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We describe a computer program that performs the Metropolis algorithm for
the 3D Ising model at a peak speed of 98 million spin updates per second on a
2-pipe CDC Cyber 205. This speed is achieved using the special vector
capabilities of the Cyber 205 and multispin coding techniques.
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INTRODUCTION

This paper describes a new way to implement the Metropolis et al.‘!
algorithm for Monte Carlo simulations of statistical systems with a few
discrete degrees of freedom per variable. We describe this algorithm as
implemented on a CYBER 205 and for the 3D Ising model. However, as
should become obvious, our method can also be used on other computers
and for other systems.

Each spin update in the Metropolis algorithm involves comparing the
exponential of the change in the action with a random number. Since
generating a random number takes about 20 ns on the Cyber 205, the best
that a normal implementation of the algorithm can achieve is 50 million
updates per second. We describe a method that avoids the bottleneck of
making a floating point comparison with a random number. (Another
method to avoid this bottleneck was proposed in Ref. 2.) Our method, in
brief, works as follows:
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1. In our simulation, we use a variation of the multispin coding method®
in which a single word contains one spin from n different systems. In
our case, x is the word length which for the CYBER 205, n = 64. Hence
we are simultaneously working on 64 different lattices.

2. We code the necessary information about each random number into
two bits.

3. Each bit pair is used exactly once for each of the 64 lattices.

We use only logical commands for the update. Thus, 64 spins are
updated together.

This method gives an algorithm speed of 98 megaflips in a 2-pipe
Cyber 205. The fastest implementation for the 3D Ising model we are
aware of does 218 megalflips on a DAP computer. However, this implemen-
tation is for the special case of a 128 x 128 x 144 lattice.®

Because of inherent Cyber 205 limitations on vector length, our
current algorithm can only run on lattices of size up to 50°. To modify the
code for larger lattices is easy. It involves slicing the lattice up into two
dimensional planes and making the vector length equal half the number of
spins in a plane. The algorithm currently achieves a speed of over 90
million spin updates per second for lattices of size greater than 14° on a 2-
pipe Cyber 205. Our peak speed of 98 megalflips is achieved on a 20° lattice.
We have used this program recently to reanalyze finite-size scaling for the
3D Ising model and compute the critical exponent y to a few parts in a
thousand.®’

THE ALGORITHM

The Ising model is defined as a collection of spins on the sites of the
lattice. The action (energy) of the system is given by

S{s ==Y s (s==1) (1a)

The spins s, can have two possible values, +1. The aim is to generate con-
figurations of spins with joint probability distribution

Z=Y e FSsH (1b)
{s}

It is more convenient to store one spin per bit by using, in place of the

variables s, the variables o= (1 —s)/2, which take values O or 1. As a

function of these variables, the action is

S({o})=—Y (1-2x;)  (x,,=0,1) (2a)
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with
xi,ﬁZXOR(Ui> O'i+;1) (6=0,1) (2b)
The change in the action on flipping the spin at site 7 is
AS = Sgna — Sinitiar = 12— 4 Z Xig (3)
£

where the sum goes over all neighbors of ;. The Metropolis algorithm con-
sists of the following

1. If 4S5 is nonpositive the spin flip should be accepted.
2. Otherwise, it should be accepted with probability e ~#4%,

We implement this by logical commands as follows:

Define three bit variables B3V, B2V, B1V initialized to 0, 0, 1, respec-
tively. Add the six values of x;, to the bits B3V, B2V, Bl1V, thinking of
them as the third, second, and first bits of an integer. Note that this can be
done with logical instructions since each x;, is either 0 or 1. The seven final
values of the set B3V, B2V, B1V are shown in Table I. Notice that when
the spin flip is to be accepted B3V =1. Using B3V as the acceptance
criterion implements the first part of the Metropolis algorithm. If B3V is
still zero after the additions, then we are dealing with the cases where

i X%ip 18 0, 1, or 2 and in this case, the spin should flip with probability
e P45 To do this, we define two additional bits D2V, D1V, called demons
(demon variables similar to ours were first used by Creutz in the context of
the microcanonical ensemble.'®) which take the values (0, 1), (1, 0), and
(1, 1) with probabilities pg,, p;, and p,, given by
por=e e
Pro=e ¥ —e™1?F 4)
pu=e

Table I. Logical Implementation of the Metropolis Algorithm

AS Y Xig B3 B Bl
0 0 0

12 0 0 0 1

8 1 0 1 0

4 2 0 1 1

0 3 1 0 0
—4 4 1 0 1
—4 5 1 1 0
—12 6 1 1 1
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The integer formed with D1V and D2V as the first and second bit is now
added to the integer formed by B3V, B2V, and B1V. Once again, if B3V is
unity, the flip is accepted. Notice that this will happen with probability
e % ¢~ and e % when A4S is 4, 8, or 12, respectively. This implements
the second part of the Metropolis algorithm.

Now we discuss the implementation of this algorithm on the Cyber
205. (The code is shown in Fig.2.) As mentioned earlier, our program
updates 64 different lattices simultaneously. Spins occupying the same
coordinates on each of the 64 lattices are stored in the same word. The
spins are labeled even/odd in a checkerboard pattern and updated in two
steps: first all even spins are updated and then all the odd ones. The vector
length of the pipelined arrays is half the total number of spins on a lattice.
The variables B1V, B2V, and B3V, as well as the demons D1V and D2V,
are also arrays of the same length. Clearly, the algorithm can be pipelined
in the Cyber 205 if one can arrange the arrays D1V and D2V such that
their entries (in pairs), take on the values (0, 1), (1,0), and (1, 1) with
probabilities given by eq. 4.

The crucial part of the algorithm is to get such a distribution of demon
bits. This is done in subroutine DEMETRO. First, 64 vectors of random
numbers are generated one after the other using a shift register random
number generator.!”) Each of these vectors is used to define one string of
demon pairs (D1V, D2V) distributed according to eg. 4. The final vectors
for D1V and D2V are obtained by merging together, in the 64-bit positions
of the words, the 64 strings thus obtained. After each half sweep (update of
the odd or even sites of all the 64 lattices), the demon pairs (D1V, D2V)
are subjected to a random GATHERand a random shift. The random shifts
are arranged so that each string of demons is used in each of the lattices
exactly once but in a different order for each lattice. After 64 half sweeps,
the demons are reinitialized. This means that we use one random number
once for each of the 64 lattices.

In any Metropolis run, one uses a finite sequence of random numbers
to compare to e #45, In such a finite run, the set of random numbers used
is not uniformly distributed in the interval (0, 1) and this means that the f
value is not the desired one but rather, some other value .. For our
simulation, these effective values of § are given by

nl/n = e“‘ﬂeﬂ,l
ny/n = e SPer2 (5)

n3/n = ¢ 12Ben3

where 7 is the total number of random numbers used and #n,, n,, and n, are
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the number of times these random numbers are smaller than ¢ ~*, ¢ =%,
and ¢ ~'% respectively.

This expected shift in § can be easily understood theoretically. Given #n
random numbers in the interval (0, 1), the probability for », of them being
in an interval of length p, = e ~*# is given by the binomial distribution

P.(n;) =<

") o=y ©)
If we define x = n,/n, then this probability distribution has mean X = p, and
standard deviation o, =./p.(1 —p,)/n. Note that the ecrror in f is
statistical and proportional to 1/\/}; and disappears in the limit of an
infinite simulation. It is easy to correct for this shift in f. This is done by
correcting each order parameter O according to

00

op)= O(ﬂen)+ﬁ

(B = Pen) (7)

Beir

The reason we need to worry about this error (which is actually
present even in standard Metropolis updating but is less relevant there) is
the following: In our simulation, each of the 64 lattices uses the same set of
random numbers. Therefore, each of the lattices has the same f.; on
average and the effects of the shift in § add coherently. In a standard
Metropolis run on 64 lattices using different random number streams on
cach, the effective length of the random number stream is 64 times our
length. The shift in f then is smaller by a factor of 8.

We obtained one single value of the effective f using the average
demon action E,.,,, via the formula

4o~ 4Ben1 + 8~ 8Pz + 126/1215’&,3
1+ e ~APei1 + e~ 8Pe2 -+ o —12fen3

46*4,8:3{(_*_ 86‘4Beﬂ+ lzz*lzﬁeﬂ'
T 1 Je ey g Bheny o —12Fa

= <Edemon >

(8)

We have tested these ideas on the two-dimensional Ising model where
exact answers are known. This is shown in Fig. 1. The 40 points in the
graphs correspond to different runs, each of them coming from 20,000
sweeps in a set of 64 lattices of size 20 at f=0.44 and averaging over the
last 10,000 sweeps. In Fig. 1 we show average values of {(S?) before and
after the correction. The errors were obtained by using the 64 average
values from the 64 independent lattices. The uncorrected data values
(Fig. 1a), as expected, are scattered around a shifted 8 with a Gaussian
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Fig. 1. 40 data points for {5?> on 207 lattices at § =.44. Each point corresponds to averag-
ing for 10,000 sweeps on the set of 64 lattices after thermalizing for 10,000 sweeps. The error
bars were obtained from fluctuations between the 64 data sets from the different lattices. (a)
Shows the data without correction; (b) Shows the data after correcting for the shift in § and
using eq. 10. (c) Shows the data corresponding to the same experiment but using a different
random number stream for all 64 lattices. (a conventional, but slower, standard Metropolis
simulation). The vertical line that crosses the graphs corresponds to the exact value. Note that
the error bars are all of almost the same size.
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3-d ising model program

of size up to 50¢3 , it uses periodic boundary conditions.

¢
c
¢ this program performs the metropolis algorithm on cubic lattices
< .
c the lattice size must be even.

program ising { input , output , tape6 , tape7 )

c define parameters
c | = lattice size (must also be def.in sub. metro)
< init = initializotion parameter (@:ordered start,
c 1:disordered start,6:reads Jattice from tape6)
< istor = (1,8):(does,does not) write last conf. to tape?
[ iseed = seed for the r.n.g. (if =8 ==> defoult seed.)
< nb = # of beta (= 1/Temperature) values processed
c bete = initial beta
c dibe = succesive decrements in beta.
c nsba = # of sweeps to thermaiize
¢ nsw = # of sweeps during averaging
c nav = number of sweeps between meosurements.
c np,ng = prim. trinomial for the shift register random
5 number generator (must also be defined in the sub. metro)
c ( ph>np>nq)
poraometer (I = 20

+ ,init = 1

+ ,istor= @

+ ,iseed= 7893789324783

+ ,nb = 1

+ ,beta = .22165

+ ,dibe = .0

+ ,nsba = 25000

+ .nsw = 25000

+ ,nay = 1980

+ ,np = 2281

+ ,ng = 715

+ , ns=les3, [m=i~1 , nh=ns/2 , nhp=nh+1 , nt=nh+np)
¢ VARIABLES IN THE PROGRAM
¢ bx,by,bz: Indexing vectors to implement the periodic boundary conditions
¢ xrand: vector for the shift register raondom number generator
¢ xv,xv1,xv2,dnlv,dn2v: heip vectors {(to store intermediate results)
¢ spin: vector of ising spin variables for the 64 lattices.
¢ blv,b2v,b3v: vectors used in the updating
¢ div,d2v: demon vectors
¢ nr,nrp,num,nri,nr2: vectors used in demon permutations.
¢ ran: vector for congruential random number generator.
¢ tf,ti,tm,ta,timet, t64,tt: scalars for timing.
¢ i64,n64: vectors used to permute demons div,d2v.
¢ am,s,r,abe,ntb: variobies used in measurements.
¢ cv,cvi,cv2: bit vectors used to update the demons

integer bx,by.bz,xrand,xv,xtv,x2v,spin,biv,b2v, b3v
¢ ,div,d2v,dntv,dn2v
c ,dx,dy,dz,x,x1,x2,dxra,dspl,dsp2,b1,b2,b3,d1,d2
¢ ,dn1,dn2,dnr,dnrp,dnr1,dnr2

descriptor dx,dy,dz,x,x1,x2,dxra,dspl,dsp2,bt,b2,b3,d1,d2
¢ ,dnt,dn2,dnr,dnrp,dnri,dnr2,ia,ib,ic,isd

bit cv,cvl,cv2

common/bik/ spin{ns),bx(nh),by(nh),bz(nh),xv(nh),x1v(nh),x2v(nh)
.b1v(nhg,b2v(nh).bSvgnh),d1v§nhg,d2v(nh),dn1v(nh),dn2v(nh)
,arp(nh),num(nh),nr2(nh),nr1{nh),nr(nh),ran(nh),tf ti,tm, ta
,timet,t64,i64(64),n64(64),0m(64),s(64),r(16,64),abe(3)
,ntb, xrand{nt),cv(2+nh),cv1(2#nh),cv2(2+nh)

o0 0o

dato tf,ti,tm, ta,timet,tt, 164, (abe(i),i=1,3),ntb /10+.0,0/
¢ ASSIGN DESCRIPTORS TO ARRAYS:

data dspl,dsp2 / spin{1;nh),spin(nhp;nh) /

data dx,dy,dz / bx(1;nh),by(1;nh).bz(1;nh) /
data b1,b2,b3 / biv(1;nh),b2v{1;nh),b3v{1;nh) /
dota d1,d2 / div(1;nh),d2v(1;nh) /

data dnr,dnrp,dnr1,dnr2 / nr(1;nh),nrp(1;nhg,nr1(1;nh).nr2(1;nh)/

data dn1,dn2,x,x1,x2 / dniv(1;nh),dn2v(1;nh

,xv(1;nh),x1v(1;nh)
+ . x2v(1;nh) /

Fig. 2. Listing of the code.
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asgsign ia , xrand( 1; nh)
assign ib , xrand( ng+1 ; nh )
assign ic , xrand( nh+t ; np )
assign isd , xrand( 1 np )
assign dxra , xrand( np+1 ; nh )

tti=second()

do 74 i=1,nh
74 num( i )=i

¢ initialization of: random number seeds, the lattice, and the indexing
¢ vectors

it(iseed.ne.®)call ronset(iseed)

call raninit(xrand,np)

call initlet{init,betoo,nso,dspt,dsp2,ran,xt,spin,nh,ns,|)
call index(bx,by,bz,})

¢ begin simulation
do 1234 iib = 1,nb

b = beta — dibexiib
if (b.1t.@. ) b=b

call metro( nsba , @ , b ,dsp1,dsp2,dx,dy.dz,x,x1,x2,b1,b2,b3
,d1,d2,dn1,dn2,dnrp,dnr1,dnr2,dnr,dxra,ia,ib,ic,isd)

call metro( nsw , nav , b ,dspi,dsp2,dx,dy,dz,x,x1,x2,b1,b2,b3
+ ,d1,d2,dn1,dn2,dnrp,dnr1,dnr2,dnr,dxra,ia,ib,ic,isd)

c write the data to the output file

if(nsw.ne.®)call data(b,nsw,nsba,nav,init,betao,nso,iib,ntb
,abe,ns,r)

1234 continue
¢ simulotion ends. Stores the last lattice

if(istor.eq.1)then
nsn=nsba+nsw
if(dibe.eqg..@)then
nsnenb*nsn
if(betao.eq.beta)nsn=nso+nsn
endif
write(7,+)1,beta,nsn
do 77 i=1,ns
77 write(7,177) spin(i)
177  format(z16)
endif

c timing information:

tt=second()-tt1

prints,’time spent in the main parts of the program :
prints

print565,' program ising = 'Ltt

print565,’ in updating = 'L, timet

print565,' in measuring = ', ta

print565,' sub. demetro - L tf

print565,' sub. initnr = Lt

print565,’ sub. init64 = ',.t64

print565,°' sub. meas = tLtm

prints
print566, (64e—Benssnb=(nsba+nsw))/timet
565 format§1x,020.f10.2,‘ seconds’)
566 format(’ running ot ',f5.1,' megaflips’)
prints
stop
snd

subroutine index(bx,by,bz,1)
integer bx(s) .by(s). bz(e)

¢ defines the index vectors to implement periodic boundary conditions.

Im =1 ~1

Fig. 2 (continued)
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822/44/5-6-19

do 1 iz =@,Im

izm = mod( iz+lm , | )
do 1 iy =@,Im
iym = mod( iy+im , | )

do 1 ix = @,Im

ixn = mod (ix+1 , 1)

if ( mod(iy+iz,2) .eq. ® )ixn = mod{ ix+im , 1)
if(mod{ix+iy+iz,2).eq.@)then

n = (iz #} + iy )e(1/2) + (ix —mod{ix ,2) }/2 +1
bx(n) = (iz *t + iy )«(1/2) + (ixn-mod(ixn,2) }/2
by(n) = (iz *1 + iym)*(1/2) + (ix —-mod(ix ,2) g/2
bz(n) = (izmel + iy }s(1/2) + (ix —mod(ix ,2) })/2
endif

continue

return

end

subroutine initnr(nr,ti,nrp,num,ran,nh)

¢ creates a vector (nr) containing a random permutation of
¢ the integers @ to nh-1

+

dimension nr(s) ,nrp(*) ,num(*) ,ran(s)
tit=second{()

call vranf(ran,nh)
nep{1:nh)=num(1;nh)sran{1;nh}+1
call g8vrevv(x'@®’, nrp(1;nh),,,.nr(1;nh))
arp(1;nh)=num(1;nh)-1

do 1 i = 1,nh

n=nr(i)

nr(i) = nrp(n)

nv=nh—j—n+1
nrp(n;nh—i—-n+1)=nrp(n+1;nh-i-n+1)
continue

ti=ti+second()-ti1
return
end

subroutine metro( nsw , nav , b ,dspl,dsp2,dx,dy.dz,x,x1,x2,b1
.b2,b3.d1,d2,dn1,dn2,dnrp,dnr1,dnr2.dnr,dxra,ia,ib,ic,isd)

¢ metro( nsw , nav , b, ... ) does nsw sweeps measuring after each nav
¢ sweeps at beta = b. if nov = @ no measurements are done. The other
¢ drquments are passive. They are descriptors needed by this routine.

<
=
¢

[~

[+
<
<
c

parometer (1=20,ns={+#3, Im=1{—1,nh=ns/2,nhp=nh+1)

parameter{np=2281,nq=715, nt=nh+np)

integer bx,by,bz,xrand,xv,x1v,x2v,spin,blv,b2v,b3v
,d1v,d2v,dnlv,dn2v

,dx,dy,dz,x,x1,x2,dxra,dsp1,dsp2,b1,b2,b3,d1,d2

,dn1,dn2,dnr,dnrp,dnrl,dnr2

descriptor dx,dy,dz,x,x1,x2,dxra,dspt,dsp2,bt,b2,b3,d1,d2
,dnt1,dn2,dnr,dnrp,dnr1,dnr2,ia,ib,ic,isd

bit ev,evl,cv2

common/blk/ spin(ns),bx(nh),by{nh),bz(nh),xv{nh),x1v{nh),x2v(nh)
,biv{nh), b2v(nh ,b3v(nhg,d1v(nh),d2v(nh),dn1v(nh),dn2v(nh)
.nrp{nh), num(nh) nr2(nh),nr1(nh),nr(nh}, ren(nh), tf ti,tm, ta
. timet,t64,164(64),n64(64),am(64),5(64),r(16,64),abe(3),ntb
,xrand(nt),ev(2«nh),cvi1(2¢nh),cv2(2+nh)

¢ set counters

¢ does

if( nav.ne.@ )then
naver = ©
r{1,1;1024)=.0
endif

is=64

isnr=63

nsw sweeps

do 99999 niter = 1,nsw
t2 = second()

Fig. 2 (continued)
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¢ creates vectors of demons and random permutations

if( is.eq.64 )then

is=0

call demetro(b,nav,d1,d2,ia,ib,ic,isd,dxra,xrand,tf, ntb
+ ,d1v.d2v,abe,nh,np+i,cv,cvl, cv2)

t641=second()

call init64( i64 , nb4 )

t64=t64+second()—-t641

xv(1)=nr2(nh)

xv{(2;nh—1)=nr2(1;nh-1)

dnr2=x

call q8 vtovx (x* @@ ',, dnr2 ,, dnrt ,, x )
dnri=x

isnr=isnr+1

if(isnr.eq.64)then

call initnr{ nr ,ti,.nrp,num,ran,nh)
call initnr( nr1,ti,nrp,num,ron,nh)
call initar{ nr2,ti,nrp,num, ran,nh)
isnr=eg

endif

endif

¢ updates even sites
c adds the six products x to [b3,b2,b1] = [0,0,1]

call q8 xor wv(x* @@ ',, dspl ,, dsp2 ,, x )
call q8 vxtov (x’ @@ ',, dy .. dsp2 ., x1 )
call g8 xor v(x® @8 ',, «xI1 ., dspt ,, x1 )
call g8 and v(x” ®1 ',, «x1 e X ., b2 )
call g8 xor wv(x' @0 °*,, «xt Ve X .. b1
call g8 vxtov (x’ 0@ ',, dz ., dsp2 ,, x
call q8 xor v(x’' @80 *,, x ., dspt ,, x
call g8 vtovx (x* 00 *,, dx ., dsp2 ,, «x1
call g8 xor v(x’ 8@ *,, xt ., dspt ,, x1
call g8 and v{x’ @1 ',, x1 X ., dn2
call 8 xor v{(x' @@ ',, «x1 L, X ,, dnil
call q8 and v(x' ©1 ',, dn2 ,, b2 .. b3
call q8 and v(x’ @1 ',, dn1 ,, b1 R )
call g8 xor v(x' @@ ',, dn2z ,, b2 ., b2
call g8 xor v(x" @@ ',, x ., b2 ., b2
call g8 xor v(x* @@ ',, dnt ,, bl ,, bt
call g8 vitovx (x* 80 ',, dy ,, dsp2 ,, x
call g8 xor w(x' @@ °',, x ., dspl ,, x
call g8 vtovx (x” @8 *,, dz ., dsp2 ,, x1
catl gq8 xor wv(x’' @@ ',, x1 ., dspt ,, x1
call g8 or v(x' 82 *,, xt ,, x .o dn2
call g8 xorn v(x' 87 *,, xi by X ,eodnl
call o8 aond v{x' 1 ',, dnZ2 ,, b2 oooxt
call g8 xor v{x' @@ ’,, x1 ., b3 ,, b3
call g8 xor v(x’ 80 *,, dn2 ,, b2 ,, b2
call q8 and v(x* @1 ',, dn1 ,, b1 ..o xt ;
call ¢8 and v(x” @1 ',, «x1 ,., b2 Ve X2
call q8 xor wv(x* 90 *,, x2 ,, b3 ,, b3
cail q8 xor v(x" @@ ',, x1 ., b2 ,, b2
colt g8 xor v(x* @@ ',, dn1 ,, bl ., bl

c keeps third demon ( now b3=1 if inc(s) < 0 )

¢ gets a new set of demons
call gB vtovx (x' @@ ',, dnri ,, dnr ,, dnrp )
is = is +1
ishimi64(is)
coll q8 vtovx (x* @@ ',, dnrp ,, di ,, dnt)
call q8 shiftv(x” @8 ',, dn1 ,, ishi ,, d1 )
call g8 vtovx (x* @0 *,, dnrp ,, d2 ., dn2 )
call g8 shiftv(x” BB *,, dn2 ,, ishi ,, d2 )

¢ now checks what happens when inc(s) > © (that is when b3=@ )

¢ adds demons [d2,d1? to [x=0,b2,b1]
call qB and v{x' @t *',, d2 .. b2 .o %
call g8 xor v(x' @@ ',, d2 ..o b2 .. b2
coll g8 and v(x* @1 ',, d1t .. bt L. %t
call g8 and v(x* @1 ', xi ., b2, x2 g
call g8 xor v{x' 8@ *, x2 ye X X

c if now x =1 also ftips

Fig. 2 (continued)
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¢ x is the acceptance criterion

call q8 or  v(x'
¢ updates the spins
call q8 xor v{x’
¢ updates odd sites
call q8 xor v{x*
coll g8 vxtov (x’
call q8 xor v(x’
coll q8 and v(x'
call g8 xor v(x’
call q8 vxtov (x’
call q8 xor wv(x*
call g8 vxtov (x’
call q8 xor wv(x'
call g8 and v(x'
call g8 xor v(x*
call g8 and v(x’
cali g8 and v{(x’
coll g8 xor v{(x’
call g8 xor v(x’
call q8 xor v{x’
call g8 vtovx (x’
call g8 xor v(x’
call q8 vtovx (x’
call g8 xor wv(x’
call q8 or  v(x'
call g8 xorn v{x’
call q8 and v(x’
call q8 xor v(x*
call q8 xor v{(x*
call q8 and v(x’
call q8 and v(x'
call g8 xor v(x’
call g8 xor v{x'
call g8 xor v(x’
call g8 vtovx (x*
is=ist+t
ishi=i64(is)
call g8 vtovx (x*
call g8 shiftv(x"®
call g8 vtovx (x'
call g8 shif\vEx‘
call g8 and v(x’
call q8 xor v{x’
call q8 and v(x*
call q8 and v{x*
call q8 xor v(x’
call g8 or  wv(x’
call g8 xor v(x’

¢ times the updating

82

oe

Y ., b3
',, dspl ,, x
*,, dsp2 ,, dspt
", dy .o dspi
Yoo xl ., dsp2
., oxt .y X
L, o xt vy X
',, dz ., dspt
., X .. dsp2
T, odx ., dspt
“.,ooxd ., dsp2
aeooxd P
,eooxd P §
'y, dn2 ,, b2
‘., dni ,, bt
‘., dn2 ,, b2
e v b2
'y, dnl ,, bl
t., dy B dspi
e X ., dsp2
t,, dz ., dspl
T xl1 .. dsp2
a1 Se X
o,oox1 L.X
',, dn2 ,, b2
..o ox1 ., b3
‘., dn2 ,, b2
‘., dnl ,, bt
oooxd . b2
., x2 ,, b3
'y, o x1 .. b2
., dnt ,, b1l
., dnrl ,,
',, dnr ,, dt
',, dnl ,, ishi
‘., dnr ., d2
',, dn2 ,, ishi
'L, d2 .. b2
T 4 .. b2
T, di ., bl
S | ., b2
..o o x2 e X
e, X . b3
., dsp2 ,, x

timet = timet + second{)-t2

¢ takes averages

ifé nav.eq.® )goto 99999

dspl)

T oo
EEENEN)
NN NN NP NN A A NN

if( mod(niter,nav).ne.@ )goto 99999
ta3=second()

cal | meas(dspt,dsp2,dx,dy,dz,x,x1,x2,0m,s,nh,im)
naver = naver+1

do 771 i=1,64

ss=s(i)

rm=abs (am(i))

rm2=rmsrm

rmé=rm2»rm2

$2=55+33

$4=32%32

r§ 1,i) = r( 1,i) + am(i)

r( 2,i) = r( 2,i; +rm

r§ 3,63 =r( 3,i) + rm2

r( 4,i) = r( 4,3; + rmé4

r( 5,i) = r( 5,i) + ss

Fig. 2 (continued)
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771

99999

c

<

c

c

sets

gets

r( 6,i) =r( 6,i) + s2
r(7,i)=r 7,ig + s4

r{ B,i) = r( 8,i) + rmess
r( 9,53 =r( 9,i) + rm2sss
r{(18,i) = r(10,i) + rm4sss
r(11,i; = r(11,i) + sses2
r{12,i) = r(12,i) + sses4

to=ta+second()-ta3

continue

if( nav.gt.nsw .or. nav.eq.® )return
r{1,1;1024) = r(1 1;1024) /nover
return

end

Bhanot,

,d1v,d2v,abe,nh,npm,cv,cvl,cv2)

the demons with the right probabilities

integer xrond(e),div(s),d2v(%),dxra,d1,d2

descriptor dxro,d1,d2,ia,ib,ic,isd
bit ev(*),evi(+),cv2(s)

dimension abe(3),be(3)

hatf precision ma{2),e1,e2,e3
equivalence(mar ,ma(1))

tfi=second()
nh2=2*nh

dl =@

d2 =10
be(1;3)=0.

rrr=1./nh2

normalized beltzman factors

el = 2.4223 sexp( —4.sb
€2 = 2.4223 nexp( -8.%b
e3 = 2.9323 sexp{ —-12.sb

Duke, and Salvador

subroutine demetro(b,nav,d1,d2,ia,ib,ic,isd,dxra,xrand,tf,ntb

loops over the 32 bits of the halfwords (uses haif precision)

gets

sets

call qBcmplt(x’88°,,xrand(npm;nh2),,e2
call qBemplit
cal! qBcmplt{x’88",,xrand(npm;nh2), e3

do 1 i=0,31
mar=shift(1,i)

random numbers using a shif register random number generator

cal! q8 xor v(x'@@' ,, ie ,, ib ,, dxra )
call q8 vto v(x'e@’' ,, ic .,,, isd

the demons and meassures the effective beta

x'88’,,xrand(npm;nh2),,e1

if(nav.ne.8)then

1)=be(1;+qascnt(cv1(1;nh2))‘rrr
be(2)=be(2)+qBscnt(cv(1:nh2) )errr
be(3)=be(3)+q8scnt(cv2(1;nh2))errr

endif

,ev(1;nh2))
evi{1;nh2)
.ev2(1;nh2)

;

call gq8xor v(x'88',,d2v(1;nh2) ,,ma(z),cv(1;nh2),d2v§;;nh2))

call g8andn(x'@@’,,cvi(1;nh2),,cv2(1;nh2)

cvi(1;nh

call g8xor(x’'0@’,,cvi(1; nh2).,cv(1 nh2},,cv(1;nh2))
call gBxor v(x' 88’,,d1v(1 nh2) ,.mo(2) cv(1; nh2) div{1;nh2))

cont inue

if(nav.ne.@)then
abe(t;3)=abe(1;3)+be(1;3)/32.
ntb=ntb+1

endif

tf=tf+second()~tf1

return

end

Fig. 2 (continued)
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subroutine meos(dspl,dspZ,dx,dy,dz,x,x1,x2,am,s,nh,tm)

¢ measures the magnetization aond the action for the 64 l[attices.

integer

dimensio
tmi=seco
do 2 i =

ma = shi
Is = mod

dx,dy,dz,x,x1,x2,dspt,dsp2
descriptor dx,dy,dz,x,x1,x2,dspt,dsp2

n am{*),s(s)
nd()

1,64
ft(1, i1
( 65-i , 64)

c mecsures the mognetization

call q8
call q8
am{i) =
call q8
call g8
am(i) =

¢ measures the
call q8
s(i) = g
call g8
call g8
s(i)=s
call q8
call q8
s(i) =s
call q8
call q8
s(i) = s
call q8
call g8
(i) = s
call g8
calt q8
s(i) = s

2 continue
am(1;64)
s(1;64)
tm=tm+se
return
end

subroutine data(b,nsw,nsba,nav,init,betoo,nso,iib,ntb,abe,ns,r)

characte
dimensio
data a/1

c writes the he

printe,a
print =
if(iib.e
if(init.
if(init
if(init.
printes,’

endif
else
prints,’
endif
prints,

prints, toking averages cofter every

+ .n
prints,a

.eq.1)prints,

ond v(x* @8 *,, dspl ,

shiftv(x’ @8 *,, x1 ‘e

g8ssum{ x1 )

and v{x' 83 ',, dsp2 ,
hlflv(x es * x2

am(i) + qB:sum( x2 )

action

xor v{x’' @2 *,, x1 ,
8ssum{ x )

vxtov (x* @@ ',, dy .
xor v(x’ ee *,, x .
(i) + g8ssum( x )

vxtov (x’ @@ ',, dz s
xor v(x' @0 ',, x .
(i) + qassum( x )

viovx sx’ e ', dx s
xor v{x' @@ ',, x s
(i) + q8ssum( x )

vtovx gx' ee *,, dy ,
xor v(x' @9 - x .
(i) + qassum( x )

vtovx (x* ., dz B
xor v(x' 00 ',, X

(i) + q8ssum{ x )

= 1. - om(1;64)/nh
= 1. — s(1;64) /(3.%nh)
cond()-tm1

r a(130
nt
308"~

ader

,"beta = ',b
q.1)then

ma
Is

x2

x2
x1

x2
x1

x2
x1

x2
x1

x2

16))v(15) r{16,64) ,abe(3)

x1
x1

x2 )
x2 )

x x
N N NN P P PN

eq.@)prints, " initial lattice ordered’

initial lattice from previous run’

thermalizing during ', nsba,’

sw,’ sweeps’

¢ calculates the data for every lattice

sweeps’

.nav,’

Fig. 2 (continued)

initial lattice disordered’

.betao

sweeps during

lattice read from tape 6, which was termalized’
‘,nso,’ sweeps at beta = °
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998 Bhanot, Duke, and Salvador

t(1;18) = .0

v(1;18) = .0

do 1 i = 1,64

r{13,i) = ns = (r(3 i) — r(2,i)*r(2,i))

r{14,i) = r(3,i) »

r{15,i) = r(4,i /(r(3 »)tr(J i))-3

r(16,i) = 3.« ns » (r(6,i) ~ r(5 |)nr(5 i))

t(1;18) = t(1;16) + r(1.| 16)

v(1;16) = v(1;16) + r(1,i; 16)ar(1.| 16

print ,|,r(1,|) r(z, x) r(5 |) r(13, |) r(14 i), r(1s i), r(15, |)
8 formut( lat *,i2, m=',f18.7,"' |ml= ,f1e.7, = ',f10.7

+ , x= ', f11.8," xp= "' f11 6, c= f11 6,’ gr= ',111.6)

1 cont inue

c writes the doto averaged from the 64 iattices

do 53 i=1,16

t(i; = t(l)

53 v(i) = sqrt( v(|)/64 - t(i)«t(i) ) /8.
printe,o
print « ,’daota from averaging the 64 lattices :
nf=@

888 print =
printt1,” m=",t(1),"|m| =" 1(2; ‘m2 = ',t(sg.‘mﬂ = '.t§4g
printi2, +/- ',v(2 +/— .v(3), /- v(4
print =
print12,’ s = ', t(5),'s12 = ', t(6), 'st4 = ’,t(7)
print12,* +/- *.v(5),' +/- ',v(8),” +/- ’',v(7)
print =
print13,’ xp =',t(14),' x =‘.t(13;,' c =", t(16),' gr =", t(15)
print13,” +/-',v(18)," +/-",v(13),' +/-',v(16)," +/-',v(15)
it(nf.eq.1)goto 889
print «

1 format( 5x,4(10x,a6,f11.8)
12 format({32x,3(10x,a6,f11.8)
13 format(15x,2(a5,12.5,10x),65,f12.6,10x,65,112.7)

¢ correctes the data for shifted vaiue of beta.

abe(1;3)=abe(1;3)/ntb
coo-(ube(1)+2 tube(2)+3 eabe(3))/(1.+abe(1)+abe(2)+abe(3))
z1=0.
22=1.
do 75 i=1,100
2=(21422)+.5
ed=(2z+2. 629243 . 4292¢2) /(1 .4242424222+2)
ifged.eq.coe;goto 777
if(ed.lt.coe)then
z1=2
else
22=z
endif
75 continue

777  ba=(—1./4.)*l0g(2)
rlb=3.«nss(b-ba)

t6=t(6)
t(2) = t(2 +(t(e; —t(2)*t(5) )erlb
t(3) = t(3 +{t(9) ~t(3)*t(5) )=rib
t(4) = t(4) + t(10;—t(4 t(5) Yerlb
t(6) = t(6 +(t(11)-t(6)=t 53 »rib
t(7) = t(7)  +(t(12)-t(7)st(5) )=rib
t(5) = t(5 +(t6 —t(5)et(5) Jarib
t(14) = t(3
t 15g = t(4 /(t(s)n(s)g—s
t(13) = ns +(t(3) — t(2)st(2))
t(16) = 3.% ns s(t(6) - t(5)tt(5))
print = ,'effective beta = ', ba
print *
print = ,’corrected dota:’
nf=1
goto 888

889 prints,a
prints
nib=0

abe(1;3)=0.

Fig. 2 (continued)



return
end

subroutine initlat(i
¢ initializes the lattices

integer spin,x1,dspl

A Fast Algorithm for the Cyber 205 to Simulate the 3D Ising Model

nit,betco,nso,dspl,dsp2,ran,x1,spin,nh,ns,!)

,dsp2

descriptor x1,dspt,dsp2
dimension spin(*),ran(s)

dspl [}

dsp2

]
if ( init.eq. 1 )then

do 1 i = 1,64

| s=mod (65—i,64)
x1=0@

call vranf{ran,nh)

where (ren{1;nh).ge..5)x1=1

call q8 shiftv(x’ o8 *,, x1 ,, Is Lox1 )
call g8 xor v(x' @@ *,, x1 ., dspl ,, dspl)
x1=@

call vranf(ran,nh)

where (ran(1;nh).ge..5)x1=1

call q8 shiftv(x' @8 *,, x1 .. Is NS |
call q8 xor v(x' ee *,, «xi ., dsp2 ,, dsp2}

1 continue

else if(init.eq.6)then

read(6,+)lo,betao,nso

do 76 i=1,ns
76 read(6,177) spin(i)
177 format{z16)

endif
return
end

subroutine raninit(xrand,np)

integer xrand(s)

¢ initiaiizes the shift register random number generator.

do 1 i=1,np
ic=0
do 2 j=1,55

ie=shift(ic,1)

if((j.1e.23).or.(j.ge.33.0nd.j.1e.55))then
if(ranf().ge..5)ic=or(ic,?

endif
2 continue
xrand(i)=ic
return
end

subroutine init64( i

64 , nb4 )

c sets i64 with integers in such o way as to satisfy that the serie

e [i64(1) , i64(1)+i64(2) ,

i64(1)+i64(2)+.. +i64(64) ; (modulo 64)}

¢ is a random permutation of the numbers @ to 63,

dimension i64(64),n64(64)

n64(2;63)=0
164(1)=0
n64(1)=1
na=Q
do 1 i=2,64

7 n=int(63.sranf())+1
nso=mod(n+ns,64)

if(n64(nsot+1).eq.1)goto 7

nsS=nso

n64(ns+1)=1
1 i64(i)=n

return

end

Fig. 2 (continued)
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A Fast Algorithm for the Cyber 205 to Simulate the 3D Ising Model
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distribution. The corrected data is shown in Fig. 1(b). Note that each data
point is corrected by a different amount because each corresponds to a dif-
ferent stream of random numbers and therefore, a different f.4. In Fig. 1(c)
we plot a conventional Metropolis run done by using completely indepen-
dent sets of random numbers for the 64 Ilattices. The vertical line
corresponds to the exact value. We have repeated this experiment three
more times for a total of 160 runs. In 106 and 103 of these runs, {(S) and
{S$*» were within 1 sd of the exact value. This corresponds to 66.25% and
64.37 %, respectively, and indicates that the errors are properly defined.

THE CODE

The code is written in standard Cyber Fortran 200 using the special
08 calls which translate directly into machine code. We use descriptors to
point to arrays in the standard way, and the motivated reader is directed to
the Fortran 200 manual for inspiration. A listing of the code is included
with this paper along with the output (Fig. 2 and 3).’
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