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Insertions













Parent insertion id




Parent insertion id

Offset within parent insertion




Site 1 Site 2

0.0@0 0.0@0
ABC ABC
1.0 1.0

ABC ABC



Site 1 Site 2

0.0@0 0.0@0
AB|C ABC
10L\\\ 1.0
1.0@2
GHI

1.1

ABGHIC ABC



Site 1 Site 2

0.0@0 0.0@O0

ABLC\ /A_|BC

1.0@2 1.0 @ 1

GHI DEF

1.1 2.0

ABGHIC ADEFBC



Site 2

0.0@O0

A8C
A

1.0 @ 1 1.0@2
DEF GHI
2.0 1.1

ADEFBGHIC

DEF GHI
ADEFBGHIC



Site 1 Site 2

0.0@0 0.0@0
ABg A

1.0@ 1 1.0@ 2 1.0@ 1 1.0@2
DEF GHI DIEF GHI
2.0 1.1 /20 1.1
20@1
JKL

ADEFBGHIC ADJKLEFBGHIC



Site 1 Site 2

0.0@0 0.0@0
ABg A

1.0@ 1 1.0@2 1.0@ 1 1.0@2
DEF GHIL DIE F GHI
2.0 1.1 /20 1.1
/ |
1.1@3 2.0@ 1
MN O JKL

id: 2.1 3.0

ADEFBGHICMNO ADJKLEFBGHIC



Site 1 Site 2

0.0@0 0.0@0
ABg A

1.0@ 1 1.0@2 1.0@ 1 1.0@2
DIE F GHIL DIE F GHI
/20 1.1 /20 1.1
| / |
2.0@ 1 1.1@3 2.0@ 1
JKL MN O JKL
3.0 id: 2.1 3.0

ADJKLEFBGHICMNO ADJKLEFBGHIC



Site 1 Site 2

Ad e
R A

1.0@ 1 1.0@2 1.0@ 1 1.0@2
DIE F GHIL DIE F GHIL
/20 1.1 /20 1.1
| / | /
2.0@ 1 1.1@3 2.0@ 1 1.1@3
JKL MN O JKL MN O
3.0 id: 2.1 3.0 id: 2.1

ADJKLEFBGHICMNO ADJKLEFBGHICMNO



0.0@0

1.0

1.0 @ 1

DIEF

-

2.0Q@ 1

JKL

3.0

MNO

id: 2.1

Fragment Sequence:

1.0 @ 0

2.0 @ 0

3.0 @ 0

1.0 @ 2

1.0 @ 1

1.1 @ 0

1.0 @ 2

1.1 @ ©

JKL

EF | B

GHI

MN O
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0.0@0

1.0

1.0@ 1

DEF

1.0Q@ 1

2.0

GHI

1.0Q@ 1

1.1

JKL

ABC

3.0




0.0@0

1.0

1.0@ 1

DEF

1.0Q@ 1

2.0

GHI

1.0Q@ 1

1.1

JKL

ABC

3.0




0.0@0

1.0

1.0@ 1

DEF

2.0

1.0Q@ 1

GHI

1.1

AGHIBC

1.0Q@ 1

JKL

3.0




0.0@0

ABC
1.0
DEF GHI

AGHIDEFBC

1.0Q@ 1

JKL

3.0




1.0@ 1

DEF

2.0

0.0@0

ABC
1.0
GHI JKL

AGHIDEFJKLBC




GHI

3.0

0.0@0

ADEFBC

ADEFBC

ABC
1.0

1.0Q@ 1

DEF

2.0




1.0Q@ 1

GHI

3.0

0.0@0

ABC
1.0

ADEFBC

ADEFBC

1.0Q@ 1

DEF

2.0




1.0Q@ 1

GHI

3.0

0.0@0

ABC
1.0

ADEFBC

ADEFGHIBC

1.0Q@ 1

DEF

2.0




2.0@0

GHI

3.0

0.0@0

ADEFBC

AGHIDEFBC

ABC
1.0

1.0Q@ 1

DEF

2.0
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A—-B
A happens before B



if: A - B
then: C(A) < C(B)




Sending:
clock += 1;

timestamp = clock;
send(message, clock);

Recelving:
(message, timestamp) = receive();
clock = max(clock, timestamp) + 1;



0.0@0

ABC
1.0

ADEFBC

1.0@ 1

GHI

1.0@ 1

DEF

2.0

Lamport Timestamps

/

3.0

ADEFBC




1.0@ 1

GHI

3.0

0.0@0

ABC

1.0

ADEFBC

1.0@ 1

DEF

2.0

Lamport Timestamps

/

AGHIDEFBC







1.0 @ 0

2.0 @ 0

3.0 @ 0

2.0 @ 4

1.1 @ ©

1.0 @ 1

DEFG

JKL

H 1

MN O

BC




1.0 @ 0

2.0 @ 0

3.0 @ 0

2.0 @ 4

1.1 @ 0

1.0 @ 1




1.0 @ 0

2.0 @ 0

2.0 @ 1

Start

3.0 @ 0

2.0 @ 4

1.1 @ 0

1.0 @ 1

1.0 @ 2

end



1.0 @ O

2.0 @ O

3.0 @ 0 1.2 @ 0 2.0 a 4

1.1 @ ©

1.0 @ 1

A IDEFG|JKL|PQRS]|HI MNO|BC
2.0 @ 1 1.0 @ 2

Start

end




1.0 @ 0

2.0 @ 0

3.0 @ 0

2.0 @ 4

1.1 @ ©

1.0 @ 1

A DEFG|/JKL|HI MNO|BC
{ 1: 1, 2: 0, 3: 0 }

max sequence numbers 1n range



1.0 @ O

2.0 @ O

3.0 @ 0 1.2 @ 0 2.0 a 4 1.1 90 (1.0 1

DEFG

JKLIPOQRSPRLI TMNO B C

\ //

{ 1:

1, 2: 0, 3: 0 }

max sequence numbers 1n range



Deleted fragments are “tombstoned”

1.0 @ 0

2.0 @ 0

2.0 @ 1

3.0 @ 0 1.2 @ 0 2.0 0 4

EFG

1.1 @ 0

1.0 @ 1

1.0 @ 2

JKL|PQRS PRI

- -~ 4
. a J
2
P

2.1

MN O

- ~4 N - 4
(A (A J
Phond Phons

2.1 2.1

p— 4
. -~ J
N
Pt

2.1

N ~ 4
\\“./

2.1

























2 © 2 3 4 2 3 0 1

AB | D EF | JKL | PQRS | GH | MNO g L C

1.0 @ © 2.0 @ 0 2.0 @1 3.0 @ 0 1.2 @ 0 2.0 @ 3 1.1 @ 0 2.0 @ 5 1.0 @ 2

Insert “X” at 12




2 © 2 3 4 2 3 0 1

AB | D EF | JKL | PQRS | GH | MNO g L C

1.0 @ © 2.0 @ 0 2.0 @1 3.0 @ 0 1.2 @ 0 2.0 @ 3 1.1 @ 0 2.0 @ 5 1.0 @ 2

Insert “X” at 12




o— N

2 © 2 3 4 2 3 © 1
AB | D EF | JKL | PQRS | GH | MNO g L C

Insert “X” at 12




o N\D

2 © 2 3 4 2 3 © 1
AB | D EF | JKL | PQRS | GH | MNO g L C

Insert “X” at 12




2 © 2 3 4 2 3 © 1
AB | D EF | JKL | PQRS | GH | MNO g L C

Insert “X” at 12




2 © 2 3 4 2 3 © 1
AB | D EF | JKL | PQRS | GH | MNO g L C

Insert “X” at 12




11

2 © 2 3 4 2 3 © 1
AB | D EF | JKL | PQRS | GH | MNO g L C

Insert “X” at 12




AB D EF | JKL

1.0 @ © 2.0 @ 0 2.0 @1 3.0 @ 0 2.0 @ 5 1.0 @ 2

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



3

JKL

3.0 @ 0

Insert “X” at 12



3

JKL

3.0 @ 0

Insert “X” at 12



4 17

GH

PQRS

JKL

EF

Insert “X” at 12



JKL

3.0 @ 0

Insert “X” at 12



3

JKL

3.0 @ 0

Insert “X” at 12



3

JKL

3.0 @ 0

Insert “X” at 12



Insert “X” at 2.0 @ 4



3

JKL

3.0 @ 0

Insert “X” at 2.0 @ 4



? ? ?
2 0 2
AB D EF
1.0 @ 0 2.0 @ 0 2.0 01

; ; é
JKL | PQRS || GH

? ? ?

3 0 1
MNO I C
1.1 9 0 2,005 | | 1.0 @ 2

Insert “X” at 2.0 @ 4




Fragment ldentifiers

Totally-Ordered
—o—0 00—



Fragment ldentifiers

Totally-Ordered

Dense



Integers?

1 <2 v
1<?7<2 X




Floats?

1.1 <1.2 v
10308 « ? <« 2 x 10-308 X




Strings
A<B v
A<AB<B v




[15]

=

i 17
[2] [8,3]
A 9

/

N\

(1] ||[1,2] [2]
2 0 2
AB D EF

[5] (8] [8,3]
3 4 2
JKL || PQRS || GH

[9] [11] || [15]
3 0 1
MNO | B C

Insert “X” at 2.0 @ 4




DEFGHI

2.0 @ 0




DEFGHI

2.09 0
DEFGH I
2.0 @ 0 2.0 @ 5




DEFGHI

2.0 @ 0
DEFGH I
2.0 @ 0 2.0 @ 5
D EFGH I
2.0 @ 0 2.0 @ 1 2.0 @ 5




DEFGHI

2.0 @ 0
DEFGH I
2.0 @ 0 2.0 @ 5
D EFGH I
2.0 @ 0 2.0 @ 1 2.0 @ 5
D EF GH I
2,090 2091 | 2.0@3 |2.0@5
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Insertion Split Tree
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S
N (S

O © 1
. LO)
™M (S -

1
2w |
N3 | T

—
®© ™M ™)
N (S o0

L
O v —
. (@
N (S L

—
© o N
N (S —

L
AN © g
. o0
— (S —
— © p—
° (@)
— (S L
O N 1
° (@
— (S —
O © —
. i
— (S —

Insert “X” at 2.0 @ 4
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Insert “X” at 2.0 @ 4
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Insert “X” at 2.0 @ 4
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O © 1
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Insert “X” at 2.0 @ 4



[5]

ONO)
™M (S

O —
. (@\
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Insert “X” at [8, 3| @ T



[15]

=

i 17
[2] [8,3]
A 9

/

N\

(1] ||[1,2] [2]
2 0 2
AB D EF

[5] (8] [8,3]
3 4 2
JKL || PQRS || GH

[9] [11] || [15]
3 0 1
MNO | B C

Insert “X” at (8, 3] @ 1




/

N\

(1] ||[1,2] [2]
2 0 2
AB D EF

[5] (8] [8,3]
3 4 2
JKL || PQRS || GH

[9] [11] || [15]
3 0 1
MNO | B C

Insert “X” at (8, 3] @ 1




[15]

] 17 [
5,51
9
(1] ||[1,2] [2] [5] [ 8] [8,3]
2 0 2 3 4 2
AB D EF JKL || PQRS || GH

[9] [11] || [15]
3 0 1
MNO | B C

Insert “X” at (8, 3] @ 1




(1] ||[1,2] [2]
2 0 2
AB D EF

17
8,31
9
5] 8] [ [8,3]
3 4 2
JKL || PQRS || GH

[9] [11] || [15]
3 0 1
MNO | B C

Insert “X” at (8, 3] @ 1




(1] ||[1,2] [2]
2 0 2
AB D EF

[8] [8,3]
4 2
PQRS || GH

[9] [11] || [15]
3 0 1
MNO | B C

Insert “X” at (8, 3] @ 1




(1] ||[1,2] [2]
2 0 2
AB D EF

JKL

3.0 @ 0

Insert “X” at (8, 3] @ 1

2.0 @ 3

[9] [11] || [15]
3 0 1
MNO | B C




(1] ||[1,2] [2]
2 0 2
AB D EF

[5] [8]
3 4
JKL || PQRS

[9] [11] || [15]
3 0 1
MNO | B C

Insert “X” at (8, 3] @ 1




|
. } 9 { T4
2 0 2 3 4 2 3 0 1
AB D EF JKL PQRS GH MNO I C
1.0 @ 0 2.0 @ 0 2.0 1 3.0 @ 0 1.2 @ 0 2.0 @ 3 1.1 @ 0 2.0 @ 5 1.0 @ 2

Insert “X” at 2.0 @ 4
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2.0 @ 3 3.1 @ 0 2.0 @ 4

|
. 9 { T4
NN | il N
2 0 2 3 4 2 3 0 1
AB D EF JKL PQRS GH MN O T C
1.0 @ 0 2.0@ 0 2.0 1 3.0 @ 0 1.2 @ 0 2.0 @ 3 1.1 3 0 2.0 @ 5 1.0 @ 2

Insert “X” at 2.0 @ 4
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enum Tree<T: Item> {
Resident(Arc<Node<T>>),
NonResident(NodeId),
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Site 1 Site 2

Timeline 1.5 Timeline 1.5
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Timeline 2.21



Site 1 Site 2

Timeline 1.5 Timeline 1.5
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Timeline 2.21



Site 1 Site 2

Timeline 1.5 Timeline 1.5
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Timeline 2.21



Site 1 Site 2

Timeline 1.5 Timeline 1.5
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https://github.com/atom/eon

