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On the Maximum Number of Strings in Go

RyuHEI MI1YASHIRO," YOHEI YANO't and MASAKAZU MURAMATSU'f

In computer Go, a string is defined as a maximal set of connected stones of an identi-

cal color.

This paper concerns the maximum string problem described as follows: to find

a position that maximizes the number of live strings on the n x n Go board. Previous re-
searches proposed a 0-1 integer programming formulation of the maximum string problem,
and solved the instances up to n = 16. We reformulate the problem by adding inequalities
that break symmetry of the formulation and improve the objective value of linear relaxation.
This refinement produces optimal positions up to n = 19, the regular size of Go board.
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Fig.1 Four strings on the 3 x 3 board.
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Fig.2 An illegal position on the 3 x 3 board.
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Fig.3 The checkered position on the 4 X 4 board.
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Fig.4 Optimal positions for n = 2, 3, 4.
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Fig.5 Description of a position in the

minimum liberty problem.
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X I X Table 1 Elapsed CPU time with a simple formulation.
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x 11 29 7.3
I x 12 35 15.5
)I( )lc 13 40 53.3
| X | 14 47 387.4
15 53 516.3
- be bosobd 16 60 1,269.6
Fig.6 Proof of Theorem 3. 17 68 86,461.1
18 76 823,326.1

000000000 000000000000000
000000000000000000000000
00000000000000000000 O(n)
00000000000000000000000
n(n/5 4+ O(1)) + O(n) = »?/54+ 0O(n) 0OODO
MLP(n) 0000O0O00000000000(1)00
000 limp—o MLP(n)/n*=1/5000000

O

4. OO0OO0OOO0OOOO

4.1 0000

gil100000o0o0co0ooco100000oboonoon
000000000 ILOG CPLEX 10.19°00
gboboooooobooobooooooooooon
000 CPUOPentium 40 2.8 GHzO RAMO 3 GBO
OSO Windows XP SP20 000000000000
oddrn00000O0O0OO0OOODODOOOOODO
gobooooogeen

32000000000-100000 MLP(n)ODO
00 »? O000O0MLP(17) DO0O 0-1000 289
goooooooooobooooobooboOooooo
0000000000000 0o0O0O00OMLP(17)
000 100000000000MLP(18) DOOO
100000000000MLP(19) 00000000
oooooo

O000o0ooOooOMLP(I7T) DO0OOOODOODO
gobooboo0o wobooboobobobobooo
gooooooooobobbObOO00o0oooooooo
goooboboooooooooooboobooooooo
gooobooooooobooooooooooooo
gooobobooooooobooobooooooooo

" p>170000000000 99%000000000000
0000000000000000000000000000
0000000000000000000000000000

°Y 0p 2)00000000 MLP(15) 00000 100000
0000000000000000000000000000
0ooooo

19 — —

000000000000000000000000
O0O0OMLP(5)=7000000000 700000
00000000 220000000 8000000
0154500000MLP(6) 00000000000
288 0000000000000 100000000
000 20,896 00000000000000000
000000000000000000000000
000D00D0000D000000
00000000000000000000000
0000000000000000000000000
000000000000000000000000
00000000 2000001000000000
000000000000000000004.2000
00 1000000000000000000000
00000000004300M0000000000
00rn000000000000000000000
00000 n000000000000D00000
000D000000D0000000 44000000
42 00000000000
00000000000000000000000
ooooo

004 MLP(r)000OO0D0D00O0 n>3000
07(1)0000000000100000000
0ooooooo
00 0000000000000000000000
200000000000000000000000
000002000000000800000000
070 (2-(5)040000000000000(2)
0((3)0000000000000000(3)000
000000000 (2)0000000000000
00 (3)000000000000008000 (3)
000000000000000000000000
000000000000000000000000
0000000000000000 20000000
000000000000000000000000



Vol. 48 No. 11

aT— xxOT OxO+ xO0—+
Ij;a—— xQO+ xQO+ x =
a-a ©C @@ ©@
I { T | |
(1) (2) (3) (4)
58T SE5T 28T BiET
D) O+ x OO+ x-xO+ OxO+
©Q ©QC 0 ©0
1 1 | T
(5) (3" 4" (5"
o7 004000
Fig.7 Proof of Theorem 4.
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Fig.8 Positions around the center for even n.
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Table 2 The number of possible positions.

n 0OOO oo 0 00 0Oooo
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Table 3 Optimal values for LP relaxation problems.

n oo O oo 0O +00
11 26.8148  26.8148  27.1035 27.1064
12 31.5718 31.6847  31.5718 31.6847
13 36.9291  37.0192  37.0601 37.1144
14 42.4017  42.4927  42.4017 42.4927
15  48.5261  48.6481  48.7067 48.8352
16 54.8129  54.8332  54.8129 54.8332
17  61.7148 61.8148  61.9978 62.0228
18  69.0868 69.0870  69.0868 69.0870
19 76.5302  76.6455  76.7183 76.7916

04 OO0ODOOOOODOOOOO
Table 4 CPU time for the minimum liberty problem.

000000 (s) 000000 (s)

n gooooo

11 29 7.3 7.3
12 35 15.5 11.4
13 40 53.5 34.0
14 47 387.4 155.2
15 53 516.3 186.9
16 60 1,269.6 1,494.7
17 68 86,461.1 46,765.9
18 76 823,326.1 306,715.2
19 84 — 3,440,752.8
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Table 5 The minimum number of liberties and

the maximum number of strings.

n  MLP  MSP n  MLP  MSP
2 2 2 11 29 92
3 3 6 | 12 35 109
4 4 12 13 40 129
5 7 18 14 47 149
6 10 26 | 15 53 172
7 12 37 | 16 60 196
8 16 48 17 68 221
9 20 61 18 76 248
10 24 76 | 19 84 277

09 190000000000 27700000 840
Fig.9 An optimal position on the 19 x 19 board.
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