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ARy FELTES UCTMC 7Y XL BEY 7 FE2ERL, REEZRMLE &
FEARKFFRE I FAT 2 b Y—nFR%E, F4T7DRRSD CPU 2= 2 2D A7 L, x86/H
{£ PC & Cell/Playstation 3 IcEH L, ETEEERIELE. 2747 bH—rh5Ri2, REEL
EDLNTWDERALEH KL H~T Cell Tit 3 Ed#IC, x86 Tit 10%:&< %o, ¥£7=, UCT
THAY XLEETHNVAY I2b—La v OWFIRITERAEDEFICEZS, ZALTY XA
DEMPELT S LS HEEAOKEEZ GNU GO It T 2B TIFMLE. HERLAEFIE 4 DE4,
ELO V=74 Y ZICRR L -BROETIZR K 35 ELO 7Zo7-2%, M4 5ETRKA 20 ELO o
FEYDHoEHTERE.

A Study on Implementing Parallel MC/UCT Algorithm

HIDEKI KaTO:t2 and IKUO TAKEUCHI!

‘We have developed a parallel MC/UCT computer Go program as a test bed for our research,
applied recurrent neural networks. We measured the execution time of both commonly used
shared-tree and client-server implementations on two different types of systems, Intel Core
2 Quad on a PC and Cell Broadband Engine on a SONY PLAYSTATION 3. The client-server
implementation runs three times faster and 10% slower than shared-tree on the Playstation
3 and PC, respectively. Also, the effect of a well-known problem that parallelizing Monte
Carlo simulations may make UCT algorithm behave differently was evaluated with the win-
ning rates against GNU GO. Our experiments using four cores show that the winning rates
decrease 35 ELO at most and can be improved to 20 ELO.
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v FHru (Monte Carlo; MC) ¥YIal—v3
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FERLE. KBETIZZOY 7 hoEFIFEICHEL
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GGMC GO DR 2%, xFFr=LF 27 (x86)
LB RBLTFTay YL RATFAE, MR
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*3 http://wuv.gggo.jp TA—T» Y/ —R & LTLRA

%4 http://wwv.grappa.univ-1illeS.fr/icga/tournanent.php?id=169
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SIMULATION

|-E-] : H SIMULATIO

Thread-2 SIMULATION SIMULATION
Thread-3 ————E}L SIMULATION F——h—m SIMULATION w )
Thread-4 —m SIMULATION FD———EI SIMULATION l—m

Time

B1 BRREXEFRAOSA LF+r—bOF. 4 ALy FB. E#: UCT-tree iZ#HShTW
S&EFAK, Thread-1~4 12E2XL v K. fo®: D i¥ DESCENDTREE, Simulation i
DOSIMULATION, U X UPDATETREE D&AE. BRAOHME EDOFIT, WwWThi
DALy FILEHERTVWAZ EERLTVWAS.

Fig.1 A time-chart for shared-tree impl tation. 4 threads. “D”, “Simulation” and “U”

mean DESCENDTREE, DOSIMULATION, UPDATETREE, respectively. The boxes on
the line for UCT-tree show the tree is locked by a thread.

Server
v i Doty i : : 3 : :
Client:1 ——— SiMmuaTion  ———{  SimuLaTION — SIMULATION
v . : : Doy . . : H . :
Client-2 ———— SIMULATION — SIMULATION — SIMULATIC
— S A S A
Client3 ——————————{  SIMULATION — smuaron _ —— s
Y : Y : Y
Client-4 { SIMULATION ———— SIMULATION ]—-—-‘:
Time
B2 7547 v —rB5ROSALFv— OB, 4 7547 MR, L4 Server it
H$—2%, Client-1~4 i3&2 747 b. foOP: D i DESCENDTREE, Simulation X
DOSIMULATION, U iX UPDATETREE D&AHE. XUy FOLIHRIZARS.
Fig.2 A time-chart for client-server implementation. 4 clients. “D”, “Simulation” and “U”
mean DESCENDTREE, DOSIMULATION, UPDATETREE, respectively. Switching of
threads are omitted.
o YDV I al—a B 2 IR 5 & ELO*?
2. HHR

A 50~100 x5 L DBERDHD. BRLOBRTYH,
CPU%2a7h % 4 a7 ICEXXIFTTELO 70
iE&mLELE (100 ELO AL £ 1 FEICHY) .

S. Gelly 5® M0GO 2B 2 RAIDHED IRR
AIEAHRIC X B WIHLICBET BMBRRENH B,

%72, T Cazenave® ik v b U— 7 i</ F PC
VAT AEIZMPL ZAVWee R E =X L—TRIFF|
FRERELTHRIOPBFELZRNLTWS.
M\ MC/UCT Bf: Y 7 MZBRIZIZE L A Y2 TSI
LS TV, TORKHETIBERIZO2D
Dz, LA LZhix, ¥% MC/UCT 7Y
X ADRIEITBET HMARREV D Z L TREL,
B 7 FOBRRBRENE2—Y 2AF 427 XL D18
FMLtEnBEFXBELEL TS D LEbNS.
B4 584%E L LT, D. Dailey? i2&53, —F

*1 PR IEA4E 6 A D Computer Olympiad Amsterdam T3, i
FHEE N TRV DX GO INTELLECT X o,

ZOEENSLY, MCUCT 7A=Y XADIF|ELE
BEVTHNVEEY 7 FotiEm O HICEE R
F—<THBHILITHLNESS.

3. BMLRHE

A$BEDHEMIX, MC/UCT 74T Y XADIEFHE
DOEERE, BIUCEFHLIZHE ) REORNTHS.

EUFHANCEEY T M, HDIREIOLBRPFET
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GENERATEMOVE(position)
1 root ~— CREATENODE(position)
2 repeat
3 LocK(tree)
4 (leaf, path) — DESCENDTREE(root)
5 position — leaf.position
6 move ~— SELECTMOVETOX(position)
7 move. flag — true %777k
8 move. fpu — 0.5 X move. fpu % fpu ik
9 UNLOCK(tree)
10 position — PLAYMOVE(move, position)
11 node — CREATENODE(position)
12 move.node — node
13 score +— DOSIMULATION(position)
14 LOCK(tree)
15 UPDATETREE(score, path)
16 move.flag — false X757
17 UNLOCK(tree)
18  until some condition
19 return SELECTMOVETOPLAY(root)
DESCENDTREE(node)
1 path — EMPTY
2 while node.visits > 0
3 do i ~— argmax node.moves(i|. fpu
4 path o—‘path + (node, i)
5 node — node.moves(i].node
6 return (node, path)
DOSIMULATION(position)
1 while position.gameEnd = false
2 do move ~ SELECTRANDOMMOVE(position)
3 position — PLAYMOVE(move, position)
4 return COUNTFINALSCORE(position)

B3 BRRAMAHAORU=—F
Fig.3 Pseudo code of shared-tree impl tai

Y, Xk 6) THIFILT B &L CEOEMMREIS
AR EhTWA. ZoMER 5 Tk
+5.

WIHEDFRIZEALTH, H—X Ly FAD 70/

TAEEDEEZNF Ry FILTBHFENREL Eb
hTwa. Zor, BEKIZEALY FTHEL, b
BAVy FRERKICT 7 X4 ERX, BY R
BWHRCIHDOR Ly FOT7T 72 %81E+5. LmLE
DOFRIE, FAE Cell DIRA, HERETHRVWT—
XFI7FXICITEL TV ARWATREREREL, EhXy
=2 8B F PC AT AICITBEATE 2V
WHRENRDH . 2 HTRRIZILM 2) Ry hT—
JERNF PC VAT ARORERDN, FiNcLEK
TC—BOEB~ I WRT D0, BIMIZPC %8
M BVTHIERT B Z LB TERV.

725347y b —REFRICIR I OF2BEIXRL,
FBAEELEV, REOBEITIER. By
i1x86 & Cell V5 2 D0DRLRZFA DT aty
VICERAXFT L 2547~ b —ROfH X2 £
L, #OETHEX LB L. ¥MIT 4 HiTR~3.

TuttyHBORr—7 Y 74 OBENDIT, Oy
I DF—r—~y FROTHEDORENHS. FXITR

GENERATEMOVE(position)
1 root — CREATENODE(position)

2 de— -1

3 repeat

4 (leaf, path) — DESCENDTREE(root)

5 temp — FINDNEXTFREECLIENT(id)

6 iftemp >=0

7 then id — temp

8 client «— clients(id]

9 position — leaf

10 move ~— SELECTMOVETOX(position)
11 position — PLAYMOVE(move, position)
12 move.node — CREATENODE(position)
13 client.position — position
14 client.path — path
15 ge.position «— p
16 SENDTOCLIENT(message) ¥

-
Q

client.status — busy
else message — RECIEVEFROMCLIENT() 3%
id ~— message.id
client — clients[id]
client.status — free
score «— message.score
UPDATETRER(score, client.path)
until some condition
return SELECTMOVETOPLAY(root)

23,
SENDTOCLIENT(message) 3
message ~— RECIEVEFROMCLIENT() %
® 2 {712 CPU itRELT
286:
PUSHQURUE(meassage, client.queue)
message — POPQUEUE(globalQueue)
Cell:
WRITETOINMBOX(message, client)
message — POLLOUTMBOX(client)
37 &#5.

gRREBEYEBRYZIREBEREE R

B4 77477 —~FROBE—F ($—%)
Fig.4 Pseudo code of client-server implementaion (server
side).

EAFHFXOBE, BRALGEELDTRYIT
BHEIRIMHTLELERA LD 2V, ALy FK
PRATFRCHELRAR 23 LW I BBRHY,
&/ —FEEMNCay 27 T35 L THEENDARES
Bhs.

¥hoy/ OFEBUCBLTYH, spinlock X mutex
&) VBEREERA—/S—~y PPV, FHiT
NUMA (non-uniform memory access) A7 AT
oty OFARRTLAFIC238803HY, fair
lock 685 2 & THESh D L DBED 53H5. Lo
L, 7547 M—"EXTIHERAROTEMFIEA
FEpOT, vy 7 CBLTIRIhUL LR,

4. ® &

UCT7ATY Xbk, EvFhrasIalb—g
YOENEITICHE SR LMARTEIX, H—2
vy FRADTu /S L% EDEE-LFRALy FikT



MCCLIENT(id, globalQuéue. queue)

1 repeat

2 message «— RECIEVEFROMSERVER() ¥
3 if message # FINISH

4 then

5 position — message.position
6 acore «~— DOSIMULATION(position)
7 message.score «— score

8 meassage.id — id

9 SENDTOSERVER(message)
10 until message = FINISH
11 return
12
13 %,

14 message — RECIEVEFROMSERVER() ¥
15 SENDTOSERVER(message) ¥

16 » 2 1712 CPU K&ELT

17 x86:

18 message ~— POPQURBUE(queue)

19 PUSHQUEUE(message, globalQueue)
20 Cell:

21 message ~— READFROMINMBOX()

22 WRITETCOUTMBOX(message)

23 L7255 (MCCLIENT D3I LEDSNER) .

8 7747 M—RE5XDEUa—F (2547 F)
Fig.5 Pseudo code of client-server implementaion (client side).

35k (ERALXHFLFREER) 55, ZoBAR
FARIILALVy FTEL, 77 AT 5RT mutex
< spinlock S OHHIR L E> THOR Ly Fhb
D7 7eA%EIET2 (B1) . ZOFRIRELL
EbhTEY, B4 b GGMC Gover. 1iZixZ Dk
K& V=23, PS3 CTOEITHEES 1.2 GHz O x86
(1=27) LFEBEEL, Cell D/ — FU = TiERED HH
HEINIHE L HRTHEKICEN-T. FZ TRy b
T—JEfeLF PC VAT A~DEBLERL, 4
EBIFiz2 T4 7> b—<FK (E2) 2EELE.

B 3 IcREAKESFKD, B4 LEEIZI5A4T
v b= REROEEla— FE, F47T. a—Fh
DXKTFTIE & X fpu B ICBALTIE 5 STk
3. @6 ITEEROBECMBELRARHHA, X
FEHRNOBRILERFAICEDTHEOT, 7
Y ZADOFHMBLERBEE, KEEOKIZR->TW
B3HR 6) EBRLUTHWEW. %L, foulz—#
RREAKTIRRVOT, ZZCHATS.

UCB1 7A=Y XAV 3Bz LTOR (F) O
PROZTHERS2V. Zhix $IZKBO/ —F
TIY) HRYVOAERICRS. S Gelly biX, thz¥
#15EMT fpu (first-play urgency) Z®|AL7-.

fou i, EWFREILERO “H (value) ® ££<
RUTED, BOAICTMEEZELDRANRRS. Zof]
M % oc I ThIE, UCB1 7Y XARE (fpu)
BEKROE»LBICFHET DT, TOTALTY XA
LeSEUEEIZRS. LAL, 1055003 Y E
ICLERE, HAEDEBREDHEL Y KREL ok
AT, BoTWARFEOEKOFEIIITOh AL 25,
ZHhiZHEEE S RENEEMICFEIND Z L 2Ek

GENERATEMOVE(position) ky 7L XRALOMEXT, SA6hEBAE
(position) (CHTHRBOYTF (move) &Y. ZZTika—F&M
WM DD FHEEAML TV 5.

DESCENDTREE(position) fpu BBRADF&RULBLBHRLTRED,
EX—BOLBNT2Y (node.visits = 0) /— FiiE+. ZoOR, #
THEEHTIEDIC, B8 (path; node & move DER) ¥
RATHE, /—FEkizET.

DOSIMULATION(position) F£%& 7% ARG (SELECTRAN-
DOMMOVE) ®B (gameEnd) ETH-.

SELECTMOVETO0X(node) 52 5hi node TRICBRRT 5 ££:8U,
thii&t.

PLAYMOVE(move, position) 5 bhi position IZ move &4T
5, WLV position &Y.

CREATENODE(position) position ICHEGTS/—FEHLLHED, &
heBT. £REFEYRMT 7L, BRER @, F/—F~ DY
279 OMET 5.

UPDATETREE(score, path) path ¥¥MICWUY LE6E ) — KL ED
GMERL A (fpu) &, UCBL-TUNED 74y xal) izLrss
TEHTS.

LOCR(lock), UNLOCK(lock) #RaBi#IAM lock %& 4~ MAMBCT 5.

B 6 MMM
Fig.6 Description of the functions in Figures 3 to 5.

L, BEOBERIIZKETSL. kT Mo 2%

BT ELERRL, a— FHEMEICRS.

2B, 753472 b —35XD x86 & Cell Dl
EEEDFEIIR 2D, y—1»bsF4T7 b~D
BEFYXNVE, EBBL7 T4 T MEICEDN,
24TV ML —"~DBEF ¥ RIVIT,

Cell DIFE 75747V FRbH—R~DBEF¥
INVHT FTALT Y MREIZED, —1R3eF v X
NER—Y 75, £, HEEIZIX MailBox
L), queue & RIROBEERAVTV 3.

x86 DIPE H—Y VTRV y FOH Y EXNE
B, 24T MRAT LRABOKBIET Y F
ay 7 ¥RITARERHDIDT, £774T
Mz 3D queue ZAVTW S,

4.1 ® L

BEERAXFFRE I FA T2 b—"FRKoD, B
ZORE (EFBNFE) 160 playout EREADET,
YIal—varBIUTREROEFHZ L O—BED8L
B% ¥ LT playout LFEATVS) #HE%, x86 &
Cell ETRIELZ. RIEIBEEITY, BRbAELOE
SRLRVWEBDbhS, EREAZRLE,oLLD
PRALE. &R22F 1I0RT.

BV TLAERFHORREFTRD DL, oS T A
OFNEOFFICHRMBEAD=— FEHAL, R1
LR L&GTaEED CPURMERIELE. &R%
R 27T

4.2 |

421 PLIYXL

754 T M—R"EROBS, y—I3@Es T
A7 FPOBERIZES> TH—ERE2RHT 5. Bx b
B, Y— 37547 PN BERREFLTHE
BRADOETZHMMKBL, 2747 M (YTab—
yarlLTK)) RmzEHTsmeRELE L
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£ 2 RFYFOLAMH CPU B5M). DESCENDTREE 7 &1 3~[ 5 (Z#5. Others (X
6L, Total 138 CPU Bll, F Ix2KICEDIWIHLTE 2V HBIOHET, F
= 1~ (DOSIMULATION ® CPU #%[)) / Total. AL v F¥&&HBWEZ 747~ F&iIZ,
x86 it 4, Cell 12 6. fhn&RiFIz2 1 LREL.

Table 2 Detailed CPU time for an empty board. DESCENDTREE etc. correspond the
ones in Figures 1 to 3. F is the ratio of CPU time of unparallelizable parts, i.e., F
= 1- (CPU time of DOSIMULATION) / Total. The number of threads or clients
are 4 and 6 for x86 and Cell, respectively. Other conditions are the same as in

Table 1.
CPU Method | DESCENDTREE CREATENODE DOSIMULATION UPDATETREE Others Total F
x86 ST 5.40us (0.84%)  8.12us (1.3%) 5918 (91.6%)  9.32us (1.4%) 31.5u8(4.9%) 645us 0.08
x86 Cs 3.96us (0.44%)  7.82us (0.9%) 625u8 (70.2%) 3.62us (0.4%)  250us (28.1%) 891us 0.30
Cell ST 0.90us (0.03%)  8.20us (0.3%) 778us (27.5%) 39.1us (1.4%) 2003us (70.8%) 2830us 0.72
Cell CS 0.70us (0.07%) 5.70us (0.6%) 812us (82.4%)  2.40us (0.2%) 16448 (16.7%) 986us 0.18

BETREERERY, RETHIFELZRSTTHLE
74T FERL, bLbhEENIIHLTHE
PREHTAWCEELE. LULIBRRISAT7 2 AR
ONSRIFNE, 7547 by Iab—vay
HR (Xa7) BiR-TL 302>, 4ED x86 A
DEEDLICAV Yy FXaT7 Ly BiFhid, ZoR
BATALy FOUIDHFXHET 5.
ZOERTIITAI—RAL—THRLRERFNE L
TWahbiahiznas, S#%Xy hT—sEk~LF
PC VAT LICHEALERIZ, 7547 b2 bDY
JTARMIUSCTHMIEBMMERE TE S L 51T
BFERDT, 7547 h—REFRX0FFICLT
W3,

2B, BRAXEHFXOEE, BREAZBRIET IR
DEBHEHET A X v 7 ZAITT 5 L1, 1E
LACHBENRRO., LML, 2547 b=k
RCRY—NFE—2 Ly FROT, BHEIZTAVTY
XLEFDIENTE, BLRERET) ITIIEHEH
U,

422 Playout Ef & CPU Kl

£ 1 TiL, Cell EOBRFEARKEFHNERE, WTh
HIAFFULE N I2Hf L CEREMR ELTE Y, MC/UCT
ThTY XAOEENZEFIBEOR I NI 1NZS.

81 %FVIFO playout HM L HE. NITR Ly FEHDHVIE2
747~ . Ratio X Cell DBREAKHAFADN 17747
v h& 1 L UEBE. ST RBRAKA, CSRIFATY
FY—sn& 5K, x86 it Q6600/3 GHz, Cell ix Cell /3.18
GHz, x86 1% 10°, Cell i3 10%playout D ¥4,
Table 1 Playout speed and time for an empty board. “N” is the
number of threads or clients. “Ratio” is the ratio of
playout speed compared to one client shared-tree im-
plementation on Cell. ST and CS are shared-tree.and
client-gerver impl tati respectively. Average
of 10° and 10° playouts on an x86 (4 core) at 3 GHz
and a Cell (6 SPU) at 3.18 GHz, respectively.

CPU Method N | Playouttime Playout/s Ratio
Cell ST 1 830 us 12k 1
Cell ST 6 400 us 25k 2.1
Cell cs 1 852 us 12k 0.97
Cell Ccs 6 140 pus 71k 5.9
x86 ST 1 163 us 6.1k 5.1
x86 ST 4 38.5 us 26k 22
x86 (o} 1 159 us 63k 5.2
x86 CS 4 43.0 us 23k 19

Cell THFIEE 6 DIFE, 2 74T bH—/3HR
BREARKFEFROM 3 &L, £KR2 T Cell
LDTEFEARE FKD “Others” DENREHLTEY,
BEBEAKEFRTA =~y FBRKEL, CellicBL
TRWI EEEMFT TS,
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tithreading) 1L 32 —F LI RTFLD2 ALY K
ET0RD, D2 IFEHTHS. Lih->T, PPUM
D6ARLy F (SPU LRIHKLE) 2N EZXZA—
R~y FIZHY K&, ThBERAEFFRDE
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2547 v b—R_EX0%E, PPU TEIWVWTWS
Aly FIZEEMIZ 1 220 TIOMEIZRL, Cell
DERIRIERHRTNF IATITIRT FA TV b —3FR
DEBBLTWBETLBESI.
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2oTW3., ZOERTIIIFAT Y MEHaT LR
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TED 128V, LT, 773472 brbDOZ(ER
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MBE.
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R~y RRH B, ZhizZ? 547> bH—1FHKD
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FHETE RVWRYOEE (F) d/hEvizy, E5ik
DRHRITFE.

# 2 DRENS, BLHURBREVOREEAL
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I2FAT Y M= EFRXRBEL TS Z LA LN
55, L2547y bH—2345KiL, @ CPU &
HICES RAVMERBTEY, ERAREFNEFE
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FELDORMB+IH B LERLTVAS.
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51 M H
UCT 7N Y Xb%, WHlECTHALQY I 2b—
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AR, UCT 7A=Y XLDOEIZ/2>TVW5 UCB1 7/
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HEICHERERHRB SN B MY 5 2k, EEICTME LR
ThiEarbieu.
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Table 3 The winning rate of each implementaion against GNU

GO 3.7.10 level 10 on a 4-core x86 PC. Average of

2,000 alternating B/W games. The numbers after +

are standard deviations. All except first column are of

4 threads or 4 clients.
EES BE ELO
ST (1 XL F) | 504+1.1% +2
ST 46.7+ 1.1% -23
ST+ fpu 474+ 1.1% -18
CcS 45.3+1.1% -33
CS+777 48.9+1.1% -8
CS + fpu 482+1.1% -13
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