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Perhaps the first question to ask is, "Wlw Langevin simulations?" 

One way of answering this question is to examine a disease from which most 

simulation algorithms suffer. The disease is critical slow down (1], and we 

encounter it in updating when ~/a 7 ~ and in matrix inversion (needed to 

include fermions> when mqa 7 0. A simulation that purports to solve QCD nu

merically will encounter these limits, so to face the challenge in the 

title of this workshop, we must cure the disease of critical slow down. 

One can describe the disease in several ways. Let's focus on updating 

first; matrix inversions will be treated in detail below. Figure 1 

Fig. 1. 
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Illustration of updating. When ( is large, many up

updates are needed to propagate changes throughout 

the lattice. 

I I • A 

illustrates the evolution of the system in A = CPU time during the 

course of a typical simulation. Consider the effects of changes inside 

the black disc during the first update. Because the couplings are local, 

the only portion of the system sensitive to the change is in the circle 

with vertical stripes. During the second update the circle with the hori

zontal stripes feels the original changes, but only indirectly, through 

the changes to the vertically striped circle. As the updating process con

tinues, more of the system feels the changes from the first update of the 

black circle, yet before one can consider a new configuration to be de

correlated from the original one, many updates are required. Indeed, for 

typical algorithms the number of updates needed grows as (~/aJ 2 . Physi

cally, this critical slow down is due to the reluctance of changes at 

short distances to propagate to large distances. Numerically, the 

stability of an algorithm at short wavelengths requires a <moderately> 

small step size; critical slow down occurs when the effective long wave

length step size becomes tiny. 

The remedy for this disease is an algorithm that propagates signals 

quickly throughout the system; i.e. one whose effective step size is not· 

reduced for the long wavelength conponents of the fields. <Here the 

effective "step size" is essentially an inverse decorrelation time.) To 

do so one must resolve various wavelengths of the system and modify the 

dynamics (in CPU time) of the simulation so that all modes evolve at 

roughly the same rate. This can be achieved by introducing Fourier 

transforms. I will show how to implement Fourier acceleration for 

Langevin updating and for conjugate gradient matrix inversion. The 

crucial feature of these algorithms that lends them to Fourier accele

ration is that they update the lattice globally; hence the Fourier trans

forms are computed once per swe~ rather than once per hit. 

SIMPLE LANGEVIN SIMULATIONS 

For- QCD the simplest Langevin algorithm is given by [2]: 

u ()..+1) 
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1 + -1 -
fi = JEij Dj + Eij [OjSg- 2 Re (~ M Hj M (}] (j) 

where the Ta are antihermitean adjoint generators of SV<3>. Sg 'is ttw 

pure gauge action and M is the fermion hopping matrix. The noise fields, 

n and ( have zero mean and dispersion 2. The index i denotes group and 

position indices: i = Ca, x, ~). Finally the field derivatives satisfy 

the Lie algebra: (Oa, Ob] = -fabc Oc. The spatial dependence of 

allows us to propagate the effects of uj<A> to all other links, 

during one update. 

Eij 
ui<A+1> 

The conceptual basis for Langevin updating is the stochastic 

quantization of Parisi and Wu [3]. When Eij is infinitesimal one can use 

the Fokker-Planck equation to show that, for large A, the field U is 

distributed as desired. Unfortunately when Eij is finite the equilibrium 

action differs from the desired one by O<El terms. On the other hand, the 

nonlocality of Eij effects only details of the new terms. Define S 

= S~ - Tr ln H. Then 

(1 + ' 1' f -- cA>s + - L- Eij \ zaiaJs 
12 4_ ij 

s - a1saJs } + £ (fermionic headache) 

( 2> 

where E = diag<Eij)· Later in the talk I will present algorithms whose 

leading corrections to the equilibrium action are O<r:
2

J, so please ignore 

the fermionic headache. Eq.(2) merely emphasizes that the 0C£l terms for 

nonlocal £ij are not radically different from those that appear when Etj 

~ EoiJ· 

FOURIER ACCELERATION OF UPDATING 

The idea of Fourier acceleration is to introduce fast Fourier trans-

forms CFFT'sl when constructing the drift force fi in Eq.(i). Then Eij ~ 

E(pl, and we pick E(pl so that the decorrelation time, Ndc<pl, is the 

nearly same for all modes of the field. To illustrate how the FFT's can 

accelerate Langevin updating, consider a free scalar field. In momentum 

space the update rule reads 

3 

$ 0,+1) <p> [1- c<plcp2 + m2 l] $(\)<pl + Jc<p>n<A><p> (3) 

where p and mare measured in lattice units. For .p<O>Cpl 

formal solution: 

0 Eq,(4l has a 

4CA+1lCpl z= [1- ECplCp2 + m2)](\-u) JECplD(ul(p) 

" 
Then the correlations in A are given by 

<$(N+U<pl~<Al<p»-= <~(AlCpl~(\lCpl> exp( - NECpl<p2 + m2 >J 

so that the decorrelation time can be defined as 

Ndc<pl [£(pl<p2 + m2 >J-1 

(4) 

<S> 

(6) 

If E is local in coordinate space than Efpl is independent of p. Then the 

de~orrelation time for long 

ever, if one chooses E1pl = 

-2 2 
wavelengths is Ndc<Ol - m - (~/a) . How-
- 2 2 1 
E/(p + m l, then Ndc<p> ~~for all momenta. 

For interacting theories one can pursue one of two strategies. If 

the dynamics is in or near a perturbative regime (as in QCD when ~ ~ w) 

one can set r:Cpl as above, albeit with a renormalized mass. Otherwise, 

one can study the correlations of Eq.C6l numerically as the simulation 

evolves; optimally,this will be done adaptively during the simulation. 

Both of these strategies have been successful in the XY model. In 

particular, the numerical determination of the optimal Eij has worked in 

the phase of the XY model with vortices. 

Another illustrative example of how modifications to the Langevin 

dynamics can accelerate a simulation is given by a roundabout derivation 

of our fermion formulation. Instead of writing one Langevin equation for 

the gauge field, consider the equations derived from the action S = Sg + 
+ -2 

Sf where Sf=~ H ~. which generates the two flavor theory [4]. The 

Langevin equation for the auxiliary scalar field is then [S] 

4 



(\+1) 
¢i 

'1..- r M -Z ! \) 
'lli-··lj·jk 19K +-Jtj;t ("() 

OnP wants to pi.c-:k f:tj so tbi!t. t·h;-· rf 

po~~sibl.P.. The obvious choice is t:ij 

be used to show that the equilibrium 

fi1•ld fif,C{If'r('la(~S a:;; qllJI'kly 9oS 

- ' CMtj 

aclion 

e_li_lit~t!_y_. By picking o, the dispersion oft, 

1 so that the update rule becomes <?i 0..+1) 

Tt-u;on d<:tallC'd b11lance can 

b: S+ =- _?, (1 
. " 

1 2 £ > Sf 

properly one c-:an also set· c 

Mi.ir,j the new ¢ ~:~ C()mpletP-

ly ln<kpendent of the old, and Sf is simllL\tl!d PX:J<":tly! t<lben this express

ion for¢ 1s substituted into the gauge field l,angevirt eqnat.ion, Eq.(1) 

res\llts. As an added bonus one can then adjust the co.-fflc.ient of thf' 

bilinear nDise tE'rm to give ~_ny 0\Jmber f}f flavor-s: even, odd, or even 

fraet ional. 

Ga~!.[~fielrl.s 

Next, let's c:onsidPr Fourier accele>ratio11 of the gauge field upriate. 

For sever-al reasons one h.<~s to fix the gauge. The most physical reason is 

that short wavelength gauge artefacts can totally obscure our intuitive 

notion of momentum, and hence spoil the Fourter decomposition of the 

field into modes, some of whid1 require acceleration. Another point of 

some importance is that a nonlocal. € without gauge fixing Qr~~~ gauge in

v;:~ri A.nce; this could be solved by setting £ = £ [ U], but then Uti! 

f'!lllilihrillm is rlPtf'rminerl hy thf' 1J clPpPrtrlf'TWf' off: AS w~ll _'lR thr: H rlr:pf'n

<iPnf:f' of S. CnnSP.f'[Tlf'ntly, Wf' fix thf' g:mgP ~f!il'lf'to:.!_y AftP.r f'!Hrh npdntf'. 

Nnmf'rir:Al f'Xpf'riP.no~P h.<~R .c:how-n thAt HXiAl gAHgf' givP.s nnsAtisf.<wtor~ 

pPrfnrm;:~nc-:f' nn An R
4 

lHttirP. in thf' pllrf' gAngf' thf'nry; it is hf'ttr:r· to 

smooth thf' A.XiHl-gHngf'-fixf>cl c-:onfignrAtinns hy Applying Sf'Vf'rAl itf'r

.<tt:ions of A T . .<lnrlAIJ gHngP fixing. ])pt:~ils will hP pnhlishf'rl Pl.<::f'IJhf'rf'_ 

HTGHF.R OROF.R Al.\£lRTTHMS 

Thf': prnh1f'm with thf' <"~lgnrithm prf'sf'ntf'rl in F.CJ.. !1) is th.<~t f: must hf' 

qni tP :-~m.<~ll whf'n thf' pror:f'clllrf' is Fonri pr !'lf:f:f' 1 f'rAtf'!cl. Whf'n f: i R 1 or: A l , 

thf' 1 P.<trli ng c-:orrf'rti nns tn thf' P.fl.lli 1 i hri 11m 11rt ion dn not p.fff>("j- thf' rnnti

mmm limit. (Sf'f' Rf'f. 1). Hnwf'VP.r, whf'n t i:c; nonloc:.<tl this is no lnngPr 

5 

t·niP, ~~~-, olnf' nt>rls .'l highPr orrlf'r rlifff'rf'nr_ing srhf'mf' for thf' f.Hngf'vin 

Prp1r.t ion_ c;,wJ. sr·lwmPs gf'nf'rHlly rp_qnirP. mnrP. mf'mnry. For systf'm:-1 vithnnt 

fPrm1ons thf' most pffirif'nt mf'thods Arf' similAr to thf' RHngP.-KHttA 

Algorithms fo1 df'tf'nnHolstir rlifff'rf>ntiAl f''11llltions [h]. For simplir.ity I 

1Jl1l lf'AVf' off thf' imlir.f's nf'f'rlf'rl for Fnnrlf'r .<H":f'f'lf'rAtion; thP.y rAn hf' 

follnfl in l?f'f.[7]. 

ThP Rnng~-Knt.t.:1 tricks <in nnt. quitf' vnrk fnr thf' hilinf>Ar nnisf' tP.rm 

111 F.f1. (1) th.<tt. int.rn<inc-:Ps ff'rminn.c:, hut R.<tt.rnnni (A} h.<~!=i fnnn<i .'l v.<~y 

grmm<i tht"' prnhlPms. Fir.c:t. onf> rH1r:lllAtf's A "tf'nt:~tivf> upti:~tf'" viA thf> 

simplP F.ulr>r rnlf>: 

JiX,jl 

r, 

-f·T {I (\) 
P 'X,]I 

·' Jt_rli + da;Sg - - E. A;r::J 
4 

fnllowo><i hy thP finAl uprlAtf', whirh h.<1s rlrift fnrr:e 

r, 
F: f': 1 + 1 +~ 

!1 + CA - >[aisg + a;Sg - - ~ A;~ - C A1CJ + 
?: f; ; 4 4 

• • Jr.llj[.'iij- ----- Rf'(~ A1t:t: Aj~l) 
1 ?:R 

(A::d 

CRh) 

-1 ?: -1 
Tn thf'Sf' f'f'[IIAtinns Ai = M O;M M , r: is .<In .<~rl<iitinnAl ff'rminnir: nnisf', 

Anrl A tilrlf' implif's thAt Sg nr A is f'V.<~lm~tf'rl using thP tPnt.<~tivf' 11pdatP, fi. 

An <'lltf'rn.<~t:ivf' prnr:f'<iure, whir:h <"!Vni<is the l:t>cni:Ative updatf', 

rf'!lllirf's -"' rlrift forrf> with highf':r cJprivAtivP of thf' S~r.tinn (?]: 

nn+1 l 
X;]! 

-f.T II (XI 
f' x,p 

r, f: 1 + -1 
r.t1 + r.A ·- l (<l;Sg-- RP.Cf: M a 1m-:>] + 

?:4 ?: 

6 



f • . 
JF:rJj \ "iJ 

1 
- ~i (fljSg -
4 

Rf'Cf.:+K-
1

fljl1f:l] 
~ 

+ -1 -1 -1 \ 

1
f; RP. (F: CM fi;HfljKM + <'l;l'fl1 lfJ f 

Although thiR rnlf' is not simplP., it .<~tt.<~in:=; Off/";) .<~r.rurAr:y 
with fP.rmion loops with only two mAtrix 1nvP.rsions. 

• FotrRTF:R AC:CF.l.F.RATTON OF' MATRTX TNVF.RSTON 

(q) 

for thP. QfD 

To ~omp11tf' Any of thf' rlri ft forr.P.R in F.qs. ( 1 ) , ( <)) or { 1 0) onP. OP.P.rls 

to ~wlvf' thP. linf'Ar systP.m of P.qHAtions Mtjr f.:, whf'rf' M is somP. l~tti~P. 

VP.r:::;f on of rs (~ + mq); thP. YS i R i nr.l uriP.rl !'IO thPJt l'f is hf'rmi tf'AO. WP. h.<~VP. 

usP.rl Wil$'!on ff'rmfons. ThP. m.<~trix invf'r:::ion i::: thP. mo:::t timP. r.onRllming 

pArt of thP. npd.<~tP., :-::o it iR importAnt to ~on$'!irlP.r Wl'lYR of l'lr.r.f'lf'rl'lting 

rontinP.R likP. thP. ~onjngl'ltP. grMiiP.nt mP.thorl [<J]. Of r.olJrRP., ml'ltrix invP.r

$'!10n is AlRo importAnt for quf"nr.hP.d h::~rlron spf'~tros~opy. 

Thf> r.onjugAh~ grArliP.nt mP.thorl only works for posftfvP. rlf'ffnitP. 

m.<~tri~P.s, so in prA~tir.P. Wf' r.onsiriP.r l'f?.o/ = $ = ~.·ThP r.onvf'rgP.nr.P. is 

govP.rnP.rl hy thP. rl'ltio of thf' lPJrgP.st ::~nrl !"mAllP.!"t P.igP.OVAlllP.S of l'f?.. 

Nc:r, ::: 

?. 1/?. 
ll'f lm::~x 
~ IH ·!min 

z ( 1 0) 

mq' 

M?. ?. ?. Th . . " h ff ,.;in~P. " "'p + mq . f' g~nlgP. 1ntP.rAr.t1nn prn.,lWP.S tP.rms t PJt PJrP. o -

rli PJgonA 1 1 n momP.ntllm RpAr.P. ( thP. h::.r.kgrounrl g::~ugP. fi P.l rl P.Xr;h.<~ngP.s momf'ntum 

with thP. fP.rmfonsl, ,qnrl gPJugf' ~rtP.fA~t,.; ~An ohs~urP. thP. p rlP.pP.nrlf'nr.P. of H?.. 

WP. prP.-~onrlition l'f?. hy FouriP.r trAnsforming C,.;ymholizf'rl hy F>: 

A ?: A-1 A 

r:CplFI'f F F!f •Fo/ r:fplF<jl ( 11 ) 

7 

Thf' prP.-rnnrlitinnP.r F:<pl is r.hnsP.n so th~t thf' diAgonAl f'lf'mP.nts of A Arf' 

l'lll unity. Tn A smooth g;mgf' WP. f'XpP.r.t th.::.t 

1/7. 
!Aim.<~x = !Aimin 

z { 1?.) 

AR in thf' Rr:r:P.lf'rAtion of HprlP~ting thf'rf' !'lrf' two 

prP:-r:onrlittonP.r. Tn A pPrturh.<ltivf' rf'gimf' F:{pl ~ 

WAYR to rlP.tP.rminP. l:hP. 

P.xplAins thf' F. notAtion. Altf'rnAtivf'ly, nnf' 

M
7 

rliAgnn.<ll in momP.ntmn sp.<~r:P .<tnrl Rf't F:Cpl 

?. ?. -1 
Cp + m11 l , whir:h 

r.An rompntf' thP: r:nmpnnP.nts of 
-~ CH ')pp- Tn fAr:t, thi!=: 

:lppro::~~h givP.R .<1 rlrAml'lti~ illuRtrl'ltion of thP. prA~ti~Al nP.~P.ssfty of 

fixing thf> gl'lugP.. FigurP. ?. shows thf> nllmf>ri~l'llly rlf>tf>rminf>rl r:Cpl for A 

propPJgPJtor ~l'll~llll'ltfon in Sf>VP.rl'll gPJugP.R. All of thf> rf>slllts Arf> for SlH3l 

on A A
4 ll'ltt'i~P.. l.urvP. (PJ) shows thf> rf>s11lt for thP. frP.P. thP.ory fAll 

links l'lrP. SP.t P.f111::ll to 1). C:llrVP. (h) shows r:Cpl for l'l e = S.A r.onf1gu

r::.tion without g::.ugP. fixing; P.virlf>ntly R wflrl gl'lHgP. :=trtP.fA~t hAs oh

sr.urPrl Any rorrf'lAtion hf'tWP.P.O momP.ntum Anrl thP. rlil'lgonAl P.lP.mP.nts of K?.. 

2~--~----~--~----~ 

e:(p) 

(d) 
(a) 

(c) ,.-.--·-1 
---i--- \ I -

.r ........ -...~~ 
~ (b) ....... 

1 _,-.J· 
v 

tl 

00~---,~--~8----~,2~--~,6 
p 
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Fig. ?.. NtlmP.ric:Al c:omputAt1on of thP. prP.-c:onrlitionP:r E.(p). 

L<~) FrP.P. fiP.lrl. (h) No gAugP. fixing. (c:) AxiAl g;:mgP.. 

( rl) LAnrlPJu g1mgP.. 

Thu~, 11ltho11gh All rliAgCAl "' 1, thP. sprP.Arl of P.igP:nVAlHP.s of A rP.mAins 

P.nnrmomL Fixing thP. !'!Amf! c:onfigHr.<~tion to AXiAl gAngP. lmprovP.s this 

situAtion, AR shown hy c:HrvP. (c:), hut not rlrAmAtic:Ally. HowP.VP.r, T.AnrlAu 

gAngP., r.nrvP. (rl), prorlur.P.s A prP.-r.onrlitiom~r thAt 1!'1 rtHAlitAtivP.ly thP. 

sAmP. AS for thP. frP.P. thP.ory, AS rlP.sirP.rl. 

ThP. AC:f:P.lP.rAtion provirlP.rl hy this tP.c:hnirtnP. is signific:Ant on An 8
4 

1 Atti c:P., Anrl will ~C:OIIIP. morP. si gni fi r.Ant on 1 ArgP.r 1 11tt 1 f:P.!'I. Fi g11rP. :1 

shows how mAny c:onjl~AtP. grArliP.nt itP.rAtions ArP. nP.P.rlP.rl to ohtAin 

r.nnvP.rgP.nc:P. to fh:P.rl pn~r:1 ~1 on with Anrl without Fouri P.r P~c:c:P.l P.rAti on. 

140 

NCG 
o no FFT 
owithFFT 

100 13 = 6.2 

80 

601-

401-

20c 
0 !i! 

D 
S! 

008 0.10 

I ' 

D 

D 
D 

CD 
D 
9ooooo 

0.12 0.14 
lt(Wilson fermionsl 

Fig. :1. PP.rformAnc:P. of thP: c:onjugAtP. grArliP.nt with Anrl with

out FFT's. As K ApprOAC:hP.s thP. c:ritir.Al v.<~lllP., thP: 

gAin with FFT's is impn~ssivP.. 

g 

D 

D 

0 0 

I 

0.16 

-

-

-
-

NP.Ar physi c:l'd vAlHP.S of thP. hnppi ng pArAmP.tP.r thP. AC:c:P.l P.rAtf'rl A l gor1 thm 

nP.P.rls :1 or 4 timf's fP.WP.r itP.rAtions. Owing to F.rt.l11) this improVP:mP.nt 

fAc:tor shonlrl sr.Alf': with thP. volllmP.. ThP. ovP.rhP.AC'I for thf' FFT's is not 

sP.rious: with f'VP:rything P.Xc:P.pt thP FFT pAc:kAgP: optimi?:f'rl, A !'!inglP. 

itP.rAtion of thP. FFT c:onjHgAtf': grArliP.nt took only twir.P. thP. CPU t1111P. of 

A normAl itP:rAtion. PHtting thP.RP. fAc:tors togf'thP:r, WP. prP.rlic:t thAt thP. 

AC:r.P.l P:rAtP.rl ::~1 gorithm will hP. 11ho11t :10 timP.!'! f::~stP.r for A 1 h 4 1 PJtt1 c:P.; 

in pr.<~r.tir.P., this mP:.<~ns th::~t smAllP.r qn.<:~rk m.<:~ssP.s will ~ trM.,tihlP.. 

rONCT .lmTNG RF.MARKS 

l.P.t I1H'! SHmmAri?:P.. FouriP.r .<:~r.r.P.lP.r.<:~tion is rlP.!'lignP.rl to rP.rlnc:P. 

c:ritic:Al slow rlown. To mAkP. rP.Al progrP.ss tnw.<:~rrls thP. miiiiP.rir.Rl solution 

of ~n Wf': nP.P.rl l'llgorithms for nprlAting .<:~nrl m.oatrix invP.rsion thAt 11tt.<:~c:k 

this prohlP.m. ThP. FFT tP:r.hni'lnP.s RrP. WP.ll suitP.rl to thf' P~tt.oac:k, hP.c:AHRP. 

thP.y P.xploit our intuition ChAsP.rl on pP.rtHrh.oation thP.ory), l'lnd ~r.AUSP. 

thP.y sprP:Arl thP. P.ffP.C:t!'! of lor..oal c:hAngP:s throughout thP. sy!=!tP.m 1n thP. 

r.o11rsP. of onP. itP.rAtion. Sinc:P. thP. FFT's I'ITP. 1nsP.rtP.rl hP.forP. .oanrl AftP.r 

P.::~r.h uprlAtP., it is nP.r.P.!'!s.<~ry to hAVP. -<~n :~lgorithm whP.rP. "onP. uprlAtP." 

mP.Ans "onP. swP.P.p," rl'lthP.r thAn "onP. hit." For ml'ltr1x invP.rs1on this 1m-

pliP.s An Algorithm snc:h AS thP. r.onjHg.<ltP. grArliP.nt, Anrl for nprlAting this 

impliP.s T.l'lngP.vin or mir.ror..oanonir.Al [10] simul::~tions. Fnur1P.r AC:r.P.lf'rA

tion hAs hP.P.n s\Jr.c:P.ssfnl in simnll'lting thP. XV morlP.l Anci in c:mnpnt1ng thfl 

'lllArk prop.<~gAtor in 'lllP:nc:hP.rl ~n. A r.ompl1 r.At1 on whP.n gRttgP. fi P. 1 rlR 11rP. 

involvP.rl is thP. rP:CJ.llirP.mP.nt of gl'lngP. fixing. 

Fin::~lly, lP.t 11s r.onsirlP.r thP. prospP.c:ts for 11 simnl11tion of Qrn (in-_ 

r.lmling VI'IC:Illlm po1Ar17.Ation) on A 8:1x1fi lAttir.P.. WP. P.XpP.C:t Fm1rif'r Ar.c:P.

lP.rAtion to improvP. thP. m:~trix invP.r!'!ion hy A fAc:tor of 4 Anrl thP. up

rll'lting hy 1'1 fAr.tor of 1h, so thl'lt thP. ow~r.oall AC:r.P.lP.rAtion wi 11 ~ :~lxmt 

.<1 fl'lr.tor of fiO. MorP. gP.nP:r:~lly, thP. 011mhP.r of opP.rAtions nP.P.ciP:rl for A 

simull'ltion hAsP.ci on F.'1.(1), or on thP. highP.r orrlP.r gP.nP.rAli?:AtionR, w111 

he 

• • Nnr.CfgL + ffNr;c:;f. ) ( 1 s) 

JO 



whf'rf' T. is thp 1inf>11r Ri7.f' nf thf' :o:y:o:tf'm in lAtti~f' 11nits. Withnnt 

F'nurif!r .<t~~f!lf'r.<ttinn hoth Ndc: .<~nrl Nrc; gnn.; rlr.<~mAti~Ally AR I_ in~rf'ARPR, 

AS inrli~Atf'rl in F:q:o:.C?:l l'lnrl C11l,_r~"'"PP.r:tivf'ly; this i:o: ~riti~Al slow 

rlnwn. ThPc l'lim of our inve:o:tigRtinns is rlf'vf'lnp l'llgorHhm:o: for which Nor: 

Anrl Nee; Arf' ::~t wor::::t slow fum:tion:=:: nf 1.. Thf'TI thP simul11tion timf' will 

grnw only ::~s thf> vnlumf' of the system, whi~h iR Hn::~voirl:~hlP.. 

AI.KNOWf. F:f)(;F:l1F:NTS 
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::\pologi7.f' if hi'IVf' oP.glF~:~tP.rl thP.ir "pet projN:t.s" in prP.ptlring this t.<tlk. 

tw> hRVf' 11sf'rl 11 VAX 7SO for progrl'lm rlf'VP.lnpmf>nt l'lnrl An FPS-1h4 .<~rr.<~y pro

~P.ssor opP.rl'lt1ng from 110 TRM ~OA1 hn:o:t for prorhwtion f'omputing. 
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