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Distributed Arrays: A P2P Data Structure
for Efficient Logical Arrays

Da1suke Fukuchr, ! CHRISTIAN SOMMER, ! Yuichr Serf!
and SHINICHI HONIDENT2 11

Distributed hash tables (DHT) are used for data management in peer-to-peer
(P2P) environments. However, since most hash functions ignore relations be-
tween items, DHTs are not efficient for operations on related items. In this
paper, we modify the DHT into a distributed array that enables efficient opera-
tions on multiple logical arrays simultaneously. First, array elements are placed
in an overlay network according to an easy rule by reversing the binary bit order
of their indices. Next, we devise algorithms for sequential access, range access,
and searching of a sorted array according to the placement in the overlay net-
work in ideal environments. We then tune the overlay topology to adapt it to

realistic environments. As a result, the number of messages required for the
operations can be greatly reduced in compared to DHTs. We demonstrate this
theoretically and experimentally.
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Fig.1 Combination of P2P data structures.
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Fig.2 Structure of DHT.

e 00O IDOOOODODOODOOODOOOODOOOCODOOODOOODOOOODOOODO
0000000000000 O(logn)D0DU0OOUOOODOUDOOOODOO O(logn)
goboooooboooboooooboooo
DHTOUOOO P2POO0O00OOO0OOOO (key, value) D00 IDOOO0Okey 00O

gobooooobooooooobooooobooboo

DHTOOOOOkeyOOOOOOOO0O0O0OOOOOOOOOOOOOODOOOOOO

gooobooooooboooboooooooooobooooobooobbooooooo IDbOO

gobooooboooooooooooooboooobooooo

00000000000 000000000000 [z,y]D000000D0D0O0 200y
gobooobooobooooboooo

000000 000000000000 [zy]0D0000O0DO00O0 200 y0OODOO
IDOOOOOOOOO

uoboodooo oooooboooooooobooobooOobocbOoOoOoOCoOOOoOoobObooo
gooooboobooooooobooooooboo0ooooobooooobooOoooon
gooooooboooooooobooooobobooboOooooooOoboboOoooooon
00000ooo0o0oooog Alooom
000oo0oo0o0o0ooooooooooooooooooooooooOooOO0O00b00On0 ID

0000000 0oo00o0oU IDOU000D0U0wOODOOO0O0OOO O(wlogn) OO

gooobooooooooooboooobooooooOoooooooboooOoooobooobooOobOobo

gobooooooooboooobooooboooboobooooboooboooooDooboo

P2PpO0ODOOOOCOOOO0O0O0OOOOOCOOOOO0OO0OOOODODODOOCOODBODOO

00o0oooooog Vol 50 No. 2 721-736 (Feb. 2009)

000000000000 0000000000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000000000000
00000000000000000000 200000000000 P2POOOOO
000000000000000000000000000 DHTOOOOO0O000O000
0000000000000000

000 P2PO0OODOOOOOOOY?Y 0000 10000000000000000
0000000000000000000000000000000000000000O0
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000O0
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000000
DHTOOOOOOOOO0O0ODOOOOY?0000000000000000000000
000000000000000000 DHTOO0O0O0O0000000000000000
000000000000000000000 P2PO0O0OOOOOOOOOOOOO0
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000PHTY 000000O0000O0000O000O00O00O00O0
00000000000000000000000000000000000000000
001000000000 DHTO (key, value) 100 000000000000000O
00oO0o00O0000
P2POO00O0OCODOOOOOOOOOOOP2POOODOOODOOO IVY? O sub-
network 0000 000O0D0OOIVYOODODODOOOOOOOOO DHTOOOO
OOsub-network 00 000000000000000O0000O0O00O0O0OOOOOOO
000 DHTOOOOOOOOOODODADOOOOOOOOOODOOODOOOOOOOD

(© 2009 Information Processing Society of Japan



724 0000O0OOO0OOOOCOOOOOOO P2POOOOO

3. O g

DHTOOOOOOOOODADOOOOOODOOODODOOOOOOOOOOOODOOO
DHTOOOO0O0IDOOO0O000000000000000O000O0O0O0O0O0O00 2000
00000000000 SHA1OOOOOOoOoooooooooooooooooooo
gbobooooobodooooooboooboooooboooboooboobooooOoboooooDo
oooIbooOooooOooooo0oooooooOooooOoOoooooObOboboOoOoooooDon
030DbA0O0O0O0OODOO0O0ODODOOO0OOOOO0ODOOOO0OOOOOOOODOOOO
oooooooooooooooooooooooooOOOOOObObObOb0O P2POO
goboooooooobo
3.1 OOOOO0Ooo
000oo0o00oo0o0o0o0oo0o0o0ooooooooooooooooo p2PpOO0O0OOO
000 Cherd?™® D0O0ODOODOOOOODOOOOODOOOOOOOOOOOOOODN
gobooooboooooooboooooboboo
3.1.1 ChordJOJOOOO0O0OO
Chord OOOO0OOOOOOOODOCOO P2PO0OOOOOOCOODODOOODODOOOO
ooo
e OO IDOO [O,Qb)DDDDDQb—IDDDDD oooooooooodddez >y0d
000ID00000 [#,y9]0 [#,2°) U0,y 00002 >2°0000ID 20 x mod 2°
000000 IDo000000000000000000000d(z,y) 0 200 ¥y
goboooooboooo 100 40

e JI0IOOOODODOOOCOOO IDOOODODOOOOOID:zOO0O0D0C0O0O0O0O0O0 =
000000000 ID20000020000000000 successor(x)JzO0O0
00000000 predecessor(z) DO OO

e U000 IDODODOD [z,successor(x + 1)) 000000
e 00 z 0O predecessor(x) O successor(x + 1) 0000000000
e OO 20O Successor(m+2k)Dk<bDDDDDDDDDDDDDDDDDDDDDD

000000000 20 finger 000020000000 fingerOODOOO 20 finger

x1 000000000 Chord 000000DDDDOO0O0OODDOD 2000000 (predecessor(x),x] O
000000000000000 Chord U ID y O successor 000000000000 OOOO0ODOOO
000 yOOoOoOO0OO00000O0O0O000000O0OCO0O0O0O0O0O0O0O00000O0O0O0O0O0O0O0O0O0COOO0O0

00o0oooooog Vol 50 No. 2 721-736 (Feb. 2009)

DA

Logical array unit
- Efficient array operations

New function
- Good element placement

(Tuned) P2P array network
- ID access in O(logn)
- Node joining and leaving

N

-

03 DAOOO
Fig.3 Structure of DA.

04 ID20yO000O
Fig.4 Distance between ID z and ID y.

gogoboonod
Chord 0000000 O0OD IDODOODODOOOOOODOOOODO
e x0000OO00OOOOOODOOOOOOOO
e yOOODO IDOOODO
1. y € [z,successor(z+ 1)) 00000 yOOODOOODODOOOOOO 000000
ooo
2. 0000000020 finger 00000000 yOOOOODOOOOODO finger 2’ O
0000000000 2000000
e JO00UOLOOUDOOOLODOOLOOOODOO
Chord DO0OD0OODOOODOOODOOODOODOOODOOOOOn=2"0m< 0000
0000 IDO0O00O00O0O0O000O0000000O000O00O0O0O0O0O ChordOOO
goooboooooooooooobobooooo 33oboooooooooooooboo
z00000Osuccessor(z +1)0 o +2° "™ 0000z 0 fingr 1000000000 O0

(© 2009 Information Processing Society of Japan



725 000O0O0OOO0OOOOCOOOOOOO pP2POOOOO

10000 00000

01000

00100
0001Gyp001 01110
(a) finger 00000000 finger 00O (b)IDDDDDDDDDDDDDDDDDD
gooooog IDOO0O0O0O0OO0ODOODOODOO000g

00000 finger 00D00O0ODOOODOO

05 b=500 n=2°00000000 Chord0ODOODO
Fig.5 Ideal Chord network in b = 5 and n = 2°.

00 5(a)d
{z+0...010...0¢) |1 <k <m)
k b—k
000 “yy”0000000000000000000000000 000000000
gooo0oo0o0o0oo0oobobO0obDooOobo0oooob0 zoOODDOOD IDDODODODOO
gobooooood
o z; JOUODODODODODODODODOOO
e yIODO IDOODOO
1. d(z;,y) D00 mOO0O00000 00000y € [z, successor(x; +1)) 0000 O
yoooooooooobb g, 000000000
2. 0000000000000 d(x,y) OO0 mMOOODO 100000
F<m d(xi,y) =0...00zpq1... 252

k
z; 0000 finger 0000000y O000000000O00O0OO finger ;4 0000

it1=x;+0...010...0
Tit1 = Ti + (2)
ko bk
ooooodd =z 0ooooo
o JIUOOUOOOOOOOOOOOOOODOOO

0o0o0obo 20000000000000000000C0OCOOODOOOOOOOIDOO

00o0oooooog Vol 50 No. 2 721-736 (Feb. 2009)

( y) k41 b(2) ( +1 y) k+1 b(2)

k k
goboooobooooooobooboooobo100000b0bo00Doo

0000 Chord 000000000000000 d(wo,y) 0000000001000
000000000000000 5(b)M1000000000000000 100000
00000000000 logn0000000 1000000000000000~000
0000 1My =v(d(z0,y)) 00 0000000000000 v 000000 d(zo,y)
000 lgnO0000 100000000

d(2g,y) = wu@) < gb—logn
logn b—logn

0000000 2b/n=2"'¢"0000002,, 0 y000000000000000
0000 zo,21,...,2+, 10000000000000000000000

Yo (1)
0000000y000000O00d(ze,y) 0000000 10000000000000
0000000000000 0000

logn
. (2)
00000000000 Cherd0000000000 IDOOOOOODOOODO
3.1.2 000000000
0000000000000000000000000000000000000000
0000000 IDOD0O0OD 400000000000000000000000000
00000000000000000
00000000000000000000000 P2PO00O0O0IDO0OO0O0
00000000000000000ID0000000¢0000000000 000
0IDg(x)0000000000000000000000000000 ADO0D00DO0
00 IDO000000000 20000 h+g¢(x)00000000000000000
IDO00000
0000000000000000000000000000000000000000
OIb0O IbDOo0O0O0O0O0OOO0OOO0OOO0ODODODOODOOOUODOODOOOIDOOODOOD
googbouoobooboobuooboobobobobbooboboboboboobooo

(© 2009 Information Processing Society of Japan



726 000O0OOOOOOCOOOOOCOOO P2POOOOO

gobooboob0ooooOoboooOOobO0bOoobOo0oDO0obOoUoDODoOoobOOoO0 ID 20y
0000 kO<b000000
d(x,y):wu(g)<2k<:>d(y,:r):1\.;_¥u(2)>2b72k
b—k  k b—k  k
(- d(y,x) = 2" — d(z,y))

0000d(z,y) 0000000000000 1000000000000d(y,z)00000
goooboo10bo0ob0ooboobooooIbz,y00DO00ODO0ODOODOODO
gooibobOobO0obOO0OO0ODOO IDOOO0ODOODOOOODUODUOxDyOODOODODO
000000 (2)000000000000O00O0O0ODOOUO0DDlO0DO0ODOOODO
goooboooooodoooooboooooooooooooobooooooooog 1d
goooboooooodoooooboooboooooobooooooooobooooooon
goodooobooboodooo1boboobooo0oobooo0ooooboobOoOoDo
gboboboboobooooobooooboobooobOoooobooboobOoobooboOoooo
goooooooooooooobOoooooboOoOoOoboOooooooOobocOoOoooooobo
gooboooooooooooocoooooooooooboooobooOoOooOobOooooooo
IDOOO0OOOOOOOODOOOOOOOODD

gboboobooobooooobooboboOoooooboOobooOoybOOQODODO
ooooooooDbOOoOOOOO IDOOOOOOOOOOOOCOOOOOODODODOOOO
goooooooooooon
00 1. 000 IDez,y0O0OO0 AO00000O00OO0DOO0DODOOd(x,y) 000 KkOODOO1
oooooo

00100020k <o0000000000000b—A0000000IDOOOD
gobooooooooobooooobooooboooo IboooooOoOoboobo10000
ooooo00 k00000000000 OoOoODOOOD40000000000bb—200
00000 ID 0023 ... 2p2)0 0123 ... 2p(2)0 1023 ... 252y 1123 ... 252y 0O OO0 O 00O
ooooooo 1mbooooo

*x0... 0

b—2

000000100000001000000n>200000IDO0O0O0O 00000
(2)0000000000O0O0D 400IDOIDO0O0O400000000000000 60
bobOnO00O000O0O0O0O0OO0O0DOOCOODOOOOOOOOOOOO0

00o0oooooog Vol 50 No. 2 721-736 (Feb. 2009)

06 b=5000000 3000000000 IDOOOOCOOOOO IDODOOOOOO IDOODOOO
Fig.6 An example of IDs which have the same bit pattern in the lower 3 digits in b = 5.
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