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Abstract: We examined one of the reinforcement learning methods on the basis of generalized policy itera-
tion by means of digital curling in which stone coordinates and shots are represented by floating numbers.
The reinforcement learning method was carried out by using an action set which was formed by little pre-
liminary domain knowledge of the game, and by using random initial policy functions. Action values were
inferred from about six hundred million actions generated by behavior policies by using convolutional neural
networks with about ten million weights. Greedy policies were approximately computed by the Monte Carlo
method because the action set is huge. Our experiment showed that the performance of the greedy policy
is nearly comparable to a sample Al program and disclosed the process in which the policy starts to make
actions on the basis of elementary knowledge of shots.
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Fig. 1 Enlarged view of the digital curling sheet.
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Table 1 A comparison between related work and our work.
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Fig. 2 An outline of CNN.

® 2 BAAEEM. A PTA FREBAL T-0 ¥ T2
Table 2 Details of convolution part. Strides are 1 (convolu-

tion) and 2 (pooling).
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Table 3 The representation of stone placement.
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Fig. 3 An extraction of features of stone placements. Grids

represent pixels, the gray circle represents a stone, each
pixel shows a value that represents the overlap area with

the stone. The area of each pixel is one.
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Algorithm 1
L FRT—5 AT B— BES
2w — & 5P E T
3: loop
4 ' — B B TR
5: w TLY F (spap...s15a15R) 7L A
6: T ar #m(s;) M2 TROKREV 7, ZIFNIF0
7
8
9

for each ] 7 25 Ny [ZHBIL7: (s,a) do
B2 (s,a,+R) %380
: if |B| > N then
10: 0 — HHEA

11: Ly < 3 (s.a,ryes L(s,a, R, 0)

12: Lp b bRE/NS T 5B L9120 2k
13: B — Z2Ef

14: m— MC LT SN S argmax, Q(+, a, 0)

(s,a) 2B EF RIS PL, IZHEVROBEH A 7 v 70Tk
BE s DSEER SN D EIET A, FERImIREE s X 3 v bE
BFmEHLLIZELD, 12O FOTL A T2 ML
ER CIREEDSBIN S Z &1 e\,
RATHIZBWT, SR« OFHIEE % 5D 5720
2, @ L C, AL L D2 /NS LT 5. Jih
YEENDEF OGP ES b 2 #]fFL T, CNN
DEADFBEIIERMAAT) . Thbl, EAXRT ML
0 XY 5 & X 2N 0 xR kL (1047H), xE
) BEZIZT 5 (1347H).
UATHIZBWT, K r s h s, [THiiE
Q(s,a,0) IWIFFT Y Tz, X,v) ICX DIEES
b, WKEEG 25178 ac AZRRKDL L EI2IE, ThE
TEREC KD 2 DI EER 7280, Ngg MOWEE % 1T >~
FUIER LT, 0% 070 SATElE OHEE M A b K
EVTEIZ kDL, ZOL)ITEBPFIEEINAZ7) —F 7
TR EHETRE T,

6. EERETE
ARECTIIERZEICOVWTIRRS, 6.1 #iTlx, mib

BEBOBEZ RS, 6.2 HiT, VERERTIZE S %31
FEEROBREZ BN

6.1 @LEH

Algorithm 1 @ 14 fTH D F5#E% 2 479 . 1 HHET
HVBHEET R LB R o 3, ThEFNng, n) &&F
Lo ZNCEYBEeNr) =T i m &L
B2, 2B, #hEhm, o, THYH, ZHIZEIDE
bN7HRIEm ThA.

JiReE 1 M H OHEE ST mo 1 3—HET > 7 L AAEA I
fLENTPERN TR ET A, U, ShE T vy alik
EWESR. BB n(m, X, a) 1E, m=0% 51X —kkT >~ %
LATBac AFRERL, m>07%5IEHEE T & [ UAT
BalliEE1 %2525, Nypld2.6x10%, Npld15 &3 5.
F 72, BHOZOIATE mo(m = 0, X) BB KO8N &
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FLICRAZERFEREEZEBLTRVERELT, 71d2
RIZOELTTET T L RERT L, BEh O OMEIR, F#
1073 OEMIEA & SGD TIT9H. I =3y FORLEL]
B, £2ay MEFmIFLTENLZENS0 HFHET 5.

T 2 M H T, ZBETIE ), (m, X, a) 1&, m<h
T HIE—HET ¥ ¥ DR % 16 s L 7295 ST Bl
EOHEEMATHR D BV ITE 0, m=h B 54T V5 A
T8 a e A, m>h %0378 o = m(m, X) ZEKT
. hIZIZ0O25 15 FTOERE T VT LIZE5 25, Ny
1332x10% (% hdH720#2,000 %), Npidh&$sb, E
HOHEEL, FHE1075 O Adam # VT, %3 v b
Frm I LENFN I =Ny F% 1,000 FELFE L,
LI, FEFL0CICLT, TRNENESICI= Ny T %
1,000 7 EAREEALEE L CAT 9. F 72, CNN %4k TEiEA
ADRKEEEBBIZEDICTHIZD, LY 54 TR
F—VEE X FNESELT Iy 72 HWT, 0 KGO
WEE v, DfE%E CNN ICAD L., 7B, EFr L BL
T, Nouw = 15, Nga = 4,096 £ § 5.

FEBRIE Xeon X5690 x 2 H{H¥DT—F AF— 3 V&
3~9 13, Geforce GTX 1080 #H4 1~4 ¥ % 3 # AR S
HL Uo7z, BECHEBS—ETHEVDIZZOR 4 TZ
WTWLHDERHVDTHA.

REBFHE - BEE, RORES/RVEREEIEEZIZL
WA, THEFEBS BT HER AT o 22H I B W TR
BIFRREZRL7ZODTHS. 11 Fy 2 VE AT
CNN L, £#7VAYXYDA =V 2F XA NVDOIRE AT
5H0 L0 bfEHEEREEDSH o7, T2, CNN O
ERERE, FRREOEARKE Ny FIEERIE, S % 5 %58
LA NN OHE LY LB o7z, 512, 2MED K
Y% Tld Adam OFEEI=IL, SGD ORIE LI L B>
7o ATENOWERE O KB & X [—1,1] 12N FE A L9 12
MIEERT DL, 29 L s kL <, #EekE
WEL 2 B7ZOTHL. HEEE2HEIIBWTY Ny %
158 Lahoznld, AE) B2 —F 1 EDITH
I 2SEME N T, 242 ONN A4 L THiofTE)IC
Y HEEDEL RAHBHR 2 OIS 5720 Th 5.

6.2 FTEKEERIC & B 4RERTME

7)) =7 A IR DR & AR XD Bl 5. ik
MPICRFVINI—=) v 70T TV TL LAY E LTHE
HENTWS CurlingAl iV s, ZOTLAVIZRAL
LTEEESN TV TEEILF 22—y 7 ERT0E LR
W2 WS, RIFFETERT 5 7 — 7 4 RO MERE % Ml
B3 tRE T .

SO, AR ERONEBHFZHET 2729,
WHEe T T VFAADITEZLY, HFE1-—cT
CurlingAl & FERICATE)T % CurlingAl(e) b AET 5. &t
I8 Y F0b by — LTI, 12 FOEE
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BHIINEFICANEZ .
PRI OIRIEIZIE Elo L—7 4 ¥ 7% w5k, Th
i, VLAY i TVLAY ISR AR

1
1 + 10(R;—R:)/400
EHEET AL DL R AT LAY i OEE (L—b) &&z
LHETHL. R OEIEIRLMEEICLYERD LS.

7. RERER

REETI, U HRFMOERIER L (7.1 5),
BONTT ) =T A JEHAT I ATBOHHER (7.2 ) %
Y. hB, REOELMET Y FEMOBEET S THE
iR & I 7 O5% R M TR S - 72

P,L--:

7.1 FHRRE & AR

12DIY ROBRDE DT — L OXF GO R R % ik
N5, AT 1o & L, B - BRI EIER 2,000 -
YFTULALT, Ffm OURELFFGLZ. m 2T
¥ FIE R OREARNEIE 2.92+0.08 TH o7z 19 D RD
I 0 (BEERME) THEDS, mo b w1 DFRDOE
Fros, WEIEEZ KELT ALV BRTUEICR>TW
T2l EZ NS, [FAERC, 7 D5 m 123 LTSz R DFER
X 2944012 TH o722 D5, 1 D5 1y DFHEE
OB o TV EEZLND,

K42, ST RPSLRLTy— 20O EORKE L &I
ESNIL— FERT. ZOFELS, GPTIZEDC 2
FIDOJTRLEDREN D DTHY, w9 6 m, T 75 Ty
EHRGE AT ) T2 ITHRED A L LT o 722 & %55
L. 7)) =T 14 TR mo ORI CurlingAL & ) 455> T
A, 2EOJRSEETL — 2,000 b EH LA &
Mh, SO LRDLFRUFEIZLSTESNL Y —T 14 FHiK
DL — M CurlingAl = kM2 Z LRI NS. T 0%
LR mg ki LR 7)) — T4 R m B L7
FhEET 5L, BEOHDVPLYHBEOR Z VETEESE
BEETLLDTHL. TOXH)RENIS, 7 —F+

K4 EoL—7+1427
Table 4 Elo ratings.

LAY L—F
o 0
CurlingAl(e = %) 287
CurlingAl(e = 12) 450
CurlingAl(e = 12) 787
T 1170
CurlingAl(e = 1%) 1402
CurlingAl(e = ) 1652
CurlingAl(e = 1) 2029
2 2053
CurlingAl 2169
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x5 FHTFT—FAEY BITBIMLIM (m, X, v,r, R) 7%, m =15
MO 2R ¢ [-n+1),n—1] THo72EE (%). FHMAOHE
FEEERT

Table 5 Probabilities that a tuple (m,X,v,r, R) added to
training data memory B satisfied m = 15 and 2R ¢
[-n 4+ 1,n — 1] in percentage. Values in parentheses

represent errors.

n JiRYE L RIH JRYEE 2 mEH
17 0 0

15 5(7) x 1076 2.2(7) x 1074
13 4(2) x 107° 3.81(9) x 1072
11 1.9(2) x 1073 7.78(4) x 107!
9 3.48(6) x 1072 4.956(10)

7 4.33(2) x 107! 14.79(2)

Tk o HET H 20120, S SRR EEE ¥
FN7w 7LD, XD RvigfbsE e L7z Y
TEIEDPRODOENLDTIE R EEZLNS.

K51, FRT—2 O FREDXE [(—Now +1)/2,
(Nous — 1)/2] B SN2 MERZ R, £ITIE m = 15 Ol
DIFRGATD R Z IR LT, oMb BBOGARKTH -
7o, EET— 9®1ﬁ%ﬁ@ﬁﬁﬁélﬁﬁib%2@5
DFHIENZ EDgHhoTz. RERTHER L& b I
2,000 HRREDZEE 7 — 5 Tld 7 — & 15 i, 8ﬁk
—SHDYay NOFEIINETH S, Ny OfEIL, K&
W EEEIRHE A B CHEE T RIS 2 B Y, L
[ A A X %ﬂﬁu&f@15f+‘vtéég
LD o7,

R 6 [IHRWE 2 M HOWREL ¥ FMEHOHEEHEE 2R
. FETF—F LFEERIS, TAMT—8 O (m, X,v,7, R)
bEBBLW S 7, Ty FET LA LTHERLE
T = A REE R TEIZ10 78 Lz, it v M
2 (X,0,0,,) DEK 0, \T, FHRIE2MEP#HboT2 L
EDLDEH, HEEREL, JuERE L, HEREE
WTHIRLZS, £m JLIZ, TAMT—F O/ (X, v,7)
FTRTCIZDAEE R OEAR Y 2wl E Lge, &
EREIZ0 &% b, T, HEMEIMEN 2GS (e
T RTHOFERE & —5), R MEREIE 1 &%
5. MBIRENE, FlE—FT ¥ LATHIHE0 L 5.
E512, Ya v MHIOA M= VEETRHE LA EE T Y
FEEE LTPHTATEOMRE DI L., £XD,
mABKELHEBHIZONT, BBOGRAMEEHES M ELTw
CMEED AL NIz, T, IO m 122V TH CNN |2
LB MEEBENPIRFEL Y EBCZ DG ro7. 5B
m =15 IZBWTHRTFEOHEREES P2 ) w7,
Tay bEETm OITER KT ¥ LIERENL 2D
2, "NTANDA N — Y OREICEELY G253 v b

& 6 CONN EWBTELTH m aFIlT 2 M. R e Wy

Rl zp EEUER R ORERBEMBRE (REvizes

WEE) Cillo 7z, FIMNOMIERAEEZET. m v ay M F
TERERT

Table 6 Accuracies of policy m; evaluations by means of CNN

and the comparative method. Accuracies were mea-

sured by the coefficient of determination and corre-

lation coefficient (greater value means higher accu-

racy) between an inferred expected score z, and ac-

tual score R. Values in parentheses represent errors.

m represents a shot number.

m P PREL AHBI R %L

CNN T3 CNN BT
0 000 —0.02  0.048(7) -
1 005 0.00 0.224(6)  0.061(7)
2 007 —0.16  0.270(6)  0.163(7)
3 018 0.04 0.428(6)  0.280(6)
4 014  —0.13  0371(6)  0.266(6)
5 019  —004  0.436(6)  0.334(6)
6 024  —0.05  0492(5)  0.389(6)
7 031 0.12 0.562(5)  0.466(5)
8 0.32 0.04 0.570(5)  0.476(5)
9 0.38 0.18 0.617(4)  0.539(5)
10 0.43 0.21 0.657(4)  0.585(5)
11 0.55 0.39 0.740(3)  0.685(4)
12 0.58 0.40 0.760(3)  0.705(4)
13 0.69 0.59 0.831(2)  0.793(3)
14 081 0.72 0.898(2)  0.866(2)
15 0.94 0.91  0.9717(4)  0.9574(6)

BENWZENZDO—HIZLEZOND.

7.2 EHEL1TERIE

mEIL (XTH), 7o &H L (R 82 2he

N1 ALY Fooxtigicsnr s, v avy MeniEbB LU0

FFLTEmZFAE L 72 KYVIPRTEZHHE D 3 v bosy

HEGLDTOEBYTHS, B, KL THW/Z 3y

MO NER, B2 gy M LA M= OEEEIZE T

LML, WHRLDTHS.

FO— bFo— (FLAZYTICA M=V RIEDDL Y3y
N OEIG. DD, NTAND R =% g7 — F*10)
HLT Ty K J) = 2% ey,

TO1 Ya v hLEAN—UDBTLATY THIZED,
POAN—V 1 DO%HWENTT A 777 MBOEE,

8 RO ERITE, 3k [21] oKX (1) RV R
SEME L MRS 2 o1, iR (1 —22)/vn 1I2E 0T
PRI L TR D o 72 [22].
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N2 ay NLZAN=YBINTARIH Y, D, MOAN—8
TLA Y THANBEIL 200,

0 2 gy NLZA M=V T —H =R = (F14—94 /|5%

LEWNTANDO T LA T)T) 1288 FE o7,

AL gy NL72A M= Y OFFNIC o JEEOFEA A b — 4% (Fstone)
KMOA N = Hd 5.

12 23y MLZZA M= Y ORIZ 2 JEEEDFED reone Al 222 HiEE
D Brstone AND A b — 23 5.

3339 LAV TIEGEWA M=V T LA I THNEE)
5.

*

i
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RT7T m OYavy MAR. BT 1.3 RHETHA.

Table 7 Shot tendencies of 7. Errors are less than 1.3.

m Fa— TO1 TO2 Zoff
0  100/0/-/- -/- -/-/-  0/100
1 98/0/0/0 -/2 -/-/- 0/84
2 99/0/0/4 0/0  -/0/- 0/49
3 76/0/2/2  8/3 -/0/0  10/16
4 72/1/1/3  3/3 0/1/0 16/16
5  26/3/1/1 5/3 0/0/0 50/3
6 13/1/2/1  9/13 1/3/1  47/18
7 40/5/2/2  9/13 0/1/1 25/14
8 34/15/2/2 7/6 0/1/0 30/15
9  41/9/2/2 6/10 0/0/0 30/13
10 20/10/2/1 9/10 1/2/1 38/14
11 9/6/3/1 8/12  1/3/2 50/12
12 14/15/2/1  8/9  1/2/1 45/12
13 26/13/3/1 7/14 0/1/1 32/15
14 18/16/2/1 5/7 0/1/0 49/14
15 29/12/3/2  6/7 1/2/1  39/18

£ 8 m D3 v MHEM. AT 1.7 KilTH 5.

Table 8 Shot tendencies of wo. Errors are less than 1.7.

m Fo— TO1  TO2 Z0fl
0 100/0/-/-  -/-  -/-/- 0/100
1 56/0/0/9 -/44  -/-/-  0)77
2 74/0/0/8 6/18 -/0/-  0/60
3 26/0/0/2 15/52 -/2/1  1/72
4 78/0/1/4 4/14 0/1/0  1/55
5 14/1/2/2 14/55 0/3/2  5/61
6 86/1/1/4 1/8 0/0/0  2/51
7 18/1/3/3 15/50 1/5/3  2/56
8 84/1/2/5 2/9 0/0/0  2/51
9 11/1/4/2 17/42 2/9/4  5/53
10 79/1/2/4 3/10 0/1/1  3/60
11 18/1/5/3 16/46 1/5/3  4/55
12 70/4/4/4 5/14  0/1/1  3/55
13 31/2/6/3 13/35 1/6/3  3/59
14 73/3/3/4 4/14  0/1/1  3/69
15 42/1/5/4 12/33 1/5/3  1/74

bty b7 Y RAFA Ly b7y RO—VIEZ D5M
iy, Kb, FHEITLAYDOA =12, M
FOAN=V12DF 4777 baFkT.

TO2 Yav LA =UDBT LAY THIZEY, »
DAN=V 225 HMENTTA 7T NOHEE, ¥T
VTA 7T MIZOLEGEET. £, F&7
LAYDAL—=222, FFEFTLAYEHFOZ T —
Y1290, MFOAN-V22007 477 Y M %
#£9.

0 s, Av—3ay VUQEE FESLAY
WFoN=T A =2 (F4—=ZRHITVNT AN

DAN—) RE B VE V) LETIZBWT, Y3 v
MZEoTFUN=T VA b= i fg %2R,
9, A=) 7BV TROIUBENLATHO 1 OTH
BNTAND FE—ZAT) EGE2EHET L. 22T, &KIZ
IRELWDS, 19 DZFNIF1I0%LLTTHAE. 1 Dm =0
DY ay PETRTNTIZAAND KA —Tho72. 72, F
RTOYay MEFTIOHEY g L) EIo7. 56
2, mo DF Y IN=T Y A =Y 2B E8E12 10% T T
HAHZ LI, m OFENEBBELA 12%D. ETH - 7.
L7z oT, 1MHOFREEIZL > TT ) =71 7N
AN N — %479 X)X/ Loz,
K2, Abh=r12054 2777k (TO1) Z47) %4
REETD, 22T, FETLVAYDAN—CDF A2
T MNEMTFAN=VDFA 27T bO2OEE % K
T2, gy TlEELH L 5% T THSH, 1 Tldm &I
BLTINLOHEE WMLz 00, 2OEGITKE
RIEBWEIAONG o7z, T2, 1 T m EHBLTS
NHOEEDHML Tz, 8512, m TlEIhS 2D
FIGICHEBERAESARLN, HFA M= Z @RI T A7
TP LTW2Z e ol. 512, m TIREKR (m
PEED) 1 INTAND FO—%2ifH, BEIETA 2777 b
G EDN ol TDOZEIE, BRI ATBUER
% N — %47, FRRBRBSFMN T A 7T 7 b &AT
VLI E LTHFET A ENTELO13]. &5
2, mMDFN=T YA N=VEHREHELD D, m D
FhixBBthghrolz. N2 &6, 2HHEHD )
KT LT =T 4 RV OIEN T A 7T M &
19 X9 oz ot
Bz, P72 ay PEDbEETHLEEZON
573y M m BT EEEERT L, A—F, #47T
FTIYR, TN =RERAFIEGINS VD, TNL DT
FOSMIIWIETH 72, ¥ TIVTA 777 b %47 ) Ee
DFENEL, ITFOA M=V 205 IR TA 7T
N AT DR TE h oz, AN—%FT)EE L NS
otz RIITREN TRV, E—=LDXLHIZ, Y3 v
FNLZZA M= T VLAY THIRBET 274 777 b
DEFIETRTOm TA%GKWTH N /NS hoiz. b
DY ay bERITHEBIINEL, INHOGHIZHETSH
O, BELZYay NOFBERHERTE L7, mg, m D
FUN=T VAN = AR ARERIT m = 3 DIEIE 20% 20
TEREL, INHOFEDOYEIE, FoN—T A b —
VERBDIIERT HENT AN FO—HFOA =21
DDFTATT I NefTH) 2 THIERTRTH 722 &

M gy FLAZA M=V LATY TR, D, oA -
VI RCOBEREIZEALD %2\,
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5 g FERTLVANYDA = DRETA T NTHIEN
BRI TH 5.

61 LY FORDTF—LT VA, BT o hb7— 400
WCHRIRELY FOTLAIZEVWEEZ NS, DX 7%
IV FTRERMIC, AR 2SI 2l i 02,
F 2 BIE TR 2 A E OV 2 ) .
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FUTNA =) TR EIN, T LN, SHET
5 GPI %479 sifb =B 2 MG L7z, ATEIES A 12iE B
BXEAh—) v roFHamEy VWb O RE LT,
COEKRBITEIESD ) —F 1 775 % MC 2 X1 5T
HIIZETHE L7z,

KIFZEDEERIZL ), CNN ORI 70T x 16 HOEAD
%% 20007 x 16 AOTEY Y — FEHWTHELT, ¥
YINVTR T T AL LTARENTWA CuringAl £ 1) b
RGN =T 4 FRPGONLE L xHL L.
1TRHOFREFETIZ ) — T 1 FRIEFEL, @M R N
O—THbNTAND FO—DHFREEE L. 2L T,
2MAHOHRAFETIEIWEN LT A 7T 7 N THDAD—
Y1OoDOTA 2T PORAEREESL, KRR LIELDE
CDONTAND RO =% BREHIXTA 7T bE4T)
)Tk o7z. 20OFREHE TR S DM IZIM EL2Z
EDS, YD RHELERE Y by ALY, IR
ROBOILEEEZEH L20$52 812k, —F
RFTTIVTFATTI M EDL VEELR Y gy NEke
BLT, ZV)=FT1 HHEIFEHITR B LDTIE R VhLE
D &Sk % 1572
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