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Parallelization and Dynamic Load Balancing for Modified PrefixSpan
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MAkKOTO TAKAKI,t KEIICHI TAMURA,t TOSHIHIDE SUTOU' .2
and HAJIME KITAKAMIt

A motif is the featured pattern which is biologically meaningful in the amino acid sequences.
The motif is discovered from the frequent patterns. In order to extract the frequent patterns
that can become motifs in the amino acid sequences efficiently, a high-speed frequent pattern
extraction algorithm is required. In this paper, a parallel Modified PrefixSpan which extracts
frequent patterns in parallel on an actual PC cluster is presented. Then the dynamic load
balancing for the parallel Modified PrefixSpan is proposed. The parallel Modified PrefixSpan
exploits a master-worker parallelism that distributes tasks among the computers on the PC
cluster. In the Modified PrefixSpan, the bias of load of task is very large. Moreover, the
processing time of the task cannot be estimated. A master-task-steal methodology is pro-
posed for the dynamic load balancing technique under such situation. The master-task-steal
methodology is the technique which gathers all tasks located in the worker processes’ task
pool only when the bias of the load arises.
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Table 1 Example of amino acid sequences.

sequence id | sequence
1 MFKALRTIPVILNMNKDSKLCPN
2 MSPNPTNHTGKTLR
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Fig.2 Example of projected tree.

51204+ 1] = (C) O s2[12+1] = (L) 00000
000 ¢ o 1-0ooooooooobooooog
000000 LO S00000 (K —z(1)) O
000000000 (K—-«(1)-LYy00000 2
gboon0o 2-000b0ob0oooooobooooboo
00000 (K-2(1)-L) 0000000000
PDB({K —z(1) — L)) ={(1,6), (2,14)} 00000
0O PDBLIST?* 0 PDB((K —z(1)— L)) 0000
goooooooo
0000000003-000000 (K —z(1) -
L-z(0)—R) 000000000000 OOOOO
00000 200000000000000
23 0000
Modified PrefixSpan OO0 00000000 tree
projection U000 E-0000O00O0O0DOODODO 1
JooobObO0o0o0o00oooDbbOoO0o0dke-bOoo
oooO0oo0oooooooUoo (k+1)0ooooo
OU00o0o0o0ooUooooo (k+1)0o0oooo
0000o0o0oo0ooOoooUOoU (k+1)0O0O0OODO
0O (k+1)-0000000000
000 Modified PrefixSpan 000000000 0O
0000 0Modified PrefixSpan 0000000 20
oooboOooooooooo
e JOUODO 10
joooooooooooooo sooooogd
00b00obo00oobo0 « 0Ooboboobooboo
gooboooboo0obooboobooobooboo
000000000000 PDB((e)) 0000
Jo0o0ooobOOo0obOooboooboobooo
0ooo0DoOoooboOobobOon0 «O0 1-000
DDD(patl>DDDDDDDD 1-0000oo
<pat1>[| P O0O00O0ODOODOODOOOOO0O 1-0

Modified PrefixSpan 00 000000000000 141

00000 {(pat') 0000000000000
PDB({pat')) 000 PDBLIST'* 000000
ooooooon
e 0ODO 20
00 PDBLISTF 00000000O000DOO
PDBLISTF 00000000 PDBLIST* O
000 PDB({pat*)) (k>1)0 1000000
00000000 PDB({(pat®)) 00000 k-0
0000000000k +1000000000
0000000000000000000000
0000000000000000000000
0000000000 PDB((pat*™)) 000D
OOPDB((pat"™)) DOODOO0DOOOODO
00 (i,5) € PDB({pat*)00 < w < maz_we
00000 {pat"™) = (pat* — x(w) — Si[j +
w)(Si[j+w] = «000)000000DOO
PDB({pat"™")) = PDB((pat* — z(w) — a)) =
{(i,Jnew)| (i,§) € PDB((pat*)),a = Si[j +
W], Jnew = J +Fwe+1,jnew < || S |} 00000
00000000000000000000000
00000000000000k+10000000
(k+1)-000000 (pat*™) 0000 (Kk+1)-0
0oooo (pat**™y 0 Py, 000OO0DO0ODO
000000 ((k+1)-000000 (pat®™') O
0ooooooooood PDB({pat*t)) O
PDBLISTF' 0nDOoOOO
0000 2000000000000000000
000

3. 0000

3.1 0O0000000DO00DO0O0O00
00000000000 0000D00000000
00D0000000000000000000000
00000000000000000 DNAODOOD
000000000000000000000000
000000000000000000000000
000000000000000000000000
0D0000000000000000000000
000oOoDOooooon
199000000 0apriori® 00000O0O0D0OO
00000000 Oo000000apriori0000
0D000000000D00D00000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0?0000000000000000000000



142 goooooooooooooooooo

goboooobobobooboobooboboooo
goobooobobooboboooboboooobo

eprior: 000000000 0O0OOOOOOOOO
0000000000 0Han ODOOODOOODOO
00000000000 0O0O tree projection 00O O
00000000 tree projection 0 00O OOODODO
000 k000000000 kODO0DbOooOooog
0O (k+1)00000000000000KOOO
goboobooobobboobo1goboobboooo
Uooodnogotree projection0 0 0D OOOOONO
000 PrefixSpan 0% 0 apriori 0000000
gobooooboboboboobooboboooo
goono

apriort DO OO tree projection O OO0 0OOO
go0oooo0obOoobooboooooobooo
00o00Do00b00o0bOoobOooboboooooo
0o0o0Do000O0o0bOOoobOooboboooooo
gbobobooobobbobooboobobooo
0000000000000 DOModified PrefixSpan
0000000000 Modified PrefixSpan 0O O tree
projection 0 00000 PrefixSpan 0000000
goboo0obooobooboobobooobooo
gooooOoobOooDoobooobooooooooo
gopooooooog

gooo0oooOoobOooboboooboooobooo
0o0o000D000O0o0bO0oobOoobOoboooooo
00o00o0b0ob0oboO0b0b00apriors 00O OO0
goboooobooboobobobobboobooo
oo™ 0pooooo0000oo0noOd tree pro-
jectton OO0 ODOO0ODOOOOOODOODOOOOO
000 Guralnik 09 00000000000

3.2 tree projection 0 0 00 000O0O0OOODOO

gooo

tree projecthon 00000000000 0O0OOODOO
0000000 Guralnik OOODOODOOOO

3.2.1 O0OOOOOOO

00 15)016)0000000000000000
goboobooobobboobooobuoobobo 1o
goobooooboooboboooob oo
gbootooooobooboobobooooooobooo
goooobobooooboooboobooobooo
goobooooboooboboooobooooobo

goooooooooboboboooooooooo
go0o00ooo0oboOo 1oboooobooboooo
0000 1000000000000D0O0OOOOO
dooodooooooooooooo cpuOoooOonO

June 2005

goobooooboobooboooboboboobobogoo
gooboooboboobooboooboboboobobogoo
gooboooobooboooooboooboobobooo
goooo

3.2.2 JO0OOOOOOO

Guralnik O O O tree projection 00000000
goooobooboooboobobooooboooboooo
gooooooooooo0oD kODbOobOboOoDo
gobobooobooboooobobooboobobogon
goboboooboobobooobooboobobogon
gooobooobobooboobooboboogo
oooobooo

goboobooooboobooboobooboboooo
goooooboobooboobOosobOoboboog

3.23 ODO0OOOOOOO

00 15016)0000000000000000O0
gooboooooobobooboobooboobobooo
goboboobooboboooboooboobobogon
goboboobooboboobobooboobobogoon
gooobbooooobboooobboooooo
gooboooobooobooboooboboboobobooo
gooooooooboobooooboobooo
goobooboooobooobooooobooboobogoo
goobooooooboobooobooboooboogoo
goobooobooobooboooboooooobogoo
go0o0O20000000000O00D0DOODOO
gooooooooboobooooboobogoo
gooo

O00o0o0ooOooo 1b)dle)oooooooo
gooboobooobobobooboboboobobooo
gooooooboobobobooboboboobobooo
000000000000 Modified PrefixSpan OO
goooooooobooboooooboobooo
goodoooobooboooooboboboobobooo
goobOobooooob0oboobDoooboogoo
goooooooo

4. DO00OOOOCOOOODOOOOOOOOoOO

4.1 O0O00O0OOOOOOOO

Modified PrefixSpan 0000000000000
gooo0obooobooboobboooboobooo
Jo0oobooboooboooobooboooboboo
o0 100000b00b000boboo0obobDoo
JoobOo0obOO0oooOOo0obooooobooobooo
O0010000b00D0O0o0bOoDoDoO0obOoOoOooono
O0DO000OO00OO0o0bOOoOobOoooOoboooono



Vol. 46 No. SIG 10(TOM 12)

gooboooonoo
Modified PrefixSpan 0 0000000000000
d000ooooooooooOoOoDOODODODOModified
PrefixSpan 000 0s-00000000O (s+1)00
Jo0o00oo0o0o0b0obDo0obOO0ds-0ooooooono
ooooo0oo0oo0ooooooooooo(s+1)-0
000000000000 (pat®y DODDOOOODO
000000000000 0O0000O0OO (pat®) O
gooooobbobobbbuooooooobooboobo
PDB((pat®)) 00000000s-000000 (pat®)
00 (s+1)0000000000ooUoooooooo
O000O(pat®y O PDB({pat®)) 0000 OO O(pat®)
0 PDB({pat*)) 00D0DO0OOOOOOOOOD
go00b0ooooboobobOoooooobon s—0O
00000 (pat®) 00 (s+1) 0000000000
gopoooooooa
4.2 O0000D0OOOODODODOODOOOOODOO
gogbooobooboobooboobooboo
gobobooobooboobboboobboobooo
gooboooobbodon sob s-0oogooo
O000O00s00000o0o (s+1)oOoooo
gobooo0obo0o 1goboboobooboooo
goooooobooobooooooooobooo
Jododooooooooooboboooooooo
go0oooo00obOo0oboobooooboboooo
00o00D00bO0o0bOOoobOoooooooooo
0o0oo0D0o00o0O0o0bOooobooOoooobooo
goobooooboog
gobooobooboobooboobooboo
goboodbooooboooobooobobooobooo
goobboooboooboboboboboobooobooo
gobooobooobooboobuobooobooo
go0ooooobooobobooboooooobooo
J0000obo0obooboooooooooooooooo
0o0o0odbOoOoooOoOOobOoOoooooboOoooo
Jdddddd0ooooooooooooooooo
000o00000bOoobOOoobOoobOooobooo
gono
00 Modified PrefixSpan 00000000000
goboooobooobooboobobooboooo
gobooooooboboboobooobooobooo
goobooooboobobo 20000000000
e JIOIDOODODOODDODDOODOODOO
goooobOoooobooobooooboooo
OO00OO0DbO0O0O00OO0DOOoDOOobOOoOoooooaoo

e JI00ODOODODDOODOODODOODOO

Modified PrefixSpan 00 000000000000 143

min_sup=2, max_wc=1

task7  task8

Threshold=1
Master Process

End Time of Execution

Idle Time Idle Time Idle Time

task8 task? task6
task fesk2
task3
taskl task4
Worker Process 1 Worker Process 2 Worker Process 3 Worker Process 4
0 38 00 Modified PrefixSpan 0000000000000

oo
Fig.3 Parallel pattern extraction steps in the Parallel
Modified PrefixSpan.
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Fig.4 Processing time of all frequent pattern extraction
after 2-frequent pattern from each 1-frequent pat-

tern (Kringle).

800
700 X
600
2 500 x
E400 X
#
B
= 300
X
200
X
X
100
X
0 X " o
0 10 20 30 40 5 60 70 80
X

05 000000D0O0O00DDOKringleD
Fig.5 Relation between support and processing time
(Kringle).

gooooooboooobooooooooooo

Os50004000 1000000000000

100000000 2-0000000000000

gooooooooDoObODbOObOO000000000o

Os50000000000v000000000DDAO
goooboooooooobooobooooooooon
goooobooooooooooooooooooon
goooooboocoooooo

0604000 1-000000O0O0DOCOO
goooboooool-oooboooooo 2-00
gooooboooooobooooooooooooon
gbooooooooobooboeobOoOOOOOO
goooobooooooooooooooooooo

goboooooobooooboooobooooDn 1,000

June 2005
800
700 X
600
2 500 x
£ 400 X
B
= 300
X
200
X
X
100
X X
0 X L ¥ ¥ wx Xy

0 500 1000 1500 2000 2500
HET -9 R—-Z2OERK ()

06 000000000 DO0ODOO0O0O0OODDOODOOKringled
Fig.6 Relation between the number of element in
projected database and processing time (Kringle).

gooooorooooooooooooooooo
goboooooboooooooon 24000000000
g4000000000000C00DOO00OOCOOOO
oobod

5. J0O00OO0O0O0ooOooooo

5.1 0O a
gobobooooooooobooboooooooooo
goboboooooooooooooboooboooooo
gobooooooooooooobbooooooooon
oooooooboooooobooooooooboooboo
gioooboooooooobooboooooooobo
gooboooooooooooooooooooon
goobooooooooboooooooooooon
ooooooooooboobooooobooobo
goboobobooooooooooocooooooo
oooooboooooooobooooooooo
goooooboooooooobooooooooo
oooooon
g200000000000
00 k0000 (k+1)000D0O00D0O0O0ODO
goooboooooooboooboooooooo
lobooboobooboobooooooon 1-0o
gboooboo2b00boooooooboooon
gobooboobooooooooooocooooooo
ooooobooooooooobooooooo
goboooooooooooobooooooooo
oob0 1-oo0booooob 2-00b0oo0oooon
goboobooooooooooooooooooon
gooooooooooboobooooooboooo
goooboobooooooooobooooooooo



Vol. 46 No. SIG 10(TOM 12)

Master Process

|.-global task pool

steal request

......................
b

task request

Worker Process 1 Worker Process 2 Worker Process 3 Worker Process 4
07 00O0O0O00O00OOOOOO
Fig.7 Master-Task-Steal methodology.
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Table 2 Details of sequence data.
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noooo gooooooo goooooo gooooooo oooooooo | ooooboooo
oooooo
Kringle 70 23,385 334 3,176 53
Zinc Finger 467 245,595 525 4,036 34
Leucine 370 139,422 376 3,224 3
03 Oooooo
Table 3 Parameters.
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Kringle oo 1 140 20%0 5
oo 2 140 20%0 7
Zinc Finger oo 1 1400 30%0 5
oo 2 1170 25%0 7
Leucine 00 1 370 10%0 6
oo 2 370 10%0 9
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Table 4 Processing time (sec).

ooooo
1 2 4 8 16 32 64
oooooo
Kringle 5,098.982 2,385.872 | 1,201.855 597.019 297.027 | 149.664 79.775
Zinc Finger 14,111.351 | 6,980.963 | 3,484.779 | 1,738.217 | 872.557 | 439.467 | 224.565
Leucine 2,071.000 1,755.243 653.764 288.179 128.780 68.684 38.529
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Fig.12 Processing time of each worker process (Kringle).
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Table 5 Initial task generation time and the number of

initial tasks.
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Table 6 Amount of sending and receiving and frequency in master process.
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Fig. 14 Details of sending in master process.
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