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Adding Parallel AND Node Search to AND/OR Tree
Hierarchical Pincers Attack Search

FuMmivyo TAKANO,* HIROSHI SATA," YOSHITAKA MAEKAWA,t
KAazUuAKI ROKUSAWAt and NOBUYOSHI MIYAZAKIY

This paper proposes a parallel search algorithm making more efficient use of processors
by increasing parallel searchable nodes in AND/OR tree hierarchical pincers attack search
(AOHPAS). AOHPAS searches nodes with high evaluation value and low evaluation value
simultaneously. Also, AOHPAS allocates many processors to OR nodes with high evaluation
value. Thus, when the node with low evaluation value is a solution and sequential searches
need long computation time, it is able to reduce computation time greatly. In parallel search
of only OR nodes, some processors are not able to be used because there are a few parallel
searchable nodes. Therefore, in the proposed algorithm, processors not used by AOHPAS can
be used to search AND nodes in parallel. Consequently, the proposed algorithm is able to
make more efficient use of processors and to solve problems faster that AOHPAS is not able
to use many processors. Finally, the proposed algorithm is implemented on a shared memory
multiprocessor and evaluated. It results up to 16.8 times speedup and 1.5 times speedup on
the geometric average compared with AOHPAS.
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by all processors.

@ OR Node

O AND Node ({ Z\

[PE2)
/N

¢
ﬁ&

Proof Number - Disproof Number
Small Large

03 ODOoOOO00O00ooooOoOo0oOooooooo

Fig.3 The search of a node with not minimum proof

number by processors.

oo0OpPE20000000O0O0O0COOOODOOOO
goooboobooooooooooooobooooooo
0000000000 OOOO0OU0OO0O0OAOHPASOO
10000000 2000000000000
goooobooooooooooooooooooon
oobooooood
AOHPASOOUOOOOOOOOOODODOOOOO
000 pPDSOOOOOOOOOOOOOOOOOO
gooooooooooooobooooooooon
goooobooooooooooobooooooooo
gooobooooooooooobooooooobooo
gooobooooooobooooooooboooboon
goooboooooooooooooboobooooooo
goooboboobooooooooooooooooon
goooboboooooooooobooooooooon
ddodooooooooooooooooboooooa
goooboooooooooobocoooooooobo
goboooboobobooboooooboobooo
goooboooooooooooooooooooo
gooooooooooooooboooonoooo
gooobobooooooooobobobooooooo
oooooobooooooooooooo

Aug. 2005

AOHPAS OO OOODO PDSOOOODOOOOO
00D000000000D00D00000000000
000000000000000000000000
000000000000000000000000
000000000000 000 PDSOOOOOD
000D00000D0000DO00 PDSOOOOOD
000000000000000000000000
00000000000 0000000000000
00D0000000000000000000000
000 PDSOOOO0DOODOOOOODOOOOD
00DOo0O00O0oOooooooo™®o

4. ANDOOOODOOOOODO AOHPAS

AOHPASODOOOOOOOOODOOODODODO
010000000000000000000000
000000000000000000000000
000000000000000000000000
00 OROOOOOOOOOOOOOOOOOOODO
00000 ORODOODOOOOOOOOOOODN
000000000000000000000000
0000000D000D0O0OOROODOODO AND
000000000000000000000000
000000000 ANDOODOOODOODOOOOD
000000000000000000000000
ooo¥o

O0D000O0DO0AOHPASODOOODODOOO
00D ORODDDOODODOOOOODDOOOD
00000000000 ANDOOOOO000000O0
000 AAA-Search 0000000000 OOAOH-
PASO OROOODOOODOOODOOODOOOO
000000000000000000000000
0 AOHPAS DO ODO0O0OO0OODOOOOOODOD
000O00000000D0000D00000000
AOHPASOODODODOOOOODOODOOOOODOD
OODOAOHPASOOOOD OROODODOOOODOOO
AOHPASOODODODOOODOODODOODODOO
000000000000 0000AOHPASOOD
0000000000000000000 ANDOD
000000000000000000000000
000000000000000000

0004100 ANDOOOOOOOOOOOOO
0D000D000004.200 AAA-Search 000D
000000000000

4.1 ANDOOODOOOO

AND/OROOOOOROOD true0 000000
0000001000 true0000000000DO



Vol. 46 No. SIG 12(ACS 11)

@ OR Node
O AND Node
> —
pEl [PEAN

Proof Number - Disproof Number

Small Large
04 ANDOOOOOOO
Fig.4 Parallel search of AND nodes.

OOO0OO0OOANDOODO true000O000O0OODOO
gobooooooo tree0O0O0O0ODOOODOOO
0000000000000 0o0Oo0O0OOdnoAND
goooboboooooooooboobooooooooo
gboooobooboooobooobooooooboan
00000oo0ooo0oooooorRbOOOOO
goooboooodoooooooooooooooon
gooooooooooooooooooooooo
gooooboooooooooboooooooboooo
OANDOOOOOOODODOOODOOOOOOOoOO
goooboooooooooooooooonoooo
goboooooboboooboooooono

OOOANDOOOOOOOOOOOOPDSOOO
00000000 ANDOOOODOOOOODOOO
00000000000000000000D0OPDS
O000000ANDOOODOOOOOODOOOOO
gooobooooooooooboooooooboooo
gooooboboooooooboobooooooboooobo
goooboooooboooooooobooooobo
gooooooooooooooooooonoooo
gooooboooooooooooboooboonoooo
gobooobooooo

0000000000 149 00000PDSOO0O
OO0 ANDOOOOOOODOCOOOOODDOCODOOOO
000000000 ANDOOOOODOOODODOOO
goooobooooooooooooooooooon
000000 ANDOOOOOOODOOOOOoOoOO
gobiooooooooooboooooocoooo
O0000000o00o0o0000 400000PDS
0000000 ANDOODOOOOOODOOOOoOO
gooooooooooo1ooooooooooon
goooobooooooooooooooooooo
gooooooooooboooooooboobobooDbo

ANDOOOOOODDOOOO AND/OROOOODOOODOODO 323

gooooooooooooooooooooooo
gooooooOoooooooUoOooooooooo
000o0o0oooooooooooooooooon
JooooooooooooooDoOooooooon
000ooooooooooooooon

4.2 AAA-Search 000

AAA-Search 004100000000 ANDODO
gooooooUoooooooooooooooo
OO0OAOHPASOOODOOOOOO OROOODOO
0oo0O0oO0ooo ANDOOOOOOoooooooo
goooobooooooooboooo 3obooo
0o0oooooooooooo

e JO00I0ODOCOUOUDODOOODCO PDSODOOODO
O0000D0O0O00O0OoOoooOoooAOHPAS
000o0oooooooooooooon

e J000DODUDUODODODODDOOUDDOODO
00000000D0O0O0000oooDOooog OR
0000oooooooANDOOOOOOOoooo
O00O0000ooOoOoO0ODoOD0OO0OO0AAA-Search O
AOHPASOOOOOOOOOOO

e J0IODODODODUDOUDDODUDDUDDO
AOHPASOUODOOOO OROOOOODOOODO
0000OO00ooooooooo ANDOOOoOooQo
O0D0000O0AAA-Search 0 AOHPASOOOO
Oo0oooooooo

4.2.1 0O0O0O0OOOOOOO
AAA-Search DO OAOHPASOOOOOOOOO
000000 ANDOODOOOOOOOOoooooDOo
gooooooooooooooooooooooo
JoooorROOOOOOOOROOOOOOOOO
000ooo ANDOOOOO0OO0OOooag
O000oooooDOoOo AOHPASOOOODOO
Jo00000ooO00oDoOoOOoUobDoOoooog pbsd
00000000ooooooooodd AOHPAS
Jo0o0o0o0oodoooooooogoooooooo
JoROODODOODOODOODOOUODOOODOO
Jo0000o0oOo oOrROOODOOOOODOODOO
gooooOooooooooooooooooooo
ANDOOOOODO 100000000ooooooo
ANDOUOODOOOOOOOOoooo4100000
goooooodoooooooogoooooooo
0o0o0oooooooooooooooooooo
0ooooooooo ANDOOOOOOooooono
000000ooooooooooooooooooon
0000000000 ORODDODDODODODODODO ORO
00000oooog ANDOOOOOOoOoooooo



324 gooooooooooooooooboooooo

OROIIDODODODODODOOOOOOODOOOAOHPAS
O000000o0o0o0o0oo0ooO0oO ANDO
gooobooooooooooboooooooooo
gooooboooooooobooboooonoooo
goooboooooooooooocoooonoooon
Oo000o0o0oo00oooOooOoOoooooOoOdoAND
gooobobooooooooobooooooooo
gobooooboooobobooooooooooon
ANDOOOOOOOOOOORODOOOOOODO
gooobooooooooooooOoooobooooon
OO0 OROOOOOOOOOOOANDOOOOODO
O00000oooOoooo orROOOOOOOOOO
O000ANDOOOOOODOOOOOOOOOOOO
oo0ooO0o0ooboorROOOOOOOODOOOOOO
ooooboooooooooooooooconooon
OO0 ANDOOOQOOOODOODOOOODOOOOO
OorROOOOOOOOCOOOOOOOOOO AND
gooobooooooooboobooooooooon
0000000o00oo0oooooooooo Or
0000000000000ANDOOODOOOO
00000000000 ANDOOOOOOOoOOO
ORUIOOODOOOOOOOUODOUOOANDDOOOOO
gooooooooooooooocoooonoooo
orROOOODOOOOOOOOOCOODOODODOODOO
000000000000 0000O00 AAA-Search
OOOANDOOOOOOOOOODOOOOOODO1
goooobooooobooooooobooobooDo
gooooooobooo1obo0ooooboooooon
gooobooboodoooooooooooooooon
gooobooooooooobooobooooooooo
goooboooooooobooooboooooooo
gooocooooooOobObOObOOO0000o0ooooaa
0000000000000 000O00O0O0ANDO
gooobooooooobooooooooooooon
goooob1100o0oooobo0o0ooooooon
Oo00000o0o0oOoooooooooo0ooog or
gooooooooboooobooboboooDo
orRO0OOO0OODO0OOOOOOROOODBOOODO
000000000000 ANDOOOOOOOOO0O
AAA-Search 0000000 ANDOOODODOOO
goooooob suoboobogsuouoooboooon
0000000 PE1IOOOOOOOOROOOOO
00000000 PE2OPE3OPE40OOOOOOO
Oo000000000pPE200000COOO0OOOO
oooooOoOoOoOoOoOoOoooooooOoOoOO Or
O000O0O0O0O0O0DANDODO aO0O0O0OO 1000

Aug. 2005

@ OR Node

pE2 &

(O AND Node
Proof Number - Disproof Number
Small Large
0 5 AAA-Search
Fig.5 AAA-Search.

0000o0o0ooOoOooOooOo0oooOoo ANDOO
allO00D0OO0O0O0OO0OODOOOODOOODOOOO
AAA-Search 0000000 OOOODODOOOO
goboooooooooobooooooobooood
gboboooooooooooooooooooood
000o000oo0o0o0o0o0oo0oo0oo ANDO
gbooooobooooooobooboooboobooooooon
gobooooboooooooobooooooooo
gobooOoooooobooooboooooooooo
goboooooooooboooboooOoooooboooo
goooooooooooocooooooboooooo
00000o0oooDoOoO0o0oOoOoOO0 AAA-Search O
goooooooooboooooooboobooobonbo
goboooooooooooooooobooooood
gbobooooooooobooooooooooooa
gobooooooooooocoooooooboooo
gboooooboooooocoooo
4.2.2 0OO0O0O0OO0OO
gobobooooooooooobooooooooo
gooooboooooooobooooooooobooo
gobooooooooooooboooooobooobo
00000000000000000O00O0AOHPAS
gooooboooooooobooooooobonoo
goboooooooooboooooooboooood
gooooooooooooooooooooobood
gboboooooooboooboooboooooooo
gobooboooooooooobocooooooooo
gbooooooooooooooo
goboboooooooooooooooooooo
goooooooooooooocooooooobooo
goooooooooooooooooooobonoo
gobooooobooobooboooooboooooooo



Vol. 46 No. SIG 12(ACS 11)

Allocated PE2
@ ORNode

(O AND Node

BE NN

/]
é Search Path of PE2
Allocated PE3 ‘

\ % ¥
Search Path of PE1(Leader)

Search Path of PE3
06 0DOOOOO
Fig.6 An example of termination detection.

060 PEIOPE200000O00OPE200000O
O010000000000000D0OCOC0OOPE2
goooboooooooobobooooboooooon
goooboobooooooboooooooooooboDbo
goooob200000000000000D0DO
oooboooboobebO PE3SOOOOOOOOOOO
ob01000o0obopPE1OODOOOOOCOOODOO
coooopPESCO0ODOOOOOODOOOOOOO
ooooooooooooooobooooooooo
oobooooood

oOrROOODOOOOOOOOOOOOOOOODO
gobooobooooooocobOooDo truedon
goooooooooob wreeddoooooooOon
goocoooooobooooooooooobooooo
Oo0oooooOooooANDOOOOOOOOOO
goooboooooooooooooogooooon
0 false0 00000000000 0O0O0O0O0OOO
gooobooboooooooooocoooooboooo
gooboobooooooooocoooooooooo
goboobooobooobooobooooooooooon
goobooooooooooooooocoonoooo
gooooooocooooooboobooboooo
goooboboooooooboboooooooooo
gobooooooooooooooobooooooo
goboooooooooooooboooooooo
gooooooooooooooooooooooon
oooo

5. 0000

AAA-Search 000000000000 OOODOO
0000000000 Sun Enterprize 4500 00 00
00000000000 0000000000000
000000000000000ooooood® o
00 1000000000000 100004000

ANDOOOOOODDOOOO AND/OROOOODOOODOODO 325

1000

AOHPAS' o .
AAA-Search  + ©
]
100 E
3 + §
10 R
a L |
3 & + b0 ® ¢
g AR $ 3
Q. & o
%) 1k o $ 4
6 ¥ o+
o
+ &
01 | i Moéi R ,
+
<o
001 Il Il Il Il Il Il
0.001 0.01 0.1 1 10 100 1000 10000

Sequential Search Time[s]

07 AAA-Search 0 AOHPAS O PDSOOO00O0ODOD
Fig.7 Speedup of AAA-Search and AOHPAS to PDS.

00o0000D0000000000 99000000
000000000000 3,600000000000
00 AAA-SearchD AOHPASOODOODOODOO PDS
00000000000000000000000 49
000000000000000000000000
O000O0DOAOHPASOODOOODOO 5000
0o00oo0®Oo000000000000000000
0000000000 O00Do

0O70PDSOOD0O0DODOOOO0I4000000
000000 AOHPAS O AAA-Search 00 00D
0000000000 (1)00000000PDSOD
00D0000000000000000000000
00000 PDSOOOOODO 360000000

OO0 PDSOOODDO

B0 =——ma000 (1)

0 7000AAA-SearchD AOHPASO OO PDSO
00000000000000000000000PDS
000000000000 000000000000
OOAAA-Search 0 ANDOOOOODOODOODOD
0000 AOHPASOODODOODOODODODOD
00000000000000PDSOODOO 3,6000
0000000000000000000 3,60000
0000000000000 00000000000
0000000000 00000Dn

0000 80 AOHPASOODOOOOODOOO
AAA-Search 000000 PDSOODODOOOO
OOAOHPASOAAA-Search 000 14000000
000000000000000000000 (2)00
ODO0D00OD00AOHPASOODOODOODODODOOO
AAA-Search 0000000000 OOOOAOHPAS
000000 360000000

AOHPASOODDOODO
OO0 = A A Search 00O OO (2)
AOHPASOODODO AAA-Search 00000000




326 goooooooobooobooooooooboog Aug. 2005
100 100 T T T T T T
+ +
10 E 10 | ,
o + a +
3 +F 3 +
Q ++ D + +
2 + o+ ] P
@ FUEE N T %) I L T *Jr
1F AR . w % E 1B £ o+ 1 L + o
+ . +3 +
0.1 Il Il Il Il Il Il 01 1 1 1 1 1 1
0001 001 01 1 10 100 1000 10000 o 20 30 40 50 60 70 80

Sequential Search Timel[s]

08 UUOO0OOOOOOO AAA-Search 0 AOHPASOOOO
gooo
Fig.8 Speedup of AAA-Search to AOHPAS by sequential

search time.

l6.8000000 1.500000008000000O
gooooboooo3gooooooooooooon
ooo

(a) PDSOOOOOO l00O00C0OOOOOOO
(b) PDSODOOODOO 10000 1000000
AAA-Search 0 AOHPASOOOOOOOODOO
goood

(¢) PDSOODOOOO00000C0OCOUOODOO
00 30000000000AAA-Search 00000
ooo

000000 (a)000OD0O0OOUDOOOODDOO
goooooooooooboooboobObObODODbOO0O00o
AOHPASO AAA-Search 0O00OOOOODODOOOO
gooooboooooooooooooboooooon
gobooobooooo

oo0oooo (b)OO0oOOUoO30oOOoOOOOO
AAA-Search 00O OODOODOOOCOO 168000
gob2g8000000bocoobooooooooooon
0000000000000 0O00O000 AOHPAS
Oo0oooooooobOoooooorROO0DODOO
gooobobooooooobobooooboooooo
0000000000 0000000OAAA-Search
O0000000000O0000O0O0O ANDOODOOO
goooboooodoooooooooooooooon
oo

0000000 (e)0OOoOOOOOOODOO
O00O000ooROOODOOOOOOO AAA-Search
oooooOo0OO0 oOrROOOOOODOODODOOOO
00000 ANDOOOOUOOOODOOoooooog
AAA-SearchO00O OROOOOOOOOOOODOOO
O00O0OO0DO0O0ODO0OAOHPASOOOOOOOODOOOO
ooooooooo 240000000 1200000

Deapth
09 000000000 AAA-Search 0 AOHPASOOUOO
gooo
Fig.9 Speedup of AAA-Search to AOHPAS by the
maximum search depth.

" AOHPAS —+—

0.9 AAA-Search ---x--- i

Speedup

0.3 ! ! ! ! ! !
2 4 6 8 10 12 14

Number of Processors
010 000 (a)000O0OO0OODOO
Fig.10 An example of speedup of type (a).

0000 70000000000000 AOHPASO
000D0D00000D000000 AAA-Search OO
000000 PDSOODOODO 530200000
0202000000000000000

0000 (2)0000000 AAA-Search 0 AOH-
PASO0O0DO0OO0ODOOODOOOODOOOD 90
000090000000000000000000
O0O0O0AAA-Search 0 AOHPASOODOODOOOOO
0ooooooo
AAA-Search 0 AOHPASOOOO00O00O00O0
00000 1.500000000000AOHPAS O
0000D00000D000000000000000
OO0AAA-Search 0000000000000 200
000000000000005000000000
ooo

0D00(a)d(b)d(c)0 300000000000
00000000000 100000 (a)00 11 0
000 (b)0O 120000 (¢)000000000
0000000000000 20601001400000
00 (1)00000000 AOHPAS O AAA-Search



Vol. 46 No. SIG 12(ACS 11)

AOHPAS —+— |
7 | AAA-Search ---x--- P
Kemmmmmmmmmm e -~

6 1

Speedup
[FEEES
T
1

Number of Processors
011 000 (b)DDOOOOOOOO
Fig.11 An example of speedup of type (b).

600

AOHPAS —+—
AAA-Search ---x--- P
500 | P

400 -

300 -

Speedup

200 -

100

0

Number of Processors
012 000 (¢)00DDDDOODOD
Fig.12 An example of speedup of type (c).
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