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A Fault Tolerant Parallelization Framework based on
Distributed Hash Table for Large-scale Search Problems

YASUBUMI NOZAWA,* DAISAKU YOKOYAMAT
and TAKASHI CHIKAYAMA'

Fault-tolerance is necessary for widely distributed, long-running, parallel computation. The
server-client framework has been commonly used to solve many practical search problems de-
manding a large amount of computing resources. This framework, however, only can treat
embarrassingly parallel problems that can be easily divided into mutually independent sub-
problems. Problems such as combinatorial optimization and game tree search are more dif-
ficult. For efficiency, shared subproblems should be computed only once reusing the already
computed results. In this paper, we propose a framework of parallel computation for such
problems using a distributed hash table. We tried to verify the fault tolerance of this frame-
work through experiments of inserting artificial faults to some nodes. As long as the load is

balanced, the overhead of this framework is small.

1. OO00anO

goboooboboooooooobooooooooo
goboooobooooooooooooooboobooobo
goooooooooooooooooooooon
gooooooooooooooooboooooon
gooobooooooooooboboooooooo
gooobooooooooooooooooooon
goooboooooooooooooobooooooo
gooboboboooooooooooooooooon
gobodobooooooooooobooooooo

goboobooobooooooobooobooooooooo
goooooooooooooobooooooooo
goboooooooooooobooocooooooon

+0o0oo
University of Tokyo

gobooboooooooooobooboooooon
gobooooooooooooooooooooon
goooboooooooooobooocooooooon
gobooooooooooooo
gooooooooooobooooooooon
goobooooooooooboboooooobooobon
goooboboooooooooboooooooooon
goooboooooooooooboooooooon
gooobooooooooooooocoooooon
goooboboooooooobooocooooooon
gobobooooouooooooooboooooooon
gogo2000000o0000c0000ooooon
gobobooooooooooooooboooooon
gooooooooooooooooooboboon
gooooooooooooooooooobooon
goboooboooboooboobooboooboo
gobobooooobooooobooooobooDbOon



2

000000000000000000000000
00000990000 000000000000
000000000000000000000000
000000000000000000000000
000D000000000000000000000
0000000000000 00000000000
0000000000000 00000000000
00000000000000000000

00000000000000000000000
000000000000000000000000
000000000000000000000000
000000000 TDS(Transpositon Table Driven
Work Scheduling)!® 00000000000000
000000000000000000000000
000000000000000000000000
0000000000000 00000000000
00000000000000000000000
000000000000000000000000
000000000000000000000000
oooo

2. 0000

0000 A*0000000000000000O0
000000000000000000000000
000000000000000000000000
00000000000000000

2.1 000000000000

00000000000000000000000
000000000000000000000000O0
00000000000000000000000O0
00000000000000000000000O0
00000000000000000000000O0
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000000000000000
000000000000000000000000
0000 Charlotte? 0 MW® 000000000

00000000000000000000000
00000000000000000000000
00000000000000000000000O0
00000000000000000000000O0
000000000000000000000000
000000000000000000000000
000000000000000000000000
0ooo

00000000000000000000000
00000000000 000D000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0ooQ
A*000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00oo0ooooo

2.2 work-stealing
0000D000000000000000000
OOOCOOOOOoOOO0OO0O work-stealing 0000
000000000000000000000000
0000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000
work-stealing 0 00 0000000000000
000000000000000 Cikkdoonooono
00000000000 Cilk-NOWYO Atlas?0 O
000 Javelin® 0OOOODO JICOSYOOODOO
Satin'? 0000000000000 DOOOObranch-
and-bound 0000000000000 O0O0DOOO
000000000000000000000000
oo00O0oOoDo0oo0
work-stealing 000 0000000000000
000000000000000000000000
0000000000000 00000000000



00ooOoOoooooOooooooooOoooooo
0000O0o0o0o0oooOooooooooooooo
0000O0O0000o0oooooooooooooo
000D0O000O000oDO00o0ooooooooooo
000000 200000000000000000
goooddoooooobobobobboooboogd
O000D0D00ODO work-stealing0 OO OO0OOOO
oooOoooooooDoOoOoOooooooDooOooo
000000000 Satin'® 0000
work-stealing 0 000000000000 0OO0OO
O00o0o0o000oU0ooUooooooOoooooo
000ooooooooooooooooooooog
work-stealing 0000 A*000000O00OO0OO
0000D0000oooooooooooooooo
00000o0o0oooDoDO0ooooooooooooo
goodooooooooooooobobooooooad
oooooooooooooooDpoooooooo
00000ooooooooooooooooooo
2.3 Transposition table Driven Schedul-
ing
Transposition table Driven Scheduling(TDS)'®)
00oDO0oO0o0oooooooooooooooooo
000000oo0ooooooooooooooo
0000000doooooooooooooooo
0o0ooooooooooo
2.3.1 Transposition Table
TDSOODODODOOOOOoooooooooooog
oooooOoOoOoOooooooooOooogoooo
ooooOoOoOoOoOooooooooDOoOooooooo
J0dddooooboobobobobbO transposition
table 00 0000000000000 ODODOODOO
0000o0oooooooooooooooooooo
00oD0o0o0oOooooooooooooooooo
oooooog
Joo0oo0o0oooooooooooooooon
goooooooobooboooooooooooad
goodooooooooobobobbodoooooa
ooooooooooDoDoOoOooooooooooo
oooooooOoOooOoooooooooooooo
oooo0oOooOooooooooUooooooooo
o0ooOoO0oOooOooooooUoOooooooooo
0000o0ooooooooooooon
2.3.2 TDSOOOOOOO
TDSOODODODOOO0OO0O0OO00O00O0O0O000o0o
000000000o0o0o0o0o0ooogooooooo
0000o0ooooTbSOO0O0OOoO0oDOoOoooon

ooooDooon
0000000000000 0000000000
00000000000000 [e,b) 0000000
0000000 ADOOOODO [b,e)00000
000000000 BOOOODOOOOOOODO
0000000000000 00000000000
0000000000000 D00D000000000
000000000000000000000000
0000000000000 00000000000
000000000000000000000000
0DO0o0o0O0DOoooooo
0000000000000 D00D00000000
0000000000000D00000000000
000000000000000000000000
000 TDSOOO0DDO0O0O0ODO0OO00O0DOO00D
0000000000000 D00D00D0000000
00000000D00000000000000TDS
0000000000000
2.3.3 TDSOOD
00000000000000000015puzzle O
00000000000 TDSOOOO0OO0OO0O000
090000 LANDOD 1280000000 0 Owork-
stealing0 0000000000 2000 13.7000
0000000D0000D0000TDS O WANDOD
0000000000000 00Y00000000
000000000 TDSOODOOOO0ODODOO0O0D
000000000000 00DO0 work stealing
0000000000000 0000000000 4
00000000000 1000000000000
00 21-34000000000000000000
0000 work stealing 00 000000000000
TDSOOODODO00O00000000000

3. O Oogno

0000000000000000 work stealing
dooddoobobooooooooobobooooogo
dooodoooooooooooooboooooo
00000 transposition table 00000000
o0oo0O0oooooooboOooooooooooog
O ThSOOOOOOoOoooo

TDSOOOOODOOOOOOoOooOooooooo
O00D0000oooooOooooooooooog
O000000ooooooooooooooooon
0000000 ThbSODoOOoopOoooooooo
oooo



4

3.1 0OOoOoOoOooo

oooooooooOoooOoooooooOoooo
O0o0o00o0ooooO0o0o00ooooOOooOoOooo
TDSOOOOOOOOOOO0DOO0O0O00O00o000o
00o00000oo0o0oooooooooo (o 1o
gogboobooboobboobuoobooobboon
00000000 transposition table 0000000
o00oo00o0o0oo0ooooooooooooo
oooooooooooooooooooooooo
O00oo0ooooooooooooooooooo
o00o0o0oo0o0oo0ooooooooooooog
ooooO0ooooOO0ooOoUoooooooooOoo
o000ooooO0o0oooooO0o0oooooOooooo

o000 o
01 000ogoooo

3.2 0DOOOOO0ODO
goooooo ThSOoOooooooooo 3o0o
goooo

(1) Ooooo
(2) 000DO0O00OOO0ODOOOODO0OO0O0
oooo

(3) DOODOOOOODO
000000000000 00D000000000
000000000000 000DO false positive O
false negative 100000000000
00000000000000000000000
0000000000000 00000000000
00000000000 0000000000000
0000000000000 0000000000
0000000000000 00000000000
000000000000 Phoenix Library'™ 0O
000000000 000000000000000
ooo
00000000000000000000000
0000000000000 0000000000
000000000000000000000000
0000000000000 00D000000000
000000000000

00ooooooooooooooooooooo
00 fail-stop failure OO 00O O0O0O00OO00OOOO
00000oooooooooooon

4. 0O O

0000000000000 D0000000000
0000000000000 00000000000
000000000000000 Phoenix Library™
oDoooooo

4.1 DO0OOODOO
000D00000000D00D00D00D000000
0000000000000 000000000 A*
0000000000 000A*0000O000DO
0000000000000 0000000D0000
oDoo” 0000000

transposition table 00 000000000000
0000000000000 00000000000
0A*00000000000000000D0000
0000000000000 00000000000
00000000000 D000D000000000n
00000000000 0000000000000
00000000000 0000000000000
00000000000000000000000
TDSOODDOOODO0ODOO0OO0D0OOOO0OO0ODO
0000000000000 0000000000
0000000000000 000000D0ODO
000000000000 000000000000
000000000000000D00D0000000
0000000000000D00D00D0000000
00000000000 00000000o00oo0o
000000000000000D00D0000000
000000000000000000000000
00000000000 0000000000000
00000000000 0000000000000
00000000000 0000D00D00D00000
000000000000 D000000000000
000000000000 000000000000
0000000000000000000000000
000000000000000000000000
00000 (00000000000 DO0000)0
0000000000000 00000000000
00000D0000000000000000000
000000000000000000000000
0000000000
00000000000000000000000
00000000 D000000 A*0000DO0D0O



0000O0ooo0oooooOooUooooooDoooo
000000o0ooooooooooooooooo
00o00oDoOo0oO0o0ooooooooooooooo
000o0ooooooooooooon
4.2 00000
goobooooboooooooooboooooa
00ooooooooooooobooboooooood
0000000000000 000 Phoenix Library
000oooooooooooooooooo
Phoenix Library 000 000000000000
0000U00ooooUoooooooooooooooo
O00o00o0ooooooOoOOoooooooooooo
OO0OolpO0O0O0OO0O0ODOOOOOOOOOOO
0000000C0000D00O0PhoenixO0ODOODODO
0000O0000o0oo0o0o0o0oooooooooooo
gooooooooboobooooobooooood
ooooO0oOoOooOooopooopoooooooDoooo
ooooO0oOoOoOoOooopoooooOooooDoooo
o0oooooOoooOoOo0oUoOoOoOooooooooo
oooOooOooooo o, L(Looooooon) o
0oooOO0oOo0oooOOoDoDOoOoOoOoooooooooo
000ooO0o0oo0ooooooooooooooooo
0000000 00ooOoOO0ooOoooooooooo
0000000000000 00000O0DOO00o0
000000000000 0oooooooooooo
oooooooooad
J000000o0oOD0o0oooOoO0dn Phoenix
ooooopooUopoooooUoooooooooo
(0 2ypoOooOoUoODoOoUOoOoOOoUDULOOn
oooopoOoOooOooooOoUoOoooooDooooo
OO0 Phoenix 00O OOOOODOOOOOOODOOO
000DOO00o0o0o0ooooooooooooooo
0000000o0ooooo0o00ooooooooo
0000000000o0o000oooooooooo
000000oooooDoooooooooooo
gooooooooooooobooobooooogo
ooooOoOoodoooooOoOoOooooooooo
oo0oooooooOooooooooooooog
00000o0oooooooooooooooo
000 Phoenix OO O OOOOODOOOOOOCODO
000000000 Heartbeat 00 OOO0OO0O0OOO
0o0oD0oooOooODooOOooOoOooooooooog
0000000000000 0oooooooooog
0000000000000000oooooooo
oooooooo
ooooboooooooboobooooooa

ha tion

Hash value‘space

0

VirtuaInF)de ‘ ‘ ...... ‘
name space

& [ [0

02 0000000000

|

gooooboooooooooooboooooooon
Phoenix 00000000 DOOOOOOCODOOOOO
goooooooooooooooobooooooon
gooooooooooobooooooooooon
goboboooooobooooooo

5. 0 O

000 CPU Xeon 2.40GHz dualD OO0 2GB O
gooes00 GhitOOODODODODOODOOODOO
gooopCcOO0OOOOOO

5.1 O0O0ODOOO

goooobOooooboboooboooboooa
Jdd0d0dddd000ooooo 1200000 A*O
Ooo0obOoOoooO rooooooooooog 50
00 ThSOODOOODOoOOoDoOoooooooo
gooooooooooooobo1wooooooo
goobooooobooooobog

godooboooobooobboooD 1800
00000o000ooooo0O0 A*00o0O0oooon
O017odo00D0o0o0o00ooooooooooooo 1
gooooooooooooooOo 11oboooo
gooo0obOo0oobOobooobOoOoobooooooon
11o0ooooooad

goooooooooo

1 0000
000000 | 000000 (sec)
10 318.594
11 250.075
12 264.313
13 303.546
14 443.659
15 879.763

5.2 OOO0OOOO
gobooobooooooobooboobooooooon



6

oo0oooooooooooOooooooooooo
00000000oooooooooob 180000
000000 30000000000000 A*O0
0o0ooooowooooooooooooooo
oooog

030000000000 30 Phoenix Library O
goooobo0oboo0o110obo0oooooooooo
0000000003 000000 6300000 48
oooOoooooooooo

04003000 1063000000000O0O
OoooooooooyOO 63000000000
0000oo0o0o 10000

00000000 00oo0ooDoooUoooO 77.6%
0000048/63=76.2%0000000000000
O000000000000O0o0ooOooooooo
0000 Phoenix Library 000000000000
0000ooooooo

O00o0o00o0o0oooooooo A*oooo
OO0 iterationO0O0OO0O0O0DO20000000000
0000000000 A*000 160 iteration 0O
O000o000o0oO0ooooooooooooooo
O00000O00ooO0o0oo0o0oOoooOoOoooOoo
oooo

O00oooo ThSOOooooooooooooo
O000000000O0000O0oOoOoOoooooO
gboboooboboobooobooboobooon
000000000o00oo0ooOooooooon
O0000000o00oo0ooooooooooooo
00o00000o0oo0o0ooooooooooooo
O000o0o0o0o0o0o0oooOooooooooooo
O000o00o0o00o0oOooooooo1000o0o
O000000o0o0oOo0oOoOooOoooOooooOoo
O000000o0O0oOo0oo0oooOooooooo
0000000000000 000O0oO0OoooOo
0000oo0ooooooooooo

5.3 UUOOOOOoOo

oo0oOoooooe300O0OOOOOOOOOO
O00oo00oo0oOo0oooooooooooo
O000o00oo0o0ooo0ooooooooooo
O00000 3000100000000 6300 10
goooO0O0000oooObO0O0oooo 200000
goooooooooooobooooooo12500
gooooooooooooboob1,2,400 300
oooooooooooo

00000000000oo0ooooooon (a)O
poboooboobobobobobuoobooboo

70

Linear —+—
Problem 1 ---->¢---
60 | Problem2 -3k
Problem 3 {1

speedup

0 10 20 30 40 50 60 70
#processors

03 oooao

load

0.3

0.2
0.1

. . . .
0 50 100 150 200 250
time(sec)

04 0000 (0OOD)

ooooooUooOoo()ooooooooooon
gobodoooooboo 20000000000

I T 0 Y I
[ ]

@ |

[T
o T [ [ [€—] O I I

Xl

05 0O00O00DO0OO0OO0OCDOOOO

(h)0ODOODO0OO0ODOO0O0D000000000
000000000000000000100000
02000000000000000000000
000000000000000000 20000
0000000000000000

0000000 (), (b)) 000000000000
0100000000000

0600000000000000000000 10



00o00oUo0oo0oUo0oOoUDUoOoUoO (a)
gooooooboooboobobDooboooon
gooodoOooooooooboooboboooon
Jo0o0o0ob0o0oo0obOoobOoobobDooooo
000000000 D0O0Odtransposition table 000
goooooooooboboooooooooooad
gooodoooooooooooboobooooaod
gobooobobooboboobobboobooon
gooooooobo

OO0 ()0 300000000000 0O0O0O0O 250
gooooboooobooobooboobobooon
goooooboboooboooboobooboooon
goooo

(a)(b)00 1,2,400000000000000
gd0o0odb0obOO0o0ooOooOobObOOoDoOoooon
goooooooooboboooooooooooad
goboobooboobobobobuoobobobon
gooboboooobbooobboooboo

(hyOOoDOoUOoOoooooUoooooooooo
ooooooO(m oOoUoooooooUoooooo
gooodbooboooooooboobooooooo
00000U0ooO00ooUoooUoooOO(a) O
0000000000000 transposition table O
00o00o0bOo0ooOooDbOoDoOooDoOoboooon
0do0boDo00bOO0o0obOOoboDooboDOoOoboboooo
0o0ooooooooooood

400

200 q

time(sec)

150 - q

No Failure (a)l (a)2 ()4 (b)1 (b)2 (b)4

06 00000000

gr70O12000400000000000000
goboooo22o0000000000000000
goooooooooooooooooooooon
goooo400000000000000D0DDOO
goooboooooooooboooooobooooDo
gooobooooooooooooooobooboooboon

7

gogo2000000o0b0o0o0co0o0oooooooon
oobooooooo

load

0.4

0.2
0.1
0 50 100 150 200 250 300 350

time(sec)
07 0O0O0OO (OO ()0 4000)

000000000 (OOoO0O0oooooooo
goooobooooooooooooooooooo
O00oooO ThSOOOOOOooOoooooooo
OU0Uo0ooO0ooOO0oo0oooooooo (hoooo
gooooboooooooboooooooooo 100
goooobooooooooobooooooooon
goooooooboooobooobooooboooooo
ooooooooooboobooooboooooooon

6. 0 0O0O0O0

gooooooooooboooooooooooon
gooobooooooooooooooocooooo
00000 TbSOOoOoOoOoOooooooooooo
gobooooooooboooooooobooooooo
gooooooooooooooooooooobooo
gobooooooooboooooooooobooo
goboooboooooooooooooooooboonboo
6300 pPCOOOOOOOOCOOOOOO48000
goooooooooobooboooooooooobo
gooooooooooooooboooooobonoo
goboobooooooooooobooooooobood
gobooooooooobooocooooooooooa
goboooooouoooobooooooooobobooo
gobooooooooobooooobooobooooa
goooooooooooobooboooooooboooo
0TbSO0O00000000000O00000000
goooooo

goooooooooooboboboooooooo
goooooooooboooooooooobooboo
goooooooooooooboooooobooo



8
goooooooo

g o 0 0

1) J. Baldeschwieler, R. Blumofe, and E. Brewer.
Atlas: An infrastructure for global computing,
1996.

2) A. Baratloo, M. Karaul, Z. M. Kedem, and
P. Wyckoft. Charlotte: Metacomputing on the
web. In Proc. of the 9th Int’ 1 Conf. on Parallel
and Distributed Computing Systems (PDCS-
96), 1996.

3) Robert D. Blumofe and Philip A. Lisiecki.
Adaptive and reliable parallel computing on
networks of workstations. pp. 133-147, 1997.

4) Peter Cappello and Christopher James Coak-
ley. Jicos: A Java-Centric Networking Comput-
ing Service. In S.Q. Zheng, editor, Proc. 17th
TASTED Int. Conf. Parallel and Distributed
Computing and Systems, pp. 510 - 515, Nov.
2005.

5) Jean-Pierre Goux, Sanjeev Kulkarni, Jeff Lin-
deroth, and Michael Yoder. An enabling frame-
work for master-worker applications on the
computational grid. In HPDC, pp. 43-50, 2000.

6) Akihiro Kishimoto. Transposition table driven
scheduling for two-player games. Ms thesis,
University of Alberta, Edmonton, Canada,
2002.

7) R. Korf. Finding optimal solutions to rubik ’
s cube using pattern databases. In Proceedings
of the Workshop on Computer Games (W31)
at IJCAI-97, pp. 21-26, Nagoya, Japan, 1997.

8) Michael O. Neary and Peter Cappello. Ad-
vanced Eager Scheduling for Java-Based Adap-
tively Parallel Computing. In Proc. ACM Java
Grande/ISCOPE Conference, pp. 56 - 65,
November 2002.

9) John W. Romein and Henri E. Bal. Wide-area
transposition-driven scheduling. In HPDC, pp.
347-355, 2001.

10) John W. Romein, Aske Plaat, Henri E. Bal,
and Jonathan Schaeffer. Transposition table
driven work scheduling in distributed search.
In AAAI/TAAL pp. 725-731, 1999.

11) Kenjiro Taura, Kenji Kaneda, Toshio Endo,
and Akinori Yonezawa. Phoenix : a parallel
programming model for accommodating dy-
namically joining resources, 2003.

12) Gosia Wrzesinska, Rob V. van Nieuwport, Ja-
son Maassen, Thilo Kielmann, and Henri E.
Bal. Fault-tolerant scheduling of fine-grained
tasks in grid environments. Accepted for publi-
cation in International Journal of High Perfor-
mance Applications, 2005.

(00160110 28000)
(00170 20 4000)

ugb ooboooobob

o0 ooobooooo
O

ag gooogo
a




