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Conflict-Free Replicated Data Types





Gambettola 
Italy

~30 ms at the speed of light
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Colorado
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Operational 
Transformation



Concurrent operations 
are commutative

All replicas converge to 
the same state



All replicas converge to 
the same state

Q



A CRDT for 
Text



Unique 
Identifiers
site id . sequence number



site id . sequence number

1.0
1.1
1.2

2.0
2.1

3.0
3.1



“ABC”
2 . 5

1 . 2  @  6

Insertions



“ABC”
2 . 5

1 . 2  @  6
Content



“ABC”
2 . 5

1 . 2  @  6
Content

Unique Id



“ABC”
2 . 5

1 . 2  @  6
Content

Unique Id

Location



“ABC”
2 . 5

1 . 2  @  6
Content

Unique Id

Location

Parent insertion id



“ABC”
2 . 5

1 . 2  @  6
Content

Unique Id

Location

Parent insertion id

Offset within parent insertion



1.0

Site 1

ABC

A B C
0.0 @ 0

1.0

Site 2

ABC

A B C
0.0 @ 0



1.0

Site 1

ABGHIC

A B C
0.0 @ 0

GHI
1.0 @ 2

1.1

1.0

Site 2

ABC

A B C
0.0 @ 0



1.0

Site 1

ABGHIC

A B C
0.0 @ 0

GHI
1.0 @ 2

1.1

1.0

Site 2

ADEFBC

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0



1.0

Site 1

ADEFBGHIC

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

1.0

Site 2

ADEFBGHIC

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1



1.0

Site 1

ADEFBGHIC

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

1.0

Site 2

ADJKLEFBGHIC

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

JKL
2.0 @ 1

3.0



1.0

Site 1

ADEFBGHICMNO

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

MNO
1.1 @ 3

id: 2.1

1.0

Site 2

ADJKLEFBGHIC

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

JKL
2.0 @ 1

3.0



1.0

Site 1

ADJKLEFBGHICMNO

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

JKL
2.0 @ 1

3.0

MNO
1.1 @ 3

id: 2.1

1.0

Site 2

ADJKLEFBGHIC

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

JKL
2.0 @ 1

3.0



1.0

Site 1

ADJKLEFBGHICMNO

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

JKL
2.0 @ 1

3.0

MNO
1.1 @ 3

id: 2.1

1.0

Site 2

ADJKLEFBGHICMNO

A B C
0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

JKL
2.0 @ 1

3.0

MNO
1.1 @ 3

id: 2.1



1.0
A B C

0.0 @ 0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 2

1.1

JKL
2.0 @ 1

3.0

MNO
1.1 @ 3

id: 2.1

1.0 @ 0

B
2.0 @ 0 1.0 @ 1

JKL
1.1 @ 0

A EF
1.0 @ 2

GHI
1.0 @ 2

C
1.1 @ 0

MNOD
3.0 @ 0

Fragment Sequence:



Dealing 
With Ties



ABC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 1

1.1

JKL
1.0 @ 1

3.0



ABC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 1

1.1

JKL
1.0 @ 1

3.0



AGHIBC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 1

1.1

JKL
1.0 @ 1

3.0



AGHIDEFBC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 1

1.1

JKL
1.0 @ 1

3.0



AGHIDEFJKLBC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 1

1.1

JKL
1.0 @ 1

3.0



AGHIDEFBC

ADEFBC

ADEFBC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

GHI
3.0



AGHIDEFBC

ADEFBC

ADEFBC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 1

3.0



AGHIDEFBC

ADEFBC

ADEFGHIBC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

GHI
1.0 @ 1

3.0



AGHIDEFBC

ADEFBC

AGHIDEFBC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

GHI
2.0 @ 0

3.0



Lamport 
Timestamps



A → B 
A happens before B

→



if: A → B 
then: C(A) < C(B)

→



Sending: 
clock += 1; 
let timestamp = clock; 
send(message, clock);

Receiving: 
let (message, timestamp) = receive(); 

clock = max(clock, timestamp) + 1;



AGHIDEFBC

ADEFBC

ADEFBC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

2

1

Lamport TimestampsGHI
1.0 @ 1

3.0



AGHIDEFBC

ADEFBC

AGHIDEFBC

ABC
0.0 @ 0

1.0

DEF
1.0 @ 1

2.0

2

1

Lamport TimestampsGHI
1.0 @ 1

3.0



Deletions



1.0 @ 0

HI
2.0 @ 0 2.0 @ 4

DEFG
1.1 @ 0

A
1.0 @ 1

JKL BC
3.0 @ 0

MNO



1.0 @ 0

HI
2.0 @ 0 2.0 @ 4

DEFG
1.1 @ 0

A
1.0 @ 1

JKL BC
3.0 @ 0

MNO



1.0 @ 0

HI
2.0 @ 0 2.0 @ 4

DEFG
1.1 @ 0

A
1.0 @ 1

JKL BC
3.0 @ 0

MNO

2.0 @ 1 1.0 @ 2
start end



1.0 @ 0

HI
2.0 @ 0 2.0 @ 4

DEFG
1.1 @ 0

A
1.0 @ 1

JKL BC
3.0 @ 0

MNOPQRS
1.2 @ 0

2.0 @ 1 1.0 @ 2
endstart



1.0 @ 0

HI
2.0 @ 0 2.0 @ 4

DEFG
1.1 @ 0

A
1.0 @ 1

JKL BC
3.0 @ 0

MNO

max sequence numbers in range
{ 1: 1, 2: 0, 3: 0 }



1.0 @ 0

HI
2.0 @ 0 2.0 @ 4

DEFG
1.1 @ 0

A
1.0 @ 1

JKL BC
3.0 @ 0

MNOPQRS
1.2 @ 0

max sequence numbers in range
{ 1: 1, 2: 0, 3: 0 }



1.0 @ 0

HI
2.0 @ 0 2.0 @ 4

EFG
1.1 @ 0

A JKL
3.0 @ 0

MNO
1.0 @ 1

B
1.0 @ 2

CD
2.0 @ 1

PQRS
1.2 @ 0

☠ ☠ ☠ ☠ ☠

Deleted fragments are “tombstoned”

2.1 2.1 2.1 2.1 2.1



Undo and 
Redo



Undo Count: 2Fragment

Deletion Deletion

Undo Count: 2Undo Count: 1



Undo Count: 2Fragment

Deletion Deletion

Undo Count: 2Undo Count: 1



Undo Count: 2Fragment

Deletion Deletion

Undo Count: 2Undo Count: 1



Undo Count: 2Fragment

Deletion Deletion

Undo Count: 2Undo Count: 1



Undo Count: 2Fragment

Deletion Deletion

Undo Count: 2Undo Count: 1



Efficiently 
Locating 
Fragments



1.0 @ 0

EF
1.1 @ 0

AB JKL
3.0 @ 0

MNO
2.0 @ 5

I
1.0 @ 2

C
2.0 @ 1

PQRS
1.2 @ 0

Insert “X” at 12

D
2.0 @ 0

2 0 2 3 4 2 3 0 1
GH
2.0 @ 3



1.0 @ 0

EF
1.1 @ 0

AB JKL
3.0 @ 0

MNO
2.0 @ 5

I
1.0 @ 2

C
2.0 @ 1

PQRS
1.2 @ 0

Insert “X” at 12

D
2.0 @ 0

2 0 2 3 4 2 3 0 1

0

GH
2.0 @ 3



1.0 @ 0

EF
1.1 @ 0

AB JKL
3.0 @ 0

MNO
2.0 @ 5

I
1.0 @ 2

C
2.0 @ 1

PQRS
1.2 @ 0

Insert “X” at 12

D
2.0 @ 0

2 0 2 3 4 2 3 0 1

2

GH
2.0 @ 3



1.0 @ 0

EF
1.1 @ 0

AB JKL
3.0 @ 0

MNO
2.0 @ 5

I
1.0 @ 2

C
2.0 @ 1

PQRS
1.2 @ 0

Insert “X” at 12

D
2.0 @ 0

2 0 2 3 4 2 3 0 1

2

GH
2.0 @ 3



1.0 @ 0

EF
1.1 @ 0

AB JKL
3.0 @ 0

MNO
2.0 @ 5

I
1.0 @ 2

C
2.0 @ 1

PQRS
1.2 @ 0

Insert “X” at 12

D
2.0 @ 0

2 0 2 3 4 2 3 0 1

4

GH
2.0 @ 3



1.0 @ 0

EF
1.1 @ 0

AB JKL
3.0 @ 0

MNO
2.0 @ 5

I
1.0 @ 2

C
2.0 @ 1

PQRS
1.2 @ 0

Insert “X” at 12

D
2.0 @ 0

2 0 2 3 4 2 3 0 1

7

GH
2.0 @ 3



1.0 @ 0

EF
1.1 @ 0

AB JKL
3.0 @ 0

MNO
2.0 @ 5

I
1.0 @ 2

C
2.0 @ 1

PQRS
1.2 @ 0

Insert “X” at 12

D
2.0 @ 0

2 0 2 3 4 2 3 0 1

11

GH
2.0 @ 3



1.0 @ 0

EF
1.1 @ 0

AB JKL
3.0 @ 0

MNO
2.0 @ 5

I
1.0 @ 2

C
2.0 @ 1

PQRS
1.2 @ 0

Local: Insert “X” at 12
Remote: Insert “X” at 2.0 @ 4

D
2.0 @ 0

2 0 2 3 4 3 0 1

11

2
GH
2.0 @ 3



Insert “X” at 12

1.0 @ 0

AB
2

D
2.0 @ 0

0
EF
2.0 @ 1

2
JKL
3.0 @ 0

3
PQRS

1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
1

0

2
GH
2.0 @ 3

44 9

17



Insert “X” at 12

1.0 @ 0

AB
2

D
2.0 @ 0

0
EF
2.0 @ 1

2
JKL
3.0 @ 0

3
PQRS

1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

170



Insert “X” at 12

1.0 @ 0

AB
2

D
2.0 @ 0

0
EF
2.0 @ 1

2
JKL
3.0 @ 0

3
PQRS

1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

174



Insert “X” at 12

1.0 @ 0

AB
2

D
2.0 @ 0

0
EF
2.0 @ 1

2
JKL
3.0 @ 0

3
PQRS

1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17 13

Insert “X” at 12

1.0 @ 0

AB
2

D
2.0 @ 0

0
EF
2.0 @ 1

2
JKL
3.0 @ 0

3
PQRS

1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

4



Insert “X” at 12

1.0 @ 0

AB
2

D
2.0 @ 0

0
EF
2.0 @ 1

2
JKL
3.0 @ 0

3
PQRS

1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

7



Insert “X” at 12

1.0 @ 0

AB
2

D
2.0 @ 0

0
EF
2.0 @ 1

2
JKL
3.0 @ 0

3
PQRS

1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

11



Insert “X” at 2.0 @ 4

1.0 @ 0

AB
2

D
2.0 @ 0

0
EF
2.0 @ 1

2
JKL
3.0 @ 0

3
PQRS

1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

11



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

? ? ? ? ? ? ? ??

? [8, 3] ?

?

Insert “X” at 2.0 @ 4Insert “X” at 2.0 @ 4

1.0 @ 0

AB
2

D
2.0 @ 0

0
EF
2.0 @ 1

2
JKL
3.0 @ 0

3
PQRS

1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

? ? ? ? ? ? ? ??

? ? ?

?

Insert “X” at 2.0 @ 4



Fragment Identifiers
Totally-Ordered



Fragment Identifiers

Dense

Totally-Ordered



Integers? 
1 < 2         ✔
1 < ? < 2   ✗



Floats? 
1.1 < 1.2                       ✔
10-308 < ? < 2 × 10-308   ✗



Strings 
A < B            ✔
A < AB < B   ✔



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

[1] [1,2] [2] [5] [8] [9] [11] [15][8,3]

[2] [8,3] [15]

[15]

Insert “X” at 2.0 @ 4



DEFGHI
2.0 @ 0



DEFGH
2.0 @ 0 2.0 @ 5

I

DEFGHI
2.0 @ 0



D
2.0 @ 0

EFGH
2.0 @ 1 2.0 @ 5

I

DEFGH
2.0 @ 0 2.0 @ 5

I

DEFGHI
2.0 @ 0



D
2.0 @ 0

EF
2.0 @ 1 2.0 @ 5

IGH
2.0 @ 3

D
2.0 @ 0

EFGH
2.0 @ 1 2.0 @ 5

I

DEFGH
2.0 @ 0 2.0 @ 5

I

DEFGHI
2.0 @ 0



Insertion Split Tree

1.0
@ 0

1.0
@ 2

1.1
@ 0

1.2
@ 0

2.0
@ 0

2.0
@ 1

3.0
@ 0

1.1
@ 0

2.0
@ 1

3.0
@ 0

3.0
@ 0

[1] [2] [9] [8] [1, 2] [2] [5][11]

2.0
@ 5

2.0
@ 3

[8, 3]



Insert “X” at 2.0 @ 4

1.0
@ 0

1.0
@ 2

1.1
@ 0

1.2
@ 0

2.0
@ 0

2.0
@ 1

3.0
@ 0

1.1
@ 0

2.0
@ 1

3.0
@ 0

3.0
@ 0

[1] [2] [9] [8] [1, 2] [2] [5][11]

2.0
@ 5

2.0
@ 3

[8, 3]



Insert “X” at 2.0 @ 4

1.0
@ 0

1.0
@ 2

1.1
@ 0

1.2
@ 0

2.0
@ 0

2.0
@ 1

3.0
@ 0

1.1
@ 0

2.0
@ 1

3.0
@ 0

3.0
@ 0

[1] [2] [9] [8] [1, 2] [2] [5][11]

2.0
@ 5

2.0
@ 3

[8, 3]



Insert “X” at 2.0 @ 4

1.0
@ 0

1.0
@ 2

1.1
@ 0

1.2
@ 0

2.0
@ 0

2.0
@ 1

3.0
@ 0

1.1
@ 0

2.0
@ 1

3.0
@ 0

3.0
@ 0

[1] [2] [9] [8] [1, 2] [2] [5][11]

2.0
@ 5

2.0
@ 3

[8, 3]



Insert “X” at 2.0 @ 4

1.0
@ 0

1.0
@ 2

1.1
@ 0

1.2
@ 0

2.0
@ 0

2.0
@ 1

3.0
@ 0

1.1
@ 0

2.0
@ 1

3.0
@ 0

3.0
@ 0

[1] [2] [9] [8] [1, 2] [2] [5][11]

2.0
@ 5

2.0
@ 3

[8, 3]



Insert “X” at [8, 3] @ 1

1.0
@ 0

1.0
@ 2

1.1
@ 0

1.2
@ 0

2.0
@ 0

2.0
@ 1

3.0
@ 0

1.1
@ 0

2.0
@ 1

3.0
@ 0

3.0
@ 0

[1] [2] [9] [8] [1, 2] [2] [5][11]

2.0
@ 5

2.0
@ 3

[8, 3]



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

[1] [1,2] [2] [5] [8] [9] [11] [15][8,3]

[2] [8,3] [15]

[15]

Insert “X” at [8, 3] @ 1



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

[1] [1,2] [2] [5] [8] [9] [11] [15][8,3]

[2] [8,3] [15]

[15]

Insert “X” at [8, 3] @ 1



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

[1] [1,2] [2] [5] [8] [9] [11] [15][8,3]

[2] [8,3] [15]

[15]

Insert “X” at [8, 3] @ 1



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

[1] [1,2] [2] [5] [8] [9] [11] [15][8,3]

[2] [8,3] [15]

[15]

Insert “X” at [8, 3] @ 1



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

[1] [1,2] [2] [5] [8] [9] [11] [15][8,3]

[2] [8,3] [15]

[15]

Insert “X” at [8, 3] @ 1



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
12

GH
2.0 @ 3

44 9

17

[1] [1,2] [2] [5] [8] [9] [11] [15][8,3]

[2] [8,3] [15]

[15]

Insert “X” at [8, 3] @ 1



1.0 @ 0

AB
2

D
2.0 @ 0

0

EF
2.0 @ 1

2

JKL
3.0 @ 0

3

PQRS
1.2 @ 0

4

1.1 @ 0

MNO
3

2.0 @ 5

I
0

1.0 @ 2

C
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enum Tree<T: Item> { 
    Resident(Arc<Node<T">>), 
    NonResident(NodeId), 
}
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