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program_main
implicit none

integer, parameter :: NC = 100000000

integer, parameter :: Nd = 2000

double precision :: dis(-Nd:Nd), rho

double precision 11 X0, X1

double precision :: ds, x, E®, E1, dE, PI, ratio
double precision :: PDF, P1, xtrial, vya, rr
integer :: i, j, Nt, K

PI = 4.0d0 * atan(1.0d0)

ds = PI/dble(Nd)

open(11l, file='ding.dat', status='unknown')
dis = 0.0d6

Nt =1

X0 = 0.4
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I

doi=2, ¢
xtrial = 2.0d0 *(rand() - 0.5d0) * PI
ratio = PDF(xtrial)/PDF(X0)

| MR ratio > 1, M160HR ., PRUTUEHE—E.

if(rand() .le. ratio) then

X0 = xtrial
Nt = Nt+l
else
D1 ratioM R ENER .
X0 = X0
Nt = Nt+1
endif

j = int(X0/ds)
dis(j) = dis(j) + 1.0d0
end do
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X0 REHENHIE, RitHSE.
j = int(X0/ds)

dis(j) = dis(j) + 1.0de

end do

write(*, *) " NC, Nt = ", NC, Nt

Nt = int(Nt - dis(0)/2.0d0)
dis(0) = dis(0)/2.0d0

rho = 0.0d0
do i= -Nd, Nd
X =1 * ds

P1 = PDF(x)

write(11, *) i * ds, dis(i)/Nt/ds, P1, dis(i)/Nt/ds - P1
rho = rho + dis(i)/Nt
end do

write(*, *) " rho (should be 1.06d0) =", rho

close(11)
end program
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double precision function PDF(x)
implicit none
double precision :: X
double precision, parameter :: Z =
PDF = exp(-0.5 * x*x - 3 #*sin(23.5
end function

12.217257554294116
*X + 2.3))/Z

P(x) = éexp(—O.SX2 —3sin(23.5x +2.3)), Xx¢€ [-m,7].
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FI— TR

Z =43.40193416694732;
Plot[Exp[-0.5%x*x -3 *Sin[23.5%x+2.3] -2.6%Sin[13.5%*x+2.3]] /%,
{x, -Pi, Pi}, PlotRange -» All]
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MC #{g#% (1d)

program main
implicit none
integer :: i, NC, k
double precision :: x, y, exactValue

exactValue = 3.2934122860965243

do k=1, 20

Mc = 5000000 * k

y = 0.0d0

do i=1, NC

x =rand()

y =y + exp(-x*x - 2.5 ¥ sin(8.2 * x + 3.5))
end do

y =y /NC

write(*, *) NC, y, y - exactValue

end do
end program

BEEN, FE—ERMNENE [0, 1] SEERNEERS, RNRXAHAIH
AR5
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MC #{E#R45: HitHeE

5000000
10000000
15000000
20000000
25000000
30000000
35000000
40000000
45000000
50000000
55000000
60000000
65000000
70000000
75000000
80000000
85000000
90000000
95000000

100000000
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.2924756515988243
.2944737295005262
.2944321594114307
.2926361659840082
.2927199275591028
.2929750038831567
.2936562157460698
.2933716666829649
.2935008182129444
.2935838505475168
.2934186591409937
.2936419613732570
.2938193132719094
.2940448506334006
.2933283742990209
.2931980224627768
.2925629774013414
.2935632624731701
.2931417633705120
.2938595625886218

&

ANPFRFONODDRNOE®

N = =0

AN

.3655695830463515E-004
.0615209433972872E-003
.0199508543018432E-003
.7604257312069436E-004
.9228099802609577E-004
.3720467397223572E-004
.4400718894090900E-004
.0541874164023994E-005
.8609655815474753E-005
.7164199038788297E-004
.4505838648365454E-006
.2975281612813703E-004
.0710471478044852E-004
.3264207627167224E-004
.3834258107984283E-005
.1418609435208680E-004
.4923115578749986E-004
.5105391604119944E-004
.7044518661689665E-004
.4735403149287478E-004



MC #{g#% (2d)

NIntegrate[Exp[-x1 *x]l - x2%x2-2.5%8in[8.2%x1 + 2.5 *x2+3.5]],
{x1, 0, 1}, {x2, 0, 1}]

2.05326
program main
implicit none
integer :: i, NC, k
double precision :: x1, x2, y, exactValue

exactValue = 2.0532571251259997

do k=1, 20

NC = 5000000 * k

y = 0.0d0

do i=1, NC

x1 =rand()

X2 =rand()

y =Yy + exp(-x1*x1 - x2*x2 - 2.5 * sin(8.2 * x1 + 2.5 * x2 + 3.5))
end do

y =y / NC

write(*, *) NC, y, y - exactValue
end do

end program
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MC #{E#R45: HitHeE

5000000
10000000
15000000
20000000
25000000
30000000
35000000
40000000
45000000
50000000
55000000
60000000
65000000
70000000
75000000
80000000
85000000
90000000
95000000

100000000
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.0539160425867276
.0537618449180002
.0520283897634850
.0523144291681343
.0520664998713940
.0529804055639236
.0543001092034494
.0534077824821408
.0538847187535949
.0528898657073600
.0535378552832499
.0530060692081138
.05322563156746005
.0534320024952661
.0531988997759290
.0533665893787170
.0534385368335308
.0534654165707695
.0532642448591609
.0533304510798320

NN RO

.5881564275782623E-004
.0461797403045239E-004
.2288371804847209E-003
.4279777583539115E-004
.1907270725757257E-003
.7682138004614387E-004
.0428822594796827E-003
.5055553817111544E-004
.2749180962518025E-004
.6736123660974229E-004
.8062833928022002E-004
.5115773585593359E - 004
.1595376569271139E-005
. 7477555129641331E-004
.8327168040772648E-005
.0936243474723994E-004
.8130988956110983E-004
.0818962679980402E-004
.0179151911986537E-006
.3224135862304252E-005



MC #{g# % (5d)

program main
implicit none
integer :: i, NC, k
double precis@on 1t x1, x2, x3, x4, x5, z1, z2, y 5000000 0.67860948226564166
double precision :: exactValue, fc 10000000 0.67742626316973287
| _ 15000000 0.67798798940447780
' m 2.0532571251259997 20000000 0.67820055248730726
NC = 5000000 * k 25000000 0.67807490833263273
y = 0.0d0 30000000 0.67798914219545636
do i=1, NC 35000000 0.67759941227700249
x1 =rand() 40000000 0.67797775285925144
X2 =rand() 45000000 0.67804110469780288
x3 =rand() 50000000 0.67812413744218381
;‘5‘ =:ggg8 55000000 ©.67825987468634252
et « « « « 60000000 0.67809202467232188
fc = exp(-z1 - 2.5 * sin(z2)) 70000000 0.67787588451565672
y =y + fc 75000000 0.67792679786073951
end do 80000000 0.67814669059593469
y=y/NC 85000000 0.67795048534480384
write(*, *) NC, y 90000000 0.67820270255044190
end do 95000000 0.67802358679034946
end program 100000000 0.67804839115221516

XFE4ERS, MC HFEMREL ERMBER EEMER. SR FA2RANNHE
ERERB—EEEE/ND,
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Mathematica 5d £{{&EF2 4y

NIntegrate[

Exp[-x1+x]l -x2+x2 -x3+x3 - x4*xd -x5%x5 -
2.5*8in[8.2%x1 + 2.5 #x24+3.5 + 2.5 #x3 *x5+ 3.8 *=x4]],

{x1, 0, 1}, {x2, 0, 1}, {x3, 0, 1}, {x4, 0, 1}, {x5, 0, 1}]

Nintegrate::eincr :

The global error of the strategy GlobalAdaptive has increased more than 2000 times. The
global error is expected to decrease monotonically after a number of integrand
evaluations. Suspect one of the following: the working precision is insufficient
for the specified precision goal; the integrand is highly oscillatory or it is not a
(piecewise) smooth function; or the true value of the integral is 0. Increasing
the value of the GlobalAdaptive option MaxErrorincreases might lead to a
convergent numerical integration. Nintegrate obtained 0.6780027207036384"
and 0.00006488683203321574" for the integral and error estimates. =

0.678003

EEXERE, —EEERE/ID FEKXFKIEER A Mathematica 48 S #4R
5.
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Cuba —a library for multidim. integration

The Cuba library offers a choice of four independent routines for multidimensional numerical integration: Vegas, Suave, Divonne, and Cuhre.

They work by very different methods, summarized in the following table:

Routine Basic integration method Algorithm type Variance reduction

Sobol quasi-random sample Monte Carlo
Vegas  or Mersenne Twister pseudo-random sample Monte Carlo  importance sampling
or Ranlux pseudo-random sample Monte Carlo

Sobol quasi-random sample Monte Carlo 1y tive subdivision

Suave  or Mersenne Twister pseudo-random sample Monte Carlo 5 :
+ importance sampling

or Ranlux pseudo-random sample Monte Carlo

Korobov quasi-random sample Monte Carlo
or Sobol quasi-random sample Monte Carlo  stratified sampling,
Divonne or Mersenne Twister pseudo-random sample Monte Carlo aided by methods from
or Ranlux pseudo-random sample Monte Carlo numerical optimization
or cubature rules deterministic

Cubre  cubature rules deterministic  globally adaptive subdivision

All four have a C/C++, Fortran, and Mathematica interface and can integrate vector integrands. Their invocation is very similar, so it is eas
another for cross-checking, For further safeguarding, the output is supplemented by a y?-probability which quantifies the reliability of the err

The source code compiles with gee, the GNU C compiler. The C functions can be called from Fortran directly, so there is no need for adapte]
code with the library is straightforward and requires no extra tools.

In Fortran and C/C++ the Cuba library can (and usually does) automatically parallelize the sampling of the integrand.
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® REER, ®EFSH STEK

® MC ROWSEERIE;

® TUREZIZE 107° - 107 WHEE, BENGEFNREE, SEXRR—
BRERIT:

® NRERBESS. HEHERR (~ - 2HER);

KRB R:

® SFAMCMC =EEEHMESsH, BRESN

® SHERNSHERTHITE:

® SFAMC FEMRSEEHEE (FEL Ising K2
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B1F

I = / sin(x)dx = 2.
Jo

HB#UE
= Tl'ZWjSin(Xj) = wz ,\llsin(xj), Xj = jdx = %
i j
AN ARE LM R 5
I=n>" % sin(x;), X = rand(0, ).
i
bLanE{ELZ R

N I err = |l - 2.0|
1000000 2.0011132768175370 1.1132768175370344E-003
9000000 2.0000370215703773 3.7021570377326896E-005

36000000 2.0000658089249557 6.5808924955668147E-005
100000000 1.9999469549509579 5.3045049042133030E-005

HMENEE: NERRK, ARBEIERUER.
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F| A Mathematica a] LAt &

/= / dxdy sin(x* + y* + cos(xy)) = 0.6134018336782885.
0

I FBEHL R 5
| =72 Z — sin (X, X +yi+ cos(Xiyj))-

do 1=1, N
rand() * pi
rand() * pi
Z + pi * pi* sin(x*x + y*y*y + cos(x*y))
lz =z + pl * sin(x)
end do
z = z /dble(N)
write(*, *) N, z, abs(z - 0.

N err=|I-10]
1000000 0.60274570653644777 1.0656123659932848E-002
4000000 0.61008565316350827 3.3161770328723472E-003
25000000 0.61366705482087958 2.6522462449896089E-004
49000000 0.61486352367980224 1.4616934834216222E-003

100000000 0.61371312144236700 3.1129124598638924E-004

BETEERE. TERESERAL, er~ 1/VN.
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HIEE% (BTERER)

a 8
" . Lyr o o
| = /0 dxldxgdx3~~~dxggsm(x,-):28z7r8 EI:N1:I51H()(/(I))

* pi
“ pi
* pi
* pi
* pi
* pi
* pi
* p1
{xz] * sin(x3) * sin(x4) * sin(x5) * sin(x6) * sin(x7) * sin(x8)
tmp

7 = 2 /dble(Np)
write(*, *) Np, z, abs(z - 2

I err = |l - 10|

1000000 255.79912196852166 0.20087803147833938

4000000 256.21560699536900 0.21560699536900074
16000000 255.95219412687362 4.7805873126378629E-002
36000000 255.92368260278087 7.6317397219128225E-002
64000000 255.96753171906013 3.2468280939866645E-002
100000000 256.00454944361570 4.5494436157014206E-003

BSTFENTEM 10 MO, HERE 1070, SEGE, XMTERSY

RE.
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—AZ IR IR

W LEERNERE EREE. ERHm Q:

= /xEQde(X) ~ Area x %f(x;), x; is uniform rand.

x;€Q

B f(x,y) =sin(x? + y3 + cos(xy)), Q={x*+y* <m|x>0,y>0}.
Mathematica 82l / = 1.0529392707752274 .

Area

x = rand() * pi
y = rand() * pi

%fif;:;nltl"ihfny-*y*y + cos(x*y))

eﬁd;f ?

end do

z = z /dble(Np)

write(*, *) Np, z, abs(z -

end do

N | err = |l - 10|

237818 1.0504987950139868 2.4405007547509960E-003
3816917 1.0527085566653043 2.3073910343351933E-004
11701153 1.0529981557491306 5.8859980392789168E-005

23869444 1.0529422608710950 2.9651023571997115E-006
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Kl ZEFHREFAE, AFZFEVBOA, AL THARERL. BA
EEERBEASS (THERWTF 5% AARIRE), WALUAERISHABE—1
&g

* 5 EMITEFRENTZZRE AT, HWFRRENEE, DAXRAR
BREAE. MEGNAEELERNERITEER ("HERE").
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BEHLER 7 p(X)
B8 x REHSHT, MELESH, il oK)
b

p(x) = %/5(x—x,-), / p(x)dx = 1.

BLTH : )
_ gX;
B NZ p(Xi)
I i
%}:mMyiéhapumx
FTAEANE

19k [P
/_NZ;MO_Lﬂmm.
B FENSIHFRIEES® p(x), RAFE. HESLEERE.
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PIEF RS FEEE

BIMtERNEE
Z= /dxdpexp(*ﬁH(X, P)),
BEHAa= (x,p) €T

z= / dq exp(—BH(q)).

ATHRIEEE, FREBHS
o JHEEE
o ST

o H=ZHIA: Markovian 1332

(?E%Ejfl‘ﬂ%ﬁﬁtﬂq%mﬁﬁl‘ﬂ%ﬂo MERSENMER, BARTEZRETHN
B&i ).

KRR INAEAUE SR TR B,
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EER—IEFMME (BN, FRE)
Pi(t+dt) — P = Z PiW,_; — PiW,_;.
j
T AREMRERS, HAEH
Pi(t + dt) = Pi(t).
PR R FKER S T, RATHZHMBNERRE. BBTE (558)
PWi_; = PW( — i).
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0Ej = H(a) — H(q))-
EMBR, ggESNAER "RE KA EEME, SHIELFRBX.

%8 (itE4E) (CAS Key Laboratory of Quantum 20224128218 34/41



Metropolis #hfE
* Xtaq, WHHEE =H(q)
e BENER— o, HEE = H(d)
e IR E, > B, MRAFEGEEEER, Wio=1, g1 =d
e MR E, < E, RAFHAKBES, MER = /&8 Zxmnn

%H:{d £ <,

a >
B3 (SRFKME) F
qi, 92, 94

o Ed (SEEEM)

(A) = JA exp(Z—BH)dx _ %ZAL
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— I ERER

ZEMEER, R
VV,'H/' = min(L exp(—B(SE,-,-), (SE,/ =E — E]

AL TF=ER T
Pi < exp(—pE;), i=1,2.
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SRS SRR L 8
AT R, (M) SURLEDE, B3 REFEERENSME

E=E(q:1,92.--- ,q9n) = E(q).

Local minimal vs global minimal

SIN—MBIZAIEE 8 2%, FTIABKH local minimal, # X\ global minimal.
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WA Ising REYR)HEEE

T=20T, t=18

R RS 2D Ising AR B &Z# (RSFRTIARK, EE/BIGIF,
x 100, Hiloert Z8jal4EfE |IC = 210°|)

H= *JZS,‘SJ', Si = %1.
(i)

=

N
=
S F

a5 B E A T 5

SREYIEFMYEBERNRESRSAE BR.
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Plot[Exp[-0.2 Abs[x] - 10 Cos[x]], {x, -40, 40}, PlotRange -» All]

WEEH, MERER ROFEERMMRZTS — RETHKTRERE.
* SFRRETH: SINRKIRE
* FEFRERB: HREXETHTERR
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EEHEE (Important sampling)
BTERE| (I S4hE)

L) _ [ oo
Areaxnzi:p(xf> /x,-eﬂf( )dx.

HiRE/AZE L)
= Wg(m).

FREL, EREf/p 818, FEE/N, EARTE, FEEKX.

of

MR p - f (RATEE, EHfAEEHIURS), WAETURRREN.
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# A Metropolis &i%, RIEMZTE&, FTASSIR
P; x exp(—BE;).
BATATAFEIMBEGE, TIEEMRSH, tbin
P(x) = p(x) = 0.
AEEHE = -4 "Inp(x) BIFT.
BIEE— 1S WRH p(x), IFEFE S, WAILEZRKITEIRE.
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