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Abstract: Computer Al game players have beaten human expert players in two players zero-sum perfect
information games such as Go and Japanese Chess and the focus is moving to multiple players, imperfect
information games and even with uncertainty such as Mah-jong and Werewolf. Digital curling is one of
the games with uncertainty. It has been developed as a testbed of the games with uncertainty to compete
computer Al programs and to analyze the curling strategies of human players. This paper proposes an
expectimax game tree search method for the digital curling where candidate moves are represented as the
combination of the throwing-target position and rotational direction of stones and the discretized board
states are nodes of the tree. The method can take into account uncertainty using stochastic transition in
the game tree. To evaluate our proposed method, we compare the winning rates of the methods with and
without the stochasticity while changing the searching depth. Our results show that our proposed method
with the stochasticity is better than without the stochasticity and can only show the effective look ahead.
From those results, it is shown that our proposed method could handle uncertainty and perform effective
tree search on digital curling.
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Fig. 1 Example of scoring (yellow 2 points, red 0 point).

2355



BHAIEF =R NEE Vol.57 No.11 2354-2364 (Nov. 2016)

BERA M JLA4xTU7T
T, )]
"Ny TY—H—RJ—> NnHR

2 =7
Fig. 2 Curling Rink.
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Fig. 3 Snapshot of digital curling.
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Fig. 4 Game tree of Expectimax.
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Fig. 5 Left: Discretized target positions for delivering stones.
Qp is mainly for draw shots and Qy is for take-out
shots.
Right: Discretized possible result positions, Uy, by

candidate moves because of noise.
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Fig. 6 Top: Possible results by candidates moves.
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Middle: Sharing the possible results among different
candidates moves.

Bottom: Our sharing method for digital curling.

7 BT ma, mg THEDO m! ZHEH (F—24K)
Fig. 7 A resulting move is shared between candidate move m;

and mg (game tree).
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Table &\ ) ZHXARN T L OBFEEZLEHL7HET—7
WHSFEAE L [12], B&E. RIS TTWA. KL T,
FIINH =) U TIIBT BT — ARERICZ DR —
TNEEHT S (TERTERAREOREZICERD)., 20
%, R0 =2 M, BUEOGREZE (HO OGN — MF0R
), BOOFF (kB or kM) D3I 2OUFE TV H N
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RIZBU K/ — FOFIFIZ, 2O/ —=FDA b=V
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DEDZ %2 5F 2T, RENBBELEZE LR
B % e(s) 2%t L7z (X (16)).

© 2016 Information Processing Society of Japan

e(s) =W(s)+p Zu(s, i)N(s,1) (16)

W(s) (3R s DA b — Y BECE CTARRRIE 8 H HIXEkERIC
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MEHE, D(s,i) (L b(s,3) DT TNTA 2T 7 hSINIZL S
2B ATl fE R 2 5.

3.4.1 b(s,i) DERANDETDEXRT E J(s,1)

J(s,i) ZEUF O (18) THE NS,

J(s,1) = wik(s,i) + wah(s,1) (18)
wy, wy 3HEEDERTH L. k(s,i) 1& b(s,i) DT AH
RO S ONANEIZ B S 2 FFIAEER, h(s, i) 1 b(s,q) O
EOMEIZES 2EHETEETH ) &4 LT O (19)~(22)
TEINA.

1
ko)) = T (19)
h(s,i) = hy(s,i) X hy(s,1) (20)
hz(sﬂ;) N 1— ‘x_phz| (|1‘*p}w| < Ol) (21)

0 (otherwise)

_ 2

W(phy - B < y < phy)

hy(87 Z) = B (y - phy)2 (22)

7 (Phy <Y <Py +7)
0 (otherwise)
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8 [fELMIIHHEEET LD b(s,i) XL ED J(s,i) Dfi, 1t
DNET TIT b(s, ) PV 12D DA ICKHEIEIZA F—
ZHE\N2L ED D(s,q) Ofi (HLE) & T(s,i) ofi (£
M, A FH) #EETECe— vy FTERLEN

Fig. 8 Heat map of value of J(s,4), T'(s,?) and D(s,1), figure

in the upper left is value of J(s,:) when puting b(s, 1)
on each coordinates, and the other pictures are value
when b(s,4) is already put and putting another stone
on each coordinates (D(s,%): figure in the upper right,
T(s,%): figure below left and right).

X (19) D ng(s,i) 1d b(s,i) LD bAT AHFLIINAH
FAM=YDETH L. X (20) TD hy(s,i), hy(s,i)ld
& b(s, i) Dz, y BT 5EFHEHETH D, h(s,i) &
FNoofETH L. X (21), (22) D x, yldb(s,i) D,
y R, Dhes Dhy ENT ATPRO ¢, y IR, o, B, v I
INT A—=4TdAb. h(s, i)l b(s,i) DREL /N7 AR
OB EREL kD, T2, h=) Y7 TIIBEEOR -
IIBEERE NI A b — L2 U N A ER DS 1)
(M 2) XBEITZ. 20707 A%) O T ALK
DIZIROLE D S BN KT AR (N7 ZA0HUL &
D ILERALE LT WHD) (ZZE L TW BT N TR
N AHIRITE { 2 B WREEIE R, X o C h(s,i) DI
NI AR DOFRIREL B L) IEFTLTwS (8D
).

3.4.2 b(s,8) DTATTT RENIILE T(s,1)

T(s,i) FLTF O (23) TSN L.

T(s,i) = min(o(s,i, R)) + ¢ (23)

o(s, i, R) ZHITATEE R THER L 7238 b(s,i) DT A
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77k ERIC ST AEHIEREETH Y, ¢ 13 T(s,9)
ZOWLBWODERTH 5.

R =) Y T TIEHBIMBDO A N = PHFEET DL S
ETHTFICTA 2T &L R A, JIRA =D
HE L) SRR BEBMICH DHEIZFDAN=V T4
T hNOWEEEE, FOFICHAA =V BEHEL) B HE
WM rHEIEHIVTA 2T T FENIZEXICZEDA
M=k DD SN LA RENEDH 5.

TR TYINA =) I BWTA M= b LR
BRAN=2V OMfESE, bOTA 777 FENIZLE
DEREHSPLOY I 2L —Ya IZXVHRAELE. Y
b L DEERNEIGEWEICEREL, bETA 7T Yk
TOLPMECTHET L., 7A 277 MIbDOERIIED ED
T 2HEPSIE O THEE A M=V ¥ r, /6 T
HIZFS LCEF 24 BLEATH . FRIETA 777 PO
TEND, EERLZZA =2 by DS L 22 A T A
77 NEYTL, L oG EETA 7T ME
He© 0 & LC24bit @ bit ¥ THRAFT 5. Tz b, Oliz
% Rp, Ry D20 T, E512bDMEZEELTY L
BELLTOLEZ T, b Y ONIE I L1271 2
77 b ORI E ST 5 24 bit @ bit F DT — & N—
A Op BVEBL L7z, AMOZ &%, b % b X0 FEERALE 2>
BmWALE ICELE L TITVy, T — 7 RN—2 O Z1E L 7-.
7272 L 2 OBEITIE, by 1 24 BB TR TOPIE T b(s, 1)
EWFTHRS 2720, T4 7T N ORIGEME b(s, 1) A
TOMEDS —EU EBET 2L & L.

o(s,i, R) = 1,U30/(0f(5, i, R))

+ wq0 (0p(s,4, R)) (24)
) 1
O(Of(S,Z,R)) = O”(Of(S,i,R))—I—]. (25)
1
o (op(s,i, R)) = (26)

o (op(s,1, R)) + 1
ws, wy SKEEDERTH L. of(s,i) 13 b(s,i) LRI s 12
BT S b(s,4) DHDOTRTDOA =, oh(s,i) 1 b(s,i) &
JTH s \2BF 5 b(s, i) ORI FEF —2DFTRTDR
N L OMAIE T L I2K 4 Of, O, 75 bit 5l % S8
L, #1 6% AND {5 L2k 4 M3 2% TH Y
o I bit FlE AT E L, bit FIHT 1 AR b L fev7z[nl
Baelind s, b(s,i) OUIRIMOA b= DPHFEET S &
T(s,i) DEIIKEL %D (MS8DETFLEAT).
3.4.3 b(s,t) DEATINTAIT T FENIZLE D(s,1)
TITNTA T M, —EOFRTHFOZ b=
Z2MELOTCTAITIINTHIETHL, A= 8
) LOMEIEL, BICHEATVWLIEEYTVTA 2T
MM KRB, D(s,d) BT O (27)~(29) TH S
n5.

D(s,i) = min(D; ;) (27)
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b(s,))

9 FTINTA7T Y FENITLE D(s,i)
Fig. 9 Difficulty of double takeout D(s,1).

dz2 .
0.5+0.5—2> (di; <D/
D'E,j = DZ? ( »J 1,]) (28)
1 (otherwise)
D}, =a+bcosb; ; (29)

JIEiEBRCHF—L2DA M= OFFTTHAH. K (29) D
a, bIIXT X =%, 0, ; 1y WHEDONT V& b(s, i),
b(s,j) DEFEDZESNR Y A RTMETHY, K (28) D
dij X 0(s,7), b(s,j) FOHBETH2 (K9). Dj;ixb(s, i)
Eb(s, ) EENDHITE, FLBOIKFEICRLITERE
K75 (K8 Dfl).

3.5 BZEF—JILOERFZE
RO T2 R 0~10, 3505 —5~45, LW or B K

AERIIC BT 2RO T — TN %2 LT OTFNETIER L 7.

(1) =¥ FNO#HEERKILT 5 LD DA (GPW HREE)

E9 LTIy FOREGEHEEEAT, 155555710 % 1

Wb, ZOLYDLLARTRTOREIRN T CTRH—

DEFZT 5720, BRI NLEESHETRTOR

G TRI—Db DL 4 5.

MAEHTH Gk = FE0) OFE%, 1H0ENE

DIED & 213 100%, ADMED & &3 0%, 1FHERL

(08) OLEIRFERKBEITo7-LEDOBFERLL, (1)

THERL L7245 550 A0 IZHE VIR D) = M1 A BIIHIC A

AERT BT 2HEEEN LT — 7 IUERT 5. 1T

ElBEOBRIE, HSEE2IEICT2ZE2HME L

LYo ALY LD 1 Iy FOMEEHEKETS 2 &

TRD 5.

(3) (2) TR LR T =7V EFH L) D AL
) LTHEAGRMTTL Y FOREZEHOFT,
RERN T DR T 5. (2) L1ERED,
RAERI T LN R DRSNS,

(4) (2) LAKOTFIETT — 7TV EEHSED.

K1 BBEEHEOBERTF — T V%~ L-bDT

H5.

4. EE

ERICAEERZEL TV — ) Y ZICBITHIRE
T L BEFAOEREEZHS 2T 572012, RHEE
MrZBETALEE LEVIGEENETNIIBWTIHREREDRE

—
\V]
~—
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1 PFET—70V (BRUHR)
Table 1 Winning percentage table (second player).

Bhzr M
3 2 1 0
+3 | 94% 9% 99% 100%
+2 | 8% 91% 96%  100%
41| 7%  80% 8T%  100%
M0 | 62% 61% 3% 73%
21| 4% 39% 47% 0%
-2 | 29% 22% 24% 0%
-3 | 16% 10% 8% 0%

SR SR AL & D3P FERRZ T VIR LT 5.
OB, HEROFMEEWSLICT A0S, HHTS
TMEMORENEEE 2 5. AEBTIZ 3.4 HiTih~x
7EMERE A T 525, OB EEOKETE
L7 EDbDEN—2L LTBY, —E EOBED
HHELDEEZDLIENTEL, WFIZHLE LD DA
$, BREROFESHK1OGEL 2DE, SOIIEENE
LT HDGE EAMEEEEER L W EDRN 488 —
ET5. B, PEEEDOEROARL 3.2 Hi TH~R7AK
RIETFEGOBEIBC LV RES NS, THEEE % Z5E
L WA IR F ICE K MEE T 20 $ETFL
L, REETTFHEEOERRE 1 L LTEREYT

4.1 EEREE

A EAH T2 1355 2 [0l UEC MO @ AL ThH 5 [GCCS]
WA, GCCS I, ErFAlaRiEREHW%E 1 b
UEC # & GPW MO AL [#:] #x—2% L, 5 (%
W2HHFET) IZEBDO = ¥ TEREO AR VTR
T2 BN 5. HWEROFIWOFFMHL, 1E10 = F
DA, ATFD 1~5 = Nl RO E N—
ZAFF, D 6~10 T FIIREN G BEREN— 2 &
LTI,

F72, Lo ARSKKESMIEICIE, HIRKER %%
B L CHERIER 2 M 5720127 LA ) 7R A0 HiE
JEEEAGTHD Qp, D) B, B 10 DK E MDD
AR S NTZFATF R RO ITVED D58 LI O S AR
SNEFFRHLTHEREITToTBY, KERIZBW
THRBOBETITo TV A, kXM OEED S b
WD DR LI OREEREDS 2 OFFfE L TV A a1, y B
DIED/NSVEEFE (HH L) EHOEE) 2#EL Tnb.
LY, Qp MHEMSINLEMTFITAA DML
12957 MEERY, 1208 — K 5AEET 5ETTOR
BAEILD 4,458 205 2,082 IS LTWb. &8, H
h & M OB ICIE LTV 5.

B, EBRICHWIFHMEREEO T X =5 1D To LB
DTH5B. §/37 X =% OEIZEHOFIIZB W THRE %
ToBICEREB ) OFEMF 2 #EIRT 2 L) ICFHTH
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T I I Y YT Y TR TSI T I Y

I Besas as
0000000000000000 0000000000000000
0009000080000 Julale]

OOODOOOODOOOODOO DDOOOOOOODDOOODO
GO0 COGO0 00000800
<000000000000000 DOODDDOOD

TEssssRTEEREETER
SQOCDGA00DA00000 OOOOODOOOOOOOOOO
2000000000000 000§000000000030000:

S0 etulalulat [ssta] Intatelulalet
T ot
[alajslsialeialetalalaulatatetal DOOOODOOOOOOOOOO
£0000000000000000000000000050000
peiainlniaie wiuiniolaiuiniatoial (Qaiolodniulniolalviniolelauinie]

CH0) ODOOOOOOOODOOODO
D00 DOOD DOO 00

OO.
oSdeddocded

L=t o

O (eguinieiaieluiniel
OOOO OOOOOOOOOOOOOOO
AREEAIREER
OOOO DOODODOOOOOQO

X 10 HiEMHOBENSER SN FET T2 T TR LIV
DR LMD & A i S B FELT T T

Fig. 10 Resulting moves made from filled circle coordinates is

BARIARIETINLOECD
OOOO il Tatulefeial Lol
0800000 eC00C0 R0

substituted by resulting moves made from circle coor-

dinates.

0.1 (if the first player’s turn)
p= (30)
0.2 (otherwise)
w1 = 1.0
Wy = 1.0
a=7Tp +Ts

B ="Tn2

w3 = 1.0
Wy = 2.0
a = 0.915

b=rp

(
(
(
(
Y =Th1 A+ Ts (35
(
(
(
(
(

c=10.3

i = 1.83 1K 3 OF VDL, 1y = 1.22 EHWHO
FLE re = 0145 13 A b — R E T

AL 1 Y FHEREZ D) O AICEHZEL T, 13#E
10 =~ F‘“C“ 100 AT D17\, 10 T2 N TR fAS

HELWEAICIFIERERZ1TH . ERIZERmO T~ N TH
ﬁb%%~A%%&aLf BSOS FT 1Ly Fost
EEMBD R LAT) . HIRRERR X 1506 1,440 £, JERET
3144 B9 5. T 2EHEHEIS Intel Xeon I 754 x 2
270ty ¥) 70y 2 Hilk2.26GHz TH b
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2 100 XAETOLY DL AR, FlNIIEERAE L KT

Table 2 Winning rate of victory of jiritsu-kun in 100 games.

HEEEDHIE
»Hh %L
WS 1| 39.1% (£5.2%)  10.9% (+3.1%)
WS 2 | 82.3% (£3.7%)  7.9% (£2.7%)

F 3 LUOLADERLDI Y KO SEH

Table 3 Score distributions when jiritsu-kun is the first player.

THEEMEDOERE D) AHEEEOFR % L
w1 W2 w1 W2
3k 1% 0% 0% 0%
2 mbl b 3% 1% 1% 0%
1 EEE 11% 15% 6% 2%
0 M 4% 6% 0% 1%
—1 HDT | 47% 50% 47% 46%
-2 U | 24% 18% 28% 30%
-3 HUF 9% 5% 14% 15%
FIEE | —1.12 —0.79 —1.68 —1.93
VN 2.23 1.77 1.97 1.48
v N 226 235 164 163

F 4 LYo APBREKDOI Y FOBEST

Table 4 Score distributions when jiritsu-kun is the second

player.
MEEMEDEED ) AHEETEOZE R L
WS 1 WS 2 WS 1 w2
3 mE 4% 13% 5% 5%
2 Ml b 21% 27% 16% 16%
1AMk 52% 44% 37% 38%
0 M 5% 0% 3% 8%
—1HDT | 1% 8% 25% 22%
—2 HPLF 3% 2% 8% %
—3 LT 1% 0% 2% 3%
PHR A 0.93 1.51 0.35 0.40
I 1.77 2.52 2.88 2.50
¥ N 294 270 341 342

4.2 EEER

100 B A O BERHE S0 & F Y L - BEHERR A & Vv 7o
ErfTol:. TORKEEER2IRL, TY FTELDEES
L TFHEEER 3 LR 4 1”7, EMHTFO GCCS &
#F6~10 =~ FCTREHEAD VTV ABAIZIE EDfE
T2 RIRLCHFFMAEL 2D (BEAT100% F 721
0%) LT LAANCTHLWTEEIRT L7200, T FTED
RO & PHHRRORRIZEEXEGA D 1~5 =2 F
FTOHETH TN,

£ 2 OHERENPS, FHEEEOEED ) OBGEIIIERDOE
S 1 OE, 20854 &%KK%%ﬁw%EﬁbwﬁaK
RABEIEEICE L, TAEEROEED ) OYE
BERORRS 1 LY ?ﬂ:«@(mé 2 DI DRI BN E v
EDHEFRT X 7205, BDHEEVEDERE % L O AR ICE

2362



BHAIEF =R NEE Vol.57 No.11 2354-2364 (Nov. 2016)

EEEIRON G Lo 7.

F 305, BHT Y FICBWTAREEE 2 Z/B L v
BIBES 2OFHEPERI L L VAEIEKL 2L
R T &7z (A EAKEE 5% D Welch @ t #5E) .

FADS, BRI Y FICBWTIERORS 1 TS
HOEED ) DOFNERERLLD 1 B LETH LRI
BIZED o705, 2 5 ETHBHERE 3 AL ETH B
RCIFEET R » o7 (MHAEKE %D 7 H5E).

T/, 1 FOBERII»D» o PRI TOLEBY) T
H5b.

e GCCS :17.97 %

o NHEEWDER D VIERORES 11 1 Bk
o NEEMDERED VIFRDOES 21 13.88
o NHEEVEDEE % LIEROHES 11 1 Bk
o NHEEVDER % LIEROBES 26841

5. R

AL B LGS IR RORERS 2P T 2 LT
BRLEHA LIV FERDPS, DHEZET — AIBWTRE
FHAZ L VAHEEE 2R T 5 2 L CHEUNICEHRATET
WAL ZENHENE R o, FIWIIAMEETEDEE R L
TREROWRS R LA IR Y FI2BIT 5%
HMET L7222 &3, EBRINL et Z 891205
AEAT- 722 & T, EBIIIERT B TTREEEDIEH 12K
EHOEHTE LD o220 THILEEZ NS, FERIC
PHEEMEDER % LOGE EAREEEDOEED ) O%E
TOETERBR LA, REEEOEE L LOYEE
X 11 O X 9 ZIEREICEATTE LG AICIZIEFICAETI & %
B SFEBMTEEEIMER N L 9 T2 EIRT L HA 51
7o F70, DHEEHEDOERED ) OBGEITHEFRORERS 2 iR<
FTHZET, B 12 DLHITFES 1 TIROMFOHIKZ
FHICERTETBLTHDTDA b= ITEWALE ISHER
LTWaY, EE2FETHEGZ ETHFDOBROMTDOIKERIC
BT TNTFAZT I DO A7 2EZELTHSDA b+ —
YD SHENTAALEANOILIREAT ) E AR S LT,

S5, BREDES 1 OERIZBWTIAHEEEZ ZES
LE L L aTRAHEEZEZER L72HA 1 HUE
THAHMERIIHE VD2 B LETHLMERLE 3 HLLETH S
MRIIEEE IR P2 813, 1 EeEEETEND)E
HIZBWT, RHEESELERE L2 WEEITREN 255
NLMERPDL L TCHHEET IR L 25E% T o7 #
BEFICEHSE ) 20 ThrEEZOND,

6. BHYIC

KL T, TYVINT—) Y FIZBNTT — LRER
REMAT A TERIREL, ZOFEEHVTHIE L AL
(LYo A) LB ATl O EEREZIT o 72, ZOFER,
AHEEEZZR L2 E IR P EA L, LA MEE %
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N

[ ] ®
U0 2 < ARERET BT 5T DD > 7GR
11 RS 2 AEEMEDERE 2 L D7 T
Fig. 11 Example of move without considering uncertainty at
depth 2.

\
N2

-
-

®
L b o< ARREKRET

e =
WX 2 OHH

WX 1 OBR

12 AHEETEDOEZEED ) THROE S B FR7e b5 D& T
Fig. 12 Comparison of move bitween depth 1 and depth 2 (un-

certainty is considered).

LI EDREROBES WP I L THEILAL
7. TDZTENDL, HRIIAEEUEEL TV IV -
YOI BITLIRETEICL DG AOERESHS 20 &
otz AR, BEHFORYAAEIT) L TEHITHRE
WEEREITV, AHEET — DBV TECERT LI LD
BEHREAPIVPEASHIIT LT ETHA.
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DNEE 18 (FERH)

1990 4EA42. 2015 AEALIEE Ko T4

T L 7 b=y AR [AFE
[F R KA B G R e s R
A

Bix EE  (ExH)

2004 4R HEUR ARG AL e RS A
AEIE T (W (544iY)), 2005 £ HA
FAHRAEXFFZER (PD, 13272
THREKRF), A F) ARGy 72K
FEEMNIEH, 2008 4FRBRKF RS
Pl B2t 7R Bh B 2013 4k
BRFPRFBEERE PR ESdZ . EMI AT AEG, #
HMERERE, ARSI

WA A (ExH)

1968 4. 1996 bl K Kb
TR A 7 A 5 LA B
RIS T, R4 B AR B
SIfFZE E (PD). 1997 4EAb il K&
KB TR . 2000 4FFK
FhE LR Ed%.  [RRFBEiEH
BHAWTFER I #AZ, 2007 4F [ K24 BE FEIE BHEHEE % 4%
T, 2012 4E KSR, = O, BHERR RN X X
BIRIZER, 7o — 2 K¥EFBNER. Bt (T%). Bk
&, MEERIEHRICE D (B a Ry MRS, rY—LaTa s
IV, MR Y NI — 7 OFFRICIEE. LSS
iRl R, BULERESME, ETEREESE, A
THRESE, HRARL =23 v X - ) —F5%48 EE
TH%, HABMSRSE, - Y REE, REWEFRBER
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