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see whichof theedgesites of its sub-
nectedtoedge sites onthe neighborin
positive directions, and should be g
cluster label. These lists of “equiva
l ocal clusterlabels areall passedto
which uses an algorithmduetoéa5||ere
tosort theminto equivalence classes
case are the global cluster labels) a
casts theresults toall the other nod.

The problemhere is that the equi v
purely sequential, and is thus a pot
trous bottleneck. Toget aroundthis pr
adopt ahierarchical divide-and-conq
this hierarchical equivalencing the j
divided upinto smaller sub-arrays of
2x2 processors. Each sub-array perfor
equivalencing algorithmonits sectic
The results of these partial matchings

Figure 1: Speedups on the Symult 201bol rfeocfosnetlegéh I4x4sub-array, and this pt

labeling. tinued until finally all the partial re

_ _ _ ~togethertogivetheglobal cluster val
problem, a lattice’ocfasicaesilldy be si ™he number of processors performingtt

| ated on asingleprocessor, or by doiir}]%isrlcdeepppgd]g/ﬁtfor ithe first level of t
runs on di fferent processors, so thep/ol%rfélpetendeugécondIeveI and so on.
for this small problemare of no greahaclogfggg.i JhN%S ne on a single processo

lattice sizes for which we actually {'ﬁffi!iar'hgemgélfn'of ihe work has been do
bers of processors areof %dlreg)rredaetredf,b@}%t' eneck has been at

_ l east partiall
and we can see that running on 64 ”Od\FeSrSOSVi MPar al gorithmwhichuses the:

ning multiplesimulations of 64 nOdeéaeIaE)pzcgéd'LFrseul‘Fas beenimplemented on
quite acceptable efficiencies ofzabou'h 70

_ y e ERb e Por the i mage processing cc
and 80% for 2024Using all 192 nodes oée(fqln'g problemby Embrd&hts ef dl.

tech’ s Symult 2010 inthis way gives a performance
of approximately one mllion spinupdaQuersreemnulsttcfor the hierarchical eq
ond, whichis about six times that ofldnghthlepdvofse than for self-1labeling
a CRAY X-MP, and about twicethat of tlhepefruneohat an optimi zed version of
best al gorithmon a full sized ConnewitlilodoMbebtae. Note that all thesere:
13 Amachinewithmuchfaster processompl ssichbBsspin models, the two-di me
an Ncube-2or Intel i PSC/860, coul d bmoedweplecibthtoough the parallel al gorith
greatly improve on this figure. We habweuygseedd hhmosre general cases. Infact
al gorithmto measure autocorrelatiomehsimensfor ftohremore computationally i
2-DPotts model onlattited up to 512 els, such as continuous spin model s,
of calculationinvolved per processor
4. GLOBAL EQUI VALENCI NG much more than the amount of communi c¢:
I nthis method we againuse the fasqeistesdefjaernt-he parallel al gorithms, a
tial algorithmto identify the cl uswe woulnd telxepsatbto | mpl ement t hem effic
lattice on every node. Each node thleargkeckwsmbers of processors.



cluster algorithms do not vectori zegamhl shiethece sgiune que cl ps tharelaaxthed t &p
poor performance onvector machines ofOhbepabgestthm, inparallel, every s
sor of a CRAYX-MP is only about ten tatmesathsdfents neighbors in the posit
than a Sun4 workstation (the CRAY tilmk is italbomded to a nei ghboring site
fromRef. 11). We thereforeal so expeditffeo grtt pbwstgr tihacbre botand ,Sare
performance on SI MD (Single Instrucsebont,oMuletmphemumof the two. This is
Data) computers suchas the Connecti aumMathniotehomg changes, by which time a
the AMT DAP, and we have thus concentwakkdhauer been |l abeled with the m ni m
efforts on al gorithms for M MD ( Mul tbpl eof nasltlr the sites in the cluster. °
tion, Multiple Data) computers, suclolaMDtahlegNcubém, and when i mpl emented |
or I ntel hypercubes. on a SIMD machine (such as the Connec
On Ml MD machines, we canuse the tré¢hin¢ part-he AMT DAP) it is very i neffic
allelizationtechniqueof runningindephaliengdlompent of communicationr
Carlo simulations on each processort.hQ'I“PiOSOImétOI@\&dl}Qﬂag-n(Sé ncethelargest c
works well until thelatticesizegetdebd biogltohfetdrnder of the lattice siz
the memory of each processor, and we havteeuatdons to propagate the cluster
tomeasureautocorrelationti mes forttthe IPorgessiodkblster, with communicati
23 However inorder tosimulate | argeakhtsttiecpe.s Hmace there is a very larg
needaparallel al gorithmwherethe | £iothimuat g athieodi,sand many of the proces
tributedover many processors of a pairing i dll enwvbhil gethe | abel 1's propagated
This canbe easily and effici ently donéifalr diotcead iunpt he argest cluster.
date algor]iQchmsweverfor cluster al gori@phms Mt MD machine we can i mprove
is a much more difficult problem. The %ﬁ‘h'oQng"rléattyly by using a fast sequent
which makes cluster al gorithms so usetbul gpleJotmackesb-cl usters inthe sub-
themvery dificult to parallelize efficipe?%’rcleg,sé},n%q]ahihsenjust useself-1abe
involves alarge amount of non-local gpmmp@iecdagteisoaf each processor, to ma
Alsotheextremeirregularityinthe gjzgtaedssWRiPEhofo across processor ba
theclusters means that load balanciegdmtpaté¢gtiadive at the global clus
asevereproblem number of self-labelingsteps will no
The parallel cluster algorithms wer devefi mpleemaxi mumdi stance between
mentedinvolve distributingthel attriadchenttchan datayce sites, which for a
of processors using the usual domainMpecomposots dhPj udetnZe the time to dot
12, sothat eachprocessor deals withaselbdbmbehiofg, whichis proportional
theoriginal lattice. Ona M MD machiineer atsieguseni mes t he peri meter of the s
tial algorithmcan be used to |l abel ttheke Wbf-ocorl aatisxrisl atti ce, whereas the t
oneachprocessor, but we need a procediwrhegfrodoceesor to do the local cluste
vertingtheselabelstotheir correct|glkebtllevaldazsf e sub-1 & Pj cseo,awhi ¢

will outline two methods we have usetofnogr atsa dkilss Bgbstantially greater th
this problem, “self-labeling” and “glfopab ceegsusiovrasl we cc-an expect to obtain
ing”, as well as some other al gorithgpewhliuph have

been proposed for this problem For our test case of the 2-D Potts r

speedups obtained for theself-labeli

3. SELF- LABELI NG the Symult 2010 for a variety of latt
We refer to this algorithmas “selhfownabellking”,1. The dashed Iine i nd
since each site figures out which club¢etr speiedum biy.e. 100% effici ency). \
itself fromlocal information. We begimibynssisgilitrsgon the Ncube-1 hyperc



PARALLEL CLUSTER ALGORI THMS
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Cluster update al gorithms dramatically reducecritical slowingdownin
Metropolis algorithm, it is not obvious howto i mplement these al gorit
computers. Here we present two di fferent parallel i mplementations of the
give reasonabl e eficiencies onvarious M MDparallel computers.

1. | NTRODUCTI ON 2. CLUSTER LABELI NG ALGORI THMS

Monte Carlo simulations of spin modCelluwsthaval gorithms have incommon t
traditionally used local algorithmefsudbnas ftyhiatgoafnd | abel ing the conne
I\/letropolisletTclnlese al gorithms have thkeoimas, which is the most computation:
jor drawback that the number of iterparbrd ndededal gorithms. Cluster | ab
to generateastatisticallyindependteonﬂ:hceosntﬁtngyrafipoerrcol%,tiaod me chd Iso ver
(the “autocorrelationtime”) increasesmabpprdaxiamimpygrtant probleminima
as the square of the correlationlenghht ahiicdensidfying and |l abeling the «
order L(thelinear size of thelatti pohertds ansebondry or multi-coloredii
order phase transition. Newal gori tofmsnhawnreabeodnpi xels. First we menti or
developed which dramatically reductitaHimetbaodsifcoarl| abeling clusters. A
slowing down” by using a non-local upHgoteistchhhems percol ation studies is t

which changes clusters of spins at aHds lmen a‘lﬂde!&(epe9

l, mvlni ch has the desir.
cluster al gorithms cangreatly increfasetture cddmputta-l abels the clusters i
tional efficiency of the simulation, iinioanmé ¢ ostelsebyumber of sites inthela
many orders of magnitude, compared tbolumdal haltgion practice another al gori
rithms which update single spins, anfda:slt*er—wtshiimuilsajust the obvious method
tions to be performed on much greatetilfagitnga singée cluster of connected
(forreviews of cluster al gorithms amd amiytsicté sh dwiengl uster, and then co
down, see Refs. 2,3,4). pand outwards to all the connected, ur

The original idea, due to SweRds en'id \/\:fatnhge entirecluster islabeled.

(S-W), was for the q—staté.Pd'mtesyr'ncndel Whereas Wol ff's al gorithmis undoul
troduce bonds betweennei ghboring spbasti methheodaame a sequentiz,aftlmeﬁlpl\/\taelr—

state, with probabf(wherle-Kis the igerithmseems tobebetter suited for p
teractionstrengthdivided by the tespercatewrcd)i,terdtioninvolves the ent
thus createclusters of bonded spi ns t hldhejSusWaa gorngle cluster. We have the
rithmconsists of generating all sudhhafesidi@rg) alhlemon i mpl ementing the
choosing a randomspinvalue for eacihncparsalelrednd Near criticality, which
assigningittoall thesitesinthat whasd eve wihbl fdiperformsi mulations, t
proposeda variant of this algorithmfermswhiechrasenteat all | engthscales,
I's chosenat randomand asingleclustteortchenetdectoddthe | attice volume. Th
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around it, and thenall itsspins aredli ppadd non-local nature of the clust



