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Comparison Training of Arimaa Evaluation Functions
with Quiescence Search
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Abstract:

Arimaa is a game that is more difficult for computers than chess and shogi. This is partly because
the number of legal moves is much larger in Arimaa. Comparison training is often used for learning
an evaluation function for a shogi program. In this work, we attempted to learn a practical evaluation
function for Arimaa from game records. We built evaluation functions by comparison training with and
without search. The evaluation function learned without search and the one with quiescence search are
stronger than the original handmade evaluation function. There is little difference between the evaluation
function with search and the one without search. There is room for improvement in quiescence search.

1. OOoo

OO0 AI0DDOOOOOOOO0O0ODOOOOOO
cooboooooboooooboOoooobocOooooon
coobooboOoooooooboocoooboOooooon
coobooooobooboOooboooOoobooOooooon
coobooooood

oobooboooobooooooooooobooooon
00000000 AlI000000000000000
000 ooo0o0o0oooooooooouod
0000000000000000 AIODOOO0O0O00
cooobOoooooOoCcOoobooOoOoobOoOoooon
coobooooobOoOoobooooOoobOoOooooon
oo0000ooO0O00o0ob0 “oco"o0oooooo
coobooooobOOoCcOoOobooOoOoobOoOoooon

! pDOo0O0O0DooooOoOoo
Graduate School of Engineering, The University of Tokyo
a)  kawayu@logos.t.u-tokyo.ac.jp

coooooooocooboooo

00000 Arimaa 0000000000000 Ari-
maa 0O0O00O0OO00O0OCOOO0DOOOODOOOOOOO
000000000000000000000 Arimaa
0200200 Omar Syed 00 0AIDODOOOOOOO
oooobOoooooooobooOoooobocOonooon
ooobOooooobooooooocOoooooOoooon
ooooomyroooooooooobcoooooon
cooboooooOoocoobooobooOoOoooboOooon

Arimaa 0 AIODOOOOOOOOOOOOOOOO
ooooOoooooooooboOooooboboOonooon
0000000 Arimea 0000000 4000000
ooooooooooobobobooOoooon 1s,0000
000000000 e[uo000o0ooooooood
ooooooooooo0o0oooooono sboooon
00800 [3j00C000 25000000000 Arimaa
oooboooooobooooobocoooobocOonooon



The 20th Game Programming Workshop 2015

goboooooouobooboobooouooooao
goddooobobouooooboooboboooobouooao
goddoobooooobooooobooooobouooao
goddoooooooooooobouoooobuooao
goddoooboooooboooboboooobouooao
goddoobooooobbooobobooooboooao
0000000000000D0D0000D0 4.2x1050
goodbooooooooooooooooooooon
gofdoooooooooooooboooooooao
000ooo00do AlDOo00doooooooooo
0000000000000 0000 Arimaa OO0
Jdddddd0d0d0dd0dd0dOoOdOoOdOddArimaa
O AI0ODD0D0O00ODOODOO0O00 ATIDDOOOOODOOO
godooooooobooooboooboooood
Arimaa 000000000 DOOODOOOOODOOO 3
0000000000000 000000 Arimaa OO
000000000 400000000 TD, TD-Leaf,
Rootstrap, Treestrap 0 40 000000000000
goddoooooooboooooboooobooao
dooooodoooobooooooobooooooon
goddoooooooooooobuoooobooao
0000000000000000 Bonanza [5] 000
000000000 (comparison training) [6] 00 O O
0000 Arimaa 000000000000 [7jO0000
gofdooobobooooobooooobooooboooao
O00000Arimaa 00000000000 ODODOO
gofddooobooooobooooooooobobooao
gofddooobooooobooooooooobooao
O0O0000OO0OHfebejk D0OOO R|O0DOTDOOOO
gofdoooboooooboooooooooboooao
godooooooooooboo1loooooboaoao
gofdooooooobooooboooooa
0000000000 (90000060000 Ari-
maa JO000000000000OO0OOOOOOOOO0O
doddoobooooooboooobooooboooao
goddoooboooooobooooobooooboooao
0000000000000 Arimaa 00000000
doddoobooooobooooooboooobooaoao
gofdoooooooboooon
00000000ooo000ono 200000 AIOO
000000000000 300 Arimaa 000000
Jo00od0oopobobOo0OD04000000000000O
O0o0doooobo sobooooobooooboaoao
O0De0dO0DODODOODOOOYTODOOODODO 80O
gofdooooooobooooboooo

2. OO0 AI

2.1 0O0OO
ggbooobogboobooboobooboon
goooobobboooooobobbbboboooooon

-70 -

max

min min

3 5 2 8

[:] max node (:) min node

0 1 Minimax OO

O0000oo00o0oooo0ooooooooooDoon
00000000 0oooooDoooDoooooooDog
Minimax 00000000

0000000000 o0ooooooooooon
0000o000oooooooooooooooDoon
O0000o000oooooDooooooooooo
00000010 00000000000000000
000000000000 o0ooooooooooon
000000000000 [10]0Arimaa OO 0000
000D 10*°° 00000 400000 10120000
10220 0000000000

0000000000000 000000O Minimax
O0000o0Do0OMnimaxOOOOO0O0O0O0O0O00O0O
Oo00o0ooooooooooDooooooooooo
O000DO0OMnmaxOOOOO0OO 10000000
Oo00o0ooooooooooDooooooooooo
000000000 (maxnode) 0D DOOOOOOO
0000000 (minnode) 000000000000
ooooo

22 0000
goboooooooocoooocooobooobooooon
coooOoooooooobobooOoOoooObocOonooon
ooooOoooooOoOoobOobooobooobocOonooon
ooooOoooobooooooocOooooocOonooon
ooooOoooboooooobOoOoOooobocOonooon
ooooOoocoooooooocOoOoobOboOonooon
ooobOooobooOoOoOooboOoOooobcOonooon
oooobooooooooobooOoooboboonooon
ooooOoooooooboobooOooobobocOonooon
ooooOooooooobobooboooooboOoooboon
oooboooooboooooboocOooooocOonooon
oooooOoooboOooooooooobobOOooooOoga
ooooOooooooooboobooooobOoOooobooon
ooooOoooooooboboooooooOooooon



The 20th Game Programming Workshop 2015

cooboooooboooooboooobooboonoooon
cooooobooobooooobooboboooooDboon
cooooooooooobooboooobooono

oobobooooooooooobooboooboooooon
oooboooooboooooboooooboooooon
cooboooooboooooboooooboonoooon
0000000000o0oooooUuoO 1oooo
oooboooooboooooboooooboboonoooon
ooobooooboooooboooooboonoooon
ooooooo

3. Arimaa000O

Arimaa 00 08x 800000000 DOOODODOO
coobooooobooooobooo1l1o0o00oooon
oo20000008000O0C00O00O0OO00O0O0O0O0O
coboboooooooboooboooooboonoooon
cooobooooooboboooboooooboooooon
ooooooooooooobooobobobobooooon
oooooOOoO0000OO0000000 PUSHO PULLO
FREEZEOOOOOOSOOOOO4ooooooo 1o
cooboooooboooooboooooboboonoooon
oooood

oooood

Arimaa 0000000000000 OOCOOOOO
oooboooooboooooboooooboooooon
oooboooooboooooboooooboooooon
oooboooooboooooboooooboonoooon
oooobooooooboooboooooboonooon
coobooooobooboooboooooboonooon
oooobo20000

gooo
gobooooooboooboobobo40bboonbo

N W R~ OO N O

02 Arimaa 0000O0000DO0O [12]

-71 -

gobooouobooboboooobobooooboob 1o
gbooboooooboboooboobooboboooooo
gbooboooooboboooboobooboboooooo
gbooboooooboboooboobooboboooooo
gbooboooooobooboobobobooogoooo
goooboobobooooboobobobooooo
0o0ob0ob0ob0ob0ob00oU00oU0onb FREEZEDOODO
obobobooboo40b0oboboobooboboobon
goboooooobobobobo11oboboooooo
goboobod

Arimaa 00 PUSHO PULLOOOOOOOOODOO
oooooooOO0O0O00000o0oooooOo0O0 PUSH
googboobobooboobooboobboobon
gobgooboobooboobooboobbooo
gooooooboDb pULLOODOOODOODODODO
gobobbooooobboooooobobooooon
Oo00o0oooo00ooooooooooO0n0 pUSHO
PULLOOOOOOODDOOOOOOO 20000000
OO0O00000C0PUSHO PULLOODOOOOOOO
goboobooboobooboobooobbooo
goboobboobooboooobda

oooo

¢3,¢6, 13,60 40000000000000000
0000000000000000000000000
00000000O000PUSHO PULLOOOOOO
0000000000000000000000000
0000000000000000000000000
000000000000 [13]0

4. 0O0O0O0O

4.1 00O0O0O
gogbooboobooboobooboonboboon
goboobooboobbooboboobboobb
gobgoobooboobbooboobobboobon
000000o0o0ooo Puooouooooooo
gobobboobooboobooboobbobo
goboobooboobbobooboobboobo
gobooboobooboobuoobooobbooboo
gobooboobooboobooboobbooo
ooobooboooooooboboboboo “oob
000”0 000000000D000D000O00O0O0OD
gboobobobooobobobobobobooog
Arimaa 00D0000000OWuOOO 40000
0000000000 Arimaa OO0OO0OO0OOODO
0O OpFor (4 00000000000 0O0OOOOOO
ggoopoobbbooooobobbbboooooog
gooobooooobbbooooobboboooooo
00 wwiOOoOOoooooboobooooobooo
OO0 OpFor 00000000000 OOOOOODODOO



The 20th Game Programming Workshop 2015

Arimaa 00 0000OOCODOOCODOOCODODOOOOOO
goboobooboobooboobooboobo
gobooboobooboobboobobooooobo
gobobobooboobooboobooboobo
gobooboobooboobbobooobooobo
gobobobooboobooboobooboobo
goboobogbooboob

4.2 0000
Arimaa 00000000000000000000
00000000000D000000000000 [6]
0000000000000000000000000
0000000000000000000000000
000000000000000000000000

000000000000000000000000
0000000000000000000000000
000000000000000000000000
0000000000000000000000000
0000000000000000000000000
000000000 [15)0

00000 Bonanza [5]0 000000000000
0000000000000000000000000
0000000OBonanza 000000000000
0000000000000000000000000
0000000 J000000000000vOO0O
0000000

N-1

M
> TEpm,v)

i=0 m=1
oo nNODOOOOOobOOOoOoOopOO0OO0OOMOOO
oooooooooooo¢oooooooooroo
cooboooooboooooboooooboboOonoooon
cooooooooooboocooboodp, 000 PO
oo mOO0O00O0O0OO0O0COOOOODOODOOOO
cooobooodOm=0000000000000O
cooobooooooocooboooooboOooooon
cooobooooooooooobooJoOoooooon
cooooooboocooboono
00000 eUbo00o0oooooooouooo
O0000000o0oUo0ooUooooD 7oooo
coboooooo pOO0ODOOO0ODO mOODOOODO
coobooooboooocooooooobooOooooon
0000000000000 000u00g &pm,v) O
coboooobooooobo MODOOODOOOOODO
cbooboooooobooooooooobbooDOon
cooboooooboooooboobobooooooDoon
ODO0D0D00OmargnO0O00000O0OO0C0OO0CODOO
coooobooobo pOOO0ODOODOOOm=00
ooo

POv'“a (pm 0,V )] (1)

M' = {m € M|&(pm, v)+margin > &(pm=o,v)} (2)

-72-

000000000 MO0000O0OM 0000000
gobooboobooboobooboobbobn
gobooboboobo

O00meM O000000000O00OOOOOO
goboobooboobooboobooboobo
vO0OOOOOOUOoOO0OoO 3)ooouooo

1
VvV + W Z (¢(pm=0) - ¢(pm)) (3)

meM’
o(P)D0O0DD POOOOOOOODOODOOOOOO
bbb ooooooo
oo btooodooooooooo
good

4.3 Arimaa 00O00OOO00OO

Arimaa 0000000000 0O0DO OO Hiebejk OO
00 RU0000000TDOO0OO0O0D0ODOOOOO
oofdoooboboooooooobooooobooo
000000000000 abed000000

a = |f(current) — f(played)| (4)
b = |f(current) — f(best)] (5)
= f(best) — f(played) (6)

d= (7)

fleurrent) DOO0OO0ODOO0OOOOODO f(played) O
000000000000 00000000 f(best) O
gbhoooobooboboboobobdbdiUaverage
OO000ooOoo0oooooooddad,edddDODOO
gboboboboooobobobobobobooo

f(played) — average

l(p) = aa + fmax(a,b) + vc +6(0,G—d)  (8)

a,87,6,G00000000000000000000
00000 TDOOOOOODDODO0OOOOO0O000OO
0000000000000000000000000
0000000000000000 ((p) 0000000
Oooooooo

L =

>

petraining positions

ip)+pR  (9)
oooboooboobooobo0o ROUODDOUODOD
obtdw; 00bogoobogn

R:Z|wi|

oooboooooboooooobobocooboooonooon
ooobooooooboooooboocooooooooon
ooobO200000000000D00C00000O0O0
oooboooooboooooobobocooboooonooon
oobOo0oobO0o0ooO0ooo0ob0c0b0boc0obfdd a0 OO
00:0000000 ., 0000000000

(10)



The 20th Game Programming Workshop 2015

(11)

cooboooooooooobooooooooooon
coobooooobooooboooooooooooon
ooooodo

ooooooooooooooooooooogon
00000000 [®Uooooooooooooooo
cooboooooboooobooooooboooooon
cooboooooooooboooooooboooooon
coobooooooobooooooooboooooon
oooooooo

(2 current — yj,played)

00000000 Arimaa 000000
goo

5.

000000 Arimeaa 00000000000 0O0OO
cooooooooooo

Arimaa 0 0000000000000 0OOOOOO
cooboooooboooboooooobooooon
0000000000000000000 Arimaa 00
cooboooooooooobooooobocoooon
oooood
oobooboooooooobooOoloooooooon
coooobdoz2000000C00000C0000O0
cooboboooooooooboocOooooooonboon
cooboooooboooooboOooooocOoooon
coobooooobooooboooOooooOooooon
cooboooooboooooboOooooboooooon
cooboooobooobocOooboooooboOooooon
coboodoooooilbooboboobooooooooDn
cooboooooboooooboOoooboboOooooon
oooOCbC 2000000000000 30040000

P NN

0D
orh LT

HELF

¢ (record) ¢(search)

LER

03 0DO0oooooDbo

-73 -

Arimaa 000000000001 00000000
ooooboooooooooobooooooooooon
coobooooobooooobobooobooooooon
cooboooooboooooboooooooooooon
cooboooooboooobooooboooooooon
ooboobOobooooboooobooocoboobooooonoo
oooooooooooboooboooono
e J0OODODO PUSHOOD PULLODODOOOOO
cooobooooooo
Oo0O00O0 PUSHOODO PULLOODOOOOOO
ooooooobooooooooo
ooobooooobooooobooboooooboogoo
oooooooboooooo
cooobooooooboooooboooooboogoo
oooooooDOoOOD0O PUSHOOO PULL OO
oo

6. 0O

6.1 0000

0000000000000000 Arimaa 0000
0000 Faerie 00000000000 Faerie 000
0000000000000000000000000
00000000 Arimaa 0000000 (12000
00000000000 3000 (20150 9000) O
0000000 Ratingd 2,20000000000 2,321
0 (186,77500) 000000

000000 320000000000000000
0000000000000000000000000

_“" v
¢(record) <:> ¢ (search)
[k 3%

04 0O0O0OO0O0O0OODOO



The 20th Game Programming Workshop 2015

gobobooboobboboboobooboobo
rooo000ooooooDoooOolse, 0000000
ooobOoooboboooobooo 1o000000000O
00000000 Db0O0b00ObDOdg Faerie DO OO
goboobooobd
gogboobooboobboobooboobob
gobooboobooboobboobooooobo
O0000DbOo0boboOobDO Faerie DODOOOOO
gobooboobobboboboobooboobo
OO0000oo0O0oO0ooo0ooboOoooO0n0 Rating O 2,000
gobooboobooboobooboobooobo
gobobooboobbobbooboobooobo
goboob 2000000
ggboobooboobooboobooboon
O Rating 0 220000000000 1260 (8,81900
0)0000000000000000000Oo0O00
000000000000 0000000000 Arimaa
goooooboobooboo40b00bOoooooon
gbooooboobobo 400000 30o0boOoooo
gobooboobobboobobooboobooobo
goboobooboobuooboobuooboobo
gooobooopoboobooboobboooobooon
gobooboooboobboooboon

6.2 00O
0000000000 Faerie 0000000000

000 Arimaa 000000000000000000

0000000000000 0Faerie 00000000

0000000000000000000000000

000O0000000000000030000000

oooo

0000 0000000

e J00D0O0O0DDODODDOOOOOOOOOODO
e J00D0O0O0DDODODDOOOOOOOOOODO
e J00DD0O0O0DODDOOODOOODOODOOO
oooooQ

00000000006,5,4,3,2,10000

00000000000

Faerie 0000000000000 O00O00O0O

0000000000000000000000000

0000000000000000000000000

0000000000000000000000000

0 “000 1,2,4000000007 00000000

00000000000000
00000000000

e J00O FREEZEODOOOO

e J00DDODODOOOODO

e J00D0DO0ODDOODODODOOODOODOOO
00000000000000

e 1000O0000OO0O0ODOOOOODOOOOOO

-74 -

gooboobogn
o JOOODODODDOOOODLOODLOODDOODO
goo
e JIDOOUOOUDOUUDUODLOULOO3DOOOO
goboobogob
e JODOODODOO
o JOOODODODDOODOODOUODLOODLOD
gobgoobooboboob
U000 Faerie 0O 0ODOOOODOO0ODOOOODOO
O0WuOOD 400000000000000000
o JODOODODOODLOODDOODOODLDO
gooboobogoo
goobgogo
gobgoobogboboon
gobgooboobbooboo
goobobooboboobbobbobbobbon
g
gobooboooboobobooooboo
ob340000000000000000DO0ODO

6.3 0OOO

ooooobooooo e,/ 0oogoooon 10
gboboooooboobooob 100000000001
00000 0000000000000000 190
000000ooooooosuoooooocCPUD
Intel Xeon CPU X5680 3.33GHz 0 0 00O

gogboobol1oboobooboboboobon
000000000000 0000bO00DO Faerie O
goboobooboobooboobooobboonboo
O0000D0 Arimaa 0000000000 O0OOOO
gobooboogn

0000000000000 FaerieDOOOODOOO
goboobopobobobooboobooboooboo
gobooboobooboobobuooboobooo
gobooboobooboobooboooboboonoo
O0D000D00D000Arimaa 0000000 ODO0O
gobooboobooboobooboooboboonoo
ggno

gbooooooboboooooboboooouobobon
gooobooooobbbooooobboooooon
gooobooooobobboooobbooogon
gbobobooboooboooboboboboboboooboog
Arimaa 0000000000000 O0DOODOODO
gooogo

7. 00O

gogbooobooboobooboobooboon
gobooboobooboobooboooboboonoo

1 00000000000 000D0000D0D00000000D0

20300000000000000000000000



The 20th Game Programming Workshop 2015

01 000ooo

oooog oo ooo

vs Faerie vsOOOO ooo oooo
Faerie 50.0% 7.8% 21.8%
oooo 56.7% ( 565 - 433) | 50.0% 7.8% 21.8%
oooooao 60.2% (1203 - 795) | 49.1% (981 - 1017) 7.4% 22.0%

cooboboooboooobooooboobooooo
oobooooooooooooooooooloon
cooboooooooooobooooobooooon
ooooooooool1oooooooo400000
cooboooooboboOoobooooobooooon
O00o00oo0o ooooooooooooooo
coooobooooooooboocOoooooOoooon
coobooooooboooooboOooooocOoooon
coooooooon
obooooo0ooooooooOooooooboooo
coobooooobooboOoobooOoooboOooooon
O00O0D0O0O000000000O0OFreezeO0OO00O0O
coobooooobooOoobooocoOooboboOooooon
cboobooobooobooooOooooobOOooDbOon
coobooooobooOoobooocoooboOooooon
cooboooooboooooboOoooboboOooooon
cooobooooobooooooboOooboooboO 20
coooobcoooobocOooooboOooOooboboOoO 20
coobooooobooOoobooocoOooboboOooooon
cobooboooooobooooooobOooooono
cooboooooboooooboOoooobocOonoooon
ooooooO“c00000000000000000
cooboooooboooooboOoooboocOooooon
coobooooobOoOoobooocOoOooboOoOooooon
coobooooobOoOoobooocOoOoobOoOoooon
cooooooo
ooboobOoOooooOooooooboOoOoboooooon
coobooooobOoOooobooOoOooboOooooon
cooboOoobooooboooOoooOooobOOoOoDbOon
O0Arimaa 00000000000 00O0O0OOOOO
cooboooooooobooooooOooOooooboOooon

8 UO0O0O

O0000Arimea 00000000000 O00O0OOO
00000000 Arimaa 0000000000000
coobooooobooOoobooooooboOooooon
cooboooooboooooboOoooobocOooooon
coobooooooboooobooOooobooOooooon
cooboooooboooobobooooobooOooooon
cooboooooboOoobooocOoOooboOoooooon
cooboooooboooooboOoooboboOooooon
coooboooobOobooooobOoooooooDo
coobooooobooOoobooocOoOooboOooooon

-75 -

oooobooooooooobooooooobooooon
cooooooo

oooo

[1]  Samuel, A. L.: Some Studies in Machine Learning Us-
ing the Game of Checkers, IBM J. Res. Dev., Vol. 3,
No. 3, pp. 210-229 (1959).

[2] Brian, H.: A Look at the Arimaa Branching Factor,
http://arimaa.janzert.com/bf_study/ (2006).

3] gooobOOo0opobOOobobOOooobobooooboo
goooooooobooobooooo.ooooog
0000 Vol 94, No. 83, pp. 21-30 (1994).

[4]  Wu, D. J.: Move Ranking and Evaluation in the Game
of Arimaa, PhD Thesis, Harvard University (2011).

[5] OoooooooooooboboODoDoooooooooo
0gojoo 1100000000 oooogooo
20060 pp. 78-83 (2006).

[6]  Tesauro, G.: Connectionist Learning of Expert Pref-
erences by Comparison Training, Advances in Neu-
ral Information Processing Systems 1 (Touretzky, D.,
ed.), Morgan-Kaufmann, pp. 99-106 (1989).

[7] Kanjanapa, T., Kanako, K. and Yoshiyuki, K.: De-
sign and implementation of Bonanza Method for the
Evaluation in the Game of Arimaa, Technical Re-
port 4, Department of Computer and Information Sci-
ences, Tokyo University of Agriculture and Technology
(2012).

[8]  Hriebejk, T.: Arimaa challenge-static evaluation func-
tion, Master’s thesis, Charles University in Prague
(2013).

[9]  Harris, L. R.: The Heuristic Search and the Game of
Chess - A Study of Quiescene, Sacrifices, and Plan
Oriented Play, Advance Papers of the Fourth Inter-
national Joint Conference on Artificial Intelligence,
Tbilisi, Georgia, USSR, 3-8 September 1975, pp.
334-339 (1975).

[10] Schaeffer, J., Burch, N., Bjoérnsson, Y., Kishimoo, A.,
Miiller, M., Lake, R., Lu, P. and Sutphen, S.: Checkers
is solved, science, Vol. 317, No. 5844, pp. 1518-1522
(2007).

[11] DoO0oO0ooOo0oo0OoOooDOoUOoUOoLOOooOOoooo
goooo0obOobOobooooooobo 1s0b00bo
O00000o0o00oooo 20100 pp. 15-22 (2010).

[12] Syed, O.: Arimaa - Intuitively simple ... intellectually
challenging, http://arimaa.com.

[13] Choksi, V., Ebrahim-Zadeh, N. and Mohan, V.:
Leveraging Game Phase in Arimaa (2013).

[14] Brian, H.: OpFor - The ”Opposing Force” Bot, Infor-
mation Page, http://arimaa.janzert.com/opfor/.

[15] Tesauro, G.: Comparison training of chess evalua-
tion functions, Machines that learn to play games
(Furnkranz, J. and Kubat, M., eds.), Nova Science
Publishers, Inc., Commack, NY, USA, pp. 117-130
(2001).

[16) D0D000O0000000000000000hnttp://
www.logos.t.u-tokyo.ac.jp/ ~gekisashi/.

[I77 DOO0O0OO0O3000000 : 00000000000



(18]

The 20th Game Programming Workshop 2015

(x0ooOo>>0000000DOO00O00UD)o00o
0 O Vol. 51, No. 8, pp. 1001-1007 (2010).
000000000 0000000O0O000 Arimaa
goboooooooooboooooooooooooDo
0 2014 00O 0O O Vol. 2014, pp. 151-156 (2014).

-76 -





