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of Shogi to Lines of Action

MAKOTO SAKUTA," JUN NAGASHIMA," TSUYOSHI HASHIMOTO*t
and HIROYUKI IIDAt

This paper examines the application of the Al-search and the killer-tree heuristics to the
endgame search of Lines of Action. Both methods are incorporated into two depth-first
searches: iterative deepening and PDS. The \l-search, in which move generation is limited to
Al-moves, has shown a poor ability to find a winning solution. With using the A!'-sorting, in
which Al-moves are sorted at the top, the number of searched nodes has been a little reduced,
but the solving ability has declined because of the inefficiency of move generation. A new
algorithm, in which the killer-tree heuristics is incorporated into a depth-first search, has been
proposed, implemented and evaluated. Then, the number of searched nodes and the solving
time has reduced by 5% in iterative deepening and by 20% in PDS. Consequently, the solving
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ability has been enhanced.
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int IDwithKTH(OOOO ){ //0000
for(00 =1; 00 <0000;00 +=0000 ){
r =semekata( 000000000000 );
r0000000 r000000;

ooooooboooo;,

int semekata( position, depth, killer ) { // 00000
position 0 00000000 OOOOOOOO;
position 0 00O O00O0O0O;
gooooooooooboooo;
depthd 0000 O0O00OOOOO
killerOOOOO0O

killer 0 0 O;
ooooooooD kmQOO0O;
km O position 000000
position 0 km O 0
killer 0 km OO}
r = ukekata( position, depth - 1, killer );
position 0 km OO0}
killer 0 km OO0}
r00 00000 r000000000;
killer 0O OO}
position 00000 m[0],...,m[ny, —1]000;
000 ml 0000
m[i]0 km 0000000000 ;
position O m[i] O0;
r = ukekata( position, depth - 1, killer );
position O m[i] 00 0;
rJ0 00000 r0000oooog;
Ooo0oooODoOOoooooog;

}

int ukekata( position, depth, killer ) { // 00000
position 0 00000000 O0ODODOOOO;
position 0 0O OO0OOO;
gobooboooboboobooog
depth0 0000 0O0OO0OODOODODOOOOO;
position 00000 m[0],...,mnm,m —1] 000;
killerroot = 000 0;

000 mf[il000D
position O m[i] O0;
killerODOOOO
ml[i] O killer 000000 Okiller O mfi] O00;
goooooo killereODOOO;
killerODOOOO
r2 = semekata( position, depth - 1, killer );
goooooo
r2 = semekata( position, depth - 1, killerroot );

killer 000 OO killerroot 000 00 r20000000

(00DO0O00OO0OO0oOoOooO) kilerroot = position;
position 0 m[i] 000;
killer 00000 Okiller 0 mz] 000
200 0000000000000 0000O00O00;
goooooooooooo;

}

02 0000000000000000000D0000O0
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Fig.2 Pseudo-code of the iterative deepening with the killer-tree heuristics.
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Table 2 Summary of results obtained by the iterative-deepening method (within 20 min).

# solved for all problems for only solved problems
out of 122 movecount ttcount time movecount ttcount time
84 1.54E+8 4101852  432.7 3.39E+7 859059 84.9
with KTH 87 1.47E+4+8 3869015  415.7 3.7TTE+7 979491 99.6
with Al-sorting
83 4.81E+8 1923420  450.6 1.09E+8 335361 97.8
with KTH 84 4.75E+8 1888059  445.0 1.14E+8 389752 103.3

movecount: count of making moves in the search, ttcount: number of registered nodes in the transposition table,

time: solving time by seconds

038 0000000 KTHOA 000000000 ttlimit=300 x10*0
Table 3 Summary of results obtained by the iterative-deepening method (ttlimit=300 ><104).

# solved for all problems for only solved problems
out of 122 movecount ttcount time movecount ttcount time
76 5.11E47 1311436 140.8 1.05E47 289408 27.4
with KTH 78 5.01E+7 1258502 138.8 1.00E+47 276117 26.1
with Al-sorting
80 3.84E48 1167482 350.3 7.99E47 205409 70.1
with KTH 81 3.82E+48 1164467  348.4 9.01E+47 235369 79.0
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Table 4 Number of solved problems by the iterative-
deepening method with changing ‘ttlimit’.
ttlimit x10% 10 30 100 300
44 58 68 76
with KTH | 45 63 70 78
with Al-sorting

50 67 75 80
with KTH | 49 67 75 81

ocoobobOOoooOOKTHOOOOOOOOOOooo
0000000o0ooooOo s% 000000000
U0000ON ODO0O000000ttcount D 0000
0oo0o000oooo s50%000000000000
00 AM-00000000000000000000
lg0oobooobooobocoboooobobooon
obooooooocoocooooooooooboooo
0000000000000 A-000000000
gbobOoooooooooooooooboboooo
0000ooooMN O00000000D0000000
gobooodoooooooooobooobooooooon
goooobooooooobooooooooooood
ooooooboobooooooOoboooocooobooooo
gboooooooooOooooooooooooboobooo
goobooooooobooobbo40000000
000 M O0O0000D0 3090000000000
00000D000000000000000 A-00
000000000000 M 0000000000
ooobooooooooobooon



2970

goooooooo

05 PDSOOOO A-0000000O

Table 5 Summary of results obtained by the A'-search using PDS.

Oct

# proved for all problems for only proved problems
movecount ttcount time movecount ttcount time
all 122 problems 14 (11%) 3.70E+5 268.7 0.26 2.19E4-6 1589.2 1.43
58 problems with less | 4 )00/ 7.20E+5 513.8  0.51 2.20E+6  1598.2  1.43
than 10 steps
06 PDSOO KTHOA 000000000 DOOO 2000
Table 6 Summary of results obtained by PDS using KTH and \'-sorting (within 20 min).
# solved for all problems for only solved problems
out of 122 movecount ttcount time movecount ttcount time
113 3.37TE4+7 1274703 162.7 2.03E+7 753998 87.0
with KTH 116 2.71E4+7 1041613 121.6 1.86E+7 705558 80.0
with Al-sorting
99 4.27TE+8 679258  339.7 1.75E+8 297179  139.5
with KTH 104 3.72E+8 615895  298.1 1.74E+8 290245 141.8
07 PDSOO0 KTHOA 000000000 ttlimit=300 x10%0
Table 7 Summary of results obtained by PDS (ttlimit=300 x10%).
7# solved | for all problems for only solved problems
out of 122 movecount ttcount time movecount ttcount time
105 2.11E+7 786673 91.8 1.15E+7 428325 49.3
with KTH 106 1.86E+7 711211 80.9 9.26E+6 365734 40.6
with A!-sorting
104 5.37TE+8 789270  426.7 2.73E+8 406644  217.1
with KTH 105 4.39E+8 679208  349.5 1.87TE+8 303460  152.5

00 PDSOOCOODOOOO 100M-00000
000oo0ooooooooooooopPbsSOOOO
000000 AM-0000000000000000
gob0s50000000000000000O00 prove
OO00O0O disprove00000O0O0O0O0O0OO110800
o00obO0o000O0disprove000MMOOO00O0OO
0000 AM-00000000000oooogog
goooooobooooocooboboOooooon
gossbboooooooooboooon 13a00on
00000000000 0000000O00O0OLOA
00000000000 AM-00000oooooo
opoooooo

0200000000000000000 ttlimitO
300000 KTHO M OOOO0OO0OO00O0OO0O00OO
oobobobeOOOO YOOOOOOOOOOOO
coobooOoKTHOOOOODODOOOOOooOooOOoOo
ud bbb ennoobooboOoOOoOOOOOOD
20%0000000000opPDSO0OOOOOOO
gooooboooocobooooboooooboooooboon
000000000dooooooooa ooooog
ObOO0OOttcount 0000 O0O0O0O0OO0OOCOOOOO
gooobooooooobooobooooobobDbO
gboooobooooooooooooooobDboon

0 8 ttlimit 0000 PDSOKTHOA 0000000000
oo
Table 8 Number of solved problems by PDS with
changing ‘ttlimit’.

ttlimit x10* 10 30 100 300

47 73 87 105

with KTH | 48 73 92 106
with Al-sorting

50 74 91 104

with KTH | 54 77 93 105
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PDS |10 21 27 11 8 12 5 4 10 4 2 2

gboooooooooooobooooboooooooo
O00o0o0ooooopPDSOOOOOOOOOOOO
gboooooooooobooooooboooboooo
ooooooooOoOooOo0oooIbo pPDSOOOO
gboooooboooobooboobooboobboboooo
goibooooOoobDOoooooobOoOoDbobon

0000000000000000 Lines of Action 0000 2971

gooobooogolooooobooooooobooo
6. 0 0O O

000000000 A-000 KTHO LOADOOO
000000000 A-0000000D000000
0O AN-000000000000000000000
0000000000000000000A-000
00000000 M 00000000000000
000000000000000 AM-000o0o0oo
o0o0ooooooooooooooooooood
00o0O0o0oooUoooooooooooo

OODOKTHOOOOOOO 5%000PDSO 20%0
O0Do000o0oO00O0OO0OOoOoO0oOoOOoOoOoooOooOod
0000 LOADODOOOODOOOO KTHOOODOOO
KTHOOOOOOOOOOOOOOOOOoOOoOOooO
0000000000000 00000oooooon
0000000 KTHOOOOOOOOOOoOoOoOoOo
goooOoooooooooLroAOoooooog
gooooooooooooooooooooooo
goo0ooooOopooUooDOoOoooDoooOooooo
O00O0ooooooOooooooOooOoooooooo
00000000 U0o0oo0oooooooogooo
ooooooooooooo

AO000 KTHOOOODOOOOODOooooooOo
oooooooa 00000 oooooooooon
0000oooooooooooaA»~O0DOO00oooog
000000O00oooooOoDoooOdLoOADODn
goooo00oodoOooooooogoooooooo
KTHO 10000000000000000000
O0D00o0O0o0o0ooooooOoLoOAOO 10000
O000000o0o0ooO0o0ooooooooooOoo
ooooooUoooooooooooooooooo
O0O0O000OKTHOOOOOOODO

OO0 LOADUOODOOOODOOOOOOOOO
Winands 0000000

g o o o

1) Campbell, M., Hoane, Jr., A.J. and Hsu, F.-
h.: Deep Blue, Artificial Intelligence, Vol.134,
No.1-2, pp.57-83 (2002).

2) Gillogly, J.J.: The technology chess pro-
gram, Artificial Intelligence, Vol.3, pp.145-163
(1972).

3) 00 0000 O0OOUOoOoOooOoOOooOO
odooOooooboboObooooooooooa
Vol.16, No.6, pp.539-547 (2001).

4) 0000000000oooooOoooo 20



2972 goooooooo

godb0oobOD0ooooooobooobooooo
Vol.35, No.8, pp.1531-1539 (1994).

5) Kawano, Y.: Using Similar Positions to
Search Game Trees, Games of No Chance,
Nowakowski, R.J. (Ed.), MSRI Publications,
Vol.29, pp.193-202, Cambridge University
Press (1996).

6) 000000 O0ODO0OO0oOoOoOoDoOooooon
0000000000 0Vol.10, pp.67-69 (1997).

7) 00 0OD00mMoOooOO0oO0ooOooooOooog
00 (1996).

8) Nagai, A.: A new AND/OR Tree Search Al-
gorithm Using Proof Number and Disproof
Number, Proc. Complex Games Lab Workshop,
pp.40-45, ETL, Tsukuba (1998).

9) Nagai, A.: A New Depth-First-Search Algo-
rithm for AND/OR Trees, M.Sc. Thesis, De-
partment of Information Science, The Univer-
sity of Tokyo, Japan (1999).

10) Nagai, A.: Df-pn Algorithm for Searching
AND/OR Trees and Its Applications, Ph.D.
Thesis, Department of Information Science,
The University of Tokyo, Japan (2002).

11) Nagai, A. and Imai, H.: Application of df-
pn+ to Othello Endgames, Game Programming
Workshop in Japan °99, Hakone, Japan, pp.16—
23 (1999).

12) Seo, M., Tida, H. and Uiterwijk, J.W.H.M.:
The PN*-search algorithm: Application to
tsume-shogi, Artificial Intelligence, Vol.129,
pp.253-277 (2001).

13) 00 00ISO000000000000000
0000003000 OOO0MM100pp.l1-14,
0ooo (2000).

14) Thomsen, T.: Lambda-Search in Game Trees
— with Application to Go, ICGA Journal,
Vol.23, No.4, pp.203-217 (2000).

15) Winands, M.H.M.: Analysis and Implementa-
tion of Lines of Action, M.Sc. Thesis, Univer-
siteit Maastricht, The Netherlands (2000).

16) Winands, M.H.M. and Uiterwijk, J.W.H.M.:
PN, PN? and PN* in Lines of Action, Proc.
CMG 6th Computer Olympiad: Computer-
Games Workshop, CS 01-04. IKAT, Univer-
siteit Maastricht, Maastricht, The Netherlands,
Uiterwijk, J.W.H.M. (Ed.) (2001).

17) Winands, M.H.M., Uiterwijk, J.W.H.M. and
van den Herik, H.J.: Combining Proof-

Oct. 2002

Number Search with Alpha-Beta Search, Proc.
13th  Belgium-Netherlands Artificial Intelli-
gence Conference (BNAIC 2001), Krose, B.,
de Rijke, M., Schreiber, G. and van Someren,
M. (Eds.), pp.299-306 (2001).

(00 14020 21000)
(0014090 5000)

oo gooogo
2001000000000D0000
gooooooboobooooobom
gobooooooooooodaoo
gobooooooboooboooooa
gooooooao

Fx.

oo a
20020000000000000
ooooooooocoooooo
ooo

oo O
1994000000000001996
gooooooocoooooooon
o0oooooooooooo99gr

oooooooooooooooo
Y gpooooD1998 0000000
ooooooooooooooooz2e02boooood
gooomoooooooooooobooboooooo
goboooboooooboboOooboobooooonon
goboooooooooooobooocoooooboooon
gooooood

.::’
|

N

o0 Oooogoooo

1962 000000000000
1994 0000000000000
oboboooooooomoon
oooooooooooooooo
ooooobooooooobooooo
gooooooooobooooooooooooooo
gboobobooooooboobobooobobooooao




