
1,a)

u (u.key)

(u.value)

r match (p.key ∈ r)∧ (match(p.value) = true)

p Chord#

value

1.

2

Key-order preserving structured overlay network

KOPSON KOPSON

ALM

Pub/Sub

[2] [3]

ALM

CPU

ALM

1

Graduate School of Engineering, Osaka City University,
Japan

a) k-abe@osaka-cu.ac.jp
[1]

value

[min,max)

match

[min,max) match(value) = true

KOPSON 1 Chord#

Chord# finger table

value

match

value match value

match

match u

u value
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2

Chord#

SFB 3

4 5 6

7

2.

Chord#[4]

SFB

2.1 Chord#

Chord#

2.1.1

Chord#

successor

predecessor

successor

predecessor

successor predecessor

Chord# Chord[5]

finger table finger table

finger i finger finger[i]

finger[0] = successor finger

finger[i]

u

k u+k u−k

2.1.2 Finger Table

u x p y

y p

u.x ⇐ p → y

u finger[i] (i > 0) :

u.finger[i] ⇐ u.finger[i− 1] → finger[i− 1].

u.finger[i − 1] p

finger[i− 1] q u.finger[i] q

finger

getEnt

Tft u

N0

N1

N6

N4

[27, 36)
[36, 52)

[29, 36)

[45, 52)

target range [20, 54)

[20, 27)

[47, 52)

13 27 29 36 40 45 47Key

N0 N1 N2 N3 N4 N5 N6 N7 N8

52

N9

60

[52, 54)

10

[40, 45)

1 SFB

u.finger[1] Tft u.finger[2]

. . . q ∈ [u, p)

1

u finger[i]

u+2i

u finger table �log2 n�
n

Chord#

finger[i]

finger[i− 1]

Tft�log2 n�
finger table

Tft(�log2 n�2)

2.2 SFB

SFB(Split-Forward Broadcasting)[6] Skip Graph

Chord#

SFB 1 Chord#

Finger Table N0

[20, 50)

finger

N0 [20, 50) finger table

3.

3.1

u u.key u.value

key value

value

value V
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r match

(p.key ∈ r)∧ (match(p.value) = true)

p

SFB r

match

match

SFB

match

match

value

value

1 match

(reduce)

match

2 value

N0 [10, 13) 20 [13, 27)

23

value

match value

N0 key 20 50

value 30

30

30

N0 [13, 27) 20 30

[27, 36) [36, 50) 30

3.2 match reduce

match reduce

match(v)

value

true false

reduce(v1, v2) 2 V value 1 V

value

1

10 13 27 29 36 40 45 47 52

N0

N1

N6

N4

[27, 36) [36, 50)

[29, 36)

[40, 45)

target range [20, 50)

20 23 18 31 28 34 20 19 32Value

Key

34 32

34

32

32

31

31

34

20

20

23

28

19

20

23

18

N0 N1 N2 N3 N4 N5 N6 N7 N8

2

match reduce

match(v1) ∨match(v2) ⇒ match(reduce(v1, v2)). (1)

v1 v2 match

reduce

2 reduce

reduce(v) ≡ v

reduce(v1, . . . , vn) ≡ reduce(reduce(v1, . . . , vn−1),

vn) (n > 2)

3.3 Finger Table

Chord# finger[i]

value

finger[i]

Chord# finger[i] finger[i].node

finger[i].range value finger[i].value

[a, b)

a b

a b [a, a)

r = [a, b) rmin = a rmax = b

Chord# Finger Table 0

−1 u

u.finger[−1].node = u u.finger[−1].range =

[u, u.successor) u.finger[−1].value = u.value

Chord# u.finger[0].node = u.successor

3.4 successor predecessor

Chord#

Chord

[7]

DDLL[7]

DDLL (1) successor
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1 // i : l e v e l to update ( i >= 1)
2 u . updateFinger ( i ) {
3 p ← f i n g e r [ i −1] . node
4 ( node , range , va l ) ← p . getEnt ( i −1)
5 i f ( node = null ∨
6 node ∈ [ u , f i n g e r [ i −1] . node ] ) { // c i r c u l a t e d
7 truncate f i n g e r so that f i n g e r [ i −1] i s
8 the h ighe s t entry
9 } else {

10 f i n g e r [ i ] . node = node
11 }
12 f i n g e r [ i −1] . range = range
13 f i n g e r [ i −1] . va lue = val
14 }
15 u . getEnt ( i ) {
16 i f ( f i n g e r [ i ] does not e x i s t ) {
17 return (null , null , null )
18 }
19 va l ← f i n g e r [ −1 ] . va lue
20 j = 0
21 for ( ; j < i ; j++) {
22 va l ← reduce ( val , f i n g e r [ j ] . va lue )
23 }
24 range ← [ u , f i n g e r [ j −1] . rangemax )
25 return ( f i n g e r [ i ] . node , range , va l )
26 }

3 Finger Table 1

(2)predecessor successor

1 (3)

3.5 Finger Table 1

u u.finger[i] (i ≥ 0)

u.finger[i].node (i > 0) Chord# finger table

u.finger[i].node ⇐ u.finger[i− 1].node →
finger[i− 1].node.

(2)

u.finger[i].value u.finger[i].range

(i ≥ 0) null

u.finger[i].value ⇐ u.finger[i].node →
reduce(finger[−1].value, . . . ,

finger[i− 1].value)

(3)

u.finger[i].range ⇐ u.finger[i].node →
[key, finger[i− 1].rangemax).

(4)

3 u u.finger[i].node

u.finger[i − 1].value u.finger[i − 1].range

updateFinger(1) updateFin-

ger(2) updateFinger(3). . . up-

dateFinger(1) 3.8

finger[i].node Chord#

u u.finger[i].node = u+2i

4 N0, N1, . . . N0 N4

N0 N1 N2 N3 N4 N5 N6 N7 N8

N0

N1

N2

N4

finger[0]
.range

finger[1]
.range

finger[2]
.range

finger[-1]
.range

N3

finger[1].node
finger[0]
.node

finger[3].node

finger[0]
.range

finger[1]
.range

finger[2]
.range

finger[-1]
.range

finger[0]
.range

finger[1]
.range

finger[2]
.range

finger[-1]
.range

finger[0]
.range

finger[1]
.range

finger[-1]
.range

finger[0]
.range

finger[1]
.range

finger[-1]
.range

reduce

reduce

finger[2].node

4

finger[i].range

finger[i].range

N0 N0.finger[i].node

finger table

N0.finger[0].node = N0.successor = N1

N0 finger[0].value finger[0].range

3 4 N0.finger[0].value = reduce(N1.

finger[−1].value) = N1.value N0.finger[0].range =

[N1, N2) N0.finger[1].node = N2

N2 N3 finger[0].value finger[0].range

N0 finger[1].value finger[1].range

N0.finger[1].value = reduce(N2.finger[−1].

value, N2.finger[0].value) = reduce(N2.value, N3.value)

N0.finger[1].range = [N2, N4)

finger table

u finger table

u.finger[i].node = u+2i (5)

u.finger[i].value = reduce(u+2i .value, u+(2i+1).value,

. . . , u+(2i+1−1).value) (6)

u.finger[i].range = [u+2i , u+2i+1). (7)

u.finger[i].value u.finger[i].range

value

3.6

finger table

finger table 3.8.3

3.7

5

u condcast(r,

match) u
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1 // r : t a r g e t range in the form of [ min , max)
2 // match : p r ed i c a t e func t i on
3 u . condcast ( r , match ) {
4 // N: s e t o f ranges that does not conta in
5 // any matching node
6 N← {e.range | (e ∈ ∀u.finger) ∧ (e.range �= null) ∧
7 ¬match(e.value)}
8 // S : s e t o f ranges with in r that may conta in
9 // matching nodes

10 S ← r − N
11 // T: s p l i t each element in S by f i n g e r tab l e
12 // e n t r i e s
13 T← {split(s) | s ∈ S}
14 for t ∈ T {
15 p ← c l o s e s t p r e c ed i n g nod e ( tmin )
16 i f (p = u) {
17 i f (match (u . value ) ) {
18 // r e c e i v e the message ( send to app )
19 }
20 } else {
21 p . condcast ( t , match )
22 }
23 }
24 }
25
26 // s p l i t a range with f i n g e r [ ] . node .
27 // r e tu rns a s e t o f ranges .
28 u . s p l i t ( r ) {
29 R← ∅ // s e t o f ranges
30 E← a l l u . f i n g e r [ ] . node so r t ed by the order o f
31 c l o ckw i s e d i s t ance from u
32 for e ∈ E {
33 i f ( ( e . node ∈ r ) ∧ ( rmin �= e . node ) ) {
34 R ← R ∪ [ rmin , e . node )
35 r ← [ e . node , rmax )
36 }
37 }
38 }
39 R ← R ∪ r
40 return R
41 }
42
43 // f i nd the c l o s e s t node in f i n g e r [ ] . node .
44 // r e tu rns a po in t e r to a node
45 u . c l o s e s t p r e c ed i n g nod e (k ) {
46 p ← the most r ightward d i s t an t node from u in
47 {n | n ∈ finger[].node ∧ n ∈ [u.key, k]}
48 return p
49 }

5

condcast

r [min,max)

condcast N 6 u

finger match

S 10 r N

r

match

T 13 S

finger[].node

T

2 N0 condcast

6

match

match

V reduce match true

3.8 Finger Table

finger table 1 3.5

finger table

N0

target range [20, 54)

13 27 29 36 40 45 47Key

N0 N1 N2 N3 N4 N5 N6 N7 N8

52

N9

6010

34 293120 18

N={[10, 13), [13, 27), [52, 60)}

S={[27, 52)}

[27, 36) [36, 52)

T={[27, 36}, [36, 62)}

N2.condcast([27, 36), match)

N4.condcast([36, 52), match)

N0.condcast([20, 54), match) where match=(value >=30)

6 N0

u u

u value

finger table 2

finger table

finger table

• update

finger table

•
update p

( 1 )

( 2 ) finger table P

( 3 )

( 4 )

( 5 )

3.8.1

u u predesessor p

u p update last u

successor update r

u p update s update

s− r

δ u update

ρ 7

u update update

3
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update

(previous) update

update

last

r

last+P

r+M
s

M

α=0.5

P

δ

ρ

update F.T.

7 update

• (Timeout) u P +G update

G u

3.8.2

3.8.2

u u

M Normal δ ≥ M

p

u M

• (Normal) u update P −M

update

s = last + P

s = r +M

s = α(last + P ) + (1− α)(r +M) (8)

α 0 ≤ α ≤ 1

• (Delayed) u update P −M

P +G update

update

s = r +M

3.8.2

Mn

P

�M
P

n� (9)

3.8.5

9

finger table i n

2i < n ≤ 2i+1 n′ = 2i

F ′ 9 M
P n′ + 1 n′ F ′

δ 12 δ′

update δ

DEL FLOW THRES

δ > δ′ × DELTA MARGIN

DELTA MARGIN 1

DEL FLOW POSS

3.8.1 (Timeout) update

DEL FLOW THRES 1 δ

3.8.3

8 schedule(t, lambda)

t lambda

cancel(timer) cur-

rent time() random() 0 1

->

timer = schedule((2 +

random())×P, () -> u.update(true))

3.8.4

8

update 9

= 50 P = 30 M = 2

G = 5 α = 0.2 = 20

DEL FLOW THRES= 3 DEL FLOW POSS= 0.1

DELTA MARGIN= 1.2 9 = 4

N49

N0 N18 update

δ

177 N10 179

N48 189 N41

4 ρ = 28.9

δ = 2.3

8

3.8.5

δ
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1 l a s t = 0
2 updating = fa l se
3 t imer = null
4 d = [ ]
5 u . update ( new flow ) {
6 i f ( updating ) return
7 updating = true
8 i f ( t imer != null ) {
9 cance l ( t imer )

10 t imer = null
11 }
12 r = cur r ent t ime ( )
13 for ( i = 1 ; ; i++) {
14 updateFinger ( i )
15 break if c i r c u l a t e d
16 }
17 i f ( new flow ) { // s t a r t a new f low
18 s = 0
19 d = [ ]
20 } else i f ( l a s t = 0 ∨ l a s t + P < r + M) {
21 s = r + M // f i r s t time or delayed
22 d = [ ]
23 } else { // normal
24 s = α( l a s t + P) + (1 − α ) ( r + M)
25 de l t a = s − r
26 d . push ( de l t a )
27 }
28 i f ( s − cur r ent t ime ( ) > 0) {
29 s l e ep ( s − cur r ent t ime ( ) )
30 }
31 i f ( d e c r e a s e f l ow p (DEL FLOW THRES)
32 ∧ random () < DEL FLOW POSS) {
33 l a s t = 0 // de l e t e the f low
34 d = [ ]
35 } else {
36 l a s t = cur r ent t ime ( )
37 pr edece s so r . update ( fa l se )
38 }
39 // schedu le a t imer f o r timeout job
40 timer = schedu le (P + G + r − cur r ent t ime ( ) ,
41 ( ) −> u . on timeout ( ) )
42 updating = fa l se
43 }
44
45 u . on timeout ( ) {
46 i f ( d e c r e a s e f l ow p (1 ) ) {
47 // do not s t a r t a new f low f o r now
48 timer = schedu le (P + G , ( ) −> u . update ( true ) )
49 } else {
50 u . update ( true ) // s t a r t a new f low
51 }
52 }
53
54 u . d e c r e a s e f l ow p ( count ) {
55 i f ( de l t a . l ength ≥ count ) {
56 compute δ′
57 d l a s t s = d [ d . length−count : d . length −1]
58 return true i f ∀x > δ′×DELTA MARGIN
59 where x ∈ d l a s t s
60 }
61 return fa l se
62 }

8

8 last = 0

r = ρ − δ s = ρ 8

ρ = αP + (1−α)(ρ− δ+M)

α(P − ρ) + (1− α)(M − δ) = 0 (10)

F F update

ρF = δn

ρ =
δn

F
(11)

10

δ =
α(P −M) +M

α( n
F − 1) + 1

(12)

u f1 update

finger table 10

finger table u u+1, u+2, u+4, . . .

getEnt u+1, . . . , u+2m−1

9 update

finger table f1

u+2m f2 m ρ < 2mδ

m = �log2
ρ

δ
+ ε�

= �log2
n

F
+ ε�. (13)

value “ ” E

n F

u update

finger table finger table

m getEnt

ρ

u m getEnt

(log2 F )ρ

10 m

(2m − 2)δ

E

E ≈ (log2 F )ρ+ (2m − 2)δ (14)

value update

E/ρ

E

ρ
≈ log2 F + (2m − 2)

δ

ρ

≈ log2 F + (
n

F
− 2)

F

n

= log2 F − 2F

n
+ 1 (15)

F �M
P n� ≤ F ≤ n 15 F
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2m=8 (m=3)

f1 f2
update flow

u u+1 u+2 u+4 u+8 u+16

ρδ

f3 f4

GetEnt
(2m-2)δ

E

 (log2F)ρ

10

�100
�200
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�400
�500
�600

�0 �2000 �4000 �6000 �8000 �10000

Ti
m
e�
(s
ec
)

#�of�nodes

P=60
P=30

11

�0
�20
�40
�60
�80

�100
�120
�140
�160
�180

�0 �2000 �4000 �6000 �8000 �10000

#�
of

�
ge
te
nt

#�of�nodes

Chord#
Proposed(noopt)
Proposed(opt)

12 value getEnt

F = �M
P n�

E 14 11

P = {30, 60} M = 2 α = 0.2 F = �M
P n�

E

getEnt

getEnt

12 Chord# 2.1.2

3.9

P = 60 M = 2 α = 0.2 F = �M
P n� Chord#

(log2 n)
2

Chord#

3.9 getEnt

update

getEnt

update d[2m][m]

update

d[x + 1][y]=d[x][y] d[2m-1]

getEnt(i) d[0][i]

update finger table

i (i < m) getEnt

d

update

getEnt log2 n log2 n−m

4.

(1)

(3)

(4) (5)

Pub/Sub

(1) value

u u.c

C V:

u.value: u.c match(v) ≡ v > C reduce(v1, v2) ≡
max(v1, v2)

(2) 1 5.2

(3) u d

u.p d R

V: d u.value:

[u.p, u.p] match(v) ≡ (v ∩ R �= ∅) reduce(v1, v2) ≡
d v1 v2 d

(4)

{c0, . . . , cn−1} u

0

cx V:

n match(v) ≡ (v
bit∧ 2x) �= 0

reduce(v1, v2) ≡ v1
bit∨ v2

bit∧ bit∨

(5)
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1

1

V:

Bloom Filter[8] u.value: u

Bloom Filter match(v):

Bloom Filter v

true reduce(v1, v2) ≡ v1
bit∨ v2

(6) AND OR

u value {v1, . . . , vk}
u.value = {v1, . . . , vk} reduce

match v1, . . . , vk

AND OR

5.

5.1

match reduce

�log2 n�

5.2

/

1

match reduce 1

u value

u.c 1 R = [Rmin, Rmax] u.c

u

2

1:

• V: 1

• u.value = [u.c, u.c]

• match(v) ≡ (v ∩R �= ∅)
• reduce(v1, v2) ≡ merge(v1, v2) merge(v1, v2) 2

1 v1, v2 1

2:

• V: m m u.c +1

• u.value: v[u.c] = true false

v

• match(v): v[Rmin . . . Rmax] true

true false

• reduce(v1, v2): v1 v2

100 value 0 99

value w

10 100 10 value

0 100
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fic
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value�range�width�(%)

range
bitmap

13 1

w 10 finger table

13 w

= 1

2 finger table

value match=true

w

1 2

1 finger table .range

value

value 0 99 w

2

w%

13 2

key value

5.3

ALM

(1)

value key

(2)

ALM

(1)key value key

value

(2)

key value

(3)

value

(4)
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4
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value
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value

V
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