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I. INTRODUCTION’

,.“(

1.1. Artificial Xntelligcncc and the Need for Parallel Processing

Trrmcndous industrial and govcrnmrntal in(errst in artificial in[v!ligrnrc lIS.+ lweII sparked IJY

succedul ap]llirations invcdving Lhr usc Or Fxprrl systems in tiurh ficl(ls L< gecdogy. rhcmisl ry,

mu,ciicinf’. mII.1 wmpu(rr cnginwring: hy LIII, al,l,licn[ion or naturtil-lang,clrigr and s]wrh prrwt,s<in~ III

prori,lr a morr human-cmienird i]]trrfac-c for conlpulrrizcd inr(mna[irm syslrrns: and I,y t III

development or computer vi.sirm systrms for industrial rc)bolics and mililary guidrinr~ and sunrillarlrr
applications,

Al npplicaticms dmwlcqmd [[) cltiIc arc rrlatiwly small, yet they s[ill cwnsumr a lar~r qunntily or
r-fm]]lll[rr rrs(mrrm anfl rul] rall)l, r sl(mly OII r(mvontioll:ll ronl[)lllvr tire-hiturturcs. Ily 1111,lll!l(k Illf

S[r:i[l,gic (“wnpu[in~ l’]an d (IIC (~.S. l)rl)tirlmrnt of I)rfrnsr’s I)urcnsv Aflvnnrr(l Rrscrirch l’rojrcls
Agfllr) (D.AI{I’A) alllicil)alcs cxr)rrl sysicms will) 30JKK)rulrs cxwulin~ al alx)llt 12,000 l)r~.)(lurlifm+
j,f. r SI.C(IIIfl, ss ()]III(Isr,rl I(I l(Jfl Hy’s n):lrl)inrs. Whirl) !Lxccutl, almul 2T~ 10 ho pro,lurliww por sfw,l),l

[7, 13]. III t III: rcr,:i d conil,ulrr Visi(,l), 1).Altl’A cstilll;l(vs LII:II “tmr [rilli[]n vcm Xrum; II Ill o]wr:llif~lw

r]or MWJIId xrc reqllirvd’” :() lwrftmnl Ilif,ir Rlllllichlitms find 111:1120 Ililli[]l, olwr~lirms I,c,r wcwnil will III,

rr,qllirull rOr scmIr siwrch ull~lvrsl:lllding Rl,llliral!fms l?]. l.’(w Il;ltl]r:ll-l:lllgll:lgf, l,r(x-mwi]l~. [):\l{I’..\

(’ll~i>;flll> 1]11,111,(,(] r[lr “ill; L\\~\’! i)’ I,;lr:lllll rf)llll,lll:lli,,ll:ll (Irvirw.,”

TIII’ JHIIaIIrW Firlh (;rnrrtilifm I’r(,jwl is IIvrn mtm, nnlllili~ms. nilllill~ III vxl, f’rl SySl II III~

r(jlll:lillillg nlf]rr III; III 10,I)IHI Ilfmll rlnuws aIIfl rxrruling al [III, r:llf, IIf 30 lllillif~ll I(I 1 Ililli(]l] I(wif,:ll

illf,,r,,llrf+ Iwr WorIIIIf] (l,![’~;, w+ f)IIIIrIWtr! L(I I]l,hir cslilllalrs (f lIIIlay ’s nl;lrhillf.s, ~vllirll rllll :11 lo III 1[)11

1}1(111. 111111,11’$ [M!, oll If’r II(,M il]llllslrial nnIl ~fwrrllnlt’111 l,rf)~r:lll]~ II:IVP sl)rull~ 1111with ●illlil:lr. ir III II
:1.< Sllf,f.ifir:llly qllalltifif,fl, WIIIIW: for CX:IIIIIIII’, 1111, Nlirr,,f,ll,rlrf,llif,s 11111] (’fIllIIIlllf,r ‘I’l,rl]ll,llf IU.}

(’f,r],fm;:li[,ll ill llw (“, S, Rn(l tllr 1;S1’1{1’1’ l)rll~r:llil in Iturt,lw 112, U].

‘1’lw (rnditicmnl wn NVIIIIIWIIII nrcl]i{f’r[llrl, is nl)prollrhing cxrruli[)ll SIIWII Iin]its illllllwll IIY I III

slww! (II Iigllt mud lIIV Iimf> lrI C[)lliltlllllil’:111’ I,ils of Inr,mnlnliful ,Ilf,[’lr,,lli{’:illy Willlill II sill~lr I,r, mw,,r.
(’if, tirly, oljl:lillillg lIIV rcquirvd spwvls will rc:; llirr Inmwivc II:lr:lllclisll: “ I 11111rs~’rlllil]ll (Ir nrlifif’i:ll

inlf’lligrhrr Ilrr]grnms. ]MIZI.IK tjf pIIIII,R IrI, I,lllvrillg Ilw Iill’rnl urr, nllv~m;lfi:lg difr(’wnl :Illllr(xlrhw. III

wllif,ving 1111’ nwwhry pcwnllvlisllll mnny or Whirll inwdvr sill’f’i:ll-~lllrljfl+f’ I}:lr:llll,l l,rtw,sw II-.

[lo, I 1! w, 0, ?7, 30, b, 1 1].

lHSIRlfi’llIflN ill 1111sI)UCIIMI’NIIS l.1#1lf,IIf[D



1.2. The Functional and Logic Models

A common premise of fifth-generation computing is that the traditional “word-at-a-time” von

Neumann computing model is inadcquzt.c M ri foundation for parallel computing. Extending such a

sequential model to Lhe parallel world is Iikc putling on a shoe that doesn’t lit - it makes much more
sense to begin with a foundation that has a consequential semantic ba~e. Thrre are several computing

models that fit this murr demanding description, hut the two mosL popular ones are the Junctional

rnodcl (based on rtxfudiun ill t IN. Ianlhda calculus) and the logic model (basrd on rcaolulinn in firsl -

order predicate calrulus). Both ofrcr several important atlvantag~s over conventional computing

models. For esamplc, their lack of side efl’ec~ makrs synchronization issues trivial, and the lack of a

singl~ “thrrad of conlrolm’ sim],lifir+ the manifestation of par;dlclisrn. Dot]) mndrls promise to hr
valual,le as a bzsis I’cw fifth-generation computing.

1( is no[ entirely clear wllirh of thmr two models is hrltcr, and indeed it is only thr(mgh ongoin~
research thnt w:, mriy hc ahlc to s]If,Il srjIIIc ligh[ 011 1]1(, quwti(m. In this pappr W(I will Cxl,lnre Illf

details of a stric[ly junctional model called D.41?S (for Dis[rihuted },pplica[ivr l’rorw.ing Systems),
D.W’S represcnis the ru]minaiion of our researrh in gra[,ll-recluc[ion techniques on parallel

archi[crtures. Allhough the logic mw-lcl has its cleal advantages (such M thr fat: thtil resolution is a

suprricm mechnnism I’m vari:iljlc I]inding ill function invocn[iorw), W(J sw thr following as ~dvan[agm of

(he functional nlocirl:

( I ) Thv functimltil n]()(lcl is nl,lr to sul,lm:.t higllor or(lcr fullclion~ (thril is. funrliol)s pww,,l a.

arguments or rrlurnv(] ss values fr(ml eXllrIWiO1lS), ~h(”r(mfb< L]le ~~piClll ]OgiC IT)()(h’] W5[riCh

pr(]grnms III fipl-or(lrr If)giral slatumcnls for rrwwms of rflir-icncy.

(2J TIN, gcllfr:llily (J ros[,llllifm m:ikrs il lIw dficiclll fOr thIO most NMIIIIIOII opcrali[)ns. whictl nrr

lyl)irh]]y IIf, lllt)rt c~)nll,]ck 1111+11a convcnlic]Ii;d proccdurf call.

(,s1) TIN’ I’urlclifm:il nlo(l(tl can arroml)lisll rrm/ro/lrd srnn-h I,y rnumcra[ing nlirrnntivrs, rn[hm than
rcl:’illg oli [INI nulc]lnniic llwcktrarkin~ in unillcn[i[m, wllicll LINI programmer of[rn wisllcs [o dcf’r:l[.

I I ) jl:il)y or l!If, !c:ltllrrs 111:11wv will IIf,srril, f, :L~inlllfml:lnl lf) 1)..11’S n],llly t,qunlly In Iogir cf]mpllling
111[)(11,1. I,i(l(,tfl, WI, rod III;II WI, run sll],l,(ml k)gic pr[,~rau]llling ill m]r nlt)drl I)y using onr or
S(,v(,r:il r(.flll(,lioll-ori(,lll(,(l” hl~llr(ulrhvs 10 rrwluliwl.

1.3. Sutnn]:lry

III Illis l,:Il,r, \\l I v\l Il!!I’1. 1]11 pldl,llli;ll t)f 1]113 bllll.lillll:ll Illf,lll,l, ll:lrli(hlll:lrl~ ILK il Ill,rl:lill> 1,,

1’:11,1,Ill f,l,111l’,. ~11,5,.,[i, ,,, ‘-~,WI, tll,s[,lil,l, 1111, f/J’fiJl/l-rrf/lir/iflri l~ljvr:ilit]ll:!l 111(1(11,1 or r(mll,lll:lli(lll :11111il~

rll:,fiflrl 1,, ;\l I I ,1,!, 1:1. ]:, ~,,rli,lll :;, \III ,Iikfll.+ :1 rl:I.L. or :Il,,llil,,,.lllr,,. 111:,1 illll,l,lllf.111 ~r:il,ll
rl.llll,,li.,ll :1],! :1 l,t-,,1,,1)l,, illll,l,,lllf’lll:lli!,ll ill llli~ l“1:l. + lllillr IIII~I,lI,lIfIl :11 l.f,.~ Al: II II IIs. l’”ill:lll!”h III

, ,,,, ,
1’●Ilt I,II!;IIII (111 Ill,. :1111111,:1II Il\ IIr gI:Ill]I r,, 111,111111I(I SIIII II (Il]lt,r f.l:l).l. d :11.,.llilf.f,ll,r,,

2,1. Graph I?oduction

\\’fL ]I;IV( l~rgllv[l 111:)1llw f’llllf’li(jll:lI c[mllllllillg Int,(l(l is om f}f llIr Im)ht vinl)lv ftmll,l:~lions for

p;IPHllrl crml])ulillg, (ln~h’rfl. il Is on this sanlr founllnli{m th;ll rrsrnrrh on (lnl IIf’low marllinw lio~m)

Flllll’li,,nill l,rfl~rnnl rv:llu:lli(m slrfilf,~il,s nrv drrivf ’11from III(, 1:11111,1111r:liclllus [3], wlmw I1OIISII(IIII’1111:11

unl urr is qllil~, suilnt,lf, for pnrnlll,l ronlllulingo In I]:lrlirl.lnr, thww slrnlcgivs cxhil)il tlw Wvll-kllf!wll

(’/lur7/i-//f~flsm l+fqrrl~j, which ill(lirlclly slnlrs thnl 11$1mnllor wlI:Il ri)llll,ul:ilif)ll or[lrr is rhow=ll i:)
I,xl,f,lllillg II lm]gr~rll, il is gt~flrflnlccd (0 rf,lurh (11(’ wllllr rrsull (:w~umillg Iormill:llir)ll). Tlli% nlnrwll(llls

flvlf,rfllili:lry i:. itlv:, !u:ll,lv ill Ijarllllel s~stf,llls il 1111’:IIF[Il;ll l,r~~gr:ims nl:ly IN’ i~rillru nntl drl)llggv(l ill

n fllllt’lifjll:ll I:IIIKII:LKII (m n wqllf’nlinl Illnrllinv, nll(l 111111111111sftwr prcmr:lllls mny IJC rxvf’llllId ( II :1

I,:lr:lll,,l 111:11’llill!’for illll,rlwrfl prrf(mmnnru. TIN’ key Imil)l hcw is Ihm ill funrtiomd Inngungw LIW

Il:lr:illf,li.sill is implirif nlIIl sul)ll[mlr~l I)y [1){, ulltlrrlyilly, Sf,lll:llll:f’s. I’llrrr is no nfvxl for slwf’i:ll

ll]l’s*ll~f,-ljlLs.~ill~, rol)<l rllrls {w [Ilhrr [’[]llllllulllrllli[llls I]rimilivcs, nf) IIWd fm syllpllrt~lliz~lti[jll IIrinlllivvs.



and in grncral no nerd for special “pnrdlcl” constructs such as parbegin...parend.

Given that implementation of the functional model is a rrasonablc goal to pursue. what kind of
physical nrchi[rrt ure is most appropriate? That is, given that there ar~ several reducible expres..icms

(redexcs) in a program graph, what mcrhanism should be used to direct processing power b thosp

Ioc.-des? There arc, rIf ccmrsc, many possibilities, bul early on Wr rejrcled several ide=, inrluding

daiaflow (since we vieu t hr distribution strategies as h fine graincd). multiprocessor wilh shared

memory (since we view III(. mrnlow a~ an ultimatu Mt]rncck), and systolic machines (sinc~ the

indeterminate behavior of recumion appeam LO be intrnctatdc in surh a marhinc). The architecture that
we have sc[[led cm instead is rmc in whirh a Iargr numlwr of processing elrmenls (P Es) having rmly

local store and rmi]munirating by messagrs arc int erc-onncrtul in R homogf’nrous communir:i[i[uls

nelwrmk. This idcll is no! nrw and is scjmrlirncs rcfcrrr[l 10 m< n 71cluwrk rompuftr ~v crrfi7=mLif

archi/cr/urt. 11 i+ csprcially allrarlivr I,ccausc il ap[wars tu bc well sui[~ d for 11S1 dcsigll tind is

rxlrnsiilll’: lhcrc arc a growing numhcr of real nlarllincs llIfil Iil ils dl+rrij~li~ln.

[’nf[mtunalrly. frw (if any) of Llw network computrrs ill Pxislcnrr ln(lny have 511rrwdf,Il ill

exlrarling a rea..on:.l)lr ammn[ of parallelism from a gcncrtil class of programs. Thry hav,, (ml},

perfcwmr(l wII when (IIC pardltl components d thl’ program haw Lern cxplici(ly stat WI hy I hr uwr, w

rx~!liril Iy dl(wnlcri on parlirular pr(xnwnm, and g(, nrrally fmly for pr(]l,lr, rn+ 11131 h:ivf, illllf,r[,nl
regu]tirily nll(l Ilrl, dicltillilily. N(J cm,, lirw drmollst rnlrcl thr ovvrall rr%+il,ilily or t hr nc[wurk romllul rr

for 3ccmn~,li.*llillg I hf. I, firallcl rxcculi(m d a gcnvral rangf’ of ]m]gr:tms, or r~rn ro: a rf’slrirlwl CILS+ or
WY, A] programs. \\’e f’rcl thw thr nc[work compulcr model is indr’rd a vi:ll,lc a~,lmrmcl] 10 “fihll-
grncration” compll{cr drsigll, hut currrnl clTorls ha~r brcn lacking in several r~,sprrm:

(I) Nlost nvlwfmk romllutrrs Iwck H r(]hcrcnt global comllutation slratcgy (surh as prnvidrd I,y Ill{,

ri]llctir.ll,:ll cf~]ll],ulillg nwd(l)o TII1o IllilCllilll,5 arc lcw often treater] simply as an arr:iy d
convrntirmfil pr[wrwm LIIHl “rmnmunir~lr hy mcssagrs, ” resulting in ad hor solu[ions to n vrr~”
diflicllll prolllf,m,

(~) Lill l“ all~flli’jll 11:~~lJr”ll ]Ini[l 10 IIIC rwnld(w issur or ~l(lnflgi?lq II highly parnllrl, rlr.cf’n!r:lli7ffl
c[jlllllll[;]lifjll, ~,s],f,ri;,.llj ill Il)r I,rrsrllru or “rsgvr” rind noll:lrlernlinisl ir ronlpul:il i(ms, SIICII i+l]f,s

lWC(JIIII, cx[rt,lll(,ly ronl],l[,s in []IV (Ii.rrll[r;lliz(,(lq (iistrihu[rd cnvir(~nmcnt d IIIC nc:work coml,ll[rr

WI C;IIIII(JI b lali(, II rc)r granlvd,

(:J) Thrrr is li~tlc to IN Ivarlled rn)m III( sucrcs~ d parallvl mnrilincs in srirntifir com!luling. sillrt

I llf,w marhillm dl’i,f’[lfl hravily 011 H program-s rc~ulrlrifu allrl predir/a6i/if~. Surh Ijrogr:lll]

I,r]ltivior is ro[lllllol] ill srirlllifir c(mll, ulingl Ilul is r;mr il’ AI icml other more. data drlwndcn[
rl]rl]l,l]l;lli[jll+. ~f,~ lrchniflum Iwf,il 10 lw df,vvlfqwd 1(J doa] will) dyn:lrl]ir, Ilrl]lrrlli(’li ll,ll, Iwll:lli(,l .

‘1’IIc I)A1’S IIIIVIII flirm-1 Iy wldrrwm all or IIIC issurs raiso,l al~(,vo, -i’lly%lcnlly. it I-nn Iw vimvf,(l :LS:1

llf,l\ff,rk rfJIIIl,l]l(,r, 11111 k)gic:llly, i[ h:L~ II r(lh(’r’’ll[ Ek)ll:l] rOllllllllilti(Hl slr:l[~~~ dr’ril’f’[1 rrfllll I 111’
1:11111111:1CU!CUIU5. lt]grlhf-r willl trrliriiv(’ nlrr]lnnisnls for n]anaging 1111’l(,gi~lirs of II higtlly [,:lr:lllf,l
rolll]]lll;lli[]l]. All rf]n[nd i: vl]lirrly dl,rcnlr:dizwl, inclutling nlcnl(wy UII(I !lL~k Illilll:lgrllll’ ht. 11111<
IIw)i(lillr, any Imttlcw,rks to p:mnllrlisnl. Furlhrrmnrc, il usrs ri luchlliour cnllrd ffijju~inn arheflulinfl

[f) lI:i TIfllf, tl)r, dyll:lrllir anll Illlllrf,tlif.l;llll(, 51]aw11ing or Ijnr:lllel 1:WIW clurirlg :] rfmlpul:,lioll. :1 I_v:ltIIrf

I IItil is rruciu] 10 RWJII Iwrrormmlrr 011 llIr 10ss rf,gulart IIlll,rf’llirl:ll,lft I,r(lgranls Illnt :Irr rh:lrnrlvri<lir 01”

Al III)(I c)[llrr alll~lic;~liol] arras, ‘~hf, ])AI’S mndcl is clisrussr.1 ill nl[m, drlnil Iwknr,

2.2. The Irregularity of Al Computation

~f(l~i AI ]Irf>],]rllls Im=k rvgul;lrily And prf’(lirltil,il ily, Ill rflIllr:LSl I(I II I:IIIy wivl]lifir nplllirali(~llq

w’hif,ll lwrform cfm]l,llltilir)ll% rm wry rcgulnr d!il~ oljjr,rls, SIICII FW rlxfh(l siz[,[l nrrnys, Al pr{l~r:lllls

I,rfm,w rfJml,lfIx dala slrllrlurrs rrl)rrsrnlrd as 11s’s, SPIS, allfl gr:l]lhs tlIrIl nrr :Ill~wIIlr~l mI~l II IWIII)C:IIIIII

in IC vnrial)ll Ilxllrr[l during rxcrutiun. Much nr 1h{’ prm-cssil]g ill Sylllll[jlil. rfmll]lll:lli(nl inwlll”f’~

folkm’ill~ Iillkmi ]isls hy lrarinl! chains Of poirlll’rs Lllr(lug]l !wallvn’11 ]orati(ms ill Inrlll[my. i’;xrr!lli~,ll
S~11W15f(lr !!ill~l(- Sf,ri:ll I)rofW’Ssf)rS !Ir(L th(’r(for(- Iill);[(’d 1)~ [ hf, Iilll(’ ii I :lkl’~ 10 Ill:lkf’ r;]l]lhlll] rf’[ rif’v:ll~ of

iflrlivi[lllal wnr[is fIf d~ln rrom nlrmlm.vi



Parallrl cxccutimr of Al programs must also be dynamic, becauw for many Al problems the size
and form of the c~mputation arc determined dynamically as the computation unfolds, and an

architecture for A] should reflect this fact. In particular, it ❑eeds mechanisms to dynamically spawn

concurrent processes. to automatically manage t.hr paralh=l tasks and their storage needs, and to
,.espolld to L}Ic chaIlging procrs.iIlg rt.q~]irenlt.nts d the computation with load-balancing strategies to

shift work ~rom overloaded to idle processom.

Rule-based expert sys[ems provide an example of the irregularity of AI computation. They consis!
of a set or racts describing a particular problem domain and a set or inrerenre rules that can be applied

LO the fac[s 10 deduce new facts. Rules consis[ or two parts: a condition part that is a conjunction or
LFSI coI)r.litions and an ar[ir)n part [hat specifics changes or addi(ions to be mark to the racts if t hc

conditions arr salisficd. S[arLinF will] a goal that is to he established as true, an expert system searches

for son]e combination or rules a:., ] facts [hat will establish thr goal. Thu form of this search ror rnos[

expert systems is that or an AXI)\OR tree. OR nodes represent points in L!Ie search whrrr t.her~ arr
alterI]hLi~c rules or facts that might lead to a ~lut.ion, and AN) nodes represent poinls where all of

sc~eral tesl conditions in the condition part of one rule musi! be satisfied in order to app!y lhe rule [10].

,411 .4\_D/OR srart-h tree is a vrry dynamic structurr. I! is crcaterl cm-the-fly b car!] new goal to
hc es[al,lishcd. and i[ grows an,! shrinks depending on the particular facts and rules in the knowledgr

Law. SUCII a conll,u[:l[iull is miirkcdly different rron] a iypicril srientifir computation, SUCII as solving a

matrix of coefficients for a systcm of par[ial differential equations. lf AXD/OR trtes are searched
concurrcn[]y. the search must be a dynamic one with procexses spnwncd and managed automatically

during execution. Tlm graI,h-rcduct.iol) mode] is a good onc for such unl,rerlicLable compulaLions,

Graph reduc[ion is also qui[r a[[rartive for morr regular Al tasks as WC]], for example, Iow-lrvrl

computrr vision and sIwrclI procewillg [1 1. 2N, 0]. ilany Iow-level vision algf)rill)nls oprralc on fixf,d

sized arrays rcl)rcscnling lhr picture clrmrnls (pixel>) in an imagr. \$’c have expprimentcd with

automat ic~]ly pnrtillrlizil)g a]ld f,xrcuting wi[h (III. D.-11’S gra!)h-rrcluction schcmc descriiwd tmlow a

runrliOnd slwcificatioll of n b[urcc) Visim] disl,arily al~ori!hrll. v,llirl] matcl,rs rorrespr.mding parls ill a

slerro IIair of l)ic Lures to dr[rrminr thrir dis[nnrr from thr camrrn. \f’r hnvr been ablr to oh[ain

sl)ccdll]~~ Colllparal]lr lc) or sliglllly lmllcr 111:111 III(, sprI,dulJs nl,lnill,,fl I)y Cx])liciliy hnnd-rmling
l,artill~.lisn) Iur lhc same algorillllll in }IEI’ Forlran, Thv sINTduI,s for the graph redurtion were
[Jblaill(,d using ll]c D..V’S simul:llm disrusswl l)rl(Jw and rcmlpfirod wit II parallel sIwcrlups cjhtairlf,t]
using Lhc L)rnrlcor tIIH’. Ii] adlli[ion. llw fullclion~l slwrifiralion or 11111nlgorilhm is ntmul 20 timm

snlalllr th:in lhr IIIH’ Ft.rlrall I]r(]gr:lnl slid nlil rors tlw (migiu:ll rqunlinns of Ihr algorithm drfillilioll

[11],

3. GRAP11-RI2DUCTION ARCIIITI?CTURE

3.1, D,,APS

111 lhfr 1).41’S fulli.li[,ll;ll IIIrMlf,l, :1 lmlgr:lnl Is rrllrrsrlllr{l w~ h dirf, clwl grail}. W]IIMII vrr[irm :Ir(,

I:JI,(,III,I wit II [,rilllilivv opvrall)m 111111V;IIUW all(l WIIIJM, mlgos r[’rlcrl d:ll:l (Irl)(.l l(lf.111’lf,sIlf,twfv,ll
opf,r;ltfm and VILIIII+ (cJ, [1, 4, H, 22, 24, 2.;, 31]), J’rogrnrn rxm-uli(m is m-complisllt(l via Iransmul:lliom

(rallcd rcdurlimls) 1(J III(I RIII1)II, whirl] wisv,llinlly mimir Ihr rcduc[ion rules of Ihv Iunll,d:l calculus,

‘I”llis illrludl+ not rmly rvltilwling Wrlirvs wi(h their uliimnlc vdur hul also chtingillg thl’ ronnrclivity of
Ll]r grtillll, which call rrsull III tl)(, inll)lici[ dclrtion or screw vrrlirvs M W(III as Ihr ~x~lliril crratirm of

,,(w onm. (Sow vvrlicm, for rxu,,,l,lv, Hrr afldrd w+ tlw rrsull or h runclic))) ill Vr)Cilli I)ll. ) ‘1’11(’gr:lllh lhIIs

rxl I;IIIfls anfl rw)lltrtirls M 1111, r-oll]l)ul;llir)ll prf)grwsws, M stv)wn ill ligurr I.

‘I’(I sul,l,f)rl tlI’, ;rwl,ll-r(’(lllr lion I)ror(,ss llwrc is u sillglr gh)htil ad{lrms spnrr rrlwrsrntillg a frvr

sljww of avnil;l}~]r rr!h will) which tlI(’ prugrnnl grhph is c(mst rurlrd (mId II IFI}’ hc lh(mghl or mq cmr

lnrgl, hcup, ill tlw l,isl) Wnw, )l l~;irll 1’1.: is resl,tmsil]lr rOr onr rlmtigutms Imrl i(,r or t his addrrss spnrr,

and IIIUS Ijnr:lllvlism romm to Iwnr w’hrn conrurrcnl rrdcxrs residu in lIIV addrrss spnrrs or (Iirfcrrnt

I’Es. A fufik queue is :]litinl~inl’(1 (III (mar.)1 l’1~ thal e,sw’llli;llly c(mlnills p[)lntrm 10 vcrlircs in 111o gr:lllh



.{..
......~i(.....~ . . . . . .

2

Figure 1: Pomibk reduction sequence for f(x) = g(x,h(x)).

rrprrsrnting avtiiltil,lc rcrlmcrk. Exwulicn rxrum hy inilially mnp]linfi lh progrnm

3

global address space, and w (IIF evaluation unfolds, expanding Pnrlions of lhr graph nre allocated on

nrighlmring P131 for incrrwwvl pnr:lllr,lism. TIW program thus “clirl’uws”” [hrcmgll thr nrtwmrk: I ]111

nlrlh[nl for flr)illg Ibis is rlcsrrilw~l lwhnv.

(1)

[2)

(:1)

(.1)

ilIliKYr[IIIll :1] I:L*k*

rompul n[i[m ur:ll,ll

II! If’rnls or flrf/p/#

U~UHlly Iwrr(jrlllcrj lo Ill:lxilllizo I III, rh:lilrr r(]r Imrnlh,lislll. [ %illg gml,li rrtlurli[m, I h’, nw,rlw:vl hlr

r[mwxl swil riling is t.sw, nlirilly zrrf). sinrr ;111d:ll H rrlrvanl I(I (Iv, r[mlpul :11ir)ll nrv OIIIIWIIIIOII ill

(III, pr(jgrnlll gr:q,ll,

3.] .]. Memory and task mmqgmnmrt

I .nflwlyill~ I hf. Ernl,ll-rwlurl i(m m:whinwy is h prwrhll WI d 11(]11+1’l;f,,,l,il)g prIWIO.WIS I 11:11llfl~rlIrIII
crurinl tILLk S MII,lI lw gnrltngr r~dlw’li{m, irrvlrvnltl llL\k (h-ll-liflll, :11111 [:l>k l)~hl~;l!~:l!h)ll, ‘I”lll,bfo
l]ro~~sw,s :Ir(. l,~w,f] fIII I)llrfill(,l, tjf.(,(,lllr:il;lt,(l nl~fI1’illInls I 11:11PxI,rlll I, rf,llrut,wn!ly tl,illl f/1.11/I/I rrflut-fif,tl

and arr Illli’ndorl in Ill, Il:lrl d IIw un[ll’rlyillg m:whillwy, m!l W)IIIOI Ilillg 111:11 11110ll~r,r Ilf’ltl III

rr,llwrll!vl wilhm (Tlmw ~l~oritllm> It:iw III-VII (Iwwrilml ill III*I :lil UlI.IIWlIVrII [1?, IS. lfl~ :11),1 :IrO 11111
rf,lilnll III Illi+ (Iikcussi(]ll,)

3.1.2. Serial comblnal.tm

AII impt~rl mIl quwdion in any pnrdhd romillllih~ mm’ifimmrhl is WII:II 1hI’ ‘Wnnldnrily” d I hI’

pntdbl Lwiks should IJ(!, In this ru’rliml wr t.!ism.w Ihr nolkm or ficn’111rfwthinfllfm uw’d hI 11.%1’S.

9



A comfinator [29. 6] is simply a Iwnbdn expression that has no free vnriablts am-l is a constant

applicatius ~orm: tba~ is, il contains only bound variables and constants combined hy application.

These properties are crucial for B graph ieducer, since they ailow computed values LO overwrite the

nodes from which they were derived, without making copies of the bodies of functions. Hughes [21]
introduced Lhe notion or a aupcrcomhinator, derived from a lambda expression by abstracting out the

mazimallv free erprsasions: thal is, the largest suhexpreasions all of whcsc Iilerak are either cmslants

(including basic functions) or free variables. Together with a few oplimizalions, the r?sulting

superconlbina[~ms Itavti a VITry IIWIIII prr)prrty ?sccll[icm of th~ original program results in a /I#ll;I II1:u

erafuation, in thaL no subcsprc~i(w in[vrnal 10 a romltinator IJIXiy need [w rcrmnputer] ~ a rr,sul[ d’

reapplication of the coml)illa[lm m tlm snmc argument in .wvrr:ll ,li Nrr~. nr plmm. Tlli~ is o

generalization of luzincs .W dclinerl lJy 1Irn(llmmn aml \l[wris [] G], w,hicil gll:, rnn[rrw (JII!Y IIIM

argumcnld in u Junrlion CIJI1 arc nm-rr rmnpulr(l nmrr than onru. Sllpprcr)nll)i[l:lll.)r f,si,rllti[)rl is :Ilw)

generally more rffiri~nl than a rompmilicm d M311Yfiner grainrll cnmhin;llors.

Ire have rvrenlly dcvclqwd a rt~irltime~ll of a .wperconlhi,laLor called a aeriul combinntor wilh thr

importanl additional properly Lhal there i~ no concurrent aubdrudure. and lhcre JUT no targer

corubinalnrs wilh 1110 snrur prnprrlym The purpr~o of t his rofim’nlent sholllll :IP rd,vinus: if tlw

cmnbinator has no rlmcurrell[ sutw[ructum. [IICII IIMVC is IN-Jnrrd 10 suldiviflr it fllr[ her, sinrr doing -II
can only add romnlunica[ioll OS(S 10 an nlready scrp!rntial m-mpu[wim. To wlmmarize, we argm : IML

serial combinatms arc w [ht. idcul Iutwl Ijf grnnulnrity in Ihe following sen..c:

(1) They sos Mnlhinalf)rs, r:l(.ilil alillg Lhcir use in a graph- reduc[ i~m mnchinr (rsprr!:llly paral]Cl OIICS).

(2) They resulL in m flllly luz~ vv:llu:lli[m, gII:WmIIPCIIIg t]ImL no oxlrnnrvjlls rnlnpill :Iliom nrfm

performed,

(3) They II;LVO no mnrurrrn( SIIIJSIrlu.[ Ilr,,. gu:lr:,lllm.ing Ihm m) :,milnl,lr p:m,lllliwn mill III’ I(NI.

(II Tlwrc :mc m) Iurgur ,,l,j,,,’[,~ Il:lving I IN,+,’ S:IIIII. l,r,qwrli(.~, w, I 11:11II,) 0s1 r:llw,.1. .,,jlllllllll,i,’:ili,,rl
r{Ls16 :Irc illl,llrrf.ll 111.1,:111.-III,r II ,fI Illlt. :1 gr:ll,,:i:lril v.

>t.ri:ll r,,llil, ill:ll,, m ;Lr[. I]l,,ri.r,,ri. 1111,Sll,,,!I,.SI (Il)jl,,,ls I ]1:11:Irt, ,ii.1ril,ll[t,il rt, r II:lr:lllol VXI, I’111i(m ill 1)..! 1’s,

3.1.3. Diffusion scheduling

Di,f/u#itJfl .~rhdul;ny :11[:Irks I IP. [,rI,l,lPm I,( IIlwillillg wII,*II :111,!u Il,,rr 1,1 ,liklril,ul~’ IIrW w(,rk :x]!.
This d~cisi~lll is rrll,.,i:li I(I ,l,l:lillil,: LII, IIl ]Il,rrl)rlll:lll,.,’m -!,slll.ri;lllv ill :1 11,.:lrml Ill,igl)lmr If)lud(]gy \f]lI.rr

ctmlmunictilillg III ill)nlf,lli:ll,, nl,iglll,,,~ is rlIII:IpI SI, il~ \rf’vl’r, 1111”:Illfl,’,lli.,11 ,Il,,,isi,]lls lll.I.lj 1111,,, 111:1111,

quickly, :11 rul~ Iimr, :111,1 I,:Lw,II t,II ,/F,m~,#//r,~/i:d f:In,l IIIIIS inrt)ml,k,lol kIII,wlI,ilw,, II is II(II [u,ssil~lv,

tlwrrfrm, III Illmkv r,lII inl:d ,Iwisi, u:- lif,llri~li,,.~ :Irf’ mVIIIIIIl 111:11 I,: II: IIIM’ 1111. I,nwl,sw,r+’ 1,):,,1s II 11115

inrrrasillg l! III tlogrw (Jr ll:lrall PliSlll } ~“llilli nl:lilllninill~ hw:dily d rvrwwlll.l’ (I IIIIS millinlizinx
rf]fll:llllllir:l[if)lls fjvf,rllt,:illl, (;ilt.11 :1 l’li p :11.,)111 l,, rrv:Ilf. n 11,.\v IIIIIIU n, 1111, Il,,llri-1 i,,s I 11:11Illi,l,, rlil,

Ilirl’llsiwl whl,,llliillx will :Illllr: III, II IOilllcr 1111p IIr
.,

.I II :111 illlllll,,li:ll, I I]i,i,<ll!.l,r flr p, ll:l..I.II ,,11:1Wl,,:,l’t. !
SIIIII flr WIiI.Ml l’:1,.lf)r~, l,f,+~il!ty illl,lll,lillj:

(1 I “] ~lf, ],rflfml’.~kill~ 1,):111 (Ill P Ill,;ll i-, Ill,, Illlllltl,, r fd’ l:L+k. \\,l!l!l;~ r.,1’ i’\, ,’llli ,:1 , II 11’- l:L*k 1111,,11,’1.

(U; Tlw m~,nlfmy 111:1,1III] p II 11:11is. II,,W 111111111frfoI’ sl,:IrF, is :l\:lil:ll,l,,l.

1:{) Tlw l,rtwf”~~ing :11111Illl,lll{,ry IINIII IIr II:WII ll,ixlll,iwill~ l’ljm

I 1) A wf.iglllwl 11111:1.*IIrII ,Ir 11111“,litw.i,ti,)ll” ,1r p,ft~l.ll,,,,- rh,lll 11 I~i [II Ili,r II, ,111- ill 1111,Il,,lwt,rk.

The Wwl d [ I F(:J j is II, pIISII w, ,rk :i\v:Ij fr,JIII I,IISY lm)m,sww~, :11111Ib drill’l IIr i II is 111 ,1171W

IIIPIII I{m’:lrfl I III IL.I. !II Wllirh I Iwy II:IW, LII, I,:II rort.rf,tll,l.k (11111* Ill:lilll:lillillg I(w:llil}, ,Ir r!,rl.ri,Ill.l.), [II I ]Iis

W;I~ Wflrk “llirfllW.S” I lIrtdlglI llIr nf,lw(,rk ill 11111 1’ ‘I Irf, rl IIm f)r IP:I.+1 r!,ki.st:lllrv, :Ls Hllrggl,stl.ll il~ l,”i~llrl, ‘~

br :1 II YIIIIIIIIII ir:d I wlktlillll’llhit;:ll~l 111’I wdi ( FJ I I ~L XII ).
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Figure 2: Diffusion nehcduler spawvns task upwarcl.

3,1.4. Los Alamos implementation

TIN, nystcnl ~rhrdulm is nn illll,lolll[,lllnlit]rl Or llw dmwnl r:ilizw] dim+itm whdulillg Elqrmill)lll

fli+,uwd alIf Iw, ]nrfmnhli(m rll:lrnrlrrizill~ 1111, uv:~il:il,lo rhlmrity [Jr 11[’ichllorinfi prorWSfJF.

pf,ri( ,dirtilly prr)virld by 1IIC hrlwdulrr”s (’(JUI’IIWIIIWIS cm (11[,s(, prr)rrsmmm is umwl h~r IWMI bal:lnring

during thr tlistrilmt.ion or spBwning of task~. Failurr LO rcccivr such information rrom a n~ighlmring

pmcwwr, Indicating prnhnhlr l,rucrswr failure. mny IJC usrd LO initimtr rerwlwclullng d twks prrviou+

dist ril,ut cd to LIW cfh’rtcd prrswwm. Thr sclwclulcr Implicitly drfinus (Iw trrm “nciglllmrinfi IT’

(lirrmgh lLS pwrrptitm of the nriwurk tuIx.JlrJgy. Thih knowhxlgu or adj:wpnry i~ Iondrcl into the
whorlulrr pmccw. n% parl of lhr systvm inilinliznliml prurrduru, This nllmv~ us 10 rxpcrimrnl wl[ II

dill%rm inl rrronrwcl ion t.opnlogir~, evrn t Imugh the romm unirmt ions mmlium in I his lc~t Iwd

iml,ll’mrnl uiiull is III h~c[ a gh)hal bus,

Thr hmally rcsidr:ll porlifJn or Lhr pmgrunl graph k mni ntainrd by Lhe rcdurt ion tn ann~rr. As t III,

pmgrum grtildl unhdds during dll~liflll. pOdOllS of Lhv grnph m’ d)”nmicdly nlhmtled RIld rwluro(l

umkr rontml d th’ rcdurlion manngrr rddtml m mrh prfmrwor, ‘his prrwmw rrspciml~ 111rrqmwts

gcnrrutf’d aa a reYIIll of reduction arlivily, on Lhr kwa] or neighhnring pr’rnwwmrs.
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TIN, p,rf,ww,l,ir~ r,,,,,i;(,,r CI)lI,,I- 11:11:1r,fl,,,li!,: ]If rff,rll,:,nrr (f I lIf r(., illrtifm syslI,Hl ],r{)ro.>,.>

rl--ilh,hl 011 (YII.’]I lllYJIX’W)r, ].l)rd]~ pf:rlilwIll inrl,rl!l;llirm n,g*rdil]g Ilr,l\f[)rti lr:lffic, rcllllrli(m ;Irlirilym
aIIIl illlq,p)f’m f“fll]lllll]llif’:iliol) is mninl :Iilwfl m C:II, II [.rfmsor. TIw cdlw[ion aetivi[y is C(mI r,,:l,,l
I,y U w,Tl\f :,rf IIILXI,I,

T]lik illll,ll Illf,lll:ilif,]l drfl~l I,rf,vi,lf,s II* !III, :tl,ilily III fw:Illl:Ilr lflIlll,ill:llor-l):L*(’d grn] II r(,tlll,,li{,li ill

Iil I :Iplu:Il Illlllli]lroc(,ssor” ollvir(mlllrlll. III nfl,lilif,l), it all(m+ us (II fur[lwr slmty rrl:ll,,ll is+ll[+ ill
rf, nl], i!:lli,, rl. wllf.lluling. :11111r(lll)lllll]lif’:ilif,ll.

3,2. Otlmr Architectures

lli,~ill: (I;W.IIWI1 [III, nll’rilh of grul,h ru,lurli(n, for ,Iislril,ulwl r,ml],lllillg. \\(I IHII+I :,1111 1]1:11 WI, WI

IIf) r]irfirllllr iIl :)],],]}.il)g i! w wrll lrJ *]l:lr(,fl-rIlf,lllr)ry Illllllillror(,.=f)r firrl!itrrl,jr(,~. w;clI :L* III(I Ih,llvlr(jr

11111’. (“rti~ X-X11’, or M-[” [fllraromlwlrr. III r:ld. such u m-cl]ilw could Iw consi{lrrr,l tlw itlr:ll
gr~l,ll-rl,flllrli~jll engirm. lnslrml or lIw nl-rfwily Ir) did ril)UIf’ Ilw gr:I]III lo tlIr prormwm I III,
prr,cf,wm CUII (]irwlly rv~]urr Lhr grnl,]) in r(mlnlol) mr,,mry: Ilw nl)ilil y [u Anr? Yulur+, WI, or t III;
C]lilf Virt U05 (Jr 1]1[, gMIll]l-N’dUClkMl 1110(]1,].k I]IUS gIT:ll 1~ Cllhld. TIIr pRIIIlCIU of I(I:III l)ul:mrin.q is
vast IY Sillll,]irlrfl: (Ilr prr)(w)~q)m CHII I Hkr wr)rti frrml a ronln][m qurur d :i\”wil:Ild(, mcluc[iiuls.

A vrwi:,l i(nl on Ihr s]l~rr-ll-lllr’lrll]ry rrlullilmm’wum is a m:irllimm SUC]I ILK lhP 1)11S ]1111lf’~fly. ill
whit-h I)n)rf.sk,)r-lllrrllr)ry ptiim am crmrmlrd IIY n ghhd swilrh. I lrrr, cnch procewmr hm hL<l nrrw+ I(I

il> wwJcititcd rnrnwq and relntivrly slnwer but unirorm nrrm 10 ally 01 lwr mrmnry. A Iikrly slrnlegy

rttr IIJ:N1 I,:ll:llwin; irl this rww is ngnill 10 usr R rnmnmn qurur, hul org:ulizrd surh t hnl rfich pnwmwv

cnn III rfmm rrt!urti(ms LIIW mn lIr nrronllllislwd In its lord nlrnl(my Iwfrwr Itr.diing ftw wrwk rlsmvhrrr.



shared-mcnl~~ multi proccsmrs thus app~ar [o be a hospitable environment for parallel graph

reduction, but we arc devoting most Gf our aL[rnLion to the more difficult probl~m of distributed

computing because we believe that sl)ared-mpmerv archi Lcclures cannc]t ultimately deliver lhe
performance gains that have mutiva[vd rmearch in parallel processing. Onc cannoL indefinite,: odd
proce.sofi to a common memory Wil]lOUl sufrer:ng a pprrorrnance IIegraclalion from mcmcmy cent,.nlion

or increased memory accw.s lime. Indwll. sh~red-mcrnory arcl:i[eclurc.s t.ll:it achicvc a uniform memory

acce= Lime germra[]y do so by makinc r]ti~ Lilllr uniforn:]i.’ w[mst-r~se. l.. three arcl]i Lrrture5 arp scrd~.,1

up Lo large numbers d proceswm, Llli., !JPr(mi~,> significant. Ttlus, it :Lpf~c:Jr* CII:I[ Itle oIilj’ way IrI m: Ike

effec Live use of ma-ssiw pilr WllCliSill i.~ 1(J IIis[rihute compll[ing rl,.w)llrws all!] Pxlll(]il Io,.iilily in r]rr,gr;l:l]-

to minimize conlmulli-ations ovcrllr:lfl.

Tllca[tracli,.{, i~.ssc,r+l]:ir{il n]rn](,r}~+i~le rrr,rll prrr,~rlnnll((.], r,,l,lr.?lls. t~.u,.?i),rtvilllr!,, ,Il[i:::::,l

neceksily f,)r dislribuliun. SU:WISL l!lal :1 lly[]rid al)proa,:h is res.w}rlaljlc: we COIIGI,,II{,L s]l:ll.1,11-r:l,.[:;,,rv

nl’ll~i],roce.sw~m ~,rwll:ltrwr5izr, is 1(.l]~fi,i:,l. r+ml LIICW h~rom(, IIIr II(IIi#:s ill :1 ,Ii,-[ril,llt,.,] ll(.IIr,,Ik. 111

sucl) a syslcl II. \vr Llliljk [)1’ [,:lr:dlelisn] m Ijci[]g :lvail:ll,lr 011 Ilvo Ir.vrl.s: :L (ig]][]!. rf]ll[,lf.f!. p~.r!)lp.

smdl-grsinell ],2r:dlrlisnl willli:] :1 llro~:v>>irlg rli,l])[nl. an!l I(J(JsPI}. collr]lrtl. I;lr{f,r gr:LiI1l.il [~;Il”:I;!~.l!5111

ovrr [he nctw(.,rk :L. :L ulIol (,, ;\ Illirfl If.vlvl st)(~lll(l Iw rol).+i(lrr(,ll. th:l( (JI’ III(. I’llllrlif,[ltil lllli(~ ~~ill.i:~ L

p rocexor: it is IIfrr 111:11 Pllrrl,lll v(, rl(, r ,SIIII(.I.I,(IIII]III!PR :I(,]]il..rf. 111)1,’1101 [ho!r 1,(.rl”(,r[]l:lrl(,l,. ! ..-

pipelining lhrsv uflil.+ ●[) [IIJ1 ,I:LI:I call lwstru:llnl,~i IIlr[]ugh llwm :L1 & high ralf,, ar],l lIy [:vf:rl:l[,l,illx 11.,

cxecu Lion Or inslructioms r(;r irltll,p~’llllrnl uni(s. For single-i I15Lrllrliorl. mll!~il,le-(1:1[:1 lSl\!l),

parallelism. such processom :+rlli(jw fin exccuti[~r) rate that w’olllcf l),, tli!’~,llil to IICI,]II JVil!l
Asyrichronous rnulli[jrocessing. Tu Itlc hxlrrtl, L]l!,rrr(]re. Llitil S[.\[l) r):lriil!l.!i.sl:] ~.~ ,] f:l,,r:r ill .\]

problems. we may t,x[)f,rl Vcc[or ]Jr(If,f.~sIIr+ II) III- iml,or[:tl]l ill Iil’1 1! gr,rl(,r:ili{>ll :11.,,!li:~,(.!ll:.,.. f’l, !,ll~li<

future l]igh-~,cr~,~rnl:lllrl wl]][llltillq SY.SIOIII+ tiill l,{ I:]rgc-st:llt, ,Ii.lri!,l](,l l,,!’.i, rj. - ,!’ -!;::;,!-!II I:II(,v).

pipclin<(l vcclor l?lllllil,r(jl.f,ssol%. Iih{, I IN, ~’r:ly X-\ Ii’. :\l III[~IIv!I [11~ :Il,l,li,:tilji!i!! ,.!” gr:ll,!l i.[!ll,[i):l [,)
Vf.c[:jr prnr~>,ki,]~ l];J.< ~Ct !(, Ill, PV;,IIJ:III.11. Jr,. ~ll>[lr:rt [!1:1! :111~ :Il,l!i!:l!iv!, I] I, JIII, I , 1’ (,.ll!l; ,lll:ll:>:l i.

likely 10 lJr :I!,”:IIII :IKI.I,IIS.
,,

i,!)l]ki[ll.,l,il:~111:1[ .t/,f,:ol.i.z:L[l[)ll [)1’s,,il.,:)[111(. c,JII.,. [III ,,l]l,r,.ll! ~.l.(.:( r II,:, .:;i:~l,,<
., .:, . . .

seems :0 Ill, 11111111,11I“IY III(, :11,11,1.V~Jl (Il,llllllzillg [’ijl]l!,il,,l= !,, ,Il,l,,rll;ill,, , :11:1 , ,,:, Oil,],111,.;II. If, v.~lr:i,,:II
p:lrdl,.lisnl rrom wll!lf,[i!i:il illll)cr:lliv,, Ijr,,gr:ll]ls,
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