HEHBeE (1997) [Bt5E/ — ]
WASE B2 377-408

2N a7HE Yy TFAVaFEICL D
S R ICHE

BROKGTFRERERE /N N = E T
wstsompER 11 | = &
(1997 £ 3 H %fh)

1. U &I

R~ a 7EEE T A v eE (MCMC ) e EOHER E L THEa ..
Z D Metropolis et al. (1953) MDA b RY AFEIZHEE D, Hastings (1970) ik o T
—itah, oo FcEAINT, ZO0—BbL3Ih7 2 b oaRY REiE Metropolis-
Hastings gk L /EiZh 5. #Hd S Geman and Geman (1984) 12 & U Gibbs sampler & FEiXH
% MCMC & EGETCHE A, BEHZ2B UL Z ik %, & 512 Gelfand and Smith
(1990) b3 A4 RHEFR~DISFHO—E{L. 21T \», Gibbs sampler DREZ BISHFI2ZE T T 3,
SEAE, MCMC BiZ_A AHERPLEHER LA FAsN T3,

MCMC #%2FIH Y 2 BAROFEHIBERELES R TR WEERED SOV > 7Y ¥ 7T HnkE
THd, L3 LTHD, MtPHEPONA JHRIZEN 2 50 X ERL BRI ETE
TERWLI ERHWL (FEE (1995)). Zidd, MCMCERELFIHENEOZATH S, %X
DFERPRHETECELNTB Y, ZOHBEIEREERDOHRIZIAETH S, L L Thomp-
son (1994) B3 IRRT VB Lk 3512, XA AWRC BT 2ETFTNVHBDO DDA XRFH B Wit
ABIC OFtHE, RET— 2 2E&OREOHE, 2 L TREMMERAVIA Y R=—F VA H 7
VU7 BOTERICERSLE L 2%, 20X > %H L LT Geyer and Thompson (1992)
BAEHGEEZELL, BAHEELRDIZTFATYXLEZEZTED, ZO7NVITY XADH
TULEL LR IFHRIEEROHERZ AV R—F R )Tk oTRD TS, i
Thompson (1994) TidA4 > K—F v A 7Y v L A HHEHERE2 K-> Tw5, #
FOBEBELBLERLAVE—F VR 3 7Y I L TRESFOREEEL2EL Z &
EEZTCVWS, FOBLEERLIZRODFOERCER2YEA — 0P R T 4 v 7 EFEE
W2 HEEZRAWTRDTWS,

AR CRERILERE2KD 2 Z L 2B L2, ZOMER f(x)=F(x1,..., ) D p RITLK
fla b TOEBAERD L LCREINS, U, Ao) I TCARTHS LIREL, —&
HERES 2L EOBKE T3, EROR

Z=/;bw /;bf(.z')d.n - dxp

ERINSG, FEFETCBO TR p RTESREZ X v v af]o THRMEMET 505, Zh
BERTTI i 5 LEFELNREIC 2 5, EBICRMRTU Eick 3 EBSITUIE LSR5 LS
bhTwa, 2 TCHHEEZFHTIELTANVAOBIENWL OMELZHILTWS, 20%

* B EHRAWITER PIRBR F 28 1 T101 BEEETAHXMEERET 2-3,
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CBHEMBEOHERET 7 = 7L >TEHEAZINRSEBOTHY, MCMCEBERNZEbNR
T3, HAVETOHHZAVY —OHEEE T RO f(x) OBFCHFATE 3,
Ogata and Tanemura (1981, 1984, 1989) iz & - THEIIEICEA I hi- FHEILEH R KD 3
FHREIEHI AN —HEEDO— D THI2RNFNESE BT 5. KPFFE T Ogata-
Tanemura DFFFEDWTHFEL, LORBOLESAMEEZRD 7DD FEETNVITY X L%
BET 5,

ZOMXIEIRDE I BREN T E>TWD, 2ETRHFGMELED TEY T IV OBEFD
WAxL, 3BT 2ETEN SN S Ogata-Tanemura D FEIC DWW TEEL, L h BRLWES
EMUEEZ 20O HEET VT )AL ERRELW, BETA7AVITYV XL EHAVI Y S a
V=Y a v EBRABETITRS. 5, 6BIXBLWITERLSBOBEICOLIRNS,

2. ®EVFHMLOESE

AKETEHEVTANVOEEAVTBESEEHN T2, BEAEDE YT N aERERSRT
MBIBOTHEEERE LT a3 7EHICE TS MCMCERELN TS
(Neal (1993)).

UTTEBNAT 2 FERFE BB 2HHI ANV F —OHEKRE LTRESNDZ BDTH
3, HHZALVE — & B3OREEOMBONMNETH Y, SHEEEERO 3 F—EROER
TR LTk OENG, LIt T—ROBBICHE2EMEHLI-BEEZROIINVF— &
HBiadzricsy, BHIANVF-OHERRZFOBEBROBATRS 2RO L HEL LTEH
TE&3,

CITRFHMBECB T AHHI ANV — L 2 OHEHELEHEIENL, Fho0FEr—
OB OB RITESE E UCHHET 2,

21 BERIFLIE-—HE

M TR THEOHMEED £ S KA TFRETFL EOREOBBHEMISHE £ - L WHER
2RO .ROLTOEERITELRE 2 3D 2 —EDTANF — E(x) 252, IR T ab b
HEDTAINF—DOREPDRZ VR TR I ANV —EREEEINS, ZORER “BEINLT
AINF— EERRORERL2TELOHBEERL2RS, B2 23V ¥ —2fFFoREBREZVE
W ZERBEWT S, IOSMEI 7S E WD,

RIZRDED LM 2 DHORTHEHIT—ETH 50, SR OBICHEERBHD = 301
F—ORELB T b, RENREEEDIRERRN I V0 IEESHRIC D LGEEFE LS,
BENTTEzZoNLE, ZORRE x Th HHERL,

P(x) ZlZexp ( — E(Ti))

THY, COMEFTABHE LTHSN TS, 22T Z= [exp(— E(@)/T)dx 35U

HWTT, HEBEMETFENS. CREERD LS CRL 2, BE T 55 wid E(x) OPIck

RO bIcE T TR IEBOE(T 2 EEZNEEKTHS Gk (1994)).
ROBHIFLVF—IX

F=—TlogZ

TEERINS., HETVEOHEE & HaHHER & 2BEM T 372012, HEtHRMAECB ) 2R
EBOMERE LOVHEROEHEZREERL T, 72 ho0EHED LA RTERS
b Z, T s r0¥—BE
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E(x)=—Tlog P(x)— Tlog Z

CBELTEF TADMTHDEHEZLDLIENTE S, T3V F — HMER A DIREE X HIRERH 0
THDEFLNER, I IT, BRITHHRAMEE f(x) % 2 OBME Z TH - 72 b OREEN
WThorhro, BE T=1tLzixr¥—HiK%

2.1) E(x)=—log f(x)

i, EES Z R0 AN —BRAERE OROBBEIANVFTF —ERRTIENTES,
HHIANE—RHET 2R 2F TASNROWFECEEE LRETETHET S &0
S HEMMELbNS, HHI ANV —#ERIZ

1. FUCIREEZR 2 >MBEYL 5 T AN F - Elx), Ex) 222 20D%,
2. ZOORRLZEE T, I TORUR,
3. IANF—AK, REHXKCRLZ -O0DR%,

BREYODHBIINFEF—DEHLVITZFORBETET 2 HETHS, ZANVT—HEBELS
CODREREZBEE, bLIODRDI b—2DROERLEHBIANF —BSEATH L%
513 log Zi—log Zo #HA Z LT 5 —HORDHEI ANV Y —2FHICHET LI L0 TE
5. ZOBZHREKCRSHISRATRTH 5, 375D bEMS Z BB T b 2 BIMERD,
QDA ANVF—EAKERCLEHI ANV —HEEICEID logZ-logZ #KDBH LT
Ax) DERD Z 25tHT 220 TE D,

22 4AyR—=GR YTy

BLEEEE LT AN OESERA VE—F VR TV T ERAVWBRIETHS, 1
R—F VR H 2T TR T v T BLEREE RS S IV ERD HL, 2O
Yo ANEHEBEEN T2 T ) IR DRSOV > SV ERLHETH S,
AYR—F VR T T f(x) E LTESES N T3 EERERD 2 WidHESX
RITORESME Z BSEHITH 5 IEFIL SN TR WEERE PR, BrrPifEcE S ERT &

Z_ (*fx) folx)
7w s

X
£ 4]

RO D (FHEESNTWREEER Z=1). ZhEARALTAREI V> IVERYEL,
WS E SRS CHET 2, bL AHELTESRIEIhTOWELAHE2AVIOTHNIE,
MCMCEEICE DY Y FIVERET L, A VR—F VAR H 7))V IHEREEBHETH L
DIELFIAIA TV S,

BIZIE fo & LT p RoT—RES A 25 &, B K H &M% N EO—RELE () ((=1....,
N) 2B, KBEOER»S

LS @)~ BT (N=o)
ThHbH I ERFEN,

LHETRIENTEL, AYKR—F VA -H VTR ADLSDY YTV ITNEHT
B2, T3 LHOV U IABTCERFATER LR, A VR—F VA H V) Y TRITER
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BHETH S (Tierney (1994)). LHLID Z ZRTpHBAEI VW E X, H D IR B S
Ax) DEBHAEVEEZR ZOMEMBE LTEANTRALI ERHI6N T3 (Ogata
(1989)). &7 ZOHWEEI f OBFUCKEKEL, f L@ T A2EK TR IFAIFTEL W
HEREBEB s 2w (Gelfand and Smith (1990)).

2.3 BARHMEE
BNEFEORIBER ZOOWEIOMIIC/ SAEZRTY, ZOA B> Ww e >hohER T
log Z DM %KD 2 HET, VEIROEHHI ANV E —2EER FCHTET 2 HECHET 2.
T pRIEEXM [a, 6] TOERESD Z SBEATH 2B A(x) ¥ B33, 2D hHE f%1
NI xX—=2% o€[0,1] TRV f(x,0) LEET L. 22T A, 0)=rf(x), Az, )=Ffx) L2 &
kS, DL &
_ A=z, 0)
P(x,O')— Z(O_) ,
z(a):f---ff(x, o)dx

LB, {P(r, o)) BSEREED 197 A - KL% 5.,
fx, o) BSEIEMS FTRE CIERIGM 272§ £ 35, 12 LIERISMH L 3ROZ2D%MH0 2
L2&Y,

1. BEAEWRZEZ250D x<[a, b]P THE)>0TH S,

2. BLAEWDEZ2D x<]a, b]? T of(x, 0)/dc BELET 5.

3. EE®D os[0,1] 2L T |af(x, 0)/do|< Alx) &7 3 [a, 5] TS TEE Alx) BIEHE
T 5,

T 3% & Z(o) OB T
a—ilog Z(G):ﬁa_%ff(xv o)dx
1 0
»:fa—%logf(.r, 0): P(x, 0)dx
=Es [a‘%log Az, a)]

CEEXETIENTESL, ZITE R Plx, o) BT 2FEERT. ¥(0)=(0/d0)log Z(0),
¥(x, 0)=(0/do)log f(x, 0) & T NI,

2.2) ¥(o)=Es[¥(X, 0)]
THD, Lo,
(2.3) tog Z—log Zngw(o)da

BEILT S, COEICpRITCESE 1 RTESWCREL Clog Z DIEFEEEZRD 2 Z BT
x5,

ZDO—RICESF X ¢(0) BLBEE 2 283, (o) FERECIIFHE TR 2w, 7 2 CHREREEH
B P(x,0) CEEDV > I ra 7@y Forogk MCMCH) cta¥ > 7Yy 7%
RAOTIYHL, ¢(o) 2H#EET 5 2 & 2% 2 5, MCMC #:0H# I ERLEROEE S LICIE
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BLE N TORWEEBREL SOV > ) V7R ARICT5HTH S, TRbE Z(o) DEIHR
LI A(x, 0) BT 6 Plx, o) IV Y IABERTE S, 25 LTERIY Y T
DS Y EHET S, 2.3)D 0BT 2 —RITESBEARM[0,1] %2 JEwsEIL, 28R
{0} (0=n< < - <oa<g=1) LT ¢ 2HEL GEBT 2. & D log Z OHEFEE log Z
BBLILENTES,

log Z #3ET 27012, BSESE o, TMCMCH > 7Y > itk 27— BBk 5,
L L& DY I 2 —va vy 2EITT20OBEKTHL, BES0EE 0 & 00 1A
WRTHENENAD—, T45bb o=0%1E1D»6HBOTaGuDYIalb—yarDf]
BRI LT DY S ab—y 3 VORKREEFEORL &b >~ Af»ro Ty Talb—
FTBDOHBR,

TN S B XD ICBSIERIRES % p RITTESORBOES LT A= 2—Di12 T
(p+1) XKITTEL, 2D b0 p RIS % pEOEFRENY MIVOMARHEICRE L THETET
HEL, BYOOMZNT XA—F D—RIEBICRETL2HETHL, p RS TEDS
(2.2) DHHFEOHEE &, (2.3) D—RTTRIOEBEDORL 2 HFEVPRES N TV

. 8= T = B & S
Au—-+ 20— At Bashetal (1987) TEREINTWBEHETH S, (2.3)F—XKiEs
XR[0,1] Z+oAK &% JEICSEIL T,

Oj+1

log Z—log Z()‘E Ea[—a%logf(X, 0)] do

=0j

~§1(0,+1 o,)Eg[ d log f(X, d)]

g Es [(am — aj)ﬁlog X, o)]

0=0j

=5 Eullog /(X 01)~log AX, 0)]o=a,.

LERITE S, ZoRER00, 0SB EAEIEFECKE|MEY, E7EE o THE—D2D
MCMC %> 7V 29 %{fio T

~ J-1
ng—bg%=§ﬂwfuml®m*bgﬂfﬂa%

Llog Z R HEET 5. ZOHERBED R 0 & 0 BHFEIEWRT 0; TO—EIOHERE DR
OV TH S LD, T ROMBEHD R TRIER SR,

Ogata-Tanemura N Fi%k

Z DFFERSEHE L3R EE AR OFEEEIC BT %E*ﬁ{hﬁﬁ PROLZFHRELT
BEani, #12O0gata (1989) B Ihnz2—ROBKOEXRTHEIEL LTERMEL TWw 3,
FRERHFEZEREYTHEL, — KB Z2EBARTIEMT 28 1FNEMEICHEY T
5,

(2.2) DEAEFEIX o 1oXt3 5 MCMC %> 7 {xf} (4=1,..., I) 2> T,

(2.4) ﬂ@=%gﬂﬁﬂw

LHET S, Zhid (o o—FKM, T™MEEZ LD ¥(o) DEEETH S, E512.I)DoK
B3 a2 L TARAREM 2H > TGAEMT 3. o OBSRE[0,1] 2 JEO S E S {0}
WHBWT MCMC ¥ > IV R ER S, log Z DHEEElog Z *
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S=log Z —log Zo:%gl{ﬁ(de ¥ (0;-)a;— 05-1)
(55 5 %) s ()
T2 %,

R X DIBIR
ZOHEZRITS filx) £ Ax) OBV HREETHS, BUH I VESOBESRL 3,
Ogata (1989, 1995) Tik

1. flx, 0)=Ff(ox) (scaling parameter)

722U, ER0=(0,..,0) RS EEhTwB e s, fo(x)=/(0).
2. flx, o)={Ax)}°{fx)}'° (reciprocal temperature)
3. flx, 0)=f(xo+ o(x— x0))

4, flx, 0)=g(x) gggﬁ%

BEODEUVAZEELTWVWS, ZOMOBEUTHFELT,
Az, o)=of(x)+(1—0)fo(x) (mixture)

BEZ 6N, Lr LERESAOBREEROLERILER 2R 2 BEER TIT, #HESEK
(o) 555 £ HETE T, KB ONIBRIIERNZ O TR 572,

F I AESE () OBOATHEONI2BAEEBERIEDL->TL 2 Ebhs, LrLHE
SRETEMEBD D> THAEKEVWIRELS L LTERI LS TE 2HBUIRE S 1
TLE5,

RET Ogata-Tanemura D FEOFR LWEL B AL, BT TREIEE AHx) EEVH
ZEELC, FHBOS R T2 HYRSEERRI LI LD, LY Rwlog Z DHEMEE
LIEREZD,

2.4 Metropolis-Hastings i%

MCMC #%iZ i Metropolis et al. (1953) 12 & % 2 » RV A, Geman and Geman (1984)
I & % Gibbs sampler 3% 5. ¥iZ, Metropolis-Hastings #:Z Hastings (1970) 23X b R
U ABEERETTFICEAL—RIEL 2 MCMC #%%87.

MCMC iV a7 BEETRINZ YA F I 2 AZFBLT, 52 onHEERSHALOD
YTV TR TETNT ) ALTHS, HEETREZLE, ZOBESMIER LS
NTWBLESBZ, LW ZETHS, HEPHO IFEHCERN 2 501, EHEER
BEFHNCHETERLHEYRH 270 ZOFERILFBEESATWS, AT, ERL
ENTWERWHERERERH Plx, o) 2B O00M0» 69 Y PV R2E D IO FEZFIHET
5.

Z DEITIX MCMC #D—>TH % Metropolis-Hastings #ic 2 W TEBH T 3.

HBREETIOMEY S
P={p;} RREO,1,..., S & L =2 7 EFHOHBMETI & ¥ 2, B ¢ TOREFBRD
REE X)) TERIT L&, RE»SRE ~OHBRER
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Prob(X(¢t-+1)=/1X(t)=1)=ps;, (i,7=0,1,..., S)

TH5.
WA E LT w={n} 2RO L S a3 7EREEED DT, WBHESE p, PFEHSIE
S

iD= WiDii (V1i,7)
il i cEDRIE I, ZhiZE&TojiexL,
2 i =7

ERY w3 P ROV TEEOEE O ERD I BTGNS,
Hastings (1970) ¥ P £ LT

bii= Qi (i#7)
pi=1 _Epij

FWELTOBbOEBZL, 2T Q={s) BRED, 1., S ETOv L2 7 EHOHBE
ETFITH D, ald

Sij
1+ T:di;
5456

adij

ESED, sz BETD 4, 1L T, 0<a;<1 7% 5 & S IGBEN TR BB (si=s5:) £ T 5.
DX ENT: py BEHEHBNIE SRR T, o CIOMBBERIIK - TEYHIR
=N 7EEITFEES L LT e 2 b Dl L2k b, DIk Metropolis-Hastings # &
MEE s, 7T ) XL ZFEEOVIHPRED S HFEL TR t tB W 2 REE X(H=/tT 53
L&, DTOFIEEEYVERT I ETEOINS,

1. HEBHEETY] Q 0% (1775 2 5N KRS (g} AV TIREE j 3L,
2. TER a; THIRL X(t+1)=j £ ¥ 5, BXR(1—ay) TEHL X(t+1D)=i LT 5,

KM P B d RIEAHTH Y, HERBRORE X(H)=(X(1),..., Xdt)) 85 d RIT7 b
WTHBEE, RO LS 2—BRHOMBEERS L —RTOBE L ARCHEIcEEs N
5.

1) X&) O dEOREENS S > T IGBIEN—DDBER TR 5.
Gi) FEEsh—oOOEBER T 2ZE 25,
(iii) X(t) DL TOEERZE 2 5,

X FoRY Rk

APORYREEFDED L, HEFRAZL TWASFh oI 2WEOBEEE2ET
%72 ®1Z Metropolis et al. (1953) Wk DEA SN, TOT7NVTY X LIHEETIL L F
HAahTwd, 20X baR) Xikix Metropolis-Hastings DR —ATH 5. sy & qi
%
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1+ Tiqii ( ;4: 21) )
S g i s
1+ i ( ;i Sl)
:qi; :qij
qi= Qi
EBERLE, AbORY RAEESY, HIRFERIZ
aiJ-:min{ 2, 1}

£ 5,

3. BERRNI-DHDHE

31 "S5 4—491L

AHFETCEIMEZETEN LB FARSEBEDO—>TH % Ogata-Tanemura D kS ES
52 E%%2% %, Ogata-Tanemura D FEIC L > THEZINAHEIZ f L LHEBEE ST A—FD
BIRCKET 2 2L CEEHT 5. FB, BorTHFNMTH 25 H#

t: o~z 0<r<l, H0)=0, #1)=1,
LT, N7 XA=%1%
Xz, r)=F(x, t(2))=f(x, 0)
ETB(ZZTo=t"r). TD5 X—F{LIZHE> T, BiED Ogata-Tanemura O 55 %1
Hd3, 2ot
z2@= [ "1z, Ddz=2(0)
¢*(r):§a;10g z+(0)=19)

t'(o)

(e, r):a%log Az, T):%

L55B, IhSEAOT ¢Xr) OHEEE ¥ (o) 13
J*(T):il,gjl o (ad®, T):i[g ¢(f'l((2) o) - t’(g)
THEzon5, (2.3)iF

log Z—1log Zo=_[¢*(z')dr
t%%ﬁén,Zn%%ﬁﬂwﬂﬁhrﬂﬂ?ﬁwb,Z@ﬁiﬁ%f*t?é&

5*~log 2*~log Zi=5; £{#*(4)+ #* ("7
BEoND, IhiEH =1(0) 2H > THEEHEDOHET

3 (GJ) (GJ 1)
72{ t(a,) t(aJ )]’{l‘(dj) t{o5-1)}
5%2:1{10(@)+¢(0J o= 05-1)
LEMENS, 2O log Z¥ i 185 A— 5 TH® 3 & [0, 1] LOBHBH LT, o-¢
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FXA—F THD 5 LFEZERE0=0<0<  <oa1<o=1DHEIHL TERLAREETL
THBETROONILMEBETH L LIPNCRL 2B TES, ABHFDI7A%2FEZ BT L
X, TORBOEFEMZER t 2EPEZ LI L LIFIZ—HT 5, Lt TERS 2O+
LEEEDEERDOT S I L}, BEES TRENDE T L O RREER tn RO 5 2
tREINhS,

3.2 BETH
HiE CHA I N EBSONE log Z O EE log Z* o3t L THRE/NT X —F t1=Ho) %
BELLYL, BROEEY UCHEIN log Z DBEESE Var(S) #%F 2 5,

Var(§)=(35%) Var(#(a) + 2 (%25 %) Var(#(0)
(252 Var(F(a) .
taRER ] 2/EL, FLAHET %5 LD ROEEISF/OND,
BEL B L B85 A5 LTRD SN D HEHR S* OFZES B Var(S*) 3 WHER

(2

Var(S*)Z%f ;)((g)) a’o-l—o( )
12 s, 22T v(o)=Var(#(0)).

B, XT A—F 1 D J-ESERREL CHESHES 2. ¢%(n) & (o) (i+/) i
5

s a5} ()]
- Jeb vl (v (1)
:W./o. v¥(r)dr.
22T oNo)=Var(y*(7). Hiffi L ERECER t BT 05T A — Y TEEXHET L

Var(S*)~2] A(Z)y
L5, [

[0,1] Eo%D&M2M-+ 6O THSRESEEL T LR, BhaiHiicswT T ETE
E W RN a4
v(o)
#n= | (6) @

OE/MEEIZY 2 7V ORER 2> TROEER1B 5,
T2, Bhbp: 0o %

/mds

(3.1) topt(0)=
? /w;(s a’s

LEDD EE,
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H o) =min{g(t), t€ T}
285,
BB, Y2 YNV ORERLD

¢(t):£1 :f,&g do[;lt'(o)dGZ(j;l‘/@da)z

Th3H, FF5IX
EoME
Thbb
t(o)=cWv(o)
DEERTIL, ZOL EE/MERES.

ﬁ "(o)do=11)— H0)=1

B gy/)
czl:l«/zmda
EEFE D, B
j;dma’s
topt(a)=W
L5,

Remark. ZHiRUTOLSCESEELTEZ LI EBHKS,
TR T ED b 2 BAWOLEHMEER2 CLT5, Tbb Cld,

{te . |6| < 1, (ts)szoz li)m}
LEFL, TDEE B
w128 (Low)_ =0,
FBIED: (aieng(ts))e:om
BT 2 L BRI R Y (Kobayashi and Nomizu (1969)). B ¢(t) % ¢ TS T % &,
9 _ (1 4,
T€¢(te)~—[; 37 5e tv(o)do,
1 2
%qﬁ(k):ﬁ [-%%t&LtﬁZg—{%ﬂ} ]v(d)dd.

thn, ZZTLEOZRICe=02RATBE, b DEEDS
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(3%4‘»(&)) - f ( A’%%Z( a‘i_ t;) _do
< t;(a))

<§§““Lﬂ‘o[ CCPA &
).

= f(agte(o)

flté(o)dd= t(1)— t(0)=1

L30T [(36e)td0)do=0(k=1,2) TH Y, tik o BRERER L T 5 EHMME R s
ZETED, BIESOEHICEE NI

[{(ailog t;(g)> }zté(a)dUZEl:{ailog te’(a)}z]

CEEXETIENTE, CThiZe®2 T A—FERRLILEDT7 4 v vy —BRETH D0
SIEER S, Licho TE—FH, EEo»REhi, U

%)t oy (e o) )
da+2cf{<—-log t;(d)) }té(a)da

ER%B, ZhiZ

3.3 SBOHEE
EH2 05

() ISECEN (=5),  (G=0,1,..7)
pt\Oj) == /1 ———  — 7 =), =Y, 1,...,
‘éwz(s) ds J ’

L2 5FEESEE (o) EFHVTEIY BViEER log 7* 2 RDB LD TE S,

ZDOBRBEELIT v(0) ICETWTWBEY, v(io) ARHTHLDTY > I uhrbitET s I L
2E2 5. %, {x)(=1,.,]) 2HEXFEBRK P(x, 0) »5>D MCMC 4> 7V &3 5 & v(o)
AR,

1 I
o(0)=Varl #(0)]=Var| -} £ Wz, 0)

=1

3 'S Covlta, o), Wainim, 0)]

=L vatyx, ol 3, (£77)eotimb]
£%%, 2T po(m) iZHCHER,

I

mIH

Cov[¢(xs, 0), ¥(xivm, 0)] . ~
JVar[¢(a;, 0)]VVar[ ¢(xirm, 0)] ’ (i=1,...,I—m)

ThHb. Y4677 mB+akEsne s, BOMHEE oo(m) BERTE 5 L UTGHEYR M 23
FL, 2TO|m|>M LT os|lm)=0THs LRET 2. %2 T Var[¥(X, 0)] DHEEE %
EARSEL

os(m)=

Varl (X, Dl="1 3 (W, o) Ho)*
£ U, FHEICAE TR
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T s 0= H N Hiam, 0)— $(0))
po(m)=
VT B W, )= H0F 28 (Wi 0)— F0))
T oo(m) ZHET 5, DXL T v(o) i3,
(3.2) 5(o)="1 Varlwx, ol 3 (£77) 5uimb)]

LHEEEIND, T2 UEBICIE 6(m) ODEFRYIOZBE %2 BT, po(m) BEIHOKIZIZFLEAL
0 k%23 X2 B % M L THE v(o) 2HEET 5.

34 PLIAYXL

IO EZFALTRABERET VT ) XALARZRET 5, $—BECRESEE (T
vGI) LAERERZE Jo()) BHEEL, B b 2> TRESE KD 5, E_RETIIRES
#5 (6. T #(60) BKD, BHARELTlog Z* 2K 2, UTe7 L) X A5RT.

() pRITXM [a, ) TOEMS Zo HSBAHIT H 2 B fi(x) ZHLS.
(i)  BIK f(x) & fi(x) & 1755 A—8 TREV, 0=0D L & fi(x),0=10DL & f(x) L %3
£ wBIsIK f(x, 0) EEET B, Thbb

Az, 0), 0€[0,1], f(x, 0)=f(x), f(x,1)=F(x).

(i) XRI[0,1] % J-SHEIL T, BOEE T (G=0,1,..., ) THRBEREBEK P(x, j/]) 5
5% 7N AxbD) (i=1,...,]) # MCMC &2 B TAERT 2 (ERERKRET2BR).

(iv) #EHE JGI) & oG 270N (2.4), (3.2) EFWTHET 2,

(V)  tp ZEHEL, KEOREZAE {0 (k=1,...,K) KD 3,

Kk
](/f) K Yitk)

Or= Ifopt( K) + T (Vi1 — ')'J(k)) ’
W 51+-- jrB, _
7 At + B+ A
=" Jilods, B B OBGHELE,

H0y=max{jly,<—}
&5,
i (@) :

@ JoGl) G=1...,]) 2#<.
b) 2o JVoG]]) EEHRIEIh TR WEEEKEEZ, ZOMHEEEH<.
() Bb o r-ili% K-F5E LT tot(h/K)= 6, L BRD 5,

TbBEFE [Gr, 6] TD V5 (0) DEBHBHELL 83 X385 (6] 20 3,

(vi) ETROONLBBEBRIC L 295 6 THRERBEBER P(x, 60) 12>V v 7
() 227 v 7 (i) LRBkIC MCMC 3. THRAES® 3,

(vi) (2.4) > oHER ¥(5.) KD 2,

(viii) J-FHEEOEE () L BEEBC L 2 KEOAEOES (6 2&b¥ 1 J+K)
B EOESE (6F: k=0,1,...,J+K} 2 B<.
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topt(0)

i

L]

1]
Kl
L= g 07— - Py o
_JJ_ll &1 o Gr_q 1!

= =
L N

(b) v D77 (c) RIS

Bl BoEEHC & 545

ZORE GBI D Y(o) DHEEME (¥(65)) 0 [0, 1] KEOHEE 2B EMR Q2. &b
ROTlog Z* %HET 5.

ZZTRELLZZERETN TV XL BRERET—RITBY 2T TBY, @) OLET
VRHETZI RS, B—BETIREER e BB E KD /(o) ORSE, ThD
b S B ERDTE Y, 2OBESEE (/) <o §G)) BEtE s S, ETEBETIE ¢ O
SHEID 72 8, BBSEIS (6 1B VT (6 BEHEESNS, 22T ¢ OBESEBUITL T,

1. SH5#ETO JU)) OEREETT, RESETO §#(5) DA EHES,
HBwid
2. H5ENLBBESETO G & ¥(6) O S OEHRERES

POREE L2, BEELOHBBIIBLWTHRNIC b B8RO EHREHET I LIZTH
T, SEEEISIAMBDEE, FETYDI EHEETERVEARIFHATOMEE
DHEAELD log Z DIFBENKELRDLILBELONED, HEEHNSHVIZ Y —RTE
SOEPBEL LB L 3HOLTH S, FLBALETOYIaVv—yaryTryr—RA1E
TF—AR 2 L BEMOELYEERD TR L TARZD, HLOBECBLTHEHANEL k3
T—=RA2DHABRVEVIERNIE TS, 2 TIOTNVTYXLADAT v 7 (viii) TIE™
DOGHRDEEEZELE TH LSS (6 & 32 —RTEMEMERET 2.
RETEEI 7075 A THEHALE MCMC %2577

35 MCMCH>»7y+¥

ZDHITIL, 2.1 HiTHRARTe F 7 A50H0 Plx) #Fam e L TiFovna 7EEOERE
RESEZLOOTO T I A EHET S, HEDDICTA—F s 2T LTEIL, UT
WEMO IS A L TOFEERRT,

RRZ t 1B T R pRIER 7 bV
x(t)=(x:(t),..., Zo(t),..., (1))

TEITETE, APOR) ABICBEWTELI B AEBEITS VFAESLPDLDIZL2,...,p &
THEFWCH - T HFIIASRMERMT - Ns, L TREBICBLWT—D0EELEZ, &
ZBHEEIIS VLA TRREBCEZD LW FERES 2L icd 5, UTwRTFEES
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DERLITFESZET, FESGE LT P(x) 2 b o~ a 7EELZEVHT I ENTE 3,
1 y=(n,...,yp)=x(t),a=1 353,

1. ROAT Y Z7OBFREY=,..., Vo, yp) B, ZDO Y 3 aBERE i DS ya ST
ZEHWEZID, ZOMOEEIZ yOEBEE:EbORWET S, Thbb

vi=ys (s#a).

i3 [0,1] O—KEEETH B, Lo T yrid [ve— 6, ot Sl O—KEELBTH 2. 6 13
e EEOHER2ELE L L XZHFEINIRAELETHY, 7 A5 LHTh
5. 0>0THBET D,

2. P(y) & P(y)DLLEFEL,

. P
ol )
&£E35,
3. yEREERrTCy =y, BE1l-—rTy=yLE8HT5.
4, a<pBoifa=a+l ELTINREOROEEEREMER D, a=p & 5 1 X—HALRFEH
BEBELUELT (2) ~Hip,

(2) B t+1 ORER x(t+1)=y LT 5,

IZTEHEsh3 &I
Ply) _ f(y)
P(y)  f(w

ThY, FRILER ZEF v reradnsd, o TESEEROHAR: LI ERLIhTni
WERERMD S, FOSAEEESFE L TE LI R a 7EEEED T I LN TE 3,
k3L cEontze a7 EE {x(D BNV ELTCHIAT S, BHOY VIR
ENEHEIC > T EBbLbNEZOTHEL TR TS, Sl XA -2 §REMEL T
TEEBIET 5 L REETHRAG L 2 ThiER ok, S 3BREBRMIW “A 7 v 74 Ty 3
A3 N 5EE (acceptance ratio) 550% HitgIZ 2 X HCRDH D DHBHE (Wood (1968))”
LEbhTWw3, Acceptanceratio 5K Z ¥ 2 L EHREICE T 2 £ CORMBELS &35 2
EHEELZINE RS By,

AT T 2ERTYT3E, TANVF—BREEZ T ANV —DEDOHZHETRDL S
WHPFER B ENTE S,

2., #hzhozaxv¥— U(y), Uy) 25EL, 2AVF—0E 4=U(y)— U(y) K
D35,
Y., YERRODIXSCEFT S,

A<0 iz y:=y
A>0% 51K exp(—A) Ty:=y, HEl—exp(—A)Ty=y
ET 5.,
D2 EFBRATT2LAT Y T3IDPLYICHWTHRIBCFEFESMMELTPELDR

NaTHEEREVHETILATE S, AROBEER TR ANF —BEHERAV A oK
YAFZNTY) XLZFERHLTWS,
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ZZTRELLTNVT Y XL 5 E > THIEER TR > L BRERETRY.

L

viab—ay
CIZTRBESESEATH L0 DOhOBEBEFE->TY I ab—y a YETRYL, ZOKE
ERL, BESENC X2 AEEENEC L 2 RS 5.

4.1 EBEIH
TEBa%L

fAx)=e"e™ - ™
O pRICKFE [0, 11 TOERS
2= [ [l ey
BEZ L, KL% p=100 £ 35 &, EffiE

Z=(e—1)?=3.2318 X 10%,
log Z=plog(e—1)=54.132

ThHs.

%

RS BS v(o) BHEE T 27201 S MCMC 4 > 72V OBE0E 10000 L 3 5. KEHTD
MCMC %> V1 OFH08 FEREEICE L T e LTIET, B 0N 2 FEREE
BT UCHEICERT 5.

SEEDOE
FFRULESEEOB RS I, —RITESILUE S &9 > 7V H0% 10000 i ElE
U, E0EN X 2EMELOEBRE2RA, (DEISEE) X (% 0, TOY > 7 $0) =10000 %=,

+ 10 X1000, * 50X 200,
+ 20 X500, » 80 X125,
* 40X 250, * 100100,

YL, #RFN 10 BOEBRE TR -7, £112 10 EOERTOHEHES T LI HERT.

COERIPODEIEDSEO L SHPRIEBIDIVI E0b0 S, FEEES P2 THIEL
WERIIE S VLY, DESEEEEPLTOL LEEPSOTRANAEIL LS I EMNRTE
5. ZOFIRERESBEBOHEE ¢(o) DIZIZEBIC > TWEDTHELES % L 2LE
B35, PRBAEEICEBINRTHS ¢ OB TEL, SELAESWMIKRTOY >~

#£1. logZ OEEME (HEfH 54.132).
H I logZ || v 7 V¥ log Z
10 x 2000 54.135 50 x 400 954.132
20 x 1000 54.142 80 x 250 54.136
40 x 500 54.140 100 x 200 954.144
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IR T B EHEAEROLEF A2 L3 TELN, Ko T U R ELLHETSZ
EBTER WD, B log Z DHEEELEENSAE L LS LEbL S, RETOY Y IV
WV IRAE 3 e a 7HEENTFEREBICEZEL VI L EZONS, £-R105640H
HEOBD B ETH—RITESS SIS T, ELLHEETERLI L 822, Lk
Do TLY Y IVEERIUEZ IR0 ThhiE, HEERIV LB THELLWERIESA
o, HEEBEE IS TREATOHEEDZDD MCMC 4> 7FL %% T2 H8HW
ZEpShDh, FOBE, SESEITS0BZYTHS LHMTL.

aEFHE
SE RO % 50 THEE LIHE D O5H5E,
* 50 %ﬁ%ﬂv

- 10 S8 & 40 Bl H,
20 F5E & 30 BoESH,
- 40 FrE & 10 B,

TRUY > 7% (50X 200=10000) 2{F 572> I ab—¥ a vy &2 Tk, HEERLHEST 3.

8
BT A(x)=1 kL, f(x)t filx) X scaling parameter (Z D35& 1 scaling parame-
ter & reciprocal temperature R U /YA W2k 3) THRIE, EETI3EHRIROLI RSB,

Az, (f)zexp{oigpl :ci} ,

Ulx, G):—ngu ¥(x, 6)=§plxs,
Ho=ES =gl ey

sialb—arggyg
SEEORE S0 EHEL, BRA3NEETFRFRIOET 2> TR>TyIabr—yaro
log Z DWEEEFR 2 WRT. £72H2, M3 CizFRFh 50 F40E], 20 Z458 & 30 HESH

F2. logZ OEEME (HE54.132, HEX107%).

50 %58 10+40 531 20+30 571 40+10 58
No. logZ Var(S) log Z*  Var(S*) log Z* Var(S*) log Z* Var(S™)
1 54.154 1.1179 54.158  1.1737 54.133  1.2107 54.149 1.2801
2 54.138 1.1789 54.151 1.2180 54.110  1.2029 54.145  1.2203
3 54.142 1.1128 | 54.130 1.1238 | 54.159 1.1467 | 54.135  1.1905
4 54.078 1.1802 54.058  1.1631 54.090 1.1121 54.111 1.2142
5 54.134 1.2258 | 54.144 1.2218 | ©54.138 1.2479 | 54.132  1.1550
6 54.157 1.1095| ©54.168 1.1816 | 54.178 1.1762 | 54.141  1.2702
7 54.152 1.1215 54.125  1.1398 54.121 1.1708 54.125  1.1710
8 54.126 1.1180 54.135  1.1593 54.118  1.1795 54.134  1.2011
9 54.122  1.1543 54.124  1.1674 54.116  1.1425 54.152  1.2453
10 | 54.151 1.1414 | 54.125 1.3006 | 54.167 1.1775| 54.137  1.2005
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B X A HRESBEROEL § 075 7 BT,
ZEREDOADKBEENE L HESE L 2B8bREFENC L 3 RBTIHIT LA L log Z DHE
BRERIIZWVY, EZ2R2BY CRESEDOFBEVWHEREEZH L TWEEELS52BL
WV, M2 TRESE2EORBOFBFENKEL BoTWS, -EI S BEEHRIC X 55
HIFESE L IZIZ—HKL, [0, 1] RE2RE2 2 L5 WZERHATHL I L8905, ZOFIOD
L CEEMB DL, BERTHMIMTE 3 X5 2EBESBEETH 2k o 3ESE S TREL
TEDOBREL, TV XLOEMRS, 7ul I3 7B HhboEZTH, SHEN
WCEBRBOABEZIDICENRLTWS,

RICHERSBEROETH N K E WEI2RT,

1 function
70
65F
60}
SS-N’M_»/NJ
S0F
45}
40}
35 eeeseeesusecetorsanocsstsoccattssnnasncssasassasaas
3055 0.2 0.4 0.6 0.8 1o
f(z) = e*re™ ...
log Z = 54.134
2. 50 Z5rEltic & 2 RS BB OELL
¥ function
70
65
60
55-/4‘—"/
50f
45
a0}
35 s vee o e m m e e see s een are e aee oo vee e
3055 0.2 0.4 0.6 0.8 10

flz) =e"re™...e%
log Z* = 54.138
B3, 20 F53 & 30 Bl EIC & B
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42 ERSH
FEEEERSMOERCEREZKRD S, T74bb

f(«r)=exp{—% JcTBx}
D p RICHEPREEL (— o0, 00) DEMST
z= [ [Cexp{~§ 2B} dn - du,
%z %, BR=EXNATTIIT,

45, XLk p=100 £ 3§35 L EfEX
Z=02n)%det(B)} 7=2¢7%(p+1)2=9.1760 X 10% ,

log Z=plog 2+ log 7z'+%10g(1)+ 1)=124.244

Th5,

COBSERHET L HFEO—DI, EREE» S L DL OFRLEBANB X2z LI LT
H2H, TITRHOKREEHE (EREIZ[—20.0,20.0]) 23 I & TRSZAMUT 3,

& REB fo(x) & LT, Zo 0B fi(x)=1, fi(x)=exp{—(x"x)/2} BB BHEMUOREE %
T 3,

HrTE

BRESBEE ¢(0) R HEET 572 HICK 0; 120 LT MCMC ¥ > 70 i 1000 fHL 5. #o 0
500 DY > 7NV FEREEICEL THWRWELTE TS, Y O 500 {#%2E#EomIC/Ed v
AN ELUTHAT 3.

AEFE
sy OfEFI 100 ECEES 2. SEHTEZROMED,

« 100 {H D F453E,

- 20 DS E & 80 fH D REH,
« 30 BN E X 70 18O RESE,
< 40 ADZESE & 60 A DRSS E,

TRICY > 28 (100X500=5X10*ff) 2oy Iarv—vareiThy, HELER
#s 5,

M ((x)=108%8)

WEREEE LT A(x)=1 %Y scaling parameter THER, I I TRESENWC L KB LE
BA A L BRBOHE 2T 272012, BRFNC 0= LW TR, o #E 2 CEES
2843, ZhiF e=2 D & = reciprocal temperature D/ L —E ¥ 5, E&ET MBI RD
LR B,
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fox, E)=exp{—%(5%x)TB(g%x)} i
Uda, §)= Esa’Bz,

Yo, £)= *%E%ﬂJ'TBx ,
Z&)=(2n)%(det B) 2677,

S
¢a(5)— aé .

ialb—Lar@ER

F3vIal—YarvORERERRT. /1 a=120880 ¢ OS5 72K 4~10 ZRT.
OB (O IR E=0T —0 TR B, Lo T E=0DHETREREH* T 5., L
HL a<2 % 5 3 ¢(x, &) 1 v(x, 0)=0 TH D ERKICE S BV OER M 2G5 H#E
BEHLTWBEEZ 2, a>2ick sk ¢, 0) bEEKC K 20T, ¢(0) 3HHL TR %
FhIZH ok, <2 DL X §(&) 1k E=0T0 2B, E=0 DB TAE B L TZDOHEA
B FRPT 2. E5ETIRFOLRRZIRL 2 2 LK, log Z #/ANSSHEELTLEST
W3, BEAATEERT 5 XE MDA, FRPRISIENTED, a>20E % ¥(8)
2 E=0TRERADMHEERY, ZOB—KWCHMT 5, EHETIE e<2 OHE LFAKIC, B
Wi FERZIEZ L2 L BHETIR/NERICR > T3, BEZ A TIRIEIMER 218 2 TW» 525,
$0)=—c0 ZAXSHEEL TLEIWERMICKZHEEL TV S,

% (fo(x)=exp{—x"x/2} DHE)

HEREER LT filx)=exp{—xTx/2} Z¥ Y, reciprocal temperature TH 3, & 2 TH Ak
2, HAENC & AR L RER A L BREOLED I », BRI 0= L v Kz
L, e 22 CERPLRAD., TEHLEBRTIEBRIRODLS TR S,

fdx, E)Zexp{*%xT(E%BHl - E%)I)x} ,

#3. logZ OHEEM (FEE 124.24).

100 #4541 20+80 4l 30+70 5l 40+60 4%

e! log Z Var(S) | logZ* Var(S*) | logZ* Var(S™) | logZ* Var(5)
0.1 124.10 2.0730 | 124.88  0.8286 | 125.09  0.8427 | 123.96  0.9420
0.2 126.79 1.1868 | 12346  0.7251 | 121.36  0.6911 | 123.33  0.7033
0.3 123.55 1.0460 | 122.24  0.7064 | 124.68  0.6637 | 124.27  0.7360
0.5 | 124.53 0.8043|121.95 0.6831 | 123.97 0.6398 | 123.04  0.6245
1.0 121.87 0.9126 | 124.57 0.7700 | 125.59  0.6270 | 124.96  0.7253
2.0 114.35 3.2342 | 122.94  0.7453 | 122.24  0.8331 | 124.26  0.9073
3.0 | —176.21 1.0084 | 141.15 1.2842 | 134.24  1.1644 | 134.00 14711
«| 4.0 | —486.26 0.7348 | 172.77  1.2541 | 171.17  1.2096 | 163.44  1.7221
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-200¢1

-400¢f

-600

-800

-1000

METHE E4E E25 1997

9 function

f(x):exp{~%x’B:c}

folz)=1
a=0.3, 1.0, 3.0
4. ¢BEEDOHIEK,
¥ function
i

-200

-400}

-600¢}

-800

0 0.2 0.4 0.6 0.8 1 o
— 1 r
f(x)~exp{—7x Bx

fn(x):——l, a=1
log Z=121.87

5. 100 F4EIC & 2WEML.
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1 function

-200

=400}

-600

-800%5 0.2 0.4 0.6 0.8 1,
f(x)=exp{—%xTBx}
Mz)=1, a=1
log Z*=124.96
6. 40 %45 L 60 Bl Bl & B HEELL
1 function
0 e
-1000
-2000
-3000
-4000
~5000
-6000
70007 0.2 0.4 0.6 0.8 1

ag
f(x)=exp{—%xTBx}

fo(x)A=1, a=2
log Z=114.35

BI7. 100 58Iz & 2B

Uz, $)=%xT(E%B+(1 —&9Dx,

Vlx, =& '2"(I-B)z,

Vel €)= —L g5 1 u[(I- BXEEB+(1—£9D1].

R

Siab—<arER
FRAWCYIab—YarvORERETT. 1 e=108BED ¢ D75 7 %K 11~15 TR 7.
ZDHREIEAB (&) BIEDIZ 0 IGEWER L D, HBRLCHEML é=1 TABIWC KX 2EZR
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1 function

~1000

-2000

-3000

-4000

-5000
-6000

-7000

0.6 0.8 1
g

f(x)=exp { — %x’Bx}

Mz)=1, a=2
log Z*=124.26

BI8. 40 %5 & 60 BEAENIC & B EALM,

1 function (XM [0.0,0.1] kLX)

-1000 '
-2000
-3000
-4000
=-5000

-6000

~7000

f(r):exp{—%xTBx}
flx)=1, a=2
log Z=114.35

9. 100 EHENhz X 2R

3, EDHETIE E=1 O TAMLEMERZ S Z EBHERTICKEDOHEE LTS, &
BAATRIOALERBIEATIVHEEBE2HELTWE EE L 3.

43 F Y LFTHOEFERH
7 v AT OBEBEORREEERBOESRILER ZRkD S, T4bb
f(x):exp{—%ng?}jg‘!xj—xklﬂ
DIFRFIR, (— o0, 00) DEMST
R VT .
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¥ function (XF [0.0,0.1] %K)

0
-1000
-2000
-3000
-4000
-5000
-6000
700075 0.02 0.04 0.06 0.08 0.1
f(x):exp{—%;cTBx}
flx)=1, a=2

log Z*=124.26
10. 40 %43 & 60 s & & 2 il

F4. logZ OeEM (BfE124.24). ZZTHIZE e+3 13 10° #F T, DUT, FROHERET 5,
—MziE et nid 10" LHIRT B,
100 % 4-4 20480 41 30+70 741 40+60 7l

a | logZ Var(S) | logZ*  Var(S*) | logZ® Var(S") | logZ~  Var(S")
0.1 156.99 2.0390e+3 | 123.76 4.7156e-1 | 123.64 1.8028e-1 | 123.47 5.5437e-1
0.2 ]136.49 2.2569e+2 | 125.54 4.4094e-1 | 124.25 1.9535e-1 | 124.66 4.7321e-1
0.3 126.77 1.0977 | 122.34 1.5059%-1 | 124.11 2.7941e-1 | 123.20 1.7478e-1
0.5 125.85 2.7566 { 124.38 1.4672e-1 | 123.97 2.4821e-1 | 123.96 1.7460e-1
1.0 | 126.51 2.3254 | 123.38 7.2518e-2 | 124.47 8.9014e-2 | 123.67 1.2798e-1
2.0 |125.74 4.4145e-1 | 123.84 1.0505e-1 | 123.95 1.1157e-1 | 124.40 9.3675e-2
3.0 123.20 3.0348e-1 | 122.95 7.3866e-1 | 123.71 7.5163e-2 | 124.11 1.3289%-1
4.0 | 123.96 4.4745e-1 | 123.37 9.0122e-2 | 123.96 1.2151e-1 | 122.39 7.3236e-2

2Ez2 5, HEZSOBEKELT

Z(B)=02n)z ,8 L Bppnst N 27/ 11:[1F<1+ B])
(F 1+ B))

log Z(,@)=€log(27r)*(7+f p(p— 1)>log B
+glog(r(1 +%Bj>>—plog<1“<l+%,8>)
L.

COFEEBEBIE L51,2,4 DL SEELREKRR2E . =1 DL 23RO & O HIEEFNHRY
VARG LT, ThRbb X=(x5)% 1}, SFERIDOWVT x5=x:; TH Y, {r,: 1<i<
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9 function
500 -
400
300}
200
100¢
Ot P
0 0.2 0.4 0.6 0.8 1

flx)=exp { —%ITBx}

ﬁ:(x):exp{ 7%1’1}

@=03,1.0,3.0
1. ¢BafOHtE.

¥ function
2000
1500
1000
500 J
0 R
0 0.2 0.4 0.6 0.8 1

o
f(x)=exp{—%xTBx}
ﬁa(x)=exp{—%x’x}, a=1
log Z=126.51
B 12. 100 48 & 2 MM

JE PRI IER AR D BERER T 25~ N0,1/2p) 1<i<j<p), 2:~NO,1/p) 1<i<
D THBT7 T ITHCEEL TWwa, 7 =2, =4 Dt ERF TN ETNTFIDRERPER
B, WRBCHRLZERD S > AT BEEST 25, JZTRVEBEFLEBE, c0ko%



TN 7EETE VT ANOEL L D ERTRSY 401

% function
2000
1500
1000
500 4/}
0
0 0.2 0.4 0.6 0.8 1o
f(x):exp{—%xTBz}
fo(.r)=exp{—%x’x}, a=1
log Z*=123.67
13. 40 F5r & 60 BB ENC & 2R
¥ function (XM [0.9,1.0] 2 #K)
2000
1500
1000
500
0
0.9 0.92 0.94 0.96 0.98 1y

f(x):exp{—%xTBx}
fo(x):exp{—%x’x}, a=1
log Z =126.51

Bd14. 100 F58c X 2EAE0L

7 LTI T B pEOBEEEO R EERE k5,
ZZTIRB=12,4DBECOVTYIab—varaETRd, XKaxp=100 LI-L &%
NnNZThoOE@EIL,

Z(1)=8.7092 X 10 , log Z(1)=6.4471 x10°,
Z(2)=1.5520 x10>™ log Z(2)=1.2607 x 10*,
Z(4)=2.8441x10"%% log Z(4)=2.4952 x 10*

L5,
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1 function (KM [0.9,1.0) % #XK)
2000

1500

1000

500

0.9 0.92 0.94 0.96 0.98 1(7
_ _1 7
f(x)-exp{ 5T Bx}
ﬁ)(x)=exp{—%x":c}, a=1
log Z*=123.67
15. 40 %4 & 60 BdsrEhe & 2l

SEIFix
SEOMEET 100 EICEET 5. SEEROMNED OFE,

- 100 {E D Z5rE,

+ 20 D4 E L 80 8 D RE5El,
« 30 fADZSE & 70 18D BRESE,
< 40 D ZEE & 60 6D RESEH,

TRIUY > P (100xX500=5X%10*f) %{#-7z> I a2 —ya &7y, HELLER
HigT 5,

5] ¥

& SEA#K f(x)=1 & L T reciprocal temperature TH5.33, SeDfl L EikkIz, E4E0Mz X 53K
& BE% A L ARBOLED I OB 0=V L WO BB EL, 0 2 X TEHS %
RKADL, THEEETHIEBIROLD S,

fa(-l', E):exp{_%ﬁﬂéx}}JHJ‘rj_‘rklguaﬁ ’

p

Udx, §)= 58 2 i — &5 3} loglz— i

holx, )= -

<.

o

»
82 x?+%$%"ﬂ loglz;— x4l .

3ab—arER

B=1,2,4 DEBED log Z DHEEE FhFhES, £6, BTIWRT, £/ =1, 0=10%
BO Y DITT7HERI~IIRXTET. WTROEE D 100 58N & 2 HEE L RESE L3
HEMEOEZIFEAL R, R LARRBEVHTHZ a=10L SEHENC X B HkKIZD &
CHEET DI ENTETRLY, BESEN X 2 FEIZHENS 2{EEL VWS, ik
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#£5.

log Z DHEEME, A=1 (FR{H 6447.10).

403

100 5]

20480 4l

30470 4341

10460 7€l

log Z Var(S)

logZ*  Var(S®)

logZ*  Var(S*)

log Z*  Var(S")

0.1
0.2
0.3
0.5
1.0

6451.38 3.4886e-1
6447.68 2.7793e-1
6447.66 2.0030e-1
6447.30 3.4567e-1
6445.46 1.1429e-1

6453.20 1.7055-el
6449.69 1.3828-el
6448.81 1.8065-el
6447.15 1.2832-el
6446.84 1.9716-el

6452.75 1.5510e-1
6452.25 1.5289e-1
6448.73 1.6344e-1
6447.55 1.6795e-1
6448.09 2.3954e-1

6453.70 1.6175e-1
6450.54 1.4960e-1
6448.31 1.4536e-1
6447.66 1.7041e-1
6446.77 1.9046e-1

6.

log Z DHEENE, B=2 (FfH 12607.1).

100 454

20480 541

30470 5l

40460 53-E)

log Z Var(S)

logZ*  Var(S™)

logZ*  Var(S*)

log Z*  Var(S")

0.1
0.2
0.3
0.5
1.0

12616.9 3.3130e-1
12608.6 2.9167e-1
12608.4 2.2528e-1
12607.6 3.8797e-1
12601.6 2.3442

12613.0 2.1980e-1
12614.7 1.6919e-1
12610.5 1.8780e-1
12607.2  1.5596e-1
12607.9 2.7377e-1

12617.4 1.8376e-1
12612.7 1.7807e-1
12610.2 1.6458e-1
12607.8 2.0172e-1
12607.1 2.8864e-1

12620.6  2.0293e-1
12612.9 2.1558e-1
12609.9 2.6767e-1
12607.4 2.2005e-1
12606.0 2.6476e-1

x7.

log Z O EE, A=4 (Ffl 24951.9).

100 & 58

20480 &l

30470 €l

40460 &1

log Z Var(5)

log Z*  Var(S*)

log Z*  Var(S)

log Z*  Var(S™)

0.1
0.2
0.3
0.5
1.0

24970.6 4.4132e-1
24956.5 3.1404e-1
24953.6  3.5416e-1
24951.9 6.2637e-1
24934.8 7.9803

24966.3 2.3189%-1
24962.5 2.2205e-1
249574  2.2649e-1
24951.3 2.5738e-1
24951.8 3.1677e-1

24969.4 2.534le-1
24961.5 2.4445e-1
24957.7  2.0552e-1
24951.8 2.3550e-1
24952.1 3.4573e-1

24970.2 2.8049e-1
24963.9 2.3299e-1
24956.9 2.4043e-1
24952.7  2.3346e-1
24951.7 3.9115e-1

1 function

6000

5500

5000

4500

4000

f(z) = exp{—

B4 16.

0.6 0.8 1

o

$0 T a3} T |25 — 2if?

log Z = 6445.46

100 Z43ENC & 2L
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1 function

6000

5500

5000

4500

4000

g
f(z) =exp{-18% 23} 11 |5 — zi|?
log Z* = 6446.77
B17. 40 %5 & 60 Bl Elic X 5 RESEHL

¥ function (XM [0.0,0.1] £H#X)

6000

5500

5000

4500

4000

f(z) = exp{—3B L 23} 1 |z; — e’
log Z = 6445.46
18, 100 Z5EN & 3 HSUELL

E=0 DFHETOHRBEASBEROKR E LR 2FREATREA S LN TE RV ID LEDR
5.

44 iab—arER

BELE7ZNVIT) ALARETT 2123, —KTEESOROOSE SO, $ESBEEMHED
ODORFEETOY Y IV EEFORELRFRER SRV, ZO7NTY XA TIEEBE
T—RITESETR > TV 5, F—BHETREELE (o) IWEERZE /o(o) DEAVEEH
TVbD—RITEIBLETH 5, BERFETIX log Z OHEED 12D ¢(0) DR 21Tib
idhilkown, BE—RETOBIZIOBEMEEZRD 5 2 LBXRODHNTREZVDT,
BETHLLERI RV, BERETOBRSZENOD log Z 2AMNT 51008 ITH 505
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% function (XH [0.0,0.1] #3LK)

6000

5500

5000

4500

4000

f(z) = exp{—38 T 23} 1 |zj — xil?
log Z* = 6446.77
BI19. 40 %5 L 60 BlMAEIC & 5 BUNILL

ERETZTNER SRV, Lich> TE—BREBORES LV E_BEOBS T L TaHgEE:
CEARY, BHAATKELZINEE SRV LB HTH LD, ZHEROESICE
NRETORERBLETHEOPE>E ) LEBEZLRR2 > Tukl, B % ERSERT
%72 2id, SERIHEESBEE v(o) DEB R Z 2 I LB TE R T+ EERAEL
BN SRV, BEEORBEICBWT, T2bb Julo) DBESMESICBWTRD sht:
P 27uy b L, BBERRERT ¢(0) D—KTTRES D7 8 OBl 58 S OB %
5, LWIDOB—=DDOFTHS, V> IABBEL TE, AEAEBHFFCREDOTHNAIT
HREZHEET 27200V 7VIESRBIEERALERRVWESbIATVS, L LIEEREK ¢(o)
EWETHDICIHLOY Y I VEET 3 Bbh 3,

Y INVERHES MCMCEIZIEFIEIL 20 iZ R 5T XA~ 3855 %, @R
BEMOYS, KT pBEOEEEREIEZ CHBESECLTOERLHER IR/ L &, ZORE
Z—BURFEROREL Leva 7E#EEZEDHT., ZO0—D0EXRP MBI 2 L 20
NEGAZBRTHIHE AT A -7 2D RIFHIER S, & 512~V a 7 EEEMN Tk
RBIGEL TV AN EIDDF 2y 7 b LB, Frv 2 Lk L CEEREICET 2 ETOD
PUTNVIERETT, FEREC BT 2~ a 7EEEY SV E LTHEAT . MCMC %> 7
NVENMRT2BECE IS0 I L2 HAEELATRIEELWERSB2 L3 TE 0,

5. ERCRER

CICTERELLETVIVALEBEE AL A FONAREEL flx,0) BEELI- & %, —K
TLRE ST OHRE SR v(0) DEE 2 BRI 2 2 LB TCE 2 BB DB A T—RTES 524
3. THIIREBRIIC —RITTH S O BRI BIEK v (o) DMRHME & ¢(0) D538 V(o) iX DB
HBZeBbroTHEY (Ogata (1989)), ZDOT7NT Y X AFERIIC (o) DEFHAE W
XE T2 a0E8% L, EEBL R EHETH MM TE 2 RECRAS N8 2T 22 L
2%, LIzdSoT (o) BRELEHT2L5% flx,0) LIRBE I EBTERZVEE, 20
TVIVRLZBENERET 525, LorLE8Hdk QIZIZEZLTELTE 3 £ 5 R
e y(o) ELTMBZENTEZDTHNIE, 7VTY) RLAQE#ER S ar S5y Ty
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PEEMEE»SELTHENBNC L 2B E T 21E5 B R W,

RO 155 A — I (P(x, o)) D x 2 F—F,0 %257 A—% £ +hiE P(x, 0) 1% o H®
Bz oMl EED x OREMESFOBEERBRERS L TES, £, TITHERALEH
Ho)iZRF A= o DHHT RO bBEHIMMOSHEBE R LT IENTES, LY
log Z—log Z 1% x, 0 DRIEESECET % y(x, 0)/t' (o) DHARMETH 5.

log Z—log Z(,:j)‘l/(%),)[)(x’ o)t (0)dxdo .

COESIRL L, BEANADDDER be(o) BRBEREFISAEEIRL TWEEHEZLS T
rHTED,

6. SHORE

I TERLI-EESE I ZESVRVIENMESZ 20 ES RS TEDIE, ZIK
By UM 0 T R pEBTTHRIEER 2T ab Rk o kv, 7o EHESHE
EEEPHET 2770 TR, BESEOROOT7 VT Y XLADEHE, Tar T I Tinh
BT L BEBICANT, S5EN L ARSI E OHE - REPLETH 5.

Ogata-Tanemura OFESE B SBEE AL £ L TIZRRD, £/ fEHDIRZEDLD
IEREDIC L DEMEORBENE D> TL 5. f 3IESXETHESMED S > T 5B 2
ShiFhiZnoknl tns, B AHAOBBIEESATLE Y, Bk H2F 25 2 & I3HE
THDH, LEBoTfE xRS AL LUTHIBO/ SAUMZED & DX ABH 55, L2
CORADTENEPC BB TH 202 EEL, RESE, Bl AL > TL Y ERECHETZ
ERT B2 EB2E R0,

ZDFU ST AE—RITESAME T B, K0S o THNLCEITT 5 2 MRS, L
72585 T Ogata (1989) »BBRRTW2 L5112, FHXOAIULHBTRETH S, L D EH TIERE
REERT AL T 7 2 I EENS,

F - RIEAOIHIE OV T b E 2 12w, FICFEREERIINE &5 5 A XTI >
TENTELELS, A BBV CIFYEOERNILEENSE Z 8%, Z20%
SAREEI pEDORE ST A —F DTG T 2PHRIC L > TREI NS, REVIT A5 D
PRITEAWC LD RS SN FHERRIEELERERD. COHSERLERZIT -5 %
BAEETHY, AOLETH L, FHRILEREZRD 2 Z L TTRIREROHEIN TR X 5.
A ZHERC B 2 FELESHEEE IR T T 77 AP & B HEP, ERSALERS
L BNOEOREMEHOIA Y R—F VR« Y Ik BBk ENEZE IR
Tw»3 (Chib (1995), Raftery (1994), Kass and Raftery (1995)). < Z TREL BESHEE
BIOERIEBERD 2 HEE LTED Ed ERFLIZY, ELERLE OO XE
FNOFBAEHKOIZRA AT, 4 XEFNVEROBEL 25, ZO0ETNVOIER
{LESE 2, Z £ UL, ~A ARFIZ Z/ZTHY, 2O I TN LITHEICET 5
S=log Zi—log Zo CHI%T 5. LiztS-> THESMEVEMTH 2 h 2E5 L83 <, ERLL
TORWENETNDETNVOREMIZ A A ELTEBIHEET S I LPTEL, ThETO
MRCBOTE Z, Z % 2R FNEFSCESHEEE CHEL T4 AW FEHET 5 HTEBE
ThHo, HEAM ARTFHHETEL IOHERE> T4 ARTR2FEL, ESLELHE
W AEEELLRT A ENSBOTEL L TET NS,
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The High Dimensional Integration with Markov
Chain Monte Carlo Method

Namiko Ogawa

(Graduate School of Information Sciences, Ochanomizu University)*

Shinto Eguchi

(The Institute of Statistical Mathematics)

This paper is concerned with numerical integration of functions defined on high dimen-
sional spaces. Recently, methods of Markov chain Monte Carlo (MCMC) have been
proposed in statistical literature ; they have been established for the problem in statistical
physics. This paper is focused to obtain a normalizing constant by the use of free energy
method. The method leads the high dimensional integration to 1-dimensional one by
MCMC sampling. Among all the segmentations an optimal is uniquely obtained in the sense
that the mean square error of the estimated integral is minimal. We implement the im-
proved method and investigate some Gaussian examples in the comparison with the method
proposed by Ogata and Tanemura (1981, Ann. Inst. Statist. Math., 33, 315-338).

Key words: Markov chain Monte Carlo method, high-dimensional integration, Metropolis-Hastings
algorithm, importance sampling.
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