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User 1:

Hello!

Insert ¢ Alice’

— — =
—
e

between ‘Hello’ and ‘!’ S~

~

Hello Alice!

Insert ¢ Charlie’ -

between ‘Hello’ and ‘!’

h

Hello Al Ciharcliee!

User 2:

Hel

lo!

— =
-

Insert ¢ Charlie’
between ‘Hello’ and ‘!’

-

Hello C

harlie!

Tee->

Insert ¢ Alice’
between ‘Hello’ and ‘!’

~N

(

Hello Al C

iharcliee!

Figure 2: Two concurrent insertions at the same position are interleaved.
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Figure 3: Interleaving due to character positions taken from a dense identifier set, e.g. the rational numbers Q.
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User 1:

Hello!

Insert ¢ reader’
between ‘Hello’ and ¢!’ Tt~

h

Hello reader!

Insert ¢ dear’
between ‘Hello’ F---_

and ¢ reader!’ ~ o

-

Hello dear reader!

Insert ¢ Alice’ -
between ‘Hello’ and ‘!’

~

Hello dear Alice reader!

User 2:

Hello!

Insert ¢ Alice’
e between ‘Hello’ and ‘!’

’ h

Hello Alice!

~< Insert ¢ reader’
between ‘Hello’ and ‘!’

-

Hello Alice reader!

~ o Insert ¢ dear’
=== between ‘Hello’
and ¢ reader!’

h

Hello dear Alice reader!

Figure 4: The lesser interleaving anomaly that can occur with RGA.
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head [

(1) ‘Hello dear reader Alice!’
(2) ‘Hello dear Alice reader!’
(3) ‘Hello Alice dear reader!’

space

T4

space

73

space

72
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head [

(1) ‘Hello dear reader Alice!’
—2—Helto—dear—Aticereadert-

(3) ‘Hello Alice dear reader!’

space

T4

space

73

space

72

71
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buy milk

water plants

phone joe

move

phone joe

v

buy milk

water plants




List (sequence, array) CRDTs: WOOT, Treedoc, Logoot,
RGA, Causal Trees, LSEQ, ...

Replica A:

Replica B:

buy milk

. | water plants

phone joe

buy milk

.| water plants

phone joe

move

phone joe

move

~

buy milk

. | water plants

phone joe

~

buy milk

. | water plants




List (sequence, array) CRDTs: WOOT, Treedoc, Logoot,

RGA, Causal Trees, LSEQ, ...

Replica A:

Replica B:

buy milk

. | water plants

phone joe

buy milk

.| water plants

phone joe

move

phone joe

move

~

~

buy milk

. | water plants

phone joe

buy milk

network co

phone joe
. phone joe
/) ’ b .
, uy milk
g
- .| water plants
[ QE)
=]
g
E ..............................................

phone joe

phone joe

. | water plants

Emulating “move” as “delete-and-reinsert”:

concurrent moves of the same item
- duplication & & &

v

buy milk

. | water plants




Concurrent move of the same item to different
positions — what should happen?

1.| buymilk move 1.| phone joe
Replica A: 2. | water plants »[2.| buymilk
3.| phone joe 3. | water plants
1.| buy milk 1.| buy milk
«move
Replica B: 2. | water plants »|2.| phone joe
3.| phone joe 3. | water plants




Converge to one of the destination positions

(pick one arbitrarily but deterministically)

Replica A:

buy milk

water plants

phone joe

buy milk

move

phone joe

L move

water plants

phone joe

v

N\

buy milk

phone joe

water plants

buy milk

phone joe

mmunication

network co

v

v

buy milk

water plants

phone joe

water plants

buy milk

water plants




“pick one arbitrarily”
= last-writer wins register!

buy milk move phone joe phone joe
Replica A: water plants > buy milk A o > buy milk
1 9
phone joe water plants ," 8 water plants
...................................................................................................................................................... )E
1\ 8
v
buy milk buy milk - phone joe
. «move Y ‘g
Replica B water plants > phone joe > buy milk
phone joe water plants water plants

POSphone joe -= head of the list” \
== “head of the list”

y POSphone joe =
POS phone joe = " after buy milk”



List CRDT with move operation

POSphone joe = after buy milk”

\ \

need one register per list item need a stable way of referencing list positions

\ \

state = AWSet({ (v;, LWWRegister(p,)), Treedoc: path through binary tree
(v,, LWWRegister(p,)), Logoot: list of (integer, replicalD) pairs
.} RGA: s4vector

Causal Trees: logical timestamp
etc...

Composition of any list CRDT + AWSet +
LWWRegister = another CRDT & <)



Moving ranges of elements

Replica A:
° Bla|c|o]|n]|\n ° Blal|c|o|ln]|\n
\

. M|li|1l/|k]/\n " e s|loly m [ i|1|k]|\n

~ ‘ ——rt

insert delete
Replica B:

'\

° Bla|c|o]|n]|\n ° Bla|c|o]|n|\n move

g

° M|1i|1l|k]|\n e | (M| 1i]|1l]|ki|\n




Moving ranges of elements

Replica A:

° Bla|c|o|n|\n ° Bla|c|o|n]|\n

° S|o|y m||i|1]k]|\n "o S|o|y m|i|1l|k]|[\n
insert delete

Replica B:

g

o Bacon‘\Dmove o M|i|l]|k]/\n
° M| i|1]|k/|\n ) Bla|c|o]|n]|\n




Desired outcome

Replica A:
° Bla|c|o|n]|\n ° S|o|y m|i|1l|k]|\n
\
I (4
° S|o|y mi{|1|1]|k/|\n ‘\,Aéo Bla|c|o|n|\n
insert delete L é
XI ....... E ............................................................................................
I\ 8
Replica B: SN
| \ o
A 1 v B .
° Bla|c|o|n]|\n move Ly 2 | e S|o|y m|i|1l|k]|\n

v

° MI1i|1]|k]|\n ° Bla|c|o]|n]|\n




Actual outcome @ @ @

Replica A:
° M|i|1]|k/|\n
° Blal|lc|o|n]|\n
—x —>| ® Bla|c|o]|n]|\n
° S|o|y mi{4|1|1]Kk]|\n e
~ - —— ' : .g S o y m
insert delete é
........................................................................................................ B e
‘8
Replica B: Y
< move o8 o M| i|1l]k]|\n
) Blal|lc|o|ln]|\n | VE
' >| o Bla|c|o]|n]|\n
° M|i|1]|k]|\n
S|ol|y m

Fixing this: an open problem!
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Concurrent moves of same node

root
root Move A to be / N\
_ TN a child of B B C
Replica 1: A B C > I A 7 ?
VRN A !
a; az as VAR ! _5
a; a2 as ! '?ﬁ “é‘
o -
...................................................................................................................... ’\Eg
root Y & é
root Move A to be /N J S
. / | \ a child of C B C V
Replica 2: A B C 5 | S0 ?
/1N A
ayp a2 as /1IN
ay az ag




Concurrent moves of same node

Replica 1:

Replica 2:

root
root Move A to be /N
PN a child of B B C
A B > I . A ?
/ I'\ A | !
ay a2 as /1IN \ ’.5
a1 as as \ ,’ﬁ*é
\I O -
..................................................................................................................... ,ég
root K ‘e é
root Move A to be /N ! \ S
TN achidofC | B C oy
A B > I . A ?
/1IN A
ay a2 as /1 N\
ay a2 as

(a) root root (b)
VEERN 7/ \
B C B C
| I N/
A A A
/IN /1IN /1N
aiazazalabal || a1 a2 as
(c) root root (d)
/ N\ / N\
B C B C
I |
A A
VAR VAR
a; az as a; Gz asg

Fig. 1. Replica 1 moves A to be a child of B, while concurrently replica 2 moves the same node A to be a child of C. Boxes (a) to (d) show possible
outcomes after the replicas have communicated and merged their states.




Do ’l:ru' this at howe!
mkdir a
w\kulif' a/h

mv a afb
Dirac{orv’ bejv\s moved s om
omcestocr o f the destmation.



Do ‘EW, this at howe !

mkdir a
mko{ir ER / B

mv a afb
Diru:".orv’ me% Mo‘\lto( S Oom
GMC-&S’é‘o(" o f ‘Uaa ale.sf:{v\q{in.

'w\\l: evawme o {o &/L/a:

t““’“(-; 0‘ N"SJW\QM'L"



Moving A into B, and B into A

root Move B to be root
_ 7N a child of A |
Replical: | A B > A i
| 7N\ v
C B cC| i« §
\ ’ » =
....................................................................................................... \‘Il5§
I)\ E g
root - é
root Move A to be | oV S
. 7N a child of B B oy
Replica2: | A B u ' 7 ?
| A
C |
C




Moving A into B, and B into A

(@  root root (b)
root Move B to be root 7N\
7N a child of A | A B’
Replical: | A B > A —x | ? A /\ |
| 7N L 7N B C A
C B cC| + + § B C |
‘\ ,’ .;M_‘ 'g Cl
........................................................................................................ Vo QE
N EE
root - é (¢) root root (d)
root Move A to be | ! V8 | |
7N a child of B B oy A B
Replica2: | A B 7| ' ’? RN |
| A B C A
C | |
C C

Fig. 2. Initially, nodes A and B are siblings. Replica 1 moves B to be a child of A, while concurrently replica 2 moves A to be a child of B. Boxes
(a) to (d) show possible outcomes after the replicas have communicated and merged their states.



® 0 Backup and Sync

Can't sync 2 files:

Can't remove files with changes pending. Try again after sync is complete.

B Download Error - My Drive/experiment/folder-b

An unknown error occurred.

I Upload Error - /Users/martin/Google Drive/experiment/folder-a
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t=1 t=3 =6 L

S

\

Sa{’t /




Replica 1:
L=1 t-3 k=4 £=5
; mvyv

So\se /

meroe operatisn F mv
wncts i °f, | ofa |°fa ;0| s | A‘mi
4:iwes{4m‘> ocdor A S&fe/ - & !

RE,?(CCA 2:
L=2 k=6 E=7 L<=%
T \ 7
mvyv
of: \8 A | CTEET
- |

safe /

/N
b

SL] P "iu's oeera.%l'w (



Replca 1:

t=1| £=3 =64 £=5
mv 2
So\se /
mesae ofem{-.'m
UQ/V\CQS (.4\
€iweshm‘> ocd s
Rgf(cca 2:
L2 k=6 £E=7 £E=3
| 7
 lmy
Pﬁ. \B A °f!af;” Of'
‘ S—

safe v/

L=1 t-3 k=& L=5
mv &
A
o,»e:ﬁf. 'E“"Z
here




Replca 1:

L=1 -3 &=4 =5
mv
o0, s A B Ofr )

| So\{’Q /

merae ofem{-.'m

VeMCRS (a

‘:iweshmf ocdor

Rg?(cca 2:
L=2  £=6 £E=7 t=g
R
ofl 8 A *’ ?’

-(;:[ £=3

£=4 é.S'

{ op, l"?s

wmv AB{ Oﬁ.

[ op. | o waAe] ‘)Mo i

UV\AO wnl A 8

Loe (o |

op,

P2

co ez )Y %P2 S| 0P
[ op |

wdo of3 £=2

B . ) o o3

| op | op. | op3
redo “wv A 8"
[ op | of: [P gw,«s; o0
= L=2 4£=3 {=4¢ ¢t=5

°f3 W"'Bl Ops {




2.0

1.0

0.0

0.10

0.00

Time to apply remote operation (ms)

0 100 200 300 400

Time to apply local operation (ms)

500

600

0 100 200 300 400
Move operations per second

I

500

600
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W\&séamr ‘EIW\L, <

6[0&([1 Uwaqu <
‘1€ 2.3. LAM
‘Oor{' %\w\
estonp)

Node 1D
A e S S
Node 1D c_l..‘LI" e oy flename wiﬁ:
ol ; subtcee. Lo . Ce
ey woved K



S‘:(uoe Noxle. OF %

‘r\mzséa.m‘; ‘EWAL b= gw um‘c1e <e.a§. va\por{' jo'weséa..«(:>

Node 1D PW‘E e desbination -e wrove
Metadata — weta; o @9 flemame wibhin prent dicecton
Node D c.kil.l,' «—— Subtcee LQJLV\? woved

1

st ruck L_og é wéh1 g
TTMQ.$£MP (-"Mel Q-Mw\ @«L moue oferk‘l‘:ow‘
Option < Node (DS old ?o.rw{:; } QAMF%‘? if elild was P“e\luou51/7
Option KMetadatad old Meta wot it tree
NOAQ'D new Pﬂl'eu{
Metadata new Metq -

/ {:‘O‘M %L-ﬂ- wiove o(‘U’M{“'O‘V\
Node 10 child;



Tree is sek of (porent, meta, """'u) Lriples.

ancestor (o«' L) — (g.w\ (os' m, B) E éreg) OR
(Bc:,w. (G,M,C) € tree AND omcestor (c | lo))



Tree is sek oﬁ (f“'”“"e; meta, ""'.'u) ‘é"‘(’les'

ancestor (o«' L) — (g.m (os' m, B) E érQ) OR
(Bc:,w. (G,M,C) € tree AND omcestor (c | lo))

do Move (w\we, Ereg) =
i'g amcestor (Move. i ok , wove. Far@w&)

OR wowve.child = momslv..f"“‘emé
thew do V\O'EL-\.\AS

else (:ree'f-'- i(f,wx,c) e tree ‘ c = move.d-.i(dg
U § (move-parent, move ek, move child)f



ﬂ\uMS:

- eNery tcee mode bas a weigque. foro,wé_
\/F‘/ F": M,, M, <. (fn, w,, C)é'b‘ee A GL’Mz’C> & fceo =9 f)'cf’?- A=,

— the tree ntoing no c‘lc.les

Ja. ancestor (4, )
- s a CRDT

qe?[vIOF.S GfsJ p— Qﬂ7(7 Of_s érs') }? ofﬂ Is a fQJ‘Mu‘E«:{{m 0? oFsz
1e. q&;flj\v\p) qum‘kmS s C,oww\\ka:é’i\le
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~ Qe.olucﬁmo) metadatn overirad

qu»;,},ﬁ CRDOTs wore e.@\'demé



C §eaat), (eA)

M L | ( k;m (06,A, "), (03,A,"C),

l '
02 04 06 0% 08 01

(038,A."") (0a, &, "!")g
/?KJL?
'H.\rousk a é”'QQ... 1€ Llil’CS L-‘““.’/ Uu.;Coo‘Q CL\N"QC{QI'.‘

a forr dozam bytes? 3¢ bykes hex? | bt



Ink & Switch
h'(:(f)s /4 siﬂau‘o.c.ow/ auéome.rse_ / aubovuer%e.



Compressing CRDT metadata in Automerge

Benchmark data: keystroke-by-keystroke editing trace of a text file (LaTeX source of
a research paper) containing 182,315 single-character insertions, 77,463 single-

character deletions, and 102,049 cursor movements.

Full document history,
JSON format

Full document history,
custom binary format

Document history with
cursor movements omitted

CRDT document with
editing history omitted

CRDT document with
tombstones removed

Baseline: plain text with
no CRDT metadata

File size
146,406,415 bytes

695,298 bytes

570,992 bytes

228,153 bytes

154,418 bytes

104,852 bytes

File size (gzipped)
6,132,895 bytes

) 211 x
302,067 bytes
) 22%
214,889 bytes
) 150%
114,821 bytes
o)
63,249 bytes ) 48%
o)
27,569 bytes ) 48%



EFFICIENTLY SToRING EDIT HISTORY

— Store se€ o.P all wmserbion oferacéious
(l{? char is deleted, marl & as SUCL)

— E-QCL\ onf' OL‘HU'V\ LAS ID Laom?or‘l’ ‘é;W\eS‘eQMP
(poir of comker and wode 1D /“acker o)

— Each wsertion re.-Fer?Mces 10 oe 9r€—0'e.aess<>r
(e i RGA)

- g‘éore— OPQ-" a“:;ﬂs (A o(ochew(' bra(Qr
(Tle obeve is {-‘or foxck, bt i usi(~1 szuem(iszs t 350N ﬁms}



COLUMNAR ENCODING (s;weti,l’;eo()

opesrahon 1D rv,guwce elewent 10,  inserted character delefed b D
f A N | ——— N | T ee— /—'\A'L.e_-\
L:ouw&o.r actor couwbu\ actor L'—"gﬂ- UTFE-3 \ covnter| actor
l A - \ — 1 uHh _ .
2 A ! A | 1 "e." - —_—
3 A 2 A 1 | |
4 _,,,A 3 A 1 J " L“ _ _
S \ A 4 A 1 { " 2 5
6 LA | s |al 1 [ T 7C




COLUMNAR ENCODING (s;wetz,(’;eo()

m%grwcc elewent 10 userted ckmc"e_r delefed L., of'D

opesation 1D
Pl [owstyoren) el U b
l A - \ — 1 H" — | —
2 A | Al 1 " — | =
2 A2 Al e -
¢ | A LS Al ["C T =
S | A ¢ Al 1 [ 3 e
6 | A S 1A 1 { o' | - | =7

—1,2,3, 4,5, 6
dz({'q—u\cw(e € |, 1,1, ), 0,
rm-length encode o (5 )
LEBI28 emcodes Huis in ZLV‘}QS



COLUMNAR ENCODING (s;weta,l’;eo()
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Text editing CRDTs:

Logoot: Stéphane Weiss, Pascal Urso, and Pascal Molli: “Logoot: A Scalable
Optimistic Replication Algorithm for Collaborative Editing on P2P
Networks,” ICDCS 2009.

LSEQ: Brice Nédelec, Pascal Molli, Achour Mostefaoui, and Emmanuel
Desmontils: “LSEQ: an Adaptive Structure for Sequences in Distributed
Collaborative Editing,” DocEng 2013.

RGA: Hyun-Gul Roh, Myeongjae Jeon, Jin-Soo Kim, and Joonwon Lee:
“Replicated abstract data types: Building blocks for collaborative
applications,” Journal of Parallel and Distributed Computing, 71(3):354-368,
2011.

Treedoc: Nuno Preguica, Joan Manuel Marques, Marc Shapiro, and Mihai Letia: “A
Commutative Replicated Data Type for Cooperative Editing,” ICDCS 2009.

WOOT: Gérald Oster, Pascal Urso, Pascal Molli, and Abdessamad Imine: “Data
consistency for P2P collaborative editing,” CSCW 2006.

Agsrong: Hagit Attiya, Sebastian Burckhardt, Alexey Gotsman, Adam Morrison,
Hongseok Yang, and Marek Zawirski: “Specification and Complexity of
Collaborative Text Editing,” PODC 2016.



More details in these related publications:

Interleaving anomaly: Martin Kleppmann, Victor B. F. Gomes, Dominic P. Mulligan,
and Alastair R. Beresford: “Interleaving anomalies in collaborative text editors”.

PalPoC 2019.

Proof of no interleaving in RGA: Martin Kleppmann, Victor B F Gomes, Dominic P
Mulligan, and Alastair R Beresford: “OpSets: Sequential Specifications for
Replicated Datatypes,” https:/ /arxiv.org/abs/1805.04263, May 2018.

Moving list items: Martin Kleppmann: “Moving Elements in List CRDTs”. PaPoC 2020.

Move operation in CRDT trees: Martin Kleppmann, Dominic P. Mulligan, Victor B. E.
Gomes, and Alastair R. Beresford: “A highly-available move operation for
replicated trees and distributed filesystems”. Preprint,
https:/ /martin.kleppmann.com/papers/ move-op.pdf

Reducing metadata overhead: Martin Kleppmann: “Experiment: columnar data
encoding for Automerge”, 2019. https:/ / github.com /automerge / automerge-
perf/blob/master/columnar/README.md

Local-first software: Martin Kleppmann, Adam Wiggins, Peter van Hardenberg, and
Mark McGranaghan: “Local-first software: You own your data, in spite of the
cloud”. Onward! 2019. https:/ /www.inkandswitch.com /local-first.ntml



Thanks!

Martin’s email: mk428@cl.cam.ac.uk

Martin on Twitter: https://twitter.com/martinkl

Martin’s book: https://dataintensive.net/

CRDT resources: https://crdt.tech/

Automerge: https://github.com/automerge/automerge

Thank you to these organisations for supporting this work!
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