR A T B A AT SR
RS GOT M TIBOT™ ), Bk AT 9 1 40 25 3R
WICHRE52 ], X %;&E’J%ﬁ%%;x{/ﬁ%%ﬁ@g&mm
VA AN L TPL A TP2. (H X KA A
Pt i R A Ak O — B R AR R M AR O
FEARMETEIE 5 — 2T L Y undo/redo I K #5
il e s I AN w5 AL T HL TR 22 51E SR A 22 T
EDS*«W]‘

(2) Bk " M 3 4 3 AT B AR e 4t (ROF AR )™
fe 4l 4 AT, SO R SOCT3/4, COT M
TIBOT2. 0" RTR T4 1 2605 %56 2 K7 ik
PRV 2 T A A AN T 4 TR 4 7 R A7 32 AR
AT S AU A 5 I 52 1 PP 51 AT B AR R AR
IR ARAE Y ) e BRAR AR ) 22 PP HE S 5 38— AT 4R AR
P Ja FRRAT . S5 1 TR AR L L X 2T Ik A 4
AR ] O AN B R OE — B AT R AR R T A
I RERAR I RAT U AN [ g 5 3 — Bk i 45
5 1 A e A0 0B B BT B0 R TP,
Ut o 330 A T 0 A R A R RICR B B 1 26T ik
S AR O 0T H A PP HEAT 4R A B 400 R AT
BRI 1 PR,

Bk 1 R TR R .
A R 1 4 1

B AR M R A O

B Y < AL B B R 0 S R AE Oregen

L O =1 JG St 2140 T 6 O SR E) H .

2. 3R B O W AERETE 3 O v -

34 O 161584 3 15 AL 45

48 1 4

Aok BB A ERAE O

Bt A Oreguen AT IR X Eo

L. P L 4% 98 18 A5 1R 1903 PR 3R A Orcquenc-

2. 485 Orques I B BN K Orvuen 5 HIF R HRAE TR

27 HEATHRAE R G 15 5] EOquen

3. AT EOuuent + 8 EO,uee S F] H 1.

TEA M3 E 4 B P, SOCT3 1 COT A9 4E 1 it
b TIBOT2. 0 1 SOCT4 faj 2. Ji & SOCT3 #0
COT M AMEENE O BAT )5 3L ZHEHE B Oreques = O.
i TIBOTZ2. 0 A1 SOCT4 A H#:AE O P47 )5 1E R
R X O 47 T FAL IR AL REIE 2 Oreques: T LA
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VAR O T T A I & AR X SO 7™ A= R 7E it
AR L i, TIBOT2. 0 #1 SOCT4 1y 4 f 2d
b SOCT3 A1 COT faj 5, Jt R FE AL #k il © &0
O T RFAE O Hi i IF A BAE W AT ROR . R 7E 2
Tl AN TG H I8 2P AE O Ja 19 I & e AEXF SCRy -
SErp 4y Jy ik JURAC R Jupiter RGN
Nice 24P f1 Google Wave/Docs(Z: WA SLH 3 7
JAFEQ@@). bk F G0 i 45 B[R]l 2 &6 5 o ik 55 4%
AHFE 2 PR [R) o 5 AT A b B AR J5 B P A 3% 3 o
55 2. ot Mk 45 s 10 57 4 )7 44 (O 22 kAT 45 4
SRR TR AR ) 25 3l A4 5. I () S i 3 il
55w AG G AR JT  EAT B AR S 40 I AT OF e B 4
J R BRAE A7 it 21 9 30 0 B0 45 4 b e, Jupiter &
G R 55 AN IR G SOR T 2D MRS 2 R A R
17 BIHERAE 25 [ T 55 38 K. Google Wave/Docs [ il 55
R H T 2k R A7 B AE L A5 R IF 45 L Jupiter &
4t /N, Nice RGP AR5 4 TP IE] b sSA R F T 4 bE
G ERAE 25 [RIJF A EE Jupiter RS M Google Wave/
Docs /). FIRBHE ISIE IR 55 25 AR 5 22 E A T HAE
Fedfe S P EOT BRI R S R A% g ke 2.
Xu Fl Sun 4 2016 4E & F 4 TPDS | —55 3¢
BRI T —F g OT & POT (Pattern-Based
O iZzB kR T HEH X 27 ik L s 4E
BEMN -2 5 ERTHEMEIE AR, POT ik

5 i Ui AN g S HEAT BRAE B A L T B B A T 2
FE DM AL S AT, POT AR A2 A 34 7 2 45 4R 1)
[E] 52 28 B2y OCND  H N Ry 3k AR i .
3.1.3  Sun MH#AE T 09 B[R] T AE 3 5 09 541
Xt He a3 B

o T EE I B B GR Sun (1 B4R BT A 5
B PAT R A AT 45 G 3 H BAR R R TAE
SRS 2 A SR BVRAE site2 BYPAT S W] AN
Sun B HEAE B — B0 09 R SR, ik siteID )L
INB R sitel <site2<Tsite3, H: it H NEVEH &,
S HICHERAS. 2 1 51 Sun AR A 4 i A
FVEAE site2 MY HAT 57 F]. 4% LRI BRAE site2 HRUR
SR 45 R xzye”  EE T 3 AL Sun 1Y
PR B 1 — B0 i R R OR h  xzy e

WA R GOT F1 TIBOT ™48 e I #51F 1) &
JT AT B G 5 R BT DR A A o B AR AF T R AR
PUAT B 7. 1 TIBOT2. 0, SOCT3/4 fl COT % 1
rh AR A e A 4 B 4 Py AT TR BUAT B AR A
AR AP A . Horp, TIBOT2. 0 #1 COT iy #21E
(R PHA T 65 A2 4 R A 1 32 O 4 L T SOCT'3 /4
RN B FRAT I AR B T 2 BEAR AR 19 B2 O 44 4t
T B AR B Y I R 4R A e B CGO(Continuous
Global Order) #4718 BE. |12 1 7 %0, Sun f% i Y
BEMRE T BN BRIEN RN RIF A E LR AN
“X”<“Z”<“y”<“c”.

£ 1 Sun WREEETHHBE LE site2 HHITRE

MR B BAEM 2T BEVEPAT B 12 H (R S
=SV BER 2T N 0, <0,
cor ETSVRMENREN0,<0,< 0,,04,04,0,,0,,0}

0, <0; <0, <0y

O =insert(1,x),0, = ,

4 TI=0 =2k 0,,0,,0, . TI=1
FRHE O, TI=2 772 0,0, 3T
TL#:AE W 27 [F GOT

O} =insert(2,y) ,

TIBOT O =insert(1,2)

0,.03.0%,05,0},05,
Oy =insert(1,x) ,

0,,07,0,,05.,0;.0,
O1=del(1),05=insert(1,y),
O =insert(1,2),0, =

TIBOT2.0 [d TIBOT

o,=d,
0% =insert(2,y) ,
O =insert(1,2)

0,,05,0%,0:,07,05 ,

(,); =insert(1,x),

o,=d, “xzyc”
();:z'nserﬂzsy) s

0,,0!,0,,0,,0,,0}

O =insert(1,2)

SOCT3 . ,
. T CGO, #EmM 42 F GOT O1=del(1),0;=insert(1,y),
SOCT4 O, =T ,05=1insert(1,2)
- \ , \ 0,,01,0;,0;,05,0]
CcOT PR G A Y SO AT AT O =del(1),05=insert(1,y) 0,,0,,05,0,,04 ,0,

BN 2R GOT

O =insert(1,2) .0, =

3.2 ZHLIMNBREEE—HENBEXE X
3.2.1 Li MHERE—3E

Li K P 2 TR 34 O B R RO 0GR BV A 0
GRG0 E e RN A EE 7 AT IR
BIFERAR i 2 A B & @ B ERUR L Rk
AE S LB AR B IR 0 — BOPE IR ST IE AR 45 2R

ST cHR[42-46 10 HiE . 45 A B 3 B 19 3

AU S AR O, O, Oy I #EST I BRAERUR
KR M "< y"<“b"<"x" < ", Y site3 j7E O
SR RSCR KR N a7 <" y”" <"2" <*x" <
oV IR L SRR R A — B A R AT o8
P AR )G A = ol RIS T yaxe " A A L
A R — Bk, LS N I ABIERCR KRR
Pl S x4y BB Y 58 # PEREAT T8 IE (A S8 2K
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L
&

fi sitelD) , i 75 #2 VE 8 & — EoME A H B0, JF HLAF
HHRME KR,
3.2.2 LimBAEE B R %

SCHE L B A B P — BOMk i 51 TR AR X
R RTFIT R SEB A S 2.2.2 49) , BT 43 3 2K
(1) M TE T 1) 4 A0 e 48 i A 5 (2D g 8 0L o) ) 45
VEHE 4 B AZ s (3) ALY Py s il 3¢ H L 4 A48 AE
Fe 5 HAERT BR824 7 5] H 7E)S .

551 280k RN K J& SDT Al SDTOH 4,
X ZET7 I R R Al TR A R R AR AE O 1L O
55 2% ol ;R HRAE 7 S AR A Y & S AT I IR AR AR
V1R Bt A5 P AN T — B 2% 3l s DA ) 1 SRS PR S B
J s W A A [R] B 45 A e 46 i A8 R AT #8244 0 PR R
7.0 T DR A ol ;OIS — Bk i 25 2R L 3 2R DT ¥
BV 4 R BRI 2 TP AN TP2. B4R SDT
A SDTO 75 BRI BT B 38 41 e i o 2006 2 TP1 A
TP2 AHAH & TP2 i puzzle” # CHRL54 145 . i
AR By R BT AR AR 2 P ) OT Sk, Hi
WA TTF 1 Randolph & AM°Y &0t [ s AL A
1 45 VR e 40 iR BCRT LA 2 TP1 A TP2.

55 2 O AR R LBTM 30 28 0y v 1
JRR T XA R AR e A, A 4 g D A
@. R JH BT 48 4 B 4 8% A2 1 I DR E 3R 42 7 1Y
OT JErp, 7B R — Bk, 75 B8O H R 1 5
e o8 BRI B 2 TPL Fn TP2. SR, BE T4 A #4E
W IT KB ET (Exclusive Transformation) p& %X
2 TP2 A5 R M. PRI o 76 42 i PR 4 A sl 2R
O Jy M BRAEAE N s & I B 4 th QT4 5
fe . B BRERAE I S v A7 i 0 2 AT R T R EBRAE
G AT EAERG 3 2R O NI A#RAE IR E B 4
QAT HAEFL A B O HEBR H K4 AE P 51 P, b iy
I R A O RIOR R FRES 7 SR E N S H R A
HWpkie PSR T OFE S FRIEMAIBATIER O,

B4 XUpm] A e e A
53 KI5 IR ABT L ABT 25
1A ad A I XA UE W RE 6 52 BLE I AR B 119 OT
A R ITTIE IR R T AR A I s i 5%

H=H,+H,, o HACKEAE 7 s bl B4 1
A7 W A7 it 1 45 AR A 7 51 o H AR SR AR T S v e
HRBRAE 0 AT IO A7 it 04 W B 45 4 7 910 4 2 AT
— A i B R AR S AR A A A 2SR AR
eE H 5 H, . fE#E S H v, H HESAE H,
TP i LR R B M) B 8 4 0 4 A4 AR 7 A Y 52
AEFRFERAEXT G0 H S AL B O &R B IR A o SR 8 —
MR AEEAE T ABT B3k a7 5%, W
B 2 R,

ik 2. ABT #H:.

7 3l 5 VR A

BN A H T A ERAE O

B P B B 0 S AR AE Oruest
O 7= A Ja L Z1 AT
¥ O 5 H A7 383 55 4545 5 O e ¥ HY.

H Ohrequent 171 25 A 3 1AL HE
W O NiTHARAE H= H, * Owgue *Hous WH O N
B . H=H, « H, - O.
AR 1 4R A
WA K BB S Orguens
B 1 2 Orequess FTHAITIE X EOrequen
Lo MR 45 DRSO R 09 3 B AR AE Orue - ¥ HL 532K
O et FFHRAE Hiy F15 Ovcquee IR M4 ASRAE ..
o 8 Oreque 5 Hi 4T IT 135 Olguest
A Ol 5 H AT IT 1350 O g
+ EOrequess = Orequest » AT EO cquest -
RO HIEARAE H =IT(H,; O ) » H=H, *
Olnes * His WM O M BRERAE . H=H, + Hy * O gucar.
Li i #/E = T 1Y By 6] AR 37 5% 00 5504010 %k
ke 73 b

ST BRI T R AR Lo AR R AR B A O Bk
AT A 25 A 3 th b R CAE S s
25 A MU B AR site2 B AT IE B0 D L (4 AR
BE S NSO, R 29T Li e R A
T 45 LA BILAE site2 AT S (W] £ B R AE L A
site2 FRUCEI—BOPE R 45 2R “yzxe”, BV Li i 4E 2 18
— S A N RSO Ry yzxe”.

H A SDTLBT #1 ABT A48 45 (9 $h A7 %
FEAH TR o B2 4% PR A5 AR 19 #22 O 44 22 1. SDT 1y
PRAE D s v 48 4R 0 HE BN | #4E  BE 46 i A S A
VER) AT BR A # AR TR). LBT B4 4 by s v 354 69 HE
GGy 45 T #EAE AT B8 AR, T LBT A 45 1F 5% 46 it
7 U] 2 AR A 4 SIS TR A Sl T OB ) PR AR R U R
TN R R A A5 1 4 B A2 25 TR VR I s v O A #R A
PIHEZIY 5 M3 36 ABRAE ) @ e i 42 P,
M P, SRGHE P+ P B AT BRE e . ABT

= w D =

wl = w [N

3. 2.

w
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] S 280 A« SR R AT T 1 — B Y S I b ) 2 O 0k A 849

4 B A 13 S P R A B HE S L P A 4R AR 1) B e B A A
[F] . #RI2  MEAF A AR AT P BT T ) B B A P 9 A I

ARy, 2% 2 B0 R Li A9 LS A5 5 T — Sk iy
?;%445X¢%E/\Jé?E@{jﬁ?‘é%“y”<“z”<ux”<“c’7‘

® 2 LiWRESETHRBERE site2 WHITRE

WRI B BEAEPAT B8 A2 H BAE R4 fR 12 S BEAEX 27 X R
0,,07,0;.,0;.05.,0]
SDT 01 =del(1),05=insert(0,y),

0,,01,0;,05,0;.0;  0:,01,05,05,05.,0]

Of =insert(1,2) ,0, =&

m}ﬂl;fﬁﬁ%f"ﬁ()z v()i 7()3 ’()/ﬁ v()t: v()/l
i A4 P, =01.0;.0].
Pi=0,.05,0;,07,0;,0]

.Ay”<“zw<“x”<“cw

“yZXC”

0} =del(1), O1=del(1),05=insert(0,y),
();:iz'z.\‘m‘z(()sy)y O =insert(1,2) .0, =&
LBT ;.
Og =insert(1,2),
O\=4d
ABT 0,.0,,04,07,0;,0]

O =del(3),0,=J

0,,0,.0,,07,0,,0,
0] =del(3),0, =

3.3 ¥ Shao HIRMEEE—HMENEXEZX
3.3.1 Shao M#AF Z K — 1k

Shao S N W ERAE LB IR WEAERCR P (ERO)
R — D EAE AT A6 E 2 #7./# ERO,
T AR A Sl SUERIAT S A% Sl R P R RO 2
T ORAF A E X R Z [ A AR [F] ) ERO, BP4E 47 1 4
VERZ B — B0t ST IE 8 i 25 5. 55PR I, Shao
FERVE RIETRD Li 40 R IR AR BT b AR ] R 2 45 VR X
G2 (B HT G 8 6 &Rl i dE P R E X R 2 R 2 )7
(A O F R LB A R Y — B

FETFICHRLA7-51 M. 256 B 3 s
S YKl SR BT S A 1RAE S L R 3 ul AR
ST “yzxe” A £F 4 Shao W4 /E & Bl — £, Shao
NG ABAERCR 73X Bl S, % 4 7 R 1 52 45
PEFEAT T8 IE O 58 2 MK sitelD) , i 15 8 4F & K
—HPEARTIRON, JF BAF A SR IE LR,
3.3.2 Shao MY#RAE R M AH CE 1

Shao 1) #EVE B 1A — B0k B 5 32 T R 4524 X
LN ATT I B O A S 2. 2.2 79). 78 ABT 51k
(5L af |, Shao % AW 21 T ABTS B3k, ABTS
¥ ABT AL FRR X G A5 e string, 7E#2
VERE 33k 8 th AT DL AL B string (1 55 B FH 2% BE 43 24
FNL. FE T ABTS, i fb R4 ABTSO ##2 -,
ABTSO H (48 4E WS #e B ERO HE /¥ fE484F 7 2
PR T S AV 1 B 1) S R B E] ABTSO A 2
TET AL B string AW BR B2 AVE I A SCFR string 4%
WK Z4FN T &, M2 ¥s string 09 B #8462 O T
[ P B MR R A S kb BE. iR THER) ABT,ABTS
A ABTSO &b B i1 Xf 42 A A4~ $4F i ABSTH
Wb BRI RO BT S R Ho M H 33 B8
ERO HEF7, [6] i — D #AE 7 5] T R A7 i A< o R
Rk WA ABRAE 5 T, F0 R % 35 109 W B3 8 1 v 471
T,. H T. % T, W45 514 ERO H/¥. 5 ABT.ABTS
A ABTSO # kb . ABST H3& 4 0 H 78 # 3h % %5

525 3 ) G 4 4000 36 F ABT #33% . Shao 45 APV
T Y oselective undo T EHY ABTU & i,
ABTU @ Wisext H, f1 H,#% 8 ERO HE /7, fifi 4b
P70 TR $ A A Bsf ) 42 2% B N CO'T A 95 550 20 W 51 &
o 15 (]
3.3.3  Shao M#AVER BT MY A T1E 35 5 0 5 61
Xif b 43 Hr

5 Sun FI Li 945/ BT 09 M8 505 N A
Shao i #AF & & H i ML 8 5 ABTS Fi ABTSO
(B VE R G AR I string, S T ¥ W7 Bl 3& Shao By #24E
HET AV E L HAT R X B A K 5 thig i E
TAES S R H] L 45 1 ABTS il ABTSO 7E site2 i
PATIEBLFN Shao F4: 1 2 1l — S0 i L FHROR .

sitel: “abc” site2: “abe” site3: “abce”

O,=insert(1, xxx) O,=insert(2, yyy)

) O,—del(1)

O,=nsert(2, zzz)

B 5 323§ string B4R B9 U R 40 4 7 57

5 g— session H 3 A uli g7 A 4R A RTHE
WeERAE /Y AR 3 5. SRS R IR 285 08 “abe”, & il 11
e RSO sitel P2 AR O, = insert (1, xxx) »
O, =insert(2,2zz) ;site2 ;=4 O, = insert (2, yyy) ;
site3 P24 O, =del(1). sitel P24 O, F1 O, I}, sitel
A ARAE P s H oA R B4 I O O, A
e SRR N R R 4 A RUCR T ) LB AR
site3 7R Oy I, site3 AR T 52 H, 3806 M BR
HAE L T Os 1 2 0] H B ol A% 15

F# 3% T Shao WE/E KT By ABTS Fa
ABTSO BIETE site2 AT 7 7). AR ABTS
I ABTSO [ 1 S04 B A2 A8 7] o #0245 IR 5 A
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L
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) H WO 5 R 1. ABT'S (4 #4617 58 vh 9 48 A 452
E 7 5] F1 63 45 4 7 570 415 J2 42 JECAR A R A7 ) HE
A1) M ABTSO B4 4E I s v 948 A #2AF 13 21 F0
BREEAE 7 50 e BRERAVE SR P HE D). 3% 3 %1t 1) Shao

) ABTS Fl ABTSO # 3k 15 28] 7 — 8tk 1y 45 1
“axzzzxxbyyyc”. BEX R S FF AL E LR 2" <
XL L L L LD <y <
“yT LRy,

% 3 Shao HIRERE TR BB E X site2 HHITRE

H

RS BRESRATHAR o m PR 4 A% S BAEX R 25X R
i d
. 0,.0,.0,,0}, 0} 0,.0,.0,,0;
ABTS Oy =del(4) 0::01.0, O =del(4) Oy =del(4)
o T i ity e
ABTSO 0,.0,,0,,05  0,,0,,0, 0} Ol,':_"_ 21183 ) XTIy <Ly <Ly <
O} —del(4) O = insert(8,yyy) O)=del(7) 2 "rIyy
O =del(T

4 b= EEREENERMIVK

4.1 GuiBREEE—H4

Gu % NMO S o 1T bk 2 1) e e Bk L
TG I TS 5B 3 R i S o 48 4 ] —
Ve A AR A LS B A I AT Y CCT
PR FE T OT AR, ik 2 ] % 40 A 2 % B A B
B AG , TJE 0T SORY IR S HEA T 3 4. 33X B 5 v AT DGR
UE Y T A 45 A A 45 0 s AT 85 RS 45 0l s ek
SERG T AE A A BRAE AT R 2 — B, S
TR E B RS T B 4

Fe T CHRL4,62-69 ] BT, 45 A B 3 s iy
Y s £ uli OERPNAT 58 Fir A 48R )5 4% IR Gu 8 A1
BRI, 25 & ol B B AT ST O a” <
YL BT <L < <L e B Y yzxe " A S Gu i
TN =NE Rkt € AL U i e S U e O S D )
B EASET U4, Gu 58 A5 A4 15 05 18] 14 I
X ARE S X P R S8 M HEAT T B IE CR %84
R sitelD) o (i 15 3 4F & & — B A B8, OF B
FFERAIE SOCR.
4.2 GuiBREEEMMEXEZE

Gu 58 N $2 19 AST 5535 19 B A P[] 3 5 4B
e T — A LAMER B S5 48 Doc,, A1 T 7 i it A #2

(] 1 ) J i R A A I ARDIR S L AT I AR AT )
B SCRPR S B S AR . WAL 3.

ik 3. AST &,
7 Hb 4R 1E 45 .

B Ul R AR A H AR O

it < A% 1 BB il A AR AR Orcquen

L OB R SE 23T s HAT BB S0 Doc O B9
FET9 3.

2. ARiC O B [V BUG VRN O reques 71 FE U 13 AL H6

RS L.

B A A HRENE AR AT Y O rguen

i th : SCRY Doc,

1. B8 B B A A I m R ERAE Orquent -

2. Doc, EIF] O equese 77 AR ZS T PAT Orcquese-

3. H4 Orcquea A6 F] Doc, Y O requess M ERAETS £

1WA SV.L1=SV.[j 141,

5. 4% Doc, [ F) M SV [ 109 SCRPRES.

5 OT B A E o 3 2855 5 10 f0 o5 02 8 il o 7%
fAi 5, kA T OT SRk If R # e Z W) &2 2 B A %
e FE. TR SR R B T TR AR A R
£ 7] LLSZHF selective undo Tfg. SbAk, X 7%
A PHAT 2805 3 5 R T S AT LA A S O (logND
N R FF5 g .

BT AST Bk, SCHRL63 1#2 ) T FF selective
undo FJ AST-Undo & ¥:. &% %5 A—A- 1T 5 ds
counter R JC S B FAF T A A B R B B AR
it counter {H R PR IE i & A7 75 s AT RLHE.

SCHRL64 J5EF AST Bk 2 7 —Fogr 2 45
4, H 32 K3 A & (Direct Causal Vector, DCV),
SRR B R OC R AT K LR, DCV B84 5 7 & H
Sty 55 R TR IS e A 1 DRI AN ARORSE T A R
30 A I TR L Y 3 25 B[R] 2

BT AST 83k, CERL65 82 ) 778 Web2. 0 Ff
B F AT XML 450 19 B2 4k S i T8 26 05 k. 5 1%
e W BT 7 A L 3% AT 4 A B R A i 07 [
SR R AT B BT A

SCHRL66 IXF AST Sk AT T ek . P R T —1
Ji B 2 58 Hydra, H T X F58 8l iz & 1 i U W 37 e
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S54G 1E 3 TN (0 R Im) g 58 3 5t L A 4R 7 AR
AW CRDT 845 & AR W) 1D 4 By & 4
VEXT G5 BeME— (9 42 77 1Dl 2ok ID H4 #24F X 5 e
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25 il i PN FRRCHIE 25 A v R A A R VR N 5 B AR R 1Y
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Oster 2 AT 3 4 i WOOT &4 — 4~ CRDT
SR AU ] 5 ER A B A7 AR AR AR X R LR
S A W B 1E M 5 & Pool. (ns,ng) (sitelD I
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A B ZE. & B RIBVETE site HRULE— B M)
G5 “yzxc”, B} CRDT (454 5 I — Zove iy iy &%
R yzxc”.
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7 Ve —SobE i o AR R A #E T Sun (4
VERE B seiz & 2y A shik B2
F— B R PER B R AT e
e R — B L BT AR RS
A5 45 B T — SO S FEBR. 9140, Li A 31 &
Pl —BobE 5| A W3R SORBAERBOR K & 5 Shao (1)

B R — B S AW BRE TR SO BRSO )T s Gu
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i i PRI .

K9 XHGUNERERE -—HMEMARELILL

TR AST AST-Undo AST-String Hydra
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Background

This paper provides a complete survey of real-time colla-
borative 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 interac-
tions, 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 consis-
tency 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.

In this paper, a survey of real-time collaborative editing
algorithms supporting operation intention consistency is presen-
ted. 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 classifica-
tion of causality, convergence and operation intention preser-
vation. Meanwhile, the typical algorithms are categorized
into different classes according to operation intention consis-
tency. 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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