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al gorithms which have been shown toreduce critical slo
di fferent systems (for reviews of cl us202223) gorithms, s
The al gorithmcould also be used inother applications
beling, such as i mge Amahysiasmpde, the i ssue of compor
labelingisrelevant tothenext generationof highener;
since on-line reconstructionof traces will demand f as
This problemis being studied, for example, inrelatior
Superconducting Supercollider (SSC) detectors [24

We believe that algorithms of this kind, together wit
with a simple but effecti ve communication network, wil
in future studies of critical phenomena and of lattice
continuumlimit.
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atelong distance connections are set onsince the sites
to belong to the same cluster, and they become fast | onj
nicationchannels (displayingthelabels using color g
changes due to merging of large precursor sub-clusters
opened up) .

We have i mpl emented our code on the Connection Machin
typical massively paralle] .SIHMD e orthpeutne pp[i2nlg of t he
hypercubic connections tothe physical structure of th
some specific power of 2 communications, which are are exe
the speed of local communications. These are just the
local communi cations which we need for the efficient i mpl
al gorithm.

In order to test the algorithmwe have anal yzed t wo ty
cally relevant cases: the bond percolation model (sit:¢
probabilityp , and the Ising model, bothintwo di mensi
behavior of the labeling algorithmis not relevant for -
we are really interestedinis the averageti me to 1l abel p
configurations whichoccur inthe simulationof these m
greatest at the critical pdi,nwhiothtalrethddpttse] 19
percolation model, and the Curie temperature for the Is
obtained our data by averaging over alarge number of di
of the site connections, takenfromconfigurations at th
t wo model s, inorder toget statisticallysignificant re
obtainthe scaling behavior of our algorithm.

In Fig. 1 we showthe average number of iterations nee
as a functiogh fodrltolge case of bond percolation (circle
[sing model (squares). The logarithmic slowing down i s
not see any sign of power-lawbehavior (so y=0), or of :
the logarithm. Since eachiterationof the algorithmi
yvecle ol { ogps (eachstep taking the same amount of ti me
omputational complexiLfy Hloaseathli(d aggorithmadds onl
(1b)gt ermtothe overall slowing downof aspinmodel clu
We have experimented with many variations and opti mi
algorithm(skp.rdhege0an greatly increase the perforn

v O o

al gorithm, and make a substantial difference inareali:
large lattices.
Our algorithmis very general, and can be applied to a



performance degrades very fast withincreasing vol ume,
because clusters at a secondorder phase transitionare
cluster whose diameter is of order L, and for any local
the mini mumlabel has to di ffuse across this large cl uste

Our met hodis based ontwo mainideas. The first is to u:
approach in propagating cluster labels. Boolean conne
2" for m=1,..., -1 (where the Datdre bwsiilzte ilr=t2he zand
the ydirection (inthe d=2 case) by alogical ANDof con
m—1. For example, the distance 2 connectirons bet ween sit
set onif sitesranddi tteaand-? #237re both connected. Thi s
is done inall directions of thelattice, for all levels
algorithmworks for alattice of any di mensionality.

The second idea is that inter-site connections can b
means that a connection (betweentwosites at a generic
was originally offcanbe declaredtobe onif at any ti me du
process thetwosites are foundto havethe samelabel, i1
that they must belong tothe same connectedcluster. Cl
betweentwosites at a distance Mcaninthis way be onev
path bet ween the two sites contains sites belonging to
components: the existence of an onconnectionbetween t
plies that a connected path joining the two sites exi st
improvement greatlyreduces the number of iterations ne
the final values of the labels.

Thus

urn at eachof its 2dneighbors at all levels mof the mul

, during one multi-scalelabel updating cycle ea

t will updateits l abel whennecessary and update its connectic
he level m—1 connections, and also using connectionir

ycle of the al gorithmsweeps all [ connectionlevels,

n A e

ol ves the trivial case where all connections are on

Clearly at the beginning of the dynamical procedure
connections are all off and due tothe fractal structure
will take manyiterations beforeasignificant number of
tions are improved. It is thus very useful totailor the
levels as a function of the ayldweruddbptth[ 20 useful at t1
beginning, whileusinglonger distance connections is n
end of the procedure. Here we just showresults for the s
the depthis constant. What eventuall y happens is that s

4



that the samel ower bound for the dynamical critical exp
tocluster schemes and to the mi xed ¢l us)t.e Tl ti-grid
main problemis including what we knowabout thelarge d
of the systeminthe updating schemes.

In this note we propose a regular, completely synchr
algorithmfor cluster labeling. We showthat it does not
lawcomputational slowing down (i.e. y=0) inthe two cas
percolationand Ising models at their critical points.
tiveonageneral SIMDmachine withsome very basicmnon-1
Inthe following we will assume that the machine all ows
cationbetweensites whichaind asda wdypnoneaanly direction
of the physical lattice. These are the only non-1local
inorder to build an al gorithmwhich is not affected by
down. Note that these are the same connections that are
eficientlyimplement a Fast Fourier Transformal gorithm
would be provided, for example, by a machine with a hype
We thinkthat theresults we present herestronglysuppo
kindof effectivenon-local communicationfor the next g
computers.

Our method has some similarities with the one propo:
Tamayo and Yolr,kifnl 9 hat it is a SIMD, multi-gridstyle
however it is muchsimpler, and seems to have better scal
will report inaseplhoatscopiepvearr ] 201 ons and i mprovement
this algorithm, and the performance of these different
a more detailedcomparisontothe method of Brower et al.

The simplest local component labeling al gorithmon a
computer is based onlabel IproPagasbtronwf th a di fferent
label oneachsite, and withalist of first neighbor conn.
whether a given pair of sites is connected or not (the
variables inthe following: ofmeans no connectionis pr
that thereis aconnection). Eachsitethenlooks toits
right and below), and if it is connected to this neighb
neighboringlabel, if it is less thenits ownlabel. Eve
situationis reached which gives a correct labeling of
label of a cluster being the minimuminitial label of e
cluster. This algorithmsuffers fromcomputational sl
the cases of interest (spinandpercolation models at t



whichyis zero, the advantages of cluster update al gori
local al gorithms may be offset by the computational com
the clusters.

This couldbe the case if our computer were parallel r:
tial, in which case the problemof component labeling i
cated [ 1ere the informationregarding the connectivit
ical part of the lattice is only containedinasinglep
information far away (on the lattice, and hence also on
take along time. Our aimis to find a parallel labeling
computational slowing down (i.e. y =0). Because of ou
which we will clarify inthe following, we will conside
the parallel computer is aSinglelIlnstructionMultiple:

In order to handle critical slowing down, a parallel
some physical switching capabilities allowing fast anc
tions betweenregions that arefar awayinthe physical s
simul ation. It does not seempossible, deep inthe crit
pletely avoidall forms of non-local data transmission
patterns of switching networks require complex hardwa
cost and the potential failurerate of the system, we ar
algorithms whichrunonmachines withsimplecommunicat
have good asymptotic scaling behavior.

Our effort 1 s thus also ai med towards a better comprehe
tures that will be required inthe next generation of ¢
for lattice QCD. On machines with a speed of the order o
refs, [LAB51]6for informationonthe different projects, s
are already at a very advanced stage), lattice QCD will
large correlationlengths, for boththe gauge interact
[t seems that the use of somenon-1local algorithms will b
essential: effective multi-gridmethods will be probab
the quark propagators, and cluster algorithms could pl
inspeeding up the pure gauge dynamics. Many of these ma
some kind of SITMDarchitecture, and the topology of the
will be very important. For a dedicated machine, keepi
simpleas possibleisacrucial goal, but onthe other han
of supporting all the relevant al gorithms.

The i deas which make cluster algorithms effective are
gridmethods (seefor examplethe AllanaSwodktahel fad¢tire not



Our understanding of critical phenomena, connected
of some typical length scale of a system, has benefited
scalenumerical simulations. Large computer power and -
probe the theories deep intothe critical region, allo
understanding of renormalizationgroup and scaling id
downis the typical drawback of alarge scale simulatio
if the correlationlength of the systemis becoming |l an
will have a correlationtime (the number of iterations
statisticallyindependen®t owhefigurhwetdpmngmi~ul critica
exponent z,>2 [ 1

The proposal of Swendsketanwd Moatg ¢B3itical slowing do-
exploits the Fortuin-Kaste]l oefm heplrseisnegnd pitn oo ddl [ 5
The partition functioncanbe rewritten as a sumover p
(or, accordingtothe veryillumipasianjgoiamtgupige-olfi méf .
model ). Using this equivalence we can implement non-1o0
systembyupdating whole clusters of spins at atime. Alt
critical slowing downis not clomphe tmelt h e Hii mignearteerdall 1 y
effective because the maximumcluster size diverges whe
length diverges, so we can make very large non-1local ch.
point .

The domi nant computational aspect of this algorithmi
of the clusters. This is the classic problemof connec-
ing,[B: ona d-dimensional Txitttdxe wd HWavé 1 i nks bet ween
neighboringsites whichcanbe on(aconnection) or off( no
our goal is toendup withthe samelabel onall connected
labels for all disconnected clusters.

Let us define a computational exponent yfor this prob
timetolabel the connectedcomponentété clidrea asymptoti
Monte Carlosimulation, this cost is compoundedbythen
needed to generate anindependent conffgaurtalie on, whi ch
critical p@8inOn & serial machine, labeling al gorithms
which are guaranteed to scale WMot ovdthad tyhafl Vi eg
refs . 1J08,11]2f or a di scussion of sequential labeling al g
means that the overall computational cost of a Monte Car
algorithmat the critical 6.1 nltowial k esncearlael alsalhel i ng
algorithm, the overall cost wilVlf al ¢ dh e rolmpdeaanftact or
labeling. Hence if for some reason we cannot use a l abe
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