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Abstract 

lIardw.lIt' àlml<' Il> IIhldllCWllt to al\ow hlgh-pcrformancc complll,N !->ystcms to bc­

(O!ll(' SU( «·:,~flll; ~opbistlcitt<·d (ompilers are ttlso requircd. Compilers fOI systems of 

t.his tyP(' wdl ,t( I!H'V!' t.ht'Il effectiveness, \lot from ally ~illglc optimizlllg li ,Ul8forma­

ti(J!l, hlll Irolll .Id"<tIl('(·<1 Ju'0t!:l'éun allalysl~ (Uld s('\ertive appheatlOll 01 Illally proveIl 

(Od('-llllpIOVllIg trit\l',fOl III al IOIlS. Ont' such analYf>18 t('chniqlH' wlllch holds promise, 

('~P('( I.dly fOl FOHTHAN-~)O applications, IS a collcrfwc unaly8zs tcclllllqlH' d('\'elopcd 

by Sarkttl .1Ild (;ao whlch use~ grdPh cclormg to dClerminc whl'lheJ a du!->l('l' of loops 

('.111 he' plO('(·%(·<I 111 il pipcllllcd manner [SG91]. The loop clusler8 w(' ,-oll~\(leJ III this 

Cah(' (\II' t.h()~,(· (OIl~18t.l\lg of 100p8 which definc arrays and successor 100ps whic\t use 

t!l('1I1. WIWIl iuray (,Iellwn(,s which arc gelwratcd III one loop are able to be lefelcnced 

III li\(' ~.\J Il(' 0)(\('1' by SIIC«'S8,H' loops, the loops are c07npatzble for pi pcl1lled proce~slIlg. 

011 (\ IIlllltlplO( ('S~OI, pijH'lincd processing \s accümphshed by rUlllllng the f onstitucnt 

10op~ 011 diff('J('1I1 proceswls; whcrcas on a Ul1Iprocessor, the loops al<.~ fllsed and in­

t,('rIlH'(!t,üe ail ays elimillalt'd through a proccss of colleclzve imnsfol'lTlatwn, Itself a 

1>1O('('S8 w1llch oftt'n (J'cates additional opportunities for code improW'IIlcnt. 

ln t.his dOClIIIH'Ilt wc dcscribe enhanccmenlb tü Sdrkar and Gao'~ loop coloring 

terlll\l(}ll<' wll1ch illlprove transfOl mation effl'divcness of optimizing '_OInpilel s for 

Ullipron'ssorsi w(' aIso dcseribc a minimum-cost partitioninr; heunstic to achievc effi­

ri('llt. t.1 allsformat.ioll in the l'vent a loop clustcr contains non-compatible loops. Based 

upon ('l1Ipiricti.l eVld('IlC<\ we theI\ show the bcnefh from loop t.rallsforInation can be 

suhsl (tntlal, III (('1 tdIll installces resultmg in four-fold spccdup for cert.ain typcs of 

('()dt'~. As pal t of our ('xIH'nnwllts, wc use sam pIe codes for both compat.I hIe and 

1I01l-COIllIM.tlbl(' loop c\lI~t.CIS, run on ('aeh of three <.hffcrent t.ypes high-pt'rfollnance 

1I1\1J)J'()«'~!'lors' ,t H ISe workstdtlOll, a superse,ilar workstation, and a mainfl allH' vec­

tOI plon'!'lsol. PlO('('ssor and CMJ\(' slIllulations dn' then uscd to [1II'thel !'lub~tantiate 

()I!r 1t'8ult s OW'raIL the-;(' t'xperilllents JlIllstrate the advantage:, of llSÎllg ('011('( tive 

.III,lh·!'lI!'l alld transf()J Illiltioll wit hin optilllizing (ompilcrs for ea~h type of llIaclllllc. 
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De no,> jours, llll support Il1rll('ri<'1 dlicau' n'(·:,;t p(l" :'Idfi:'dllt (lOIIJ .1:-.:-.111('1 qll'l\l\ nldl 

nateur haute-perfollll,Hlc(' .-tit du :"11(,«(':'; l'utilisa!.loll dl' (()lllprl,I1('lll:-' ..,npl"..,1 Iq1\(':-, (",1 

aussi néc('s:,alr(', L(~" (olllpil,It('l1r~ l'mil «(' (YPt' dl' Illd. hlllf' d':1 1\(".1 It'Il1 .. 1111 .1111('., 

non pas d'UIl(' scule tl'dllll<jll<' d'optilllhcltioI1, Illtll:-' hlf'1I d!' 1111 dl""! 101. d'III! ('11"('111 

ble d'analy!->(';" ct de trcuhfOllll<lIIOll.." (hw ,tp;))()( 1)1' PIOII]('I t.,,,,,,·, pdliit 1111'''11'111''111 

pour les applications ('( lite.., ('Il FOHTHA:\-!)(), 1',;1, 1'(/11([1,1/'( (()II" //l't d,',\ ('lllpl)!'" pdl 

Sarkar et Gao, ctpplO( Il<' qUI utdi'lt' Illlt' 1,'( hllltlil<' d(' (0101,11 1011 dl' gl d pitt" ... cI.lI.' l" 11111 

de dét<'rllllllt'J SI un ('11"'('11\1>1,' dt, IHlllcl(·,; l'l'lit (·t 1(' tr,ut(" ,'t l'didl' d '1111 PIIlt'IIIII' [SC;q Il 
Les t~llselllbl('s dt' bout lt-~ <pll' nous ,dloIll> ,',t11dl('l l>OIlL !('~ h()11( 1(':-.. :,('1 \dlJl .. cldll!.: cI(·,; 
tableaux de I!l('IlI(' qlH' «('1I1'~ IItJh..,<lnl Ic~ 1 cl bl(',tII:, ,1I11:-"1 d/·Iilll:-.. 1.1)1 "<i11(' Il''' ('11'1111'111:, 

" d'un tableau produit:" p,tI 1111<' bOlide ..,0111 ,,1111,/':-', p,u \111,' .UIlh·llIlll/ l,·, d,'II, l''III('IIH' 

ordre que celui olt lb ont ('1(" pllHltllh, Ol\ dll ,dOl'; (PH' 1(·.., df'\l'\ iHIIII Il'', .lilll ((JIII/IIII, 

lbles vis-à-vis UB traitt'llH'lIt P,lI plpdlIlt' J),iIt" 1\11/' ltld( 11111,' d plll~l!'lIl~ ]111)( 1",',1'111"', 

un traitement par piIWIIIH' P('lIt l'tl(' lt"alI..,{· ('il ('X("Cllt ,tIlt 1('," dlV('1 ·'.1· ... IHIII< Il''' ',III d",; 

processeurs différents; par cOIltre, sur 1Ill<' maChlIH' il 1111 ..,('111 plt)1 (","'1'111 1(·,; IJOIII J(.:-, 

peuvent être fusionIll'f'" ct 1(':-. tabk,lIlx Illtt'IIIl('·dlcllJ(·'; 1)('11\'('111 ('1 J(' /·111111111'", J.',I:I' " d 

un processus de t1-~nsf()/'nwll(m (,01/((111'(, 1('(1111'1 proC(· ... slll> IWIII 1111 111('/11(' (1('('1 .1(' 
nouvelles possibilités d'optimi"atioll du cod(', 

r'alls ce mémoire, lIOIlS C\i'CIivom c('rtàinc:-, ctllH;IH)!'(üioll:-' ;L 1,1 1('( ItIJlIjll(' dl' 1 {JI 

Ol'ation de graphes pIOpOSÙ' P,II Seuk,t! et. (;,\0 d,lIl:-' 1(· bill. t!'dJll("!r{JJ('1 ';011 ('lIil d( lit'· 

pour des machines à Ull ~1'1I1 \ll()(':-':-'('III, I!UU:-' (1<"( II\'OIl!-> ,UI"'';I \lllf' 11('1111',11'111«' dl' 

décomposition à coÎlt III 1 li Il 1111 III dclll'" le (.t.., <l'Ull 1'11';('1111,1(' dl' IH)Il< l,·,; 11'111 1 IIllifldl dll,'", 

A l'aide de [(~~ult(tts ('Ill pl rl<l 11/'''', 1I0U:' 1110111 IUIl.., ('Ihlll\(' (Jlj(' 1(,:-, dVdIlLII':" d'IIIII' 1(,11" 

transformatioll PCUv"Ilt ('11(' .... ub!->t.IIIII<·Ic" (oIldlll..,;t1t1, <1<111.., «'lldlll:-" Id' d d", plO 

gramm('s quatre foi:, p111:' dllCe\( ( . .., D,LII'" 1(' '-Idl(' dl' Ill)'; ('À I/l"lWIII (", IIIJII', III d 
isons dC'~ programm(':-, (OIll('lIdlll <1(':-.. bOIl( 1(''-. «(jll1p,ttd,I(':-, <1111';1 IJllI' dl''; 'JI/III 11'" IIUJI 

compat.Jhlcs, chaque prOgleUIlIlj(' ('·!.lIll l'X/'( 111/' :-'111 1101'; Iyp":-' dl' 111.11 III Ill''' d Ildlll(' 

Il 
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p(>rlorlJlrlllce: Hile statioll dl' travail HISC, IlllP ~tat\01l de tra\,ul ~1l1H'r-"(id,UI(, ct 1111 

1)[(j('('SS(>tlf vedorid D('~ ~lllllllfit IOIl~ dt' pro('('~~('llrs d dt' llIémoilt'~ (ad\l''> ~Ollt dll:-'~I 

Ilt r1i~(~('s IHllIf ('oufirHwr Il.>,> f("~1JILtt 'i 1)(, fa<;oIl g(~IH'>1 file, ('('c" dlver,>(':-, ('Xl)(;' iel\( ('~ 

dlll~t.'('!It. h!'i avantag(>!- d'lItdl~er Il''> t('dllli<j\J('~ d'alldly~(' <'l dl' trùllfollllatioll coll('(­

t.IVI>, 

III 
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Chapter 1 

Introduction 

III spite of thcir great speed, supercomputers today are still not fast enough to solve 

many of the problcms users would like them to he able to solve. As a result, machines 

of ever int reasing computing power are needed, and although more advanced comput­

ers are cO/l~laJltly l)('ing developed, the introduction of a new machine usually cornes 

al a. «)~t of illClcascd complexity. The reason for this complexity is simple: either 

lllat hilH'S 1)(, lIIade to operate faster or they be made to do more work concurrently. 

Althul/gh dock spceds have bcen increasing, the potcntial for further clock-speed in­

C/('a.,>(' i~ IlIl1lt('d Iwcau:>e of a physical constraint on the rate at which VLSI, and more 

rl'('('IlUy U LSI, logir is able to operate. On the other hand) concurrent r;roccssing in­

volves overhead~, surI! as communication and synchroni2atioll j whîch quickly erode 

tl\(' pcrformanLC bcnefit which rnight otherwise accrue from concurrent hardware, 

esp('cidlly If the hardware is not effectively rnanaged. 

As a consequence, hardware alone is insufficient to allow high-performance COffi­

plltt'l syst.ems t.o achieve their full potentialj sorne fonD of software support is essential, 

and becaus(' of the complexity inherent in controlling program execution on parallel 

hardware, this ~oftware support will necessarily take the the form of a highly sophisti­

catcd optimizing compiler. COP.1pilers of this type will achieve their effectiveness, not 

flOIll <l\Iy ~illgl(' optimizing transformation, but from advanced program analysis and 

s('lt,ctiv(' ,\'pphratioll of many proven code-improving transformations, likely requiring 

lIluch do~('r pmgraml11er interaction than has heen required of optimizing compilers 

in the past. 

1 
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CHAPTER 1. INTHODUCTION ,) 

1.1 Scope of Research 

The subject of this th('sle; IS ci new loop rlllcilysis and tr,lIlsfol'm,1t \()II kt hlllqlll' wltll II 
brings cornpilN Ü'( hllology c1os,'r 10 Ille('j IIIg t he TH'I'd~ of Ill'Wl'I hl!.dl l'f'l tOIIII.\II( l' 

computt'r al chit('ct. U l'l'S. ]11 ~p('cific I('rme;, the k(hniqIH' pro\'ldl'"'' \\.1\ 01 .11I"h/'lIl).!. 

loop dUf>ter" in whlch III<' 1('cHI loops ddille cirIdy l'II'IlH'llls ,llItI :--Il< (1''':-'\)1 IOtlp" Il'''c' 

these e!ement!-, to ddilH' .J'<'t ot.!wr <lIrct.Y~. Alray (Olllpllt,ltltlll'" of thl ... t\Pl' ((I\lld 

easily compris<' a larg;<, pOl tion of ail.\' sC!clltdic (Olllpllt.,d 1011. ('''PI'( l,II h li t 1 te' dPI'It­
catIOn wer<, written 111 a lauguag<' ll11ch <l!'> FOHTH AN !JO (~oll"t'qlJ('1l1 1 \, hl'III).!. "bl(' 

to proccss anitys of tllIs typP ('flinelltly 1~ of fUlldctllH'lIt,tl 1111 pOl LIIII ('. \\'1Il'1I ,III "V 

clements which ctr<' p,(')wratt'd III 01](' Ion!> c\1{, dhlc t.o 1)(' [('fl'I('111 ('d III t Ill' ~.IIlI(' III d('1 

by succ('ssor loop~, the loup" ,U(' ((/1I1!,attl)Jt' lUI plpdllH'd plUf 1''>~IIlp, OJi d 1I1I1It 1 

processor, plpellllet! proc('~:-,illg I!'> dU ompltslH'd b)' llllllllllg tilt' ( lIlI~t Il 1I('liI I\)op~ (III 

dlfferent proccssOls, wlIcH'os on il llnlprO«,::,sol, tlll' loup:. <lI" III:-.('d ,11It! 11111'111\1'(11,11(' 

arrays eliminated through d plocess of co/Jreil/'f t1'll1/,.;jOl'l/IailOl/, ,\ l'lf)( (':-,~ 1t,~('11 Wlill Il 

often crcaies opportuIIII I('~ for additluJlal (()(It' IIllprovPllH'1I1 

By considering clu:,!.er:, a:-, a colkctlOIl, rat 11er th,\ll indlvld'l,\lIy, d (Olllpt!('1 h ,d,l(' 
to identify opportuntllcs for tran!'>fOJ'lllclllon which would Ilot 1)(' .l(lpdl ('lit W('I/' t 1)1' 
loops considercd mdivldllally, as III trctditlOnal loop optllllll,tll 1<111 A:-. w(' :-.ltt)\\' III 1"1:-. 

document, the benefit. front applying a global persr)('ctivt' 1,0 loup t r,lIl. \"1 IIldt.I!)1I 1.111 

be substantial, especi'llly in compiling progIcun::" su ch <1" FOBTIL\N-IjO PIOI~I"III", 
which allow statements in vedor not.atioIl. 

The particular loop analysls Ill<'thods w(' l'vaillate ciJ(' ba:-.('t! 111'0/1 t('t IJiliqlJ(''> dl' 

veloped by Sarkar and Gao [SG91]. Gao fiIst remed t}H' i:-,slH' of collcl t 1 V(' loojl dllill­

ysis in the context of an mira-block ]Jzpdznwg prohkll1, hl!'> pn"ldl y fo( Il'> !'l'III)!, t1w 
development of compiler techniqlws for :,tatic déüaflow arcltiV'( 1 1IJ('~ LI 11'1 , Sdl k,t! 

and Gao developed strateglt's fOl :-.olvillg ll('vcIal COIlllllon :-'lIbcla~,:-.('s of t111' plol,I/'1I1 

[Gao86, Gao90, SG91]. Most of th('!'>(> slIbcl<l~~e~ dr<' I('vi('wed t111011,l',!JOllt t lm, r!()( Il 

ment. In gencral, the strateg;y behllld Sarkar <Lud (iciO'S te( hlliqll('''' 1" tu 'l~(' gl.tpl. 

co10ring t.o analyze the ~ultabiltty of cl (011('( llOll of loop!'> 1.0 1II1d('lgo (1)11('( 1 IVl' t. tlll"'­

formation. When a clustt'I' of loops 1 ctll 1)(' found whJ( It ,.., (Olllp"tl"II', 1 ht' Illd,Vldll,t! 

loops can be fused, allowITIg; ~('v(~ral fol\ow-oli trcill~f(jnllcttloIiS 1,0 1)1' fWllollrlf'd 

The loop transformatIOns l'IIIploJ{'d in Idt'lItifylllg; and analyzlJlg I()0f> ,1:1'>1,"'> ,11/' 

100p norma1iza',Îon, directIon [(>v(>I'!'>dl, cilld loop lIIt('1 c1lrlll!;(" I,(J0II INI/ 1111111.,,;(/1/0 11 

transforms the loop-control pOltlüll of l'ct< II loop '>0 tltat alll()op~ III tlll' (111~tl'l Iltiv/' 
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IIll1forlll bOlllld.." !">I!'p, tllld din'ctioll. 1,001) 7'cvasal, which is often Ilccessary for 

loop 1l0l'fIIitltZ,tllolI, l'I'V('I''('!"> t.lj(' orel('r of array ekment. àCC('SS wil.hin a loop body by 
rev('I!">inp; t11(' IIHlc'XlIl1!, flllldlOIl of iuray r('f('rcIlces. ThIs tram.formation IS nccessary 

wlwll('v!'/' t!w dm'( 11011 of ,\ loop i.., (hàng,ed. Loo]! mifl'chanq(, un th!' oth!'/' hand, 
(1Ii111p;('!"> t II!' o/'dl'/' of ~lll tly rd('[('llclIlg hy challglTlg th!' ord('r of I]('~tillg of pcrfectly 

Ij('~t,('d looj>!"> III l'lkl 1 Itrtp1.c'r.." ""I!">tl atioll!"> arc glVCIl of caeh of thct>e transformat luns. 

0111 (' a ('oIllJ),ttd,I(, loup (11I..,t('1' l!"> ld(,lltified, loop transformat.lOlI i.., p!'rformec! to 

IlIIprovl' plogl<llll pC'rfOllllilll«' Â!Ilong th(' follow-on loop t.ransformatlon.., WhlCh are 
wwd t.U iH (olllphsh t.1\1.., ohj('( t 1\'(' (lI(' loop fUSIOn, array contraction, and software 

pipl'lillillg. 1'()()1I rll.~wn i!"> <l( (olllp!J!">Il<'d by rnerging statern(,Ilb from Sc'\'t'I cll loop!"> , 

('aell havIllg t li(' ~<llllt' 1001' dlwct IOIl, into a single loop body. The ef}'('ct 1'> to J'{'ducl' 

J('d lllldallt 1001' (Ollt lOI w 1111(' IIl( 1 t',tsillg loop- hody si:œ. With a larg('l 100)) body, 

tll<' 'H'('c! fOl loop llllfOllIlIp; ,Uld t Il(' effe( tiveness of instruction sclwouling are also 

eff('c!.('d W,thollt fusioll, loop llIlwllrnl?; is orteTI Ilsed 1.0 Incr('ase the J1lllllbcr of ill­

dC'lwlld('nt instrllctioll:' withlll .t loop body, available for instI \let ion sdl<'duling IJoop 
1I1l1'oIl11l,9 plan':, :,t.àtr'llH'llb fIOIll ..,cveral loop iteratIons within a single it.erdtion, 111-

Cl ('ùsi Il)!, t h(' lonp stt'p (Olll !n<'IlS11 ra tely. A rray contmctwn transforms al ray clem{'llt 
,d('I('J1C<'S j,o l'quiv,tlcllt s,alàr rcfcrcllccs. This transformation can ollly occur If an 

.ttrôy ('I(·IIH'It1. i:, hot il plodu( et! ,tnd cOllsumed within the same loop body 1 Cont.rac­

tion hà!"> t.11<' <>ffc( t of t'IiIlllllclt.ll1g, array llldexing Hlstructions as weIl as the dssociated 

IOllg-I,t!.ell')' load:, and stoles t.hat. al'company sneh rcferences. At th(' same time, 

elimillttl.,oll of tll<'se cirTay lefelCIlCt'S reduces storage requirements by e1imillating the 
rtrrays th(,\ll~elV('~. The Ill1pact of anay contraction can be substallt.idl, a~ wc will 

show. Soft Wll1'(' ptpcllllln,9 is an lllstr uction scheduling technique whieh tltrough an 

lllllolling pwn's!"> finds a pat.t.ern of independent instructions across it.erations, ail of 

which ('ail h(' SlIlltdt.MH'ou"ly executed if the host machine ha.') sufficient paralieltsIll. 

Not. only dOt'::> this transformat.lol1 increil,s(' the number of instructions which ar(' COII­

currently ex('clltable, it. distdllC<'S lOllg-latency depcndencies which otherWlse IIlight 

st.all t.llf' h;udwcu'(' exerutloll pipeline. As with the preceding transformat.ions, these 

tl'al1sfol'lnat,oll~ too M(' tllu"t, ,LI et! III subsequent chapters. 

rn CôS(,S in whid, 1001' (olllpatibility docs not ('xi .. t, the constituent loops of a 

clllst<,l' can tl~llally be P,tl t it,ol\ed into sm aller compatible cltlsters, and follow-on 

trclllsforlllations, su cl! as loop fW'loll, applied to cach sm aller cluster ln doing SO, 

lIl11ch of tilt' origillal h('ndit ftolll loo}> fusion ran still be achieved. Loop partitioning 

1 Wolf" \lM':" IIH' tnm ·'.ur,t) conl r,H tlOn" 10 rt'fer ln the t!'chlllque for reduclIlg the sire of , 

l'l'llIptler gt'lH'rdl<'d tt'lllpnr.lr) ilrril) Cft',llt'd ,t,., <l W'iult of sralar eXpallblO11 [\VoI89] 
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for I00p fusion IS t 1)(' ~ubJ('ct of )t'l't'nt n'~(',\Ich b~' (;,\(). Ol"t'Il, S.lI h<ll, .\llli l'llI'hl-.l1ll. 

and Blan)' of the idpd:-. pl ('s('lltpd in the dOClIllH'1l t dt'n \ (' II \Jill t 111'11 1 (·"t'.11 ( Il, ,d t ht'llglt 

the speCIfie algont hllls W(' (,lllploy .ln' sli!!htly dIll't'lt'lIl III ~('\'('I,d 111:-.1 <III, .. " 1< ;OS l'q:!j 

1.2 Thesis 

The proposition of tllls thesls is thal, il, is both ft·ct:-'Ihlt· ,Uld !H'1l1'i1t I,d lOI dll opl 11I11/.llIg 

compiler 1,0 !wrform coll('ctive loop étnalysis. '1'0 prov(' 1111:-' 1)J0P0,",ltIOIl, w,' fil:-.I :-.how 

how colledivt'dllitly:-.i,> <all lw dO(,)(,lltly p{'[f(J[llll'd 011 ,o/llp,t!lblc luop (111..,1"1" ()III 

prlmar)' focus 111 thi:-. [('giud 1:-' tl\(· apphcetlioll of loup tllldl\"I:-' 10 plU,!!,Idlll" \\,1111('11 III 

traditiollal imperdl ive pl ogrùmIII IIIg leUlglldg(':-', "II ( II "" F<) HTH AN, III .1 1111 li If 0' "":-'01 

sctting 111 wlllch tl)(' compilel oplillli2dtlOII :-.tlaftog\ 1 .... lu Ill .... '· loup" \"It III Il ('<1, It 4 UIlI 

patlble loop c1u:-.ter. Although t/\(' lonp dIldly<'I:-' l," IIlIlqll" WC d(·<,( 1 d, .. dpplt.· .... 0111 ..... 

1,0 loop:-. with (ertam It':-.trictcd cla~s('s of dl l (1)' 1 d('I"fI( P:-', t I\('~(· ( 1.1" .... ('" JJI( Itltl,· t!1f' 
most COl1l1ll01l cases that. O( CHf in prdct ln" fOf ('\:,l1l1pl(" 1 lit' ,.1:-'(', 01 "1111-','" dIIlWII"IOII 

and two-dimeusiollal arrays. vVe nl:-.o d(':-'CI!llt' ri 11\11111l11l1l1 (o<,\. p"IIIIIOII"J)..', 1\(,1111,,1.1( 

1,0 achieve dficicllt fUSIOn in the not so 11I1h~('ly ('V('II(, 1 lit' (olllpd('1 ('II( Ollllt./·I:-' ,\ 11011 

compatible 1001' c1ut>teI. Althollgh a ddfi( IIlt plobl/'1I1 10 <'01\'(" lIlfllIV (()111111011 (.1:-'('.<' 

cali be solved eHin('ntly with optllnal l'(,"lIlt~, ,1:-' \",' wdl "'!IOW 

Through a serie,> of timing tesb on V,trIOIl:-' 1.YI'('" of (!( 1 11,11 IlIlql!<H (':-'<'01:-', \V(' ed!'iO 

show the (''{tent of performance improvemt'nt pO"'ilhJt. flOl!1 .t t I,III"loIIIWt! (111:-.tcl 

of compatible loops. We assess the cfred of dlicf('llt alld Il .. 1\,(' pdl t tllOlIllI)..', ()f1 .1 

non-compatible loop clustcr. For the~j(' !'('sb W(' lIS(' il ,( ,II <li' H IS( ~ WOl ~,t.,tllt'" (A 

3PARC Servel' 4/490), a superscalctr workstatioll (Ail IBM HISC Sy .... I(·"] WOO, Mod('1 

550), and ct mainframe computer with ail att<lclwd VI'( tOI pHI! (':-'<'111)..', f.1( dlfy (Ali 

IBM 3090/VF). Fol' cach type I)f madlllw, loop t !,ul"fOllll,t!IOfl 1:-' :-.II()WII I.u 1)(' of 

significant bencfit. Moreover, this hcndit IS show Il to 1)(' ('qll,dl v 1 III jlOl 1 .tilt III tilt' 
case of non-coTIlpatiblc dusters '1'0 furthf'r ';ubstalltl,tll' (JIll 1(·<,ldt ..... \V(' tI'plll ,d,l'cl 

our cxpCllrnents on ct sealar IHocess0r simulato! .tll(1 ,t (,li 1](' "1111111,t! 01 Th(·:-.(· tf'<'f.:-. 

reveal yet auditioll,t! inslghts illto thp cffccLs of the IlIdivlclll,t1 1,1 cllI,>jOl Illdt I()II" wh:!.· 
allowing liS Lü lsolate in:-.tructjoll-sdwdullllg df('( h (h('I,dl 0111 j( .. ,f.', (011111111 Illdl. 

collective 100[> analysis anu transformation (an Iw of ~,lJb'11 rllll led !H'lIl'fll IIIOplllllll',lIl1!, 

compiler:-. for tilt' threc l1nlproC('~'sor dI'chit('ct1111''1 th,d W('f(' Il .... (·1\ :\1()f('OV/'I, W(' 

producc ev)(I('II«' 1,0 :-'lIgg(~.,t that t/w perfOrIllctIl((' Iww'flt fJOlI1 Ilw:-'l' tldll',I(II11ldIIOWo., 

cspcClally dIray cOlltreHtioll, cali 1)(' t>ubstctlltlal, 1('",dtlll1!, III d !olll-!()Id ",w/·dllj> III 
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prOf (·..,:-.or IWlfo/'lnall('(' ill «'rtain instaIlc(,'~. 

1.3 Overview 

'11l<'!I' ,\ l'f' fOll 1 !li dlll pclft~ to t IIIS docunwnt· l'II(' fi rst IMrl. desc/'Il)('s the proccss of 

1(J0p-< \lI"I,('r dll,dy~I:-', fir~t III th(' Ca."H' of compatible clu!>tel!> and then in the CdSC of 

nOIl-( o III lM Il bl(· ( 111:-.1 ('1 ~ The ~('cond part dcscrib('s rclated work 011 t his Sil b jCct, along 

will. 'lh:-.!. of lopl('-, fOI hlItllCr f('~('alch The tlmd part of the document de!>cribes 

(':-':-'('1111<11 t 1 (t1I~f()1 rn,lI 1011'" Iwcdcd tü !H'I for III collcet iv(' loop analysls, dlollg with sev­

('I,d «(JI'U Ilon lullow -011 tr,lII<' fOl'llldtiOIlt> ) lltelloed to illl plOye process\)J pel forlllance. 

Thi~J P,II t ,t1..,u d('~( lIl)('~ il Ilulllbcr of Important Tf'lated tram,[Olmatioll:-' wlllch arc 

1I~('d III the fUll 1 th IMI t ur i lit: document a~ cl. h,tt>i!:> for perfùJ maIl( ('-te!:>t cOIllIMri!:>oll. 

And, tlll' f01l1 th <l\lel fillal pal t thcll desl . .-ribes t Ile Iesult!:> of tlmmg ,iIId sllIlIllatioll 

C'XI)('I 111l('llb ((I1lt! Il et ('d 1,0 ('valuate tIlt' pel formance of colledi ve loop tl ansfùJ ma1jon. 

A!> dll ,tddt'lldIJIJl to t.llI!> docuJIlent, we also include several appendl(es, the lirst con­

taim' ""lIllPIc tot!p Il!:>tlllg~ IIscd dnring loop-transformation performance cvaluation, 

clllt! t.lll· 1('lIlaiIllllg app('ndic(':, c.tell provid<> a brief de:-,criptioll of OIle of th(' computer 

al'l-;Jitt'ct.lIlt·'" and (ompikrs u~('d durillg t1l<' evaluatioll 

Our di..,( 11~!>I<H\ of loop ôn,tlysis bcgins in Chapter 2. In this chapter we t1rst ontline 

t.h(· pn·coIH .. tIOIl!> Ilnd"r which collpctive loop analysis can he pcrformed, Wc then 

de:;crilw ft V,lI l.tllt of Sarkar and Gao's graph-colormg technique which can bc used 

to dt't('llllill(' w}}('tlwl th(' constituent loops within a 100p cluster are compatible for 

collcctlv(' tr,Hlsfollllat.I011. A descriptIOn of the two principle graphical constructs used 

dl\lll1g thl!> (OIl1IMI ibdity analysls is given, along with the baSIC lI1tUltlOn behind the 

ü'c1l11iqlH'. 'l'Il(' Iwo !Hlnciplc COIlstlUcts we describe are 1) the Loop CommunzcatlOn 

Uraph (LC(;) and ~!) the loop compatibili ty Interference G raph (1 G). J usttfication 

for tlw loop al1'llyw.; mcthodology is then provided along Wlt.h d detailed dcscnption. 
Ail ('x,Ullpk of t h(' cmalysi~ of a clnster of non-nested loops is then provlded, along 

wlth ,t lIIot i\'at.lIlg descnpt,1011 of several basic follow-oll transformations that might 

l)(' lH'rfolllH'd loi lIcr('a~(' loop-c1uster performance. The chapter t.hcn continues with 

ail (·xcllIlpl(· (lI .l1\otlJ('1 SPC( Jal case, one involving doubly-nestcd loops, a.nd finally it 

cOllcludcs \\'1t II cl brId dC!:lcriptwlI of the strategy for hdndliIlg dll~teJ!> of loops which 

hd\'(' ail ,\1 bltr.\Iy, bllt ulliform, Ie\'el of ncsting, 

III ('h.tpkl .3 \\'t' t'XdlllilJ(' tllt' not ullhkely c<u:>c in which COlllpdtlbility does Bot 

t"\lst .\I1101lg t Il<' loop:-. 01 il (lustN. ln this case, compatible subsets of loops must be 
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CHAPTEH 1. INTUOJ)! i('TI01\' 

Identlli('d throllgh d Plt)(c-.-. of dll-.t(,! p,utltllll1l!1g 1'0 !lIotl\.lII' 11I11 .11'>111-''>11111, \\1' 

first illVC'1:>tlgèlte tlH' I1d! lire of 11011-( OIl\!l,1I !bllll \' B,ht'd IlpU\I 0111 ,1\1.11\ ~I'> III "UII\(' '>1111 

pie sit.llatlOn., ill wh)(11 1I1)[(-«()1lIp,lllh!lllv ('"\:l'>h, \H' It!ClIttl\ LII 1111', \\hll h Idlllll.lIl''' 

det('l:lIine th(' optimallt) of IIII'>\<'! p.lltltW!IlIlg \\(' t!!t'II .lpp" UIII Id''>('1 \.ttlllll'> 1., 

se\'elal b!!cf cÀ,unplt''> wlllch ,dlo\\ Il''' ln g.tlll \,('1 .1 1H'11t'1 1IIIdt'I"I.llItlill)',.1! tll.· II''! 

uisitl' CO)]dlt\())]~ for optllll<lII><lllitlO!llllg BcI~('d II(lUII tllt''-,(· t·'''II'I''I·'' \\1' dl'II\I' .Ill 

dficit'rlt h('un:-.!'\{' to p,u 1 It IOH d nou Ctllllpdt "dt' t 11I~tl'l (1\ IlIop" 1111, l "111,til"1 1 tllllp,lIl 

LIe c1u:,tt"'rs, U:'lI1g tl)(' j!ow-all,ljllli 1/111/11 Jllllh ,lIgollt bill fW\l1 1)('1 \\!l1 kil,)\\' t hl 01 \ \\t' 

lI'en conclud(' this <.hrl.ptcr wlth ,t (omplt'I<' d(' ... ( !lpt lOll 0\ t)lll 1I1t't Il\ldolllp,\ .tlltl tilt' 

l'al ional bchind 11 

Chapt!'r -! de1:>nlbl'~ f('I,lll'd !t':-'(',jj( li III t III' ,11(',101' (oll('t t l\'t'Iuop t 1.l1I~IOIIII"t IIJlI'> 

This work IS (·"pene!lIy II11PO!: ,ml bc( <Ilh(' 11111< Il 01 t ht' 1!It!('!l('Il<!l'lIt ! t·'>'·.II, il 1 qlOllI'd 

ill t1h' previous t\\'o dldplt'! ... d('nv('~ III o!)(' Wdy (I! <llIolllt'! flOl1l tilt' Il''>('''1 ( Il lt'lHlI tt·d 

herc. \Ve beglll the chaptC'r Wlt Il 'L d(':,( Ilpt 1011 of S,II ",li ,tlld (;"1)':-, IIIt'I hudoltJg \' lOI 

collective analysis, dt'!>uiblllg bOUI lt~ .\dVil!1tclJ-';t'''' ,Uld dlSddv.tllLl/!,(·" O!\I' lllljlO! 

tant aspect of thls pctrticular I!'~t';t!( Il I~ 11 ... dppIH.\blhl y tu \I11t11'1)!(}t("''>tll ""Ildlloll'>, 

a situation wc ourse!ves do not dllt'ttly dddlC.,S N( xl \V(' clc ... ( !tllI'.t1l ,dlt'llI,dl\(' 

algorithm for c!ustf'r partttlollln!!;, c,t1kd (o!lfdll't [(J0Jl !1l .... 1011 ,\-. l'dit U\ UI)! d,· 

scriptioll wc compar(' collective loop fll~lon Wlt il tht' )MI tlt Jf)lllll)!. t(·( 11I1I<jIW d(·~. 1 JlH'd 

in Chaptel:~. \Ve then follow tlll:' d(':,( liptlOlI with .t l>lwf ~'II\('V 01 !1·I.If!'d «',,('dlt Il 

in the area of 100)) transforlllatioll, ,md finally W(' It~t .t 1l1l1ll1H'( of "'lIl~I!,t",kd tOpll '> 

for furthcr rl'scarch. 

Chaptcr 5 contctins a (!t:,cu%io!l of f('],!lt'd loop tlctIlSfof!nittl()!I'i whl< h d!(' (':''>('11 

tial 1) dUling the f,crccning pW«~~., to id(,!ltlfy ('Iigibll' loo!':-., .'!) dll!lll).!, tilt' <lII,1IV:-'I'" 

process to adlieve loop nOllllailzat.ion prit)! to cl!1,dy:,i ... ;U1d pip"]l/\(, (Olllp,tI,lb!lILy fol 

lowing analysi5, (lBd 8) durlllg p(,1 formall( l' t()~tJIII!;, tu !>rovl<!(' <l bcl~l~ fOl cid.'! !111!11!1~') 

loop transformati"n effectivI'ne ... :, Amollg tlll' tr,tllsforlllitl10!1~ dl"'( Il ... ..,(·d 111 t.hl'" Il!~I 

category arc in-lin" expanSIOn, llOl'lIlctltZcltloll, ~('al<l!' n'lIrlllllllg, dUt! lIod(· :-,pllttlllg 

TI ansformatiofJ1:> wh ich fall i !Ito t!\(' .,('«Hld (al ('gO! y ct! (' d ))'('( tlO!l [('VI'! :-Olt!, lo!)p 1/" ('1 

change, loop fusion, ,trray cont.ra.ctlOlI. alld ~()ftWdrc' )Jlpdlllillp, J\lId, tldll~f()IIIl,dl(lIl~ 

which faH into the tlllrd cctl('gory ct!'(' lll ... trllt 1,1011 :-.c1l1'dlllt!l1!, ,tlld I(lop IlllloJllllp' 

The foeus of Chapt!'r 6 1:-0 011 )('1 fql !lI,lIH (' t(·!,till).!; 'l'III' (hap!'('1 Ihl'II 1., dl vitll'c1 

into two parts, the fir:-,t pa! t di:-,( Ib"'('~ 1 HIlIIII!, t('~b, illid th/' ",('( ()nd P,lI t, '>1111111,11 1011 

r('sllits. For each part \\(' ('v,tlll,dl' tlcl!l~f()rrll,\tIO!l IlI'tfol'lll,lIl(" I",~,(·d Iil~t llJjllll .1 

compatlhle !oop clu:,ler and tlwIlIII){)\) ,\ 1I()IHt)!l\p,tllhl(' (11I ... I('r III III(' hr.,1 IIl~tdll(l' 

\\'e aIl' prlInct!tly illtcr('~t('d 111 !J('!fOrIll.lIH t' IlilpIOV"Il11 III flOll1 t II<' 1I· ... p'·' llv,' loop 
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tl.tII:-.forlll,III01l:-' t!W/ll.,('lvc':-" wllll!' 1fI the :-'('C(H1d IIlstance w(' aH' illten':-.ted III tlll' 

1/lIJMrI of ,tltC'J IlittlV(' part Jt 1(!IllllP; clIoJ«'<; In the sccolld part of the chapter, \\'1' use 

JlJO( (,.,.,ur cllld (ct(})(' "llllidat 10llS to ('vdluatc :-.everal factors wbich could ilOt. be c(\:-.ily 

I.,ol,t!('d by t IIl1ill).'; t(·:-,I-, alolw, "JH'cifi( dlly, tl}(' impact of in"itructioll :-.c1wdulillg alld of 

c ,II /)(' \V(' C 'Hl( !1u!«' Ollf (!J"pln (m rW1 fOrlllaIl«' te:-.ts by ~urnmarJzing kt')' findillgs. 

IM:-'C·d 111'011 (1111 ovc'l.dl te.,t I('.,ulb. 

'J'IH' fill,Li (hctpll'I, Chapt('r 7, i:-. éUl attcmpt to tic everything togcthcr. In the first 

1'.11 1, of the (h,tpt/'f WI' .,ullllllarizc th(' most significant findi ngs from our rescarch, 

.1IId t/w tl)(' I,tl('r part \VI' Itst addit.ional topies we fccl rnight lead 1,0 important new 

1/':-'111 (:-. III t II i:-. .LH'a 

lb 1I01t·<I PI('VlOlISly, \\'(' COll( lude' t lm. document with a Humber of appendices COI)­

tdillillg 111,11,('11.11 :-'J)('(Jfi(,tlly relatcd tu tilt' performance tcst1l1g deserihco in Chaptcr 

(i, AplH'llcllx A (Out.ci.in:, :,al1lple IIstlflg:, of the codc used for the actual timings, and 

ApP('lldi( (':-' B to D d('scrih(' the ViLlIOIl!:> an hitedures and compilcrs used during both 
tlJ(' tillliIlg tests and the proC('s~OI/cdchc simulations, 
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Chapter 2 

Analysis of Loop Clusters 

Much of the computatIOn illvolved in f,( ielltJfic plOgr,ul\:' O( ( III:' \VIt hlll 1001':' wh\( h 
produ('(' or consume larg(' arra.ys. As d r('sltlt, b('lIlg; ,lhi(' tn 11,111<11(, loop'" dli( \(,lIt 1) 

is of fundamcnt.allmportauce. Mucb. work bel:' hct'Il d('(olllph..,llI'd 'Allltlli Ilw pd:,1 

several years \Vith regard to loop optimizatioll, alld III,tIIY dfl'( j 1\'1' 1('( hll)(I1)(':' h,lvI' 

emerged [Ban88, KHP+81, PW86, Wo189, WUll] Tlw:,e 1.('( IlIll'!I\(',> Il''II,dh fllc\I:, (III 

rcordermg st.at.CIllellt.~ ('it.hcr to ,LVoid da,t a and (,o!lt.101 d('lwlld"1I1 1'.., will< Il (<III ..,1..11 
a hardware executioll plpclin(' or 1.0 avold IOIlp, lateIl( v 11I('lllUI \' 0p(·I,IIIUII.., A k('Y 
point, howcvcr, IS thal. :,ill'.x· t.he:,p technJ<{lw:, Il:'\l,dly ))('1'1.1111 I,() d "llIg!(' loo!, III'~,I, 

their effcet is lleccssarily local. 

In this chapter a glob • .>J analysls technique 1:' d('~cnl)f'd to filld ri (,()1/1jJllilbll ,,1'1.01 

loops across a cluster of loops. By compatible w(' rneall t.!Wf(' ('xI..,h <1 Il Il 1 fO/ /II :,('q\ll'nl (' 

of array references which allows a clustcr of loop:, t.u })(' )fO( (',>,,(,<1 111 " "oft"",II(' 

pipelined manner. A compatIble order might !w found hOTII ct:'II'lIdlllg 'illd/OT dl' 

scending loop directions or, in certain CIrCUIJ1StiU,«'h, frolll LIli' Illt('[1 Il'1.lIgl' of t.wo 

levels of loop nesting. 'NC' rder th~ th(' procC'ss of findlllg cl (ofll)litl dlk ~d of IO{Jp~ ,\'> 

collectzvc loop analys2.'. ln general, collective analy~i~ IIlctk(':, 11:"- of ~('V('I,d ((lIllIlIOJI 

loop transformations, among which are loop norIIltllIzatl()lI, dlll'( tlllii Il'v(·/:-.,II, ,11111 

Ioop interchallge. If 100» aIlaly~i:, is successflll, in otllf'r word,>, If ,1 (Olllptll rI,l(' :,1'1 

of loops can be round, ~ev('ral othcr common trtll1:,forlIlrlt I<JiI'> 1 () 1I11I1IO,(' 1 Il(' lo()p 

cluster beCOIlH' pos~ible, a~ we wIll show with a s('rie:, of Imd ('\"lllpl('''' tlll' IHI 

mary transformationh }willg loop fmlOll and drray (Olltrel( tlOl1 0111('1 1 Ild(· 1I111J10VlIlg 

transformations, sl',ch cl~ :,oftwtlw PIP<'lining, I()op 1I11ff>lIillg, ,t/ld 111,,1 III( 11011 ,,( IlI'dlll 

ing, might also be Il:,(~d tu fllrtlwr (,l1hallu~ the <juallty uf t.he (JV('[ ,dl, od,', 11111 III Old('J 
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('liA /,'1 L'U:2 A:\'A J. YSIS OF [J)()]J ('I, l'S'fEUS 

10 f(J( Ih Oll Il)1' ,\II,dv'>l'> ph,t'>.· of loo!, PI()«'~~IIlP;, \V(' h'dV(, d(,~(f1ptloll of tllt'~(' lattel 

1 rclll~fol 1Il,IIII/II". ,t!I)IIg; will. (olllpll'te c!(',,( npl IOIlS of tl\(' forlll<'f, unt Il (:hrlpter :>. 

(hl'I.dl, 1111" Pdlllfld,l[ (h<lpl('l h ()r~dlll.œd cl'> follO\\',>, III Ill/' fll~t M'cllOlI w,' 

<1,.:-,( 1 dl<' 1.·!t·VIIII! (olld" ,ull'" or pJ('PI()rt''''~llIg. !l('( (':-,:",tr)' f(JI (olleel 1\',' loop analy::-.i". 

W(, ,d,>o ,k<"( IdH' III<' gt,q,llll 1011-,tllll t:, 1I:",'d dllflll[!, (Ollll)dtihdll,v dlld.ly:-,i~, ctlollg 

will. 1<'1,11('.) t"llIIIIIOlol-',\ \\'1' IlwlJ ",pla"l th(' 1-',"II<'r<l1 ratiulI,t1l..JlIlld (Olllpéttlbiitty 

,1Il,t1y"" .. dlld dl''''(ldw t.lw lI'(l!lllqlW w,' Il'>(' 10 C\«olllph"h th, ... dlldIY"I<." d lcclllliql)(' 

wllI( il 1 ... ~llIlddf. IllII Ilot Idelll)(,d, 10 the Ollt' propo:-,C'd b} SMLII dnd (;dO [SG91] III 

1 Ill' :-,('( 11011 t !Ieil foll ow ... , w,' g;IV,' an ('xample of tll(' colkctJve édlcll} SI', of the COllllllOIl 

(d:-',' 0111011 111,<.,,('<1 I()()p~ \\", thell ('O\I'! allctly:-'IS of d()lIbly-IJ('~t('d loop:", alld fillally, III 

t.h" 1"..,1 ~('( 1 1011, W(' ,'",UllIIII' (''\\(>1,'';11111<' of (oll(·ctiv<·loop ctIlaly~l~ thctl <t[(> appropnale 

f()1 ollw! '>1)('( I,t! ( .1'>1''> lII\'ulv111,1.'; fllgl]('r-]"\,el ne~t.t·d loop!:> 

2.1 Preprocessing 

s(,V('[ ct! (olldl t lum cil (' [1<'( ('ssary 1.0 qualify loops for analysis, and selection of loops 

:-i.tI,i:"fYlll)!, 1 11<':->1' (owltt IOIl~ for Ill:" an IOtegral part of the collective analysis proccss. 

III :-.(·1(,( 1111,1.'; luop"', 1 11<' folloWIIl,l'; 1('~tflctiol1s appiy: 

1. J'Il<' dlll\('n:-'Iolltiltty of tilt' array!:> must be the saille for ail arrays leferenccd 

\VIt !tlll t II<' (II\~\(') of loops lWÎIlg analyzed. 

~ 'l'Il<' index varielbl,> of ailloops must incrcase or decrease by the same constant 

éllll()\)lIt {l:"\)cdly t Ill~ amount, called the loop incremcnt, or stC]), is ± 1. 

:l TIlt' luop:-, lI~('d 10 d('f)ne the arrays must be p('rfcctly nested, and the number 

of I()()p~ witlllll l'aclt 11(':"1. must equal the dimellsionality of the arrays being 

1('f(·['(·II('(·<I FOI (''{clll1pl(·, il code block which performs matrix multiplication on 

n)J)fo[ Illdhlt' :-,qllclH' 11h11 Iln'~ is disallowcd bccause the calculation of the inner 

plOduct r('qllll'f'~ <lll éld(ht.iollal loop, one more than t.he dirnensionahty of the 

IMI 1 l< ip,tt mg ell),"Y:-' 

,1. An IIldl' .... \'cUldhk call only appear in Olle subscript position of an ana)' referente. 
'l'h('l('fol(', 1 ('f('[('IlCf's of the type A(I, I+J) (in whlch land J are the respective 

indlll 1 iOIl \ ell'l"bk ... for cl Ilt'st of t.WO loops) arc disallowed This condition, that 

~llb,,('\ ipt" hl' 1/111 Ill/pll'd. ell~o ~'nSUf('s thctt ('ach rcference hels the ~eUll(, Humber 

of :-:uhs( Il pt .. " .. 1 h,') t' dl (' loops III t.he surrounding loop ne:-.t. 



1 

.. 

III 

.1. Althougb IlDt ("'''l'Ill l,d, ,(111)1 her d""ll III pl IUII \\1' lllclht' 1" t Ii.l! "cll" 0111.1\ 1·11' 

1lH'llt 1)(' d( tilwd (\h,1t 1", ~IOI('d) 0111,\ lllt' l' 1'!11~ IUlldlllllll, I.dl,·,j 11\1' ~1//lllr­

(l.-.,'oI!llilllf11i llllt. 1" d • ()l'llllolI ('h,II,lItl'll~tll uf fil Il. \11111<11 .I11t! dIlPIII."I\I' \.111 

guagt'." ~I\( h .l~ lI.t"h~'11 .tilt! SIS.\L, ,lIId Il 1" llllpl1l11 III .111.1\ "1.111'111,'111'> Il''1'.\ 

III FOHTII :\:'\ Ij() 

TIll' al)()\'t' ntt"lld I('"t 1 J( 1 tlt,· po.,,,d,!t- typt· nf Illup., \\ hl," 1IIIl',111 1,.. \lit 1".11'.1 III 

a clustC'I to oIlly t ho~(' wlllch l,Ill 1)(' fc".,!l,ly t 1,III"f()111Wt! 

other progulill \ hilrdct(,IJ~,tlc" lll<lhl' code (oIldlllllllllll.', 1' ...... I·IIII.tl 1 Ill" 1.001,'\\llIl', 1'011.1 

graphs d(,~clïl){' ~Ollie (Jf tltt' conditiOlIIlIf2, tlt,1I "h'llIld IHI Iii \'11"1.11111' Il'111 III 11111111', 

!>hould 1)(' IH'lfürlllt'd DIl <Lily fllll( 11011 Ih." III.d,.,,, Idl'!('ll( l' lu d )!,I.,j),dl\ .1"11111·,10111.1\ 

The pllrp()~l' of 1I1-1111IIl).!, 1;' to «(JII(', 1 IIlf2,('1 II<'I .1" IIldll\ pllklll l,II 111"1'" .t, I",,·,tl,j(· 

'l'hi!> IS IIllpoltallt IW("ll<"(' ..,11111 1 \Ill'.! plol.',l"lIllllll1j~, 1(,.,\111·. III (ud,' \\!IIIII Il',(',, ,"I" III 
fllnctiolls ln IIrlIrl,t'.. :-.hollid 1)(' !oIIO\\('t! I)y d,d.t !lO\\ ,1Il,t1~"1" 1IIIIdl"'Hl'dlll,t1 tl.,\\ 
analyslf, {'nsure.., ,h,t!. ~(<tJ.\[ \',\rt"bl('~ IIt,II ,II<' 11'f('I('II(I'd \\1111111 111t· 1111,1' 111,.111" dll' 

Ilot fedefincd bctw{,(,1l th(,11 n..,,' III Olt<' !()o!> ,llId II\('II 1"11',1' 1,1,.,\\ Il<'lf' III .111\ !.,llu\\' 'III 

loop, \Vhat intrci!HU(edlll,d f10\\' d[l,tly ... I"'llllpll€'~, III tlw,(d,I', 1\ 111.11.111\ .".!,'I('IIII<I 

bC't WN'1l cl igl ble loop~ ( .! Il 1)(' III 1 iv,·d 011 t of 1 Il<' \\ à Y \\ Il ho 1( l ,d 1 l', 1 III)', pl. 'L',I d III 1 1'1 1 «'1 1 

!les::>, The lI<'xt ~t('p in colle( 11\(' ,tIlrth, .... I., "huuld 1,(' loup 1IIIIIlIdll/,tI,.,11 1 1 If' 1"111'''''1' 

of nOflllahzatloll I~ to 1'10\ Id<, cl U III fOl III lid ... h fOl lo()!' 1 III Il j!dl 1',011 \,1/ Illd\t/dl 11111 

consists of 1) 5cttlIlg tht' loop «1111101 wlthlll (',It Il loo!> II).l Idll)'," whll Il ('\11'1111'> II"III 

a lowcr boulld of l to an UPIH'I !)()\Illt! of S, wlw[i' N 1.., 1 Il(' ,1IIjll ... kd IIIHllld, dlld ::!! 
setting t.he step 1,0 1 Of (Ourse, ally (hailg<' ... Illade ln loo!> pdfclllll'tl'I'" ,tl ... o Il''1,',, ... 11 .1 Ir' 

corrcsponding chang(·s tn lIId(·x van<lbl(·~ \l'''(,c! wlI bill Ill<' Il''''l't'( 11\1' I.,ui' 1,,,.1\1''' 1 

OncC' norrnaitzatioll i~ cOlllpleted, loop ~!'kd\()11 Cdll 1)1' 1'1'1 fOI 1111'. 1 l '''Ui' "'1'lt'{ t Il)11 

involvcs 1) array vt'rifiratloll, 2) loop !JOUIJ<!... (h(·( hlllg, <11111 ,f) 11<' ... 11111', Il'\'( 1 (II('I klll,L'. 

Array verification e!1SlJ[es that ollly tho~(' 1001''' will< li (I( 11l,dly jJl<ldll< f' \JI 1011"'1111\<' 

a globally declared array arC' IIlcl\ld(·d III Ihe (11I~I('r WllIle V('llft(,tll(lll h 'JIlllllllIg. 

subscript coupllllg could al'io 1)(' ch(·( ked (Iklll :1 ,d)()\f') HOlllld ... (III'( LIli)',. 1)11 1 III' 

other hand, t'll~ll!('S that tlt<' loup IIppel 1)(!Illld fOI ('dl Il I"op (()!JIllll ',f,tf"IIII'ill 1'" 

the same fOI allloop~ lIutler ('()IJ',I<!('I<1tlllll LI"tly. Il IH''''!III/!, 11'\('1 (11('(" ('!J',III''', llldl 

ail loop!> uIIdeI COIl"ld('latlOll hel\'(' tl!!' ~<l.ll\(' Il'\e1 (JI IlI',,1 Ill).', A ... d 1111," plld .... " IJI 

preprocessillg, )o(',tl How alli:tIY"'I~ ..,ltoldd IJI' rwrforll\<'d lu Idf'liI lfr d,If d r!('jll'lldf'lll f' 

withm loop bodi(·s. dqWlldC'll('w.., whJ(h (Oll..,tr.tlll I(){)jl dll('(lilill. 11111" j!1('\'f'1I111Ii', 

dilC'ctJOIl !('vers<t1.2 Loop'" whH h 1'0"'''(''' det! d dl'J!('lld('llll(''-, w'!1drl Il)/'11 1)1' t d!'p,('d 

q,{)Op lIormaltz.-\tlOll \., dp",crllH'd \11 ('It,qll"f rJ , S,'<tl<ttl ", '2 1 (c,,,. 1"\1-',' 7K) 
2 Dtrl'ttlOIl r('v('r~al 1'1 d".,cnlll'd III Clt,lplt'r;1 ~"'ÎII' JlI ;) ,1 (..,,, p.\gl' K'2 ) 
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01" "( ()JI"II.lIll1'd" ()Il( " d,t! 01 fi.,\\, clll.dY'I" l', (OIl1plptl'd. tlH' re~ultillg loop (11I"t('r 

,,(·If" kd wOItld III' Il'cld\' fOI loup «(Jlllileti !I)JIII.\ tUletl.\~l" ('ompatibility analysl", wlllch 

1" tlle 1'11111.\1\ Iupl! (Jf Ihl" \ Il,'pll'l 1" cI!',( Idwc! Il'· ... 1,. 

2.2 Graphical Constructs 

ï 0 11l1d,· 1" t .Uld tilt' 1 0111 pet 1 Il ,I! Il Y <l1I.li:, ~I" pl (){ ('~~, 011(' fir~t Illust Illlde[ ~talld the tûols, 

III (on:--!,II/( h. 11""c! d11lll1.L', Ilw pl ue,,:--,> , tlll' Iwo 1110:'1. impOitallt con~tIuct:-, t'mploy 

.L',1.lph:-- (;1.,,111.., ,\lI' (JII('II 11'-.,·<1 III dl'\)\( 1 lI'l,dIOIl..,lllPS alllollg illdJ\'ldl1till'lltJtics III a 

W,I!, whlC h Illtlk(''-, .t glol"t! lI'],llllJII',ItIP 1 k,lI ,\ (.t..,(' III poinl I~ grdph ('ulol1l1g The 

(1.1"''''\1 ("dillple 1" tilt' ,.,I(J!IIIP, ()f, ",ty, pulltll.tl [('glOll:-- 011 ct t('IIJt,IJlldlllldj> ('olùnng 

p!t/I,I"III'" :-Ol1( 1101'-. Illdp' (Jlllllllg .l'" ..,ulv(·d \l'''llIg.\lI lllluj('i(TlCt q/uph III the cetse of 

.t III,'!>, th, Il'glOII''' \w('()(I}P IlO<!I'''' ,111<1 ddJ.H l'lit ICP;Iulletl bOIl!l(i.ui('~ bel Olll(' dl(:-- 'l'hl' 
ol'JI'( II\'f' III t hl'" (.,~" 1" to (01()1 Ill<' Illetl> IIItl'rfc[('/lce graph ~o that 110 t.wo adjacent 

lI()d('~ ,III' III«' ',01111(' (0101 III C,('III'I,d, ddt'llllllllllg d, mlllimum, UI chromat/c lIumber, 

I~ <ldli( IIlt (.111 N P-I Olllpl('k pl<Jbll'lll [pSti2]) lIuwe\"('I, 111 lllaIly situatl()Il~, cotollllg 

h'·llIl..,t I( " II<I\!' Ill/l\'t'II <jllll(' pl olt t)( .11. d~ III t Il<' ca~(' of rcglster allocatIOn [CAC+Sl]. 

Wh.1I Sill k,lI .111<1 (;.10 <11"( ()\'('[(·d i., th,tI the allalysi~ of 100p clu~tl'I '1 cali abo be 

( 011 V('I Il'd t Il .1 ).',1 ,tp Il (OIUIIII)!; prohl"!I1 ~I!l cc an .Uldiogous corre~pond(,llcc oftcII cxists 

\VIth I<'~I)('\ 1 tu thl' oldl'l~ III whlCh arrdy clements arc dcfined, 01' ge!l('ratcJ, wlthill 

",ollle 1\I()p~ <lllt! tlll' orJ('(' III whlch the)' dIe u~('d, or cOllsurned, 1I1 latel' loops. The 

ohJ"( t 1\'(' uf (uiOl IIIg III t III" p.l! t IC\l!.t1 lIl~ta!l( C 1'> t 0 fInd a set of compatIbl(' loops 

wh\( h pl odll( (' c1l1d (OllSlIll}l' tlrrdy (,Iemellb in a compatIble order which all()w~ array 

vdl\l('" tn flo\\' thlOugh cl (JlIsler of loops in a manner simIla.1 w software plpelIIlIllg. 

('0111'( II\'(' l\h)1> dll.lly~l~ IH'/!,1I1:-- wlth tl\(' con&truct.ion of a Loo]! CommllnicatlOll 

(;,.aph (U '(;) Ali L('(; I~ .t dm'( \('<1 InuttJgraph depicting the flow of array valucs 

ht'fwI'j'u tll(' (Otll' hlo(k.., Ih,tt PIO<!Il('(' dnd conSUIlJe arra.ys. The "flow" in this case 

1 l'pl (,~t'II 1 ~ I\o\\' dept'lIlknc(' 1)('( W('('ll .t~~lglllllt'Il b to array elemclIts i TI one code block 

.1lIt! 1 hl' 1 Oll('''pollding lI~('~ of the"I' clements III follow-on blocks withill th(' loop 

c111~t('1 FOIIII.dly, é\1I LC(,' = [N, A Ji ç NxlV], where ri E N is a nocif' and 

1 < 11 " 1 V 1 A 1I0<lf' 1/ 111 ,\Il L< 'C Il'IJI ('~('1I ts a code bloc k com prised of pcrfectly 

11I· ... k<l ]tlOP:-O [\\'ol~Nl Ail alc Sm.TI E A r('pr<'~cllts the transfcr of array CleIlll'llb [rom 

d plodl)( Illg (odl' hlock (0 <l COIl~llllllllg Ollt'. Craphicéllly, 1 his tram,fer is "ho\\'11 by 

(0111)('( Illlg tht' OIlglll of .ne Sm." to tlH' outpllt. port of 111 corrcsponding to anay X 
.\IIt! III<' kllllllllh of ,\", ... 10 the 1 ('''llI'( 11\'(' llIput pOlt of 1/ An examplf' cll1~l('r of 
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DO 1 = 1, N 
A(I) == 1 

END DO 
DO l = 1, N 

B(I) = N . 1 
END DO 
C(1:N:l) = A(I:N:l) + B(l:N:l) 
D(l:N:l) = C(1:N:l) + 99 Node 2 

E(l:N:l) = C(N:l:-l) + B(N:l:-l) ~S-­
DO 1 = 1, N L~~ 

F(I+l) = F(1) + D(N-1+1) + E(I) -
END DO 

(a) A Collection of 
FORTRAN-90 Loops 

(h) Loo}) Communicatioll Gmph 
(Lee) 

Figure 2.1: G raphic Reprcscn t.a t.ioll of a Col\('( lloll !II L()()p~, 

loops and correspouding loop cOllllllunication gl clph i" :-.II()\\ Il III FIl-';llJ(' ~.l Nod(':-' III 

an LCG arc furthcr spe,ificd by a tuplp of Ana)' Ac('{':'s \1('( tO!', 

Each Array AcceS8 Vecio1' (AV) is Ibelf Ct VC( tor of 1 llPl<':-. III wlllch t!H' lil:-'1. d('lIl1'lIt 

of the tuplc IOdlcates the correspondcnœ bdwt'{'1l tht' :-'1111:-.( Ilpl:-. wwd 10 tl«(·:-." clll 

array and the loops tlscd to gencrate thc::,e sub!->(Ilpts; Ill<' !->('(IJlld (·I(·II)(·IIt. IlIdllat(':-. 

the direction of the Cùfl'('sponding loop. A dir('ctIo!l (')('/111'111 (,UI lw ('IIIJ('! P/),,!I IVI' 

(increasing) or Ilegative (dccreasing). A pO:-iitlvc C)('/)\('l1t 1" IlIcI\( ,d,I·d Ily ,t plu:-. ( 1 ), 

and a negative element, by a nllnU:-i (-). Ail AV cont.-t1l1:-' 0111' loop-d!I('( t.11l11 t.llpll· lOI 

each subscript in an al l'di, For ('xampl(', A(2+, 1- ,3+) d('''\ t dH'!-> ,UI dit cly A WItH It 1:-' 

referenced wlthin Ct three-loop ne&t in wlilch the outel loop 1 clll!->('~ tilt' :-'('1 Ulld :-'lJb,,( Ilpi 

to decrease, the middle loop cause!-> the filst :-iubs( npt Lo Jll( 1 ('ci!->I', .llld 11\('11111('1 loup 

causes the third st'bscript to JJ1crease. An AV Hl = {(l, f' 1- / ,1 --/};k l' 1'- l,} I~, 

associatcd wit.h each Input and output P(Jlt l' mnd(,llt tu !lod(' /1 il! Ut<' L< '(:, wltl'I(' 1 

is is a loop idelltlfwr dnd k I!-> the depth of loop T)(':-.tl!lg \Vlte!1 1 lit' AV II1J lOI clll dl [<lY 
X which i& produC(>d in code block rH is pain·d \VIth tlll' AV li) lOI 0111 ,1IId'y of t.\1(' 

same namc which IS consumed ill another code blo( k 11 tilt' prUI fOI III tif(' :'1)('( dj( tll.lOIl 

of the arc Xm.tl III the LeG. (Sec Figure 2.1(1)) ) 

For certalll code block~ tlte loop directioll (aIlllot 1)(' !('Vf'I!->('d Iw( ,IIJ!->(' of d. datrl 

dependence acro&& IteratiollS of tl\(' Joop. Su(h ri df'rH~f1dI'TlI(' i!-> 1!~lJ,dly 1I·I"II(·d I,q do., 



,-----------------------------

t 

l 

l 

(fl/APTEU 2 ANA LYSIS OF LOOP CLUSTEHS 13 

cl /OO]l-CllT'1'lLd (!fprndrua III thi~ ca,.<,c the cOflespollding Bode IS called a constral1led 
no,if- 'l'II(' lIo(k fOf the loop-cMflcd dcpclldence <. feated Gy tl\(' assignment statement 

ill t/1<' la~t (ode 1)lock !Il Flguf(' 2.1 is :tIl ex ample. In an LeG, nodes which are 

lIIetl ked with an d~l,('m,k rt'f('r to constraillt'd Hodes, a~ iudicated for Node 6 in Figurf' 

(h ). 

ColI('dIV(' alldly~ls applie~ to many dlffercnt loop configuratIOns, each represent­

illg cl diffcn'I1t éU ray-refercII(,c sequence; but thc Illcthodology we describe considers 

only two 1IllltuaJly ('xcluSlv(' array-referellcc scqlH'nCCS at a time For loops involvmg 

V('( tors (1 (' , olw·<II11l<'llsiollal arrays), the sequPIIce is eithcr ascending or desccndillg 

loup <111('( t 1 Oll:-" , cllld for douhIY-lle:-ted loops that are unIformly ascending, or descend­

illg, alternat.lve ~('qll('I1( e<; arc determincJ by interdldnging two nestcd loops within 

t.!H' 1>101 k, or equlvlt!('I1t.1y, ~\\ it<.hing the sequence of iIldlCC~ within ail acccss-order 

V<'ct.ors of the corresponding block. The way this works is descnbed fully later in 

Uw chapl,('r FOI now, however, we mercly emphasize that only two array-reference 

ord('l's, 01 M'qll('IlCe~, MC allowed at a tllne, for eaeh block during each phase of loop 

COrtlJ>.\t.l bdlt.y dndlyHi~, clther 1) alternative loop directions or 2) an interchange of two 

l('v('h, of loop llcstillg. The II1fOJ mation about these alternatives is contained in the 

11lft'7jcrC/l(,(, Umph of the loop cluster used during the particular phase 0f analysis. 

Ali Int('1 [('rell,c Graph (le) is an undirected multigraph having nodes grouppd 

accol ding 1.0 b!ocks, each block being comprised of two nodes: a primary node, n+, 
corr<'spondillg to a node in the LCe, with input and output ports matching the 

respective origms and terminuses of incident arcs to this node, and a complzment 
11 Ol[(', n-, cont.ainillg a copy of the primary node but with AV elements changed 

1,0 refled. the alterndtlve array-reference sequence allowed. When loop direction is 

Ils(·d as the basis for analysis, the sign of the elements in the AVs are reversedj 

otherwise, wlH'1l IIc:,tinp; levclls used, corresponding elements in the the AV tuple are 

sWltclH'd. For t'xample, the first block, corresponding to Node l in the LCe, shown 

in Figure ~.l(d), comasts of two nodesj a primary node nt, labeled "Node 1" with 

AV A(l+), ,illd dilcctly bclow it, a compliment node nÏ, labeled "Node -1" with 

AV A(1-). FOl'mally, aIl Je; = [[N,Nl,E : E E NxN], where [N,N] is a block, 

7l+ E N alld ll- E N are Ilodes wlthin a block, for 1 :::; n :::; INI. An undirected 

edge X""II = (m+, 11±) E E, called an mterfCl'ence edgc, represcnts non-compatibility 

bd. W("('11 the or(\('l' of gl'llcratioll (definition) of array values in one codf' block and the 

ord('r of tht'ir COIl~lJlllpt.ioll (use) in another. 

ObVlOlIS)Y a. cod\' block cannot simultanf'ously proccss array elements in more 

t hilll 011(' order at il tillH'. Tht'r('[ore, to reflcct the faet, that alternative rcference 
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Node 4 

Node-2 : Node-5 

Figure 2.2: An Interference Graph (lC) 

orders represented by the primary and compliment nod('s withlll ,i hlo( k dl(' ilOt. 

simultaneously possible, we attach an intcrferencc cdgc betwcf.'11 t.h(· two. Lik(,WI~(', 

we attach an edge bet,ween the output port. of a node in OUf' blork éllld Input pO! t of cl 

node in another when the two ports referencc the saille al ray and tl)(' ( Olll'Spondllll-', 

AVs in the two nodes differ. In this second situation, the edg,.. indi('itt.(,~ d ~itllatlon 

we would prefer to avoid, sincc unlcss the AVs arc thc saIlle, the <uray d(·I)H'IIt.s wlli( Il 

pass between the two nodes, or code blocks, cannot be uniformly p<ls~(·d fWIII (JrJ(' 

block to the other, as we would like. 

Note that not an interference edges need to be attachcd, Slilce the f'dg,"s l'x!'('ud­

ing from the primary nodes to the nodes in follow-on code blocks IHOVld(' ~l1ffi( i('nt. 

interblock compatibility information, by thcmselvcs, to al\ow Il~ to do our allalysl~. 

Attaching the corresponding arcs from the complement I1ode~ \'0 follow 011 hlocb 

therefore becomes unnecessary. For example, notice that, in Figure ~.~, ,LI 1 ('<1/-',1' lw'l 

been attached between Nodes 1 and -:3 to iIHlIcate non-comp,ttrbilrty 1Il IIIf' ttlltly­

referenceorders for AVs A(1+) in Node 1 and A(1-) in Node -:J, wllil(' 110 dl( W<1.~ 

attached between Nodes -1 and 3, evcn though tbe norH,ornpatibillty of t1w (olllplc­

ment AVs, A(-) and A(+), respectivcly, is equally valid. The db~('f1«' of "H·dlJlld,U1t" 
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('dge~ from li\(' cornpl(,flwnt. 1I0des in caeh block ;101. only reduces the number of link­

ag('~ whi( h H111~t 1)(, lIIt1.d(' 1,0 t11C graph, but it also sirnplifi(;s the ensuing itllalysis, as 

will I)(,colll<' ('vidl'Ilt 

Aigorithm 1 C07ls/nid an Intt'1~/frence Graph (IG). 

m1mi: 

output; 

An Lee = [N, AI in the forTIl of a linked list; eaeh node in the li st corre­

sponds to a cod(' block. The nodes n are each specified bya set of input 

and output ports, 11 L Each port refers to an AV for sorne array X refer­

t'1lCC'd wltilln t.he block, along with list of connccting nodcs m mdicating 

frolTl which Bode dJ'l'ay X \Vas produced or 1.0 which m it is being sent. 

An IG = I[N, N], RI cI'(',üed from the LCG; eaeh block in the LCG consists 
of two nod(':-: a primary node n+ containing the same input and output 

ports as corrcsponding node n in the LCG and a complement l,ode n­

containinp: t.hc saIlle input and output ports, but with AV's n x , Vx E n, 
switched to indicate the alternative array-reference order (sec Figure 2.2). 

procedu1Y;; 

C1'(;atf a complement field ln cach node. 

FORALL n E N in the Lee 
copy n to primary node n+ and to complement no de n­

FORALL nx E n-

switch the direction of AV elements 

insert nodes n+ and 11.- into the graph 

Add infc1jerence edges. 
FORALL n+ EN 

FORALL output ports nx 

IF rnx for no de m specifies the alternate vector 

aUaeh a link to m± creating Xn+m± 

ELSE 
attach a link to m'f, creating Xn+m'f 
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2.3 Justification and Methodology 

Were we to consider ail possible array-rt'feIt'IlCt' 01 deI S po~si bit, fI O!ll ,1 ( lu..,' 1'1 01 loups, 

thcre would be (k! . 2k)fI sueh possibiliti('~, Whl'H' 11 1" 1 hl' loLd IIU1I1IH'I 01 A \'~ IIst'd 

within the code blocks of t'l(' loop clust('1 .\\Id /,: IS tht' 11'\'1,1 01 J\t'~1 III).!; of 1 IH'~I' loops 

Obviously, analysis of so many alt.crnatiV<': dt. d t1l1\(, woult! 1)(' 1111 rdCt.\hll' lUI .Ill hlll 

the simplest loop clusters. However, by rcst! lctlllP; c\1I,t!Y:-'I:' 10 jll:-,I 1 wo 01 dl'I:-' .11 " 

tinw, say, ascending and/or desc('nding loop dil('( tlOIl, pwblclll ..,11',(' 1:' "'1~~lIdll .11111\ 

reduced Moreover, by considering only two alt.ernatlve' OId/'I~.1I ,t t.1I11<', \VI' 1 <III I·,,~d\' 

represent any of tll<' 2f1 remaining pos'îibilit,)('~ with ,}, jusl "'Inglt' J(; (<I~dlll .1"'..,l\llllll/') 

n is th(' lIumbel of AVs). 1·'wllI COIlstrudlO1I of LIli' IC, WI' kilO\\' tlt,lI 1I1'1p,ItIH)1 1I0d(':, 

always rdlect d compl('medary arrdY-It'ft'H'IH (' ordl'I, <111<1 lOI <Ill oV('I.dl (UIllp,t!lhl(' 

ordel to eXlt>t, It Illust consls!, of order::; t,Ù,CII flo!ll ,1it.<'l'IIcltlllg I\ot!<,o.; ('()II~('qllt'lIt1y, 

the IG must he a bipartite graph jf a (oll1prltihk set of loop dll(,( 1,1011:' 1:, 10 (·XISI.. 

Although the number of pOSSlbihtlCs cali ~tilll)(' very larp,e, wc' hllOW Ihld IllI'll' (',\11 

now be at most two compatiLle ordcrs for iiIly dusl,('r OV('I ,il!. 'l'III:' fa( 1 1" wlldt hll,tlly 

makes the problem tractable, since to dctermlllc wlwt!\('r II (Olllp,!1,lbl(' I()up or<l(,1 11I~ 

exists, we need only detcrmine whcthcr the parti< Ill,ir 1( ~ IIlIdl>1 (\1l(\lyé>l~ lé>, III f(\('t, il 

bipartite graph. 

To take advantagt' of this bipart.ite propt'rty, we look to a f,'w sllIlpl,' ll()tIOIl~ fWIII 

graph theOlY [BM76, Deo74, Har69], and we begin ullder tl)(' PIClIll:'C, \',1:,('<1 UpOIl 

our above observations, that an IG 75 bzpal'lttc zf, and only 1/, (lU (1)( l'al! ('m//lm/IM" 

set of a1'1'ay-r'Cfercnce 07,de1'S exisls. Acccpt.ing thi~ fad, II, IS IIUW ('''~Y tu :,how tl.at 

any bipartite grar-h is two-colorable (the proof hy COllStll\( t.IOII 1:' III VI,"): Colol 

elements of one partItion one color and c!('mcnts of the rcmailllllg :Icll t,1t.1011 lt M'( olld 

color. Likewise, it follows immediately from the gencral defillitioll of ,\ ~1)(\llIlillp; tI(·(· 

t.hat the spanning tree induced by an IG rerre~ent,s a rIllllllllal (Olll\('( 1,10/1 of lIod(':; 

within that IG. Therefole our Bext step 1,0 show that ('very nOllt.l'Ivldl (spctll/li/lg) tJ'(~(' 

(induced from an IG) is two-colorablc. 

Theorem 2.1 Every nonlnvial ll'ee t8 two-colomblc. 

proof: (by induction) 

basts: Assume T is a trec with two nodes. If OJJ(' of the n()d(·~ i~ cololl'd with 0/((' 

color, the only rell1aining node can be colorcd with a secolle! colOl 
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17ldud l1!( .... ft JI. A~!-.II(J}(' 'j' con tai n~ n Ilod('~ t ha t h.t Vt' dl r('ady beCll ~t!ccessfully eolored 

wJfh twu <()Ior~ If allother norle i~ âcldcd, rl'g(udle~~ of it!-.locatlOn, il, can always be 

< (Jloll'c1 <1.11 0ppO'>It(· «(Jlor 1.0 the color of t II(' node to wlllch It IS attacll('d. 0 

()1l(P.t "p.Ullllllg t.n·(' 1" forllwc! wltlllll the IC, wc ,1IC d,"'~I1I('d of creating a simple 

( Y< !(' lor (';1< il of t)H' f('lIIaining origindl dH s add('o to tl'('<' FOI t unately dctcrmining 

wlH't!H'1 t1H' (ydes fOlllled in thi~ way an' thern~('IVt'~ two-colorable is quitc easy; W p 

1l1('f('ly ill,..,pcc( Il)(' origm and t.crminus of ('a eh cdge 1H'lBg add('d, and If the two have 

dlfft'r('llt (olor~, ('dg(' 11I~('rtlOll <ëtII Ilf' safely étccornphshed, preserving the colorability 

of t.he p,raph If <,dg!' mscrtloll is succcssful for dl! r!'Iflaining cdges, w(' kIlOW the IG 
over ,dl I~ t.WO-( oJol'<thk, thus cOllfilllling the fart th.tt. the lG I~ il bip.trt.ite graph and 

t.h,d, cl ~('f of <Olllp,tllbk \oops ('xi~ts N<w' to filld this orcier we need only select a 

~d of lIu<!(':-, of the StlllW (0101'. 'l'hi" is lwcauc.,e the Wdy wc cOllstructed the graph 

ét"'hlll('~ Il~ of a (hr('d, ('orrt~spondenc(' betwecll compatible 100p configurations and 

I\O<!(' colorlllp;, t.!tat is, w(' know for a compatible clust.er of loops, opposit.e nodes of 

('V('IY illtt'rft'Icllccedgc ale both an opposite loop configuration and an opposite color. 

The preCt'ding analysis suggests how the dcterlllination of loop compatibility can 

lw accolllplisl)('d. The approach wc describe is based upon creating a two-eolored 

spalllling tl'('(' during a oreadth-first walk of the IG, commencing at the output block 

of a loop c111"tt'J. Our partlcular approach (which is slightly difTerent from the one 

plOpos!'d by SaI kar and Gao) has a special property in that it identifies the least costly 

1l01l-colllpat.ibl(' int,('rfc[('llcc pdges to remove whenever no overall set. of compatible 

alray-n.f('f('II('e ordeIS exits, and it does so efficiently, as we will show in Chapter 

3. The ('osl 1,0 which wc rcfer is the cost of referenLÎng elements of ail array from 

IlWlllor y, dnd the' lecl.."t- ('ost edges are those corresponding to arrays that are used by 

multiple bloch, not just one. The non-compatible edges, if any are found, ultimately 

1'01'111 part of a cut.-set used to fir d compatible clusters of the original cluster which 

can ultilllat('ly be fllsed, allowing elirnination of aIl arrays except the ones that cross 

a clustcr houndalY. We discuss cluster partitioning, in detail in the next chapter. 

Agam, t he basic strategy behind compatibility analysis is 1,0 create a two-colored 

spannillg t.re'(' during traversaI of the IG. We proceed by first identifying and coloring 

t.he prilll(\ry 110d(' of the output block of the IG. Then, starting with this nod~, we 

traverse the r(,lllaining nodes in the gr' ")h, in a breadth-first manuer. At each node 

visit,('(1 duril1g our !'ravNsal we t'xarnine both the illput ports and the port to the 

complt'IlH'1l1 1111<1(' WI!hilJ tlH' sarne hlock, in each cas(' inspecting the terminus of the 

in!('1 f('lt'Ild' ('cl!!,<'. If 1 h(' tt'rminus is uIlcolored, w(' color it the opposite coloI' of the 

nlI'WIl! 110.1<, If, 011 Ut<' otIler hand, il, has already bcen colOlcd, but the cOlor is 
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the same as t.IH' color (,f the Cllrrt'llt 1l0dl" wt' IIOIt' thl' f,l( t th,tt tilt, (llI ... tt'l h l\tlll 

compatible and stOft' a. rdel"II(,(' tn tilt' IlOIl-COIll\M,t Ihle 11111'1 f('lt'I\(" t',I).!,t' hl ht' ""'t'd 

during subsequent dwter-partit\01i1ll~ an.tIY:-'I:-'. j\fter ail lIodt'~, h,\\(' b"t'II It',\,llI'd, 

the algorithm stop~. Nod('s Ihat an' of tilt' ~,UlH' colOl Jt'plt'~"lIt .\ t'Hllp.tllhk ,,'\ ut 
loops. Of course, thl:> lea\'e~ a choin' of the two <olol1ll!!,~ 0111' p,lIldt'1!IU' 1'Ï',dld'lIg 

which color nodes lo clloos(' I~ to select lIodl'~ Ih,d, COrIt''i)l()(\(1 tu 1 lit' ,\11"1 .d 11111 ... 1 

of the "primar)''' nodes, sill({, dOlllg 50 IlI\'olv('~ tilt' I('a~t follow 011 dll('( 1'''11 !t'\'('I ... ,d 

(the direction-reversai transformatIOn It.s(·lf wdl he ('xplrlilled ~h()ltl\') 011 th(' othel 

hand, choosing a col or might ilOt. be an optlO!l dl ail If the /!,I<\.ph «()1l\.111I~ (tllI~t 1 dlll('d 

nodes, since the color of any cOllstJained uode.., wIllullIqll,·ly d('«'lllllllt' 1 lit' ((JIIII ~t'I 

which must be used, that IS, of course, as:-ulIlinj!, .tll (Oll .... tt.tIIH'd !lod,':' ,11(' ni tilt' 

same colof. Othcrwlse, If 1 ht' cow;trallwd lIoties aH' ilOt. ,tH of t II<' ~,III1(' ,\1101, 1111' 

cluster wIll not be compatible UVL'I<lll. Our pro('('dul(' fOI t('~t.II1p' loup (Ollll'dltlnhtv 

is summarized in the following, recursive ,dgoritlllll" 

Algorithm II Detc1'1ntnf' a ~ei of compatible array-n,!t'7'{It('( ()1IJt./',~ jo/' li dll.~lt /' o) 

loops, 01' ve.nfy Ihai a compatzble sri of loop~ doc" 1/01 U"/.'J. 

input: 

output: 

Ar, IG = [[N, Nj, EJ in the form of a linkcd lis!.; e,ach 1I0d(' 1II tll<' 1t .... 1 I~ 

either a primary node n+ or a compliment Hode n- (S('(~ FI/!,lll" 2 2), 

A colorset = {colorI, color2}, and a coloLpreference whl( Il dpI"1 

mines the col or of the set 1.0 be ('hOSCll in the' cvent the loop dll,>t.'·1 ,ollf alll~ 

constraineè nodf's; illitially coloLpreference is ulldt'firwd, 

A checkset which mitially contains the primary Bode of t Ill' Ollt.pllt blo('k 

of the clusterj wc refcr 1,0 t.his node as root, and root color --- co lorI , 

A nextset =- 0, rcprchcnting tll<' next l(~vel of notl('s (,0 VI~lt, 

A set of lloncompat Ibles = 0, which contallls any ('d~('s Id"111 di(·d d~ 

having a non-cornpatlbh' array-ref('[('lIu' order WILl! t.hal of ib Il<'ip;ltlH)J 

node (Iater, we rder ta thesc ('dg('~ a~ X-<·dge .... ), alld 

A Boolcan return value, compat Ible, wit.h ail illitial Vd.llll' of true 

An IG with compatIble nodCh lIldicatt'd by the pruflitl y (0101 III t!)(' ,0101 

set; however, if any llodes are c()lI~tritilled, tbe l'omp,ülbk !loclf· .... will IH' 

those with the same color as the color _preference. 
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11 roC( li 1L 7'(',' 

FUNCTION colorTree (checkset): compatlble 

FORALL 11 E checks et 

FORALL inpllt arc~ X mTi alld the arc ta complement node fï 

IF t1H' t('rIllIlIU'> 111 i:-. Ilot colorcd 

color 71/ tIlt' opposite color of ft 

add tIl tu nextset 

ELSE IF m 1:-' t,lH' ;,allH' color as n 

add Xmn 1,0 noncompatlbles 

compatIble = false 

IF m i;, cOllstraill('d 

IF color _preference has Ilot been set 

set coloLpreference to the col or of m 
ELSE IF the Lolor of m =1 color _preference 

add ){mn to noncompatlbles 

compatIble = faise 

IF nextset f- 0 
compatlble = colorTree(nextset) 

RETURN compatIble 

19 

The graph in Figure 2,3 shows the IG in Figure 2.2 after it has been colored using 

Algorithm Il. The dark edges define the spanning tree cl'eated during algorithrn 

ex('cution, and the shaded nodes indicate the set of compatible loops, Note that the 

constraint. on Node 6 prevents t}w unshaded nodes from also forming a alternative 

sct. of compatible directions for the respective loops, 

Algorithm Il hanJles situations III which there is only a single output block in 

t.he Lee, hut sit\lat.ion~ in which there arc multiple output blocks oft~n occur which 

J'('quire il slightly more complcx solution, Olle mvolving the use of multiple color sets­

or l'dt h('1 cl diffcrent color set for cach of the output blocks within the original cluster, 

III t.his cas(" a primary node from cach output block is selected to begin the algorithm, 

,\11<1 ca('h root Bode lS colored, as iIl Aigorithm II--each with a color from its own 

:'f·s()(·ctiV<' col or sct, Then, as befor<,, a <kpth-first walk is performed bcginning from 

('al h 1001. If t he Lee is conneded (alld \\'(' can a~sume that it is), therc will conw a 

poillt \\ ht'\(' a Ilod(· is Ipac!H'd t.h,\1 h .. s alrl'ady bPèl1 colorcd, but with a color from a 
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Node 1 "",,.le 4 

Nodc-2 Node -5 

Figure 2.3: An Interference Graph ctft,cl (~OIOlIll~ 

different color set. Whcn this occurs, the corr(,!::>poIlJlIlg ('oIOl~ fl(J1ll (',1< Il of \.II(' t.wo 

sets are henccforth treated as though they wcre OB('. Tlwll. shollid furt!lI'r I.! ,1V!'1 :-Htl 

lead to sorne later convergence of the two color sels, at the POiIJt, of t.(·rllllllll~ (11('< klIIg 

from sorne node, the decision whethC'r to add the ncw edg(" 01 Ilot, williw b,,:,('" "1'011 

the initial color-set equivalence established whcn the LOlor s('1 s fir:,t. 1011 VI'I g('(l. A Il 
illustration of the coloring of a loop cluster with t,wo output (()c](' blo< ks 1:' c;howlI ill 

Figure 2Aj the LCG is shown in Figure 2.4(a) and the corr<'~pondillg J(: art/'I 1'0101 illg 

is shown in Figure 2.4( b). 

2.4 Follow-On Transformations 

In the last section wc describcd in g('neral terrm the colb:liw' (LIIitlysl~ of t!w ('x,ullpl/' 

cluster of loops given in Figure 2.1 (~CC page 12). '1'0 put 1,111:' all,t1y:,i~ IIllo IW/:'IH'cllv(', 

we now step through the basic actions Laken onU' a cOlllpatibl/' "d of 1001' dlf('('1,wn:, 

have been found. Wc begin our follow-oll de~clipt.ioll will! tllf' (OIOllllg :,howli ill 

Figure 2.2 (page 14). Notice that Node 6 is (QJ\~trall)('d \)('( (lIl"(' ()f ri l()o(l «U rwc! 

depcndeIlcc of alTay F. As a 1'(>sult, thcrc is ollly 01)(' ~C'I, of ( 0111 p,d,JI)I(· '-,('( jlWII( C':' fI (Jill 
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Node 4 

Node 4 

1+)0(1+ .~l 
Node'" 

Node 2 
1) 

f.(1. 
If---------I8(1 ) 

Node ·2 Node ·5 

(a) Loop Communication Graph (b) Colored Interference Graph 

Figure 2.4: Loop Collection having Multiple Output Bloch 

which 1.0 ch()o~(', ill~t.cad of 1.wo as would have been the case had the loop-carried 

dcpt'lIdenœ of Filot l'xist.ed. This set is the one indicated by the shaded nodes in the 

figure- t.hl· (Iw,t<'f consisting of Nades -1, -2, -3, -4, 5, and G. 

011(' the set. of compatible nodes have been selected, we apply direction reversai 

t.o t.1U' loops cOrIesp0Ilding 1.0 the Ilcgative nodes in the set, i.e., t.he Bodes having 

a IwgatlV<' Ilode lIumber. The basic notion behind direction reversai is merely 1.0 

subst.it.ut.l· N- l + 1 for eaeh occurrence of l in the loop body. In t.his ca.se, applying 

dirt,ctioll n'versal to the first four loops of the normalized code, shawn in Figure 2.1, 

rcsults the traIlsformed code showll at. the top of the next page, on the left-hand side. 

Sinœ lIormalization l'nsures uniform !oop control and since coloring analysis ensures 

loop compat ibiht.y, wc know too that the loops in our example cluster can now be 

sa fely fuscd, a~ ~ho\\'1l al. the top of the next page, on the right.-hand sicle. 3 

3nlrt'ct 1011 rpven,,11 1:-' def'('r1ùl'd III Chaptt'r 5, SectIOn 54 ("age 82), and loop fusion 18 de5cnhed 
III St'ctlOlI [) 7 (IMg(' 84) 
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After Direction Reversai 

DO 1 = l, N 
A(N-I+I)=N-l+1 

END DO 
DO 1 ::: 1, N 

After l,oop Fusioll 

DOI-=l,r\ 
A(N-I-t 1) N - 1 t 1 
B( N· Hl) --.- 1 1 

.).) 

ll(N-Hl) = N - (N-I+l) 
END DO 

C(N-I+l).c. A(N-It 1) 1 II(N Ill) 

D( N II- 1) -:: ('( N·I 1 1) t !I!I 
C(l:N:-l) = A(1:N:-l) + B(I:N:-l) 

D(l:N:-l) = C(l:N:-l) + 99 

E( l:N: 1) = C( N: 1 :-1) + B( N: 1 :-1 ) 
DO 1 = l, N 

F(l+l) = F(I) + D(N-I+l) + E(I) 
END DO 

E(I) = ('(N.II-l) t B(N III) 

F( 1+ 1) == F( 1) + D( N -ft 1) f E( 1) 

ENI> DO 

The final transformat.ion, for now anyway, is arrd)' contractioll, alld 1,11(· fol\owill,l!, (od(' 

is the result of applying con traction t () tht' prcvioll~ly li ail "fofllwd (,0<1(':,1 

Array Contraction 

DO 1 = 1, N 

a=N-I+l 

b = 1 - 1 

c=ct+b 

cl = c + 99 

e = c + Il 
F( 1+ 1) = F( I) + d + c 

END DO 

Notice that array contraction replaced, by a hcalar variahlp, ail array r('f('I('11< ('S III 

which an element. reference was first produccd tlH'n lat.er wwd. For exalllpl<', A (N- 1+1) 

is replaced by a, and so fort.h. Since ail but the last array was prodl/('('d t.l1<'11 (011-

sumed in an element-by-element manner, the fl('cd for IIlt('nnediaU' arrèty:" it~ ill tilt· 
original code, no longer exists. In lat(>r ChelPU'rS Wl' will ~how thal Y('I cldditlOllct! 

transformation is not only possible, but, lH.'I1di( Idl 

The effect of collective transformations, :'lIcll a~ the:,(', cali IH' dramat.l( 1 loup OV('J­

head and memory requirements Cdn be redu«~d, and lIlost MI dy indt·xlIIg 01H'1 dtloll~ 

can be eliminated. Moreover, a single larger codt· blo( k re~lIlb wlli( li faullt..tI.(·:-, 111 

struction sched uling. In Chapter .r) we de~cfll)(· y('t cldd 1 tÎolldl 1,1 rl.lI:,fOJ "1 al iOIl~ w Il)( il 
-----_.--------------------

4 Array contraction is dcscribed ln Chaptl'I 5, SP<!l(JII ;) H, (p,tg!' fi H) 
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lllip;!Jt 1)(' lH'ff()fIIwd or whlCh (an 1)(' ,dft'< l('d hy collcctiw tram,[orm.üloll, and in 

(;\'el/)\'I'r fi Wf' provid(' ('X!WflllwlItcll ('vl<!ellc(' 10 :,ho\\' the' extt'nt of IWrforll1aIlC<' 1Tl1-

!)/()Vt'IIU'IJI ,lttllbllldbl(· wlllcit 1:' etctlledly n'dlIlahle Oll ('ach of :,cvcral ddT('J'('llt type':, 

of IIIIIPlo('(':-,..,or al( IlIt('( tur<' 

2.5 Analysis of Douhly-Nested Loops 

So far wc' have only disclIs:,cd tl\(' situation jnvolving singlc-nestcd loups on onc­

dinwllsional arrays sinn' this SltU,t1 iOIl i., deady tlw most intuItive and ('asie!>1 \'0 

!JeIlHII!,. 'l'hl' difficlIlty wlt.h Illllltl-nt·~lt'd loops alld multi-dlll1CIlSIOIl arIdys st(,Ill~, of 

(OIlIS(', from U\(' pnOIfllOUS illcl<'.t:-.e 11\ COJl1pkxity which an:,('f, from th!' many permu­

t"üiOIl:'> of tlw Icwb of 100p Il{'f,t.illg alld loop dm'l'tlon WIl('r('d,~ ill the non-nest.('d case 

AV~ have only two possible old('rs, III doubly-nestcd cases there are 22 ·2!=8 possible 

:-.('qlH'IlCCS. In spit.C' of tills PllormO\l:-' incrcase !Tl complexit.y, the hasic methodol­

ogy dC'scnhed in the />r<'VIOII:-. ~('dion still appIH's--that is, with a fcw appropriatc 

(,lIhall('('IJ1(>llt~, Hecall from the Pf('\,IOIIS S('Ct!OIl, our strategy \Vas to idellt.lfy an al-

1,('rnativ<" or cOlllplenwntary, .,et of Id('rcncc ordcn; for each AV in the loop cInster, 

and t.1H'1\ analy:/,(' t'ach of tl\(' f'lluTIleratf'd pos:-.ihJlities using the graph coloring tech­

niqlle d(,sC! i !wd in Aigorrthm II. In tllIS ~('dlOll wc show how tllIs saIlle lll('thodology 

CcUl [)(' rlpplH'd to certdin !>ltuatJOIlS IIlvolvlJlg clustcrs of doubly-ncsted loops and 

t.w()-dilllel\~loIlal array~. 

In the case of doubly-nested loops, the compiler faces essentially tllfee possible 

possihihties: 1) the direction of ail 100p8 are the saIlle across the entlre cluster of 

loops, but. tlH' order of the array subscripts in each rcfercnce varies, 2) the order of 

tll<' subs( ript.s are the saIne across tlte entire cluster of loops, but the direction of the 

corl'('spondillg loops in the clust{>r varie::., and 3) a combination of these two situations 

in whirh buth the Older of the sub::,cripts and the direction of the loops vary across 

t.ht' (lust.e'r of loops. 

CASE 1 l'hl' lil"ectWll of the loops are the SaT/lf' across the clusteT of [oops, but the 
Ol'dtT of tilt sllbscnpts varies. 

ln tll1s situatioll, AVs for the arrays rcferenœd within the cluster are either of 

tilt' f01'1ll arra!J-IwT1Ie(l+,2+J or a1'/'a!J-Iwme(2-f-,1+J or they are of the form al'~ 

1 Il,1/-11/1 1IIt' ( 1- .~--) or a7Tay_nam('(~--.l- J. In cither sit.uation, the direction of the 
loops ,\\(' pn'slIlII('d to 1)(' compatIble (so \l0 dil('ctlOIl trd,llsformation is rcquiH'd). 
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On t he nt h('1 h,HIIL t 1)(' 0\ dt'I of tht' ,HI <I~ ~,11 b"CIï pb ( n',\1 c.., t ht' !III l,Ill lit' 1 III Ill! 11\ III 

!eqUlIed fOI twu-(olollll,l!; tl\(' IG. III t111:-' IlIs1.111«' WI' Il''(' \Igolltllill 11..1'" IH'I(llt" hlll 

create tIlt' cOlllplcllIl'lItiUY Ilodc!"> Il,,ill,l!; A\'" \\'lth d ~IJlI"'( Ilpl (lllkl "PP'hl!l' III IIIt' 

suLscript :.>rc!I'1 of tilt' AV:-. in the prllll,tr)' llodl'~ AI..,\), IIhl('d'! ul lhllll', \""11 Il'\(,1..,.11, 

as w(' dul P("('\'lol1:-.1), wc Ilse loup illtenh,Ul!!,(' to dllgll ,111<1.\ d'l('''''' tlld('l'" 11111"'1..,1('111 

wIlh the 1(,~IlIt:-. of tlll' colorlll,l!; <ulctly:-.i.., (lA'op IlIlt'n l!,lIlgt' h d(,.." Ilhl'd 111(11(' IlIlh III 

Chaptt'r 5, ScctlOlI .1.:») 

CASE 2 Th(, orc/n' of tht" . .,llbs(,1'lpls arc tilt' Sl/1II1' ([('l'O .... ,'> tilt (11l, ... /! /' 0/ /001', .... bill 

thc directlO1I of tilt loop .... 11anC.'i 

The :\ VS III this cast' etH' ('Ither of th(' form (U'T'ay_lIl//1/t (Il ,JJ ) 01 1 Ill' 101111 II/­

l'aY_llame(2± t 1±). '1'0 ,walyze the~c 100[>-;, wc t 1 ("tt Lhl' prohl('111 .1" 1 hOllgh Il W('H' 

two scparate problell1s, etnalyzmg the sanH' AV c1eIl\cnt fi Uill ('d( Il A \' ,,~ t IJUII!!ll tilt' 

referelln·J array~ wpre olle-dwH'llsional For ('xalllplc, \V(' Illight lil:-I <lIl,th ZI' IIIt' 

directions of the outcr loops of the code blocb 1I1 the (11I~1t'1, ,Illtl If d «()Illp.tllhl.· 

direction is found, me the rcsults of this allalysi~.; 1,0 (walyz(' t!w dll('( 1 IOIl', of 1 Il" 11l1lt'1 

100ps (or visa vcrt>a). As in our original exampl('s, tilt' tl,U1:-,follll,\I 11111 k( hllIC!l1t' Il:-'1''' 

to bflug the unalIgned loop~ into alignmeIlt i~ loop Ic\'(·r:-.,d 

CASE 3 Both tlu: order of lhe subscrtpts a1ld tht: dzl't'('!WII of tlll 10()JI~ "(11'.'1, 

This last situation is a combination of Case 1 and CilS(' :~, Tu ,lIl.t1yZ(· IOllp (111:-.1.('1:-' 

of this type, wc first attcmpt to color the tra:1sformed Lee b,l:-.ed 111'011 ',111>:-.( 111'1 (JI 

der, as described in Case 1, and if thc coloring is slIcccssful, wc' 1'0111 1111((' liY ,t! I('/Ilpl III)!, 

to col or the LeU based upon loop directions, a.,,> d('~('[ !IH'd III (',1"(' :! 

An cxarnple of the combined approd.ch is shown III Frglll('~ ~.S :2:-; 'l'III' ( 111:-.1.('1 

of doubly-nested 100p8 uscd in this example are based upon t111' ('\)t!1' ~,I')!,f1l1'lIt ~howil 

in Figure 2.5 The corresponding Lee for tJll~ code I~ ~howll III FI)!,IIW ~ 1I(,t) 'l'III' 
loop analyzer of the lOmpilcr uses this LeU during the fir!'lt plw')(' (Jf Il!'l ,t!I,d'y~I'" to 

create the IG shown 111 Figure 2.6(b). Phase-1 analy~lt> 18 llWI(·ly 1101' (:,j"(' f clllaly:-'I~, 

described above. Notice that Slflce the compiler':., fir~t dU('mpt ,t! LI.tII..,!OIIIl,III<lll 

involves Joop intcrchdllge, the complerncntary Bodes in t1w Phd:-'(' 1 J(;" II' 1 II1IIIHN·d 

by copying the primary nodes, wlllch were taken from t1H' U;(;, ,Llld 11'\'('1 <'1 Ji,!!, t Ill' of 

order of their AV elern(,Ilt:., (a:., opposed tü chaIlgmg thl' dll ('( 1.1011 of 111('<''' (·l'·IIlf'ld.., ,,<, 

was done in the caRl' of nOll-lwsted loop c1usterh). TIJ(' r(':-'1I11 (Jf t hl'-- .I11,!lV')I'-o, d t wo 

coloring of the le. is (t!..,o rdlectcd in FIgure 2.6(b), Althollgh 1 Ill' 1 (JII)IIII~, jllodtlf , . .., 
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---- -----------------------

DO 10 1 = l, N 
DO 10.J = l, N 

10 A(I,J)::=I*J 

DO :l0 1 = l, N 
DO 20 J = l, N 

:lO B(J,I) = N - 1 
DO ;W 1 = l, N 

DO 30.1 = 1, N 
;W C(N-I+l,N-.J+1) = A(I,J) + 13(I,J) 

DO 40 1 = l, :-'1 
DO 10.1 =- 1, N 

·10 D(I,.I) = C(.I,J) + 99 
DO 501 = l, N 

DO 50 J = l, N 
.ljO 1::(1,.1) = C(I,.J) + B(N-I+l,N-J+l) 

DO fiO 1 = l, N 
DO 60 J = 1, N 

60 F(I,J) = F(I-l,J) + D(N-HI,J) + E(J,I) 

Figure 2 5: A Colkction of Typical Two-Dimensional FORTRAN Loops 

t,WO St't.s of Ilodl's: thos!' consisting of shaded boxes and those without, only the first 
is p('rllli~sihl(· IJPcame Node 6 is constrained by the loop-carried depcndcncc which 

aIT('cts .... nd}' f. Thus this set of shaded nodes forrns the Lee used dUfing the second 
pha..."t' of éUldly~IS. The Lee which depicts the results of Pha5c-l analysis is shown in 

FigllH' :2.7(,t). 

SIIlC<' PI1,ISt'-1 dnalysis Illlcovered a compatible arrangement of nestings among the 

('lItin' clusl!'r, the compilt'r can proceed to the next phase of analysis. This second 

phas(' and the ont' that follows together form the Case-2 situation described above. 

Dming Phclse-2 analysis, focus is on finding a compatible 5et of loop directions for each 
of t ht' OUbH(k loops of tht' code blocks representcd by the nodes of thc transformed 

LCG. Th('ldllre, t.ht' cOlllpleml'ntary nodes of the IG in tlüs case arc a copy of the 

primal'y n()d(·~ from Figure 2. 7( a), with the dir<>ction of the fil'st clement ùf c(tch AV 
1'(,\'(,l's('<1. 'l'Il(' le; r('fl('ding this set of alternative sequences and tht' resulting two­

colorill!!, is shown ill Fi~\In':2 7(b) FortlJllatdy, Phase-2 analysis is successflll too, so 

tht' rompil(" is dhlt' to plol('ed on to the tlllld and final phase of analysis. 

Phc\~(' :1 is jllst Pha~(' 2 IH'rforlll<'d on the IIlslde Ioop of cach Ilode ill the cluster 
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(a) LCG prior to Interchange (b) IG used for Case-l 

Figure 2.6: Phasc-l Analysis of a Two-])IIl\('I1~ioJ\al Loop 

(a) LCG prior to Outer-Loop 
ReversaI 

Node -2 Node 5 

(b) IG used for First Cast.'-2 
Transformatioll 

Figure 2.7: Phase-2 Analysis of él Two-Dirm'nsiollill Loo/> 
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(a) LCG prior to Inner-Loop 
Reversai 

Nod!! 1 Nod!! 4 

Nod!! ·5 

(b) IG used for Second Case-2 
Transformation 

Figure 2.8: Phase-3 Analysis of a Two-Dimensional Loop 

lather thall on the outside node. Using the output from the previous phase, i.e., the 

LCG shown in Figure 2.8(a), the compiler creates the IG shown in Figure 2.8(b). 
This tillH' the complementary nodes arc created by reversing the direction of the 

last clelllent of each AV of a corresponding pnmary node. Phase-3 analysis is also 

sllcC<'s~flll, !('avillg the nodes in the shaded boxes in the IG in Figure 2.8(b) as the 

final sd of lIodes from the overallJoop pipelining transformation. Again in this Jast 
phas(', as III the previous one, the transformation required to bring the cluster into 
aJigllllH'llt. i~ Joop n>versal. 

Now th,ü a ('ompdtible set of array reference orders is known, it is a straight­

forwaI d proC('ss tü fuse statemcnts into a single code block and then eliminate the 
. int,('lllIt'(li,tte arrays by array contraction, as one donc in the case of non-nested loops. 

'!'o dt'1l10llstlate this, we continue with the exarnplc, using the doubly-nested loops 

illdicclft'd by the shadcd boxes in Figure 2.8(b). The retransformed code based upon 
t Il(' pl ('('{'ding analysis is shown at the top of the next page. 
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After Direction Reversai 

DO 10 1 = l, N 
DOIOJ=l,N 

10 A(J,N-HI) = (N-HI) .. J 
DO 20 1 = 1, N 

DO 20 J = l, N 

20 B(J,N-Hl) = N - (N-Hl) 
DO 30 1 = l, N 

DO 30 J = 1, N 
30 C(N-J+l.,I) = A(J,N-Itl) + B(J,N-HI) 

DO 40 1 = 1, N 

DO 40 J = 1, N 

40 D(N-Hl,J) = C(N-J+l,I) + 99 

DO 50 1 = 1, N 

DO 50 J = 1, N 
50 E(J,I) =:: C(N-J+l,I) + B(J,N-I+I) 

DO 60 1 = l, N 

DO GO J = 1, N 
60 F(I,J) = F(I-l,J) + D(N-HI,.}) + E(.J,I) 

When loop fusion is applied, the original loop cluster is t.ri1llsforIlled illt,o th(' sillp,I(' 

doubly-nest.ed loop shown belo\\-, 1.0 the left, and once' this is dOl\(" ail of 1.11<' ilr­

ray references except the last (the reference 1.0 tbe output <lIr,ty F) an' f('plau'd hy 

corresponding scalar variables, as shown on the right. 

After Loop Fusion 

DO 1 = 1, N 
DO J = 1, N 

A(J,N-Itl) = (N-I+1) * J 
B(J,N-I+1) = 1 - 1 
C(N-Jt1,I) = A(J,N-It1) + B(J,N-I+!) 

D(N-I+1,J) = C(N-J+1,I) -!- 99 

E(J,I) = C(N-J+l,I) t B(J,N-It1) 

F(I,J) = F(I-l,J) + D(N-HI,.J) + E(J,I) 
END DO 

END DO 

After Array Contraction 

DO 1 = l, N 
DO .1 =:: l, N 

a=:: (N-I-!-l)·.J 
h = 1 - 1 

c=a+b 

cl = ( + !)9 

p=:<+11 
F(I,.J) = 10'(1.1,./) 1 li t ,. 

END DO 
END DO 

Note that in this case, the savings in storage and m('mory IMllllwidt Il i., ;)'71'2, wlH'J(' 
n is the number of loops in the cluster. Again, in additlOll t.JlI'rC' iU'(' 01.1)('1 ildVilIlLtp/':-, 
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deriv('d from iIH'f(~(l!>lIIg cod(>-hlock size, advantages cited earlicr for the non-nested 

Cél.He (seC' Section ::!.4). 

2.6 Analysis of k-Nested Loops 

When the notiolls of the previous section are extended to the multiple nestings, the 

problem quickly becomcs intractable becausc of the rapid growth of possibilities. 

Nonetheless, Oll(' &pecial case does warrant mentioningj this is the extension of Case 2 

from the previolls section t(, the general case in which nesting of loops arnong the 

variou:, cod(> blocks cOIllpri!>ing tIlt:- cluster of loops arc alrcady compati bIc in t.he sense 

of our C(\.Se-1 transformation above. In othcr words, loop interchange is unnecessary 

1,0 make the c1uster compatible. In this instance, only the direction of the AVs in 

the various code blocks are allowed to vary. ln this special case, analysis proceeds 

exactly as it. did for Case 2 with a separat.e phase of analysis for each clement of the 
AVs within t.he c1uster. 
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Chapter 3 

Non-Compatible Loop Clusters 

Not allloop clusters are able to be transformed Îuto cornpatiblt· c1usters hy \.lu' grclph­
coloring technique described in the last charter. Ncverthel('ss, \'-1<' (,<tll wmally pal t.1-

tion a cluster int.o a set of smaller clusters which are compatible. Mort'ov('I, by ( lust('1 

partitioning, much of the benefit from collective Joop analy~is C,Ul ~td\ 1)(' uht. .. il\(·(l. 

This then is the problem we examine in this charter: how to p,u t.If,IOI) <1 clllstl'I of 

non-compatible loops efficiently to achicvc best. perfoflllallC<' 

We begin with analysis of a few SiIl1')le Joop du!>t('IS cont-.isting of 1I()1l-1H'~t.('d (0<1(' 

blocks for which there exists no overall compatibility. F'rolll thcs(! ('XcUIl p\(' c11l~t('r~ W(' 

are able to see that the least expensive !1artitioning of non-compati hIe loo»s o[l.ell 0(­

curs at forks in the loop communication graph (LeG). MOl'cover, we oh"f'rVt' tiraI. t!JCM' 

forks are always a part of odd-Iength cycles in the corrcspondinl!, inl.('rf('lcl)('(· gr,l»h 

(IG). Odd-length cycles, however, are not the only cause of loop 11011-1 OIlIfMtihihty; ct 

second cause is certain configurations of loops which are const r,tlIH'd by \ooP-( drri(·d 

dependence. This type of non-compatibility arises ill situations 111 which 1.1)('[(' il.l(' two 

or more loops, each with a loop-carried dcpcndcllcc, cOllueded by a. 1l07t-co1lt]JalzlJ[, 

chain of loops. A chain is non-compatible if its cOIIstrailwd ('/)(J l1(Jd('~ withiJJ t.!w 
chain are separated by an odd-Iength distance frorn Oll(' élIlOt})('1 and U)(' t wo llot!es 

are of opposite color. 

8ased upon our analysis of the above nOll-colllpatibihty fa( tor~, WI' ,UI' able· 1.0 

develop a heuristic algorithm to efficiently partitioJl a dust(!!" of UOI\-( ol11patll)le I()op~. 

We then formally dcscribe the algorithrn, and through a f,('ri('~ {)f ~mall FOHTH AN 
examples, we illustrate its use. Finally we justlfy Olll dpplOach ,Lllcl dl~( IJ~~ lb (0111-

putational complcxity. 

:30 
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Node 2 
Node 1 

A(I+) 
8(1+ 

DO l = 1, N 
A(I) = l 

END DO 
DO l = 1, N 

B(I) = A(I) + A(N-I+l) 

~I+~:::: 
END DO 

8(1-) 
A(l-) A(l+) 

Node-2 
Node -1 

(a) Non-Compatible Loop 
Directions among Two Loops 

(b) An Interference Graph Which Is 
Not 2-Colorable 

Figure 3.1: Two Non-Compatible Loops 

3.1 Sources of Non-Compatibility 

In this section wc examine the implications of loop non-compatibility. As noted, corn­
patibilit.y does not always exist arnong the constituent loops of a duster. Therefore, 
as a first step, wc would like to be able to identify the conditions which are at the 
source of the compatibility problern. As we will show, this information is important 
to being able to partition loops efficiently, both from the standpoint of the transfor­
mation itself, as weil as from the standpoint of the performance of the resulting code. 
Wc bcgill our exarnination of non-compatibility analysis by illustrating two of the 
simplest cascs. The first is shown in Figure 3.1. In this exarnple, array A is generated 
in the firs\. code block and referenced twice in the body of the second, each set of ref­
Cft'IICt'S bcing made' in a different sequence, due to a different loop direction-the first 
set of rcf('rcnccs, in asccnding order, and the second, in descending order. Observe 
t.hat, in Figlll'(, 3.1 (b), the IG is not two-colorable, thus providing graphie evidence 
of the' lIoll-compatibility of the two loops. AIso, observe that the non-cornpatibility 
originales at the location of a fork in the LCG. For case of expressibility, wc refer to 
~11('h locdtions as forks in the IG, as weil. 

Next. let \1::; complicatc tll<' situation hy adding a t.hird code block to a cluster, as 

ShOWll in Figurt' ~{2. Notice that in Figure 3.2(b) the genclation of array A in Block 
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DO 1 = l, N 
A(I) = 1 

END DO 
DO 1 = l,N 

H(I) = A(I) 
END DO 
DO 1 = 1, N 

CCI) = A(I) + B(N -1+ 1) 
END 00 

(a) Non-Compatible Directions 
among Multiple Loops 

Node ! 

A(I} 

Node·! 

11(1) 
('\h) 

A(lt) 

R(lt) 

('(1) 
A(I) 

Nod." ·3 

(b) An Interferenc<, Graph Which Is 
Not 2-Colorabl(\ 

Figure 3.2: A Clustcr of Threc Non-Compcttiblt' L()()p~ 

1 constrains the allowable ref('fencc sequences of A III B10chs ~ alld :~, (:OIlM'qlH'IIt.ly, 
for the last two code blocks to l~ccome compatible wlth UlI' firl'>\', dll.ty A IllIlSt. 1)(' 
generated in both ascending and descending sequ(,lIC<'s si lIlult,c\lWOIl..,1 y, <III illlpossi­
bility. Notice again, our previous observation once again appli('1'> lIoll (Ollipitl ihility 

originates at the location of a fork---also notic(' that. the gr,wh II'> 1I0!. t wu ("())ol.tbl(', 

The {ad that neither this graph nor the previous olle IS two-colOl ,tlill', IlPll( P, tllI' fMt 

that we are unable to find a compatible set of loop dirpctiolls, IS IlWJtly ('xpl.-till<'d by 

a fundamental theorem from graph theory [RM'7G, D('()74, Hadj!)]' 

Theorem 3.1 A graph wtth al /east one ed,qe is two-chromatic lf llnd on/y lf li IWb 

no cycles of odd /ength. 

proof: 

if' Assume G is two-chromatic; its Hode set V rnight th('11 \)(' partitlOlwd illto two 

sets VI and V2 so that every edgc of G joins a point of V; and V2 '1'/(('1 do\(', ('W'I y 

cydevl,V2,V3, ... ,Vn,vl in G nccessarily has ib nod('~ witb odd ~lIb~C1ipt:-.lIl VI c1l1d 
nodes with even subscripts in V2 • As a [('!'luit, UI<' 1f'Il/!,th of ('v('ry (y( 1(· 1.., "VI'II 

only lf: Assume, without los~ of gCllcrahty, thdt r; IS (Ollfl('ctl'c! (Ot!WI WII'>(' Uw 10111 

ponents would be considercd scpdrat.c1y). Take ally llod(· 111 E V <lllcl 11'1 VI (()Il"'I~t of 
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VI and ail poillts al. <,ven distance from VI, while V2 = V - VI. Sincc ail the cycles of 

Ci ar<' ('v(~Il, <,very Ime of Ci Joins a node of VI with a node of V2 • Now suppose there 

is a IiI\(' uv that Joins two Hodes of VI. The union of shortest paths from VI to v and 

from v) to lt togcthcr with the line uv contains aD odd cycle, a contradiction. 0 

Obviously the odd cycle in the IG in Figures 3.1 and 3.2 must be climinated 
withollt alt<'ling the nwaning of the original code, if transformation is 1.0 be possible. 

Unfortunatdy, non-compatibilities which are inherent in the original code cannot be 

diminatcd hy further direction transformations. Even so, their adverse performance 
effcds can he partially alleviated hy breaking the original non-compatible cluster iuto 

small('r clusterfl, each of ",hich is compatible. The loops in each of these subclusters 

cau then be fUt-lcd and t.ransformations, such as array contraction, pcrforrned on the 

r('sultillg fus(·d loops, as d('suibed in the previous chapter (see Section 2.4, page 20). 

l'her<' is 0))(' additional source of compatibility wc have yet to discuss, and that 

is the nOIl-compatibility which sometimes ot:curs among loops in a cluster as a re­

suIt of conflicting rcf<,rence-order constraints caused by loop-carried dependence. An 

example of just such a situation is shown in Figure 3.3. Here the source of loop 

non-compatibility is the conflicting array-reference orders imposed on the first and 

third loops by the loop-carried dependence within each loop, cf. Figure 3.3(a). In 

Figure 3.3(b) wc show the conesponding IG as it would appear following compatibil­

ityanalysis. Notice that in this graph the two non-compatible nodes, Nodes 1 and 3, 

are separatcd Ly a non-compatible (odd-Iength) chain of nodes. From our previous 

analysis wc know UliS chain is non-compatible because the two end nodes in the IG 

(Nodes 1 and 3) are of opposite color. AH that would be needcd to make this chain 

compatible wOllld be to remove the loop-carried dependence from either of the two 

end nodes---but of course, there is no way of doing this. Consequently, there is no 

remedy but to remove an cdge from the chain. in effect, separating the constrained 

nodes by puttmg t.hem in different partitions, as in the previous situations. There are 

mmally several alternatives for accomplishing su ch a partitioning, and after we have 

laid additional groundwork, wc return to this problem to see how partitioning might 

lH' accomplishcd. 

3.1.1 Properties of Non-Compatible Clusters 

ln t.his ~;;('ction wC! contÎl1Il(' our analysis of non-compatible loops. In the process 

W(' isolat<' additional properties, besicles those already melltioned, which affect par­

titioning <,ff('("ti\'t'n(·ss. In the COllfS(' of th:.:; investigation wc establish il. number of 
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DO 1 = 1, N 
A(I) = A(1-1) + 10 Node \- Nodt· 2 Nod,' 1· 

END DO B DO 1 = I,N 
A(l+ 

B(I) = A(N-I+l) 

-L1 END DO 
DO 1 = 1, N NH Il:~~:) C(I) = C(I-l) + B(N-I+l) 
END DO Node-l Node-2 NOlI,' -1 

(a) Non-Compatible Loop-Carried (b) An Interference Graph Which 18 
Dependence Not 2-Colorahl(' 

Figure 3.:3: A Non-Compatible Challl of Loops 

guidelines which ultimately fonn tlH' basis of the' part.itionillg c\lgorithlll W(' lat.(,1 d(·· 
scribe. Before we begin, however, a comment. about th(' grdpltH al (ollstl \1( 1, wc' u:-,(' 

du ring partitioning analysis: the SpanniIlg (~rdph (S(;) 

A spanning graph is the two-colored spalllling tl('(' 1I1dlH (·d flOlIl t.he J(;, wlt.h 

compatible edges from the IC added a..~ arcs and 1l0I1-COlllpatibl(' cdg('s Il),t! \c(.t! dS X­
edges. During analysis, the SC is decorated with otller lIlf(,lIl1éd,IOIl m'('d dmin)!, tilt' 
partitioning process; details of this information af'(' expl,tincd iL"i wc' /!,<J ,t/OHg B(,l'étu:-,(' 

the SG starts out as an IG, wc periodically rder to the two grdphs 1111,('1< hang(~ahly, 

choosing one name or the other depending upon the glapit prop(·rt.y w(' wi:-,/r 1.0 

emphasize. As a IIleans of distinction, however, wc con:-,ist('lItly Idel tu undlf('c1,('d 

"edges" in the JC, as opposed to directcd "arcs" III tlH' SC. 

There are two reasons for using the IG for loor partJtiù/IItlg: Fil:-,I, :-,iJl( " il, wIll 
already have becn constructed during prcviùus graph-colorillg aflalysl:-', ('OII~tIIH tlOIl 

is free. And second, it contains the information J1(·('d('d to perforlll JMI tltiolllllg, orga­

nized in the way that can be efficiently acccbsed. Of (our:-,(" thl~ ~('( olld ( oll:-'ld('r;üi()J) 

is most important. 

Withoul question, the primary objective of c1u:-,tcr partltlOlIillg l~ to <lgpp'g<lt(· 

c1usters of loops in such a way 80 as 1,0 achicv(' tlJ(' 1)(':-,1, perfort Il iU Il (' CJV<'1 illl, allCl Wt> 
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1I0W show that the bC''it way to accornphsh Hils objective is to find a minimum cast 
('dgc-cut of the r,raph. To understand exactly what is implied by minimum cost, olle 
Il('('d only ('xamiue Figure 3.2. Notice, as was prov('11 above, non-compatibility occurs 
if there ('Xlsts an odd-lcllgth cycle in the graph, cf., Figure 3.2(b). Consequently, to 
rnake UH' lIod('s in the grdph compatible wc must break this cycle, and it must be 
brok('n ill dt Icast two locations; otherwisc, there would be no way to fuse the loops 
wit.hin the illdividual dusters. Furthermore, were we to eut the graph at only one 
location, thcre would be no valid corresponding program representation, as one might 

rcadily confirm. 1 

For t.he odd-Iengt,h cycle in Figure 3.2(b) there are ten combinations of edge-cuts 

which will partition the cycle, 

5' 
C(5,2) = 3! .'2! = 10 

howevel, not ail of thesc combinations are valid, and others are more costly than the 
rest. For example, a cut between Node 2 and Node -2 would not be valid sinee pu~ting 
these nodes in separate partitions has no meaning in the context of the adual loop 

cluster. Likewise, a partition such as {(1,-2),{2,3)} would not be valid either, sinee 
the corresponding loop organization is not programmable. Consequently 2! . Il = 2 
('ombillatiolls remain: {(1,-2), (1,-3)} and {(2,3), (1,-3)}. Ofthese two alternatives, 
tlw first is lc.tst costly sinee it affects the fewest number of arrays overall, in this case, 
only array A; wll<'reas the second edge-cut, {(2,3), (1 ,-3)}, affects two arrays, A and 
B.2 Not.e that by cutting an edge we imply the nced to pass corresponding array values 
betWL'<.'Il rode blocks. If wc partition t.he cIuster using the first edge-cut, t.he result 
wou Id bc as shown in Figure 3.4. In Figure 3.4(a) we show t.he partitioncd LCG, and 
in Figure 3.4(b) wc show the resulting code aHer fusion. Although a simple case, this 
example introduces the intuition behind the partitioning strategy we describe next. 

WIth this next example, we establish a general framcwork for solving the cluster 
part.itiolling problem, which we will build upon in later examples. The FORTRAN 
code fol' t.his problelll, listed in Figure 3.5(a), is similar to the code in Chapter 2 used 
to venfy cOlllp.-tt.ibility of non-nested loops (cf., Figure 2.1, page 12), except the loops 
ill this IIlst<U\Cf' <ln~ non-compatible. The non-compatibility of these loops would be 

1 This I~ Ilot truc III ail cases, e g J certam types of multlprocessor programming, as we Will explam 
III Chaptn 4 Il do('~ howl'ver apply III ail casCi> of ullIprocessor programmmg-wluch 18 the focus 
of our f('l'o(',uch 

?Olll' III1)!;ht e,\...,1Iy wnfy Ihat tht' saille observatIOns apply \\-Ith regard t.o the sllnplest cxample, 
~hlH\ Il 1\1 FI)!.IIrt' :J 1. IM)!;l' al 
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B 
A c 
+ + + 

subsct A 

(a) The Loop Communication Graph 

DO l = 1, N 
AC!) = l 

END DO 
DO l = l,N 

B(N-!+i) = A(N-I+l) 
CCI) = A(I) + B(N-I+t) 

END DO 

(b) Code after Loop Fusion 

Figure 3.4: A Partition of 'l'href> Non COlllpatibk Loop~ 

discovered during initial graph-coloring étnalysis. Ilecall tllilt, dUIIII.I!, 1.111.., (lII,dySI~, él 

hreadt.h-first spanning tre<> is constructcd and colored, a~ showlI hy Il)(' hold ('dl-',('s 
and shaded nodes in the IG, in Figure 3.5(b). As a part of thl' PIO( (':-':-', )('111,11111111-', 

edges, i.e., thosc t.hat arr Ilot already part of tll<' trec, arC' du'( k(·d, tllIci <Illy Lh"l (dll 

he addcd, without violatillg the two-coloring constraint, art' add('d. ft 1:-' al I.hi~ 1'01111. 

the IG becomes a Spanning Graph, or SG. Arc (-4,a) is add('c\ 1.0 tilt' S(; 1)('( all~(' 

the nodes incident to it are caeh of a different ('Olor. Ou Hw ot!lt'J' hdlld, t.11I' lIod(·~ 

incident to edge (2,-3) in the IG are of the same color and ~o .tn ,tH wOllld Ilot IH' 

added. Note wc indieate the non-compatibility of edgc (2,--:1) hy <III X 

Now suppose we werc to add the non-compatible' edge (2,--:l) Lo 1 1 If' t 11'(', kllow­

ing that this is not allowed. The rermlt, would he the ('f('atloll of t!)(' oddl('Il~th 

cycle {2, -3,3,5, -5, 2}. Since this is the cycle prevolting cornp .. I.!H!.ty, II, )~ 1.11(' 

one that must he partitioned. Berc we consldcr only !uudafllfulal odd-lt nqlf, (y­

des in our analysis, bccause unless ail Bueh cycle~ are brok('/I, 110[1-< 01 Il 1><l1.J1J1 hl. Y 
will remain. By fundamentdl cycles wc IJwan clwrdlf'6s Î!JrI(;.~, t1\('ldOl(', t.h,· (y­

ele {2, -3,3,-4,4, -6,6,5, -5,2} is Ilot a fundarnental tyd(~ tH'CtLlIo,(' of (holt! (:~,:») 

Before continuing, let us recmphasize the followll1g pOllltS: 1) al, Il'a,,1. I.wo ('d~(·:-. of UJ(' 

odd-Iength cycle must be cut to cffcctively partitIon the cy( 1<-, :!) tilt' ('dl-',I' (111 11111:-.1 

cut both chains extending betweell t.he fork and joill of th(' (y( le, tlllt! .'1) LIli' 1!'cI~1 

costly edges to eut arc tho~(' which corre~polld to a fork ill t!H' LC<:, ~,III«(' Il..,II,dly 
only a single array is affcdcd If wc apply thc:-.c lIotiom 1.0 lIlI:-' IMltl! 111,11 plol)I,·,,) III 
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10 

20 

30 

40 

50 

60 

DO 101 = 1, N 
A(I) == 1 

DO 201 = 1, N 
B(I) = N - 1 

DO 301 = 1, N 
C(I) = A(I) + D(I) 

DO 40 1 = 1, N 
D(I) = C(I) + 99 

DO SOI = 1, N 
E(I) = C(N-Itl) + B(I) 

DO 60 1 = 1, N 
F(l) = D(I) + E(N-I+l) 

(--- ...... 
! Node 1 
! 
! 
! 

lN~:2._ 

, Nodo. 

: Nodo-S 

(a) A Non-Compatible Cluster (b) The Spanning Graph (SG) Induced 

subset A 

of Loops from the IG 

10 

subset B 
20 

DO 101 = 1, N 
B(I) = N - 1 

CONTINUE 
DO 201 = l, N 

a = 1 
c = a + B(I) 
d = c + 99 
e = c + B(N-I+l) 
F(I) = d + e 

CONTINUE 

(c) The Partitioned LCG (d) Code after Loop Fusion and 
Array Contraction 

Figure 3.5: A Mol'(' Complex Cluster of Non-Compatible Loops 
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Figure 3.5, wc once more tlnti we are dbl(' to IMI t Itioll t.ht' ,t!,1 .Iph, 1\I~t ,,~dle, t 1\ el\' .1:-­

before (sec Figure 3.5(c)). Moreover, W(' dlf' dbl(' to obt,ulI IIlllch tlll' ~"IIH'Il('lIdit \\1' 

were able Lü obtaill from transfornllIlg ct fully (Olllpclt Ibll' , 11I~t ('l, d!-> h 1'\ 1\Jt.llt 1'10111 

the transformed code in Figure :3..)( d). Furt !}('IIIIOI\', t Ills 1H'IlI'lit 1:-' <II !tu'\'I'd \\'11 h 
only slightly additional analysis. 

Therc is one additional asslImptioIl we I\let!-.(' wit Il lt'slH'ct tn t II\' pl\'~,I'IH l' 01 ('\'('11-

length cycles in the SC, e.g., Hw cycle p,-.1, t,-(i,{iJ),:q III FI,t!,IIIt':~ ;,(h). 0111' 
might right.ly ask: How does the addition of t1tt':-'I' cyclt's ,11[<'1 t t.llt' (}\,t'I,tli .11I.tI,,:--I:--" 

The answer to this question lies in the following t.!H'0It'1Il: 

Theorem 3.2 The graph f01'1TIcd by l1/8('rfll/(j an ('tige bdwtt'II aT/y /11'0 I/otit,.., of 1/ 

lwo-colored graph wzll zlsclf be two-co[o1'td If aT/d ollly If III( I/odt, .... IT/I IIlt 1/1 /0 tIlt 

addzlional edge arc opposlie zn color. 

Proof of the theOl'em is immcdiate, by eOllstrue! 1011 'l'h\'OI('1I1 :L:! .1 ... :--1111· ... liS t h.d 

the even-length cycles have no adverse e[cet, a~ fal ,tS ullr alltdysl~ 1'" (011< ('III('cI \V(· 
might add, however, Ilot only is it safe to insert the eompd li hl\' .. dp;<'s IIIt (1 Ut(' )!,I dplt, II 

is essential to do so to ensure completcnf'ss. Ot.1H'rwlf><" wIl hout tlw'w l'dgl':-- WI' WUllld 

be unablc to apply the global analysls nf'cded to obtttlll 1lI11lllllllJll co:--t. p.11 lIt 10111111-'; 

in more complex situations. Th{' sigmficall«' of thl!-> lllf>t ~t(tt('''l<'l\t wIll 1)('( 0111(' 11('.11 

as our analysis cont.inues. 

So far wc have only encount('red simple Lases in which tlW!(' Wc\,S lIt t.lf' 1111,1'1 ct( 1,11111 

betwœn an odd-length cycle alld the rest of tl\(' glttph. lJnfortulldt('ly, t.1l<' ~ltll,lt,I()11 1:-­

often more complicated, and cutting just a single eUT, as WC' clic! so fal, If> Ilot ('lIoll1-';h 

to effect complete partitioning. This le ('a~(' tri 011\' IH!xt ('X,tlllpl(" :--ltoWIl III ),'i).';ul(' :J (, 

As in earlier examples, the original code 1::' III FI).';ul(' :Lh(.t), ,Uld tfJ(' (,OI/t'SpOlldlll1-'; 

SC is in Figure 3.6(b). Also as with prevlOus ('XéllTlp!e::" W(' f>how III FI).';Il)f':! {;(h) t1l<' 
breadth-first spanning tree and node colorlllg, COll~tllJ( !'('d cl::' !>1('VIOu::,ly d('s( 1 dwd 
Notice, however, this time the odd-Iength cyck alld t II(' ('v(·II-I(·II).';t.h ( y( 1(· h,LV(' IW('II 

switched. The odd-lcngth cycle is now the cycl(· {:J, -1) /1, h, (" :$}. 1\" ,l (Oll:--('(I'lt'II( (', 

the previous strategy to partItion the graph no 10111-';\'[ wor k... Th(' f('(l;-Oll I~ t.h,d, tll('I(' 

is now an extra. edge that must be dealt with that i.., oubid(' of t Iw orlrl 1(·tI).';t.h (y( 1(', 
edge (2,5). 

From our previous examples we know that ('dg('~ (:l, ,1) ,tIId (:!,;») 11111 ... 1, 1)(' (lit. 1,0 

cffcct the 1l1OSt. effiCIent edge-cut of tilt' odd-I{'ngt h (y( 1(· II. 1 ... (d~o (1('(lI froui tlll' 
figure t.hat ('dge (2,5) must. he eut; otherwi~(', the l(Jo!> \ 111 ... t(·1 wlil l10j IJI' ",ppalrt.!.c·d, 
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DO 10 1 = 1, N 
10 A(I) = 1 

DO 201 = 1, N 
20 B( 1) = N - 1 

no :lO 1 = 1, N 
:lO C(1) = A(I) + B(I) 

DO 40 1 = 1, N 
-10 D(I) = CCI) + 99 

DO 501 = 1, N 
50 E(I) = C(N-I+l) + B(N-I+l) 

DO 601 = 1, N 
HO F(I) = D(N-I+I) + E(N-I+l) 

(a) A Non-Compatible Cluster 
of Loops 

L subset A subset B 

c. The Partitioned LCG 

Nodo 2 
-' 

N0d04 ; , 

(b) Flow Analysis of the Spanning 
Graph 

10 

20 

DO 101 = 1, N 
a = 1 
B(I) = N - 1 
C(I) = a + B(I) 

CONTINUE 
DO 20 1 = 1, N 

d = C(N-I+l) + 99 
e = C(I) + B(I) 
F(J) = d + e 

CONTINUE 

(d) Code after Loop Fusion and 
Array Contraction 

Figure 3.6: Another Case of Non-Compatible Loops 
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As a fm-ther cOlldltloll. (,drll du"tt'r cn',t\.t'd as a !t'suIt 01 1 lit' \>dltlllOll lllll"t ll~t'll ht' 

a fuszonablc parllllOI!, By il fU!'>londbl(' p,utltlOll Wt'II1t'.t1l tlt,1I tIlt' Il)u\>:-, lUl\lpll'>lllg 

the partition must. be (OIllIMtihlt' III order t.hdt tl\t'Y Ill' 1.1 tel (lllltlllllt'd IlltU.t ~lllgll' 

Ioop, by Ioop fUSIOll. FUI t.!wrmore. W(' would li\..c tilt' t'dg('-l lit t It"t .Ill Olllpll'>Ilt'" tilt, 

partitioning to 1)(' Icast cost III t.f'fIlIS of the 1l\11111H'1 (lI t'tlg('èo 1 III l'Il dt Ille'\" t 1H''>I' 

objectives, weexpand our prcviolls llH'thodology tu I\\(OI!>Oldtt' d ,L'.ldpll pdltltltllllll,L'. 

technique based upon tlt(, w('Il-knowlI Ma:r-Flou' ,\[111-( '/II t 1)('0\('111 1 Lm/hl 

Theorem 3.3 (Max-Flow Min-Cut) 'J'he 1IWI11117171l l'Il/III oJ 1111 (, .... 1) /101/' l," Iq/lfll 

to the rmnzmum cap(1cdy (8, t)-Cuf8rt. 

The s in the above t hcorelll f('pn'sl'Ilts the !'>ourc(' of lIow, ,111<1 tilt' 1, t ht' '>1 Il'' I,'ul t ht' 

moment, Olle might view the "!l0\\1" as the pip<,lill('<I t.lall~kr 01 ,\II cl\, ('lt'llH'llh tlOll1 

one code block to the nex!.:l Accordingly, ail C .. , t) How I~ JU:-'t. t.1lt' tlo", Ilt't \Vl't'Il tilt' 

source and the sink, and an (8, t)-cut.sct i5 any pal l.it.IOII of t.!w 1lt't.WOI k t.lldt :-'{'Poll,tlt':-, 
the nodes into two tod.5, 01)(' set ('ontailling the !'>OIlIC(' dlld 1.lw Ot.!I<'I, Il)(' :-'111" 

To find the max-fiow and 1Il11l-cut through a 11t't.WOI k, ,1 :-'('11(':-' ot j101/'-tllIl/lllt 11111111 

paths are successively add('d together tlnU the f\(·tWOI k 1)('( 01l}(,~ :-,,11 III dlt'd At t 1)(' 
point of saturation, nctwol'k flow bccolllcS ma.xIl Il,tI, dntl d!'> T\t('ol <'III :\ .\ ',lIgg('''t.~" 

the flow at this point is equdl to the flow across t.h(' III III 1 III 1 Il Il 1'.Lp.l( II Y ( 111 :-,('t 'l'Ill!'> 

property is formally stated i Il tl:(' following 1 elat('d 1.1)('01 ('111 

Theorem 3.4 A jiow 18 maximallf and only lf li ar/nuf, .. no a/ulm/'11111111 p(flft }rOIll.~ 

to t. 

The above theorem assumes several basic nctwol'k prop('l'tie~ apply, Ilcl!'>('d Uj)OIl LIlf' 

so-called conservatlOn law. The conservation law stat('s tltat t.he flow inl.o " nod(' 

must equal the flow leaving it, or 

LX)I = L,rI) (:\ 1) 
) J 

ln the aboveequation XI) i5 the flow through arc (l,)). Wlten li\(! pn'«'dillg !('I,tlioll 

.. ship is extended to the entire network we have 

L X JI - L J.·I) = { ~~'~ :,.; (:\'2) 

) ) u,t=L 

3Later Wf' WIll chanp;e tllls dl'fÎlllt Ion "hp;htly tü f>lllt our f>fH'Clfic purp%f' 
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wherc v is thc value of till' f1ow. Hesides flow conservation, on each arc we also have 

a capactty con . ..,trmnt· 
(3.3) 

r,) i~ Hw now capacity of the arc. Any flow satisfying condition 3.2 and condition 

:l.~J is (allcd a fca<'lblt: jlow. Lastly, if P is an undirccted path from <~ to t, an arc 

(t, J) EPIs a f01'1lJard arc if it is directed from s to t; otherwise, it is a backward arc. 

P is said to he a flow-augrncnting path with respect to flow X,] if X,) < rI] for each 

forwal d arc, and X,) > 0 for each backward arc. When we apply these notions, the 

:'Iolution techniqu<, becolllcs straight forward: Saturate the network with allgmenting 
flows III order to find a miniml1m capacity cutset. This cutset, in tum, Icpresents the 

least.-cost partition of the SC that we are sceking. 

The initial phasc in th<' partitioning proccss is to transform the SC in Figure 

3.6(b) into the structure of a flow nctwork, as specified in preceding fiow-problem 

formulation. To do this, we rnake the following correspondence between the two 

prohlems: 

1. Wc use the SC to represent the network, as shown in Figure 3.6(b). 

2. We assullle that. fIows go agaiust the flow-dependence arcs in the IG, i.e., instead 

of t.he fIow going from, say, Node 2 to Node 5, we assume it flows in the opposite 

direction, from Node 5 to Node 2, as shawn in the figure. 

3. Bccause the ftows art: reversed, we reverse the network source and sink; for 

examplc, wc let Node 6 b<> our source, instead of a sink, and in situations in 

which there are multiple sources and/or sinks, we ex tend the nctwork by adding 

an artificial source or sink, as shown. In the Figure 3.6(b) the artificial sink has 

been added to the SG to conneet the input nodes, 1 and 2. Extending the graph, 

as we have done, is the m'mal way Lo handle multiple sources and sinks; however, 

illstead of assigning infinite eapacity to these pseudo-arcs as customarily done, 

we sometimes assign a lesser capacity, as described next. 

.1. Wt~ assigll a zero capaeity to caeh input arc of a joïn in the SG (or cOllversely, 

to ('ach fork in the IG) if the lI1put arc of the SC is adjacent to an X-edge in 

the IG. For example le edge (3, -4) is marked with an X, sa the adjacent SG 

input arc (5, 3) i~ given a capacity of zero. 

5. Nt'xt wc associate with each node a temporary variable, called node_capacity, 

tmd for e'\c1l output Boel<- of the IC, wc initialize the value of this variable to 1; 
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each remaining Ilode capacity is Il Il 1 Idli/t'd 10 zelO '1'1\('11 ,\1 t',H h 1t'11II11I.d lIodt' 

cncoun tercd duri np, the bread t h- tir~t t l ,L\'t'I ~,d 01 1 Il«' 1(; (Il..,t'd 1 li CI t',l t t' t hl' S( ;), 

we add the cap;lcity of th(> origin Bode 10 the (1111 t'III IItHIt-':-. (dpc\('lt \" Plll\'ld,'" 

the correspondillg edge is lleit.lH'r ail X-ed,I.'," 01 ,lII cldJ,I{t 'II 1 /'t'I \1- wI'lgh 1 l'd c1lt 
At each "compatible" join encollntt'It'd, 1 (' , fOl t'.lch I(JIII lIud(' III 11\1' S<; 1 h.tl 

does not have an X-edgc or zero-wPlghtt-d llIpllt ,In, \\t' c1:-''oIp,1l 1 1\1' c1lt ':-. 011.1.',111 

node capacity to the corresponding arc, if the <01'w:-,plllldlllp, 011.1.',111 lIudt, h 111111 

zero, In Figure 3.6(b) for example, Nodl~:J hd:> /:1'10 (ct)ldl Il)', Nod\'~, ,\ l ,tp,\( Il.'' 

of 1 (taken from Node 5); and the sink 1I0de, a (',tp,IClly of l ,t1:-.o (1,.11"1'11 h011l 

Node 2). 

6. And lastly, we add infinite capaciti('s to ail !'('lllail1illg ,IJ'C~, 1,0 ('11:>111«' 1 hal IIOIW 

are eut. 

Item 4 is done to ensure that every odd-length cy< 1('1:-0 cul" ,lit hOIlp,h ollwl higlwl 

priority cuts can, and often do, occur dos(>r tü th(' IOOt(S) of tht' S(: whidl :-011(H'1:>('c!I' 

these "lat.er" cuts. As a result, these later cub might Ilot ,t< t \I,dly ('V('I II«' t'Ift'( ted 

U1timatcly it is the flow-augmcnting path aigonthlll thttl <I('t('IIIIII)('''' wllt't 111'1' I.II<'')t· 

cuts are actually usee! to pa.rtition the graph 

The motivation for Item 5 might be uncl('ar at thi:, pei lit; howt'v('1', W(' ('XpI.UII t II<' 

rational behind it after this next exampl('. For the mOIlH'lIt, th(' Illldt'llyill~ Ilot 1011 1:' 

merely that the capacities must refled the relati\'(' pnoIlty \VItI! whi( Il (lIt~. ,lit' to 1)(' 
made. 

Let us return to the problern shown in Figu\'(' :{ () 1.0 :-O('t' how th, ,t! HIV(' ~tl ,tI,I'/-!,\' 1:-0 

applied. Either during the graph-coloring proce:-os or ÎIllIll('dJaIt'ly f(JII()Wlll~ 11" p:'('IHlu 

source nodes and/or pseudo sink nodes are added to tlw gritpll, li ('ltllt'l .11(' 11<'( t·..,:"u y, 

In this instance, sinœ the SC contains two I('af hlocks, Blof h l ,HICI ~, 1\ ~lIIk lIodf' I~ 

created with arcs extending from the pllInary 1l0df':' of tllt'~\' 1,1(j( k.., tu tllI" ~lIIk 

The compiler next assigns arc capacitie:" as <1(',>( ril)l'c\ III St('p:, hll 1 Ill' l'lIrpo:,(' of 

clarity, wedescribe how thef>ecapacitics arr' d('l'I\'('d I<lUWI thclll ('llllllj('l,tflll)!, 11lt' ,,1 ('P'" 

taken dUling t.heir derivatlOIl; th(> exact prof ('dur<' I~ d(·~( 1 dlf'd III t II(' IH'xl "'('( 11011 

Edge (3,-1) from the IG III FIgure 3'() 18 an X-edgf' ,uld 1111'11'10/1', JI 1" Ilot Ill( ludf·d 

in the SC; arc (fi,3), the adjaCf'llt arc al. the JOUI III t 1\1' !(: .If \'Idf' ,~ 1'0 '1""J)!,lwd tI 

zpro capacity. The second jOill at Nod(' '2 i!, pttl t of t II<' f'\'('J1-I('II~I,1 li flJIId,(JJi"1I1 ,d ( y( Il' 

bctween Bloc!":s 2, :1, ,wd!) The capaclty of :\()(k - J 1'0 ZI'I(J. 1)('( "'I~(' (JI t IJI' ZI'IO 

capacitv at Node :3, II<'I1ce, Il has no eff('d (HI tllf' (dIM( Ilv of \ot\(·:' 011 tlll' ()tlll'I 
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hetlld, Nod(' !j wceiv('!> a Ulllt capacity from Node 5, wllldi increments the capacity 

of Nod(' ~, ,LIId élccordingly, <ire (5,2) 1('CCIW!:l a cap<icity of 1. ApplYIIIg the !:lalIle 

r,ü\oll<l.1 to the !>\nk I1ode, wc d<'rive a capanty on the arc (2, slnk) of 1 also AlI 

ff'JlIaillillg ct\'( s ill tlH' graph arc then given an infini te capacity. 

011(,(' tlw!>(' ('etpacities have becn assigned, the SG is ready for network flow anal­

y!>is, alld th(' flow-augmenting path algorithm is applicd. In this imitancc, only 

011(' path i!> open, and it is sat.urated aft.er only one flow-augmenting path is found, 

Ui,-6,!i,2, ... mJ.:}. At the point of network saturation the graph becomes effectively 

part.itio\H'd, etS "howlI. Although wc are assured of the compatibility of nodes prior 

to tl\(' (ut, w(' (',wnot be &'>i>urcd of the compattbihty of nodes after it, SInce a sin­

gl(' (ut. I~ ofl,<'II III!>ufficimt 1.0 break aIl odd-Iengtb cycles in the graph. Therefore, 

graph·wIOlinp; il> appli('d Olle<' more to the remaining (left-most) subgraph. In this 

ill:-.taIlCt' t.!w suhgraph n'mains unchanged by the ensuing analysls, so partItioning is 

COlllplde. 'l'Il<' Lee, aft.er partitiolling, is shown in Figure 3.6(c). Since the compiler 

I10W knows t.hat. (,'tch of the two partitions are compatible, the corresponding loops in 

('adl pal titioll C,UI be fuscd and array contraction applied, as shown in Figure 3.6( d). 

A:-. can 1)(' se<'l\ fIOIll the transformed code, the benefit of partitioning can be signif­

Icant; III thi:-. ca:,(', it results in ehmmation of loop control overhead for Huee loops 

and stalctr-variable replacement of three of the original six arrays. 

B('foJ'(' procecding with the formaI description of our loop partitioning algorithrn, 

let us return 1,0 tht' issue of the necessity for Item 5 of the network transformation 

dt'sCl iptlOlI (on pagt' 41). Item 5 gives criteria for assigning arc capacities based upon 

cllIIIulativ(' earlier capacities. The reason for establishing capacities as prescribed 

by titis Itelll is two-fold: 1) to ensure sufficient Aow reaches ail arcs in the graph, 

('sl)('cially tho:-.t' incid('nt to distant joins, and 2) to ensure that arcs incident to joins 

in the SC; art' glVCII priority over cuts along the respective paths to these joins. The 

nlst r('ilSOIl I~ IMse<! UpOIl the fact that, in the absencc of sufficient flow, lower-priority 

arc~ cali be sltu veel of t apaCity (and hence cut) preventing flow from reaching possible 

<lIstallt eub of IIIp;her-pllOrity. On the other hand, the arc capaclties themselves serve 

al'> d 1IH'<l.IIS of <'st,tbli:-.hillg priority, that is, a means of differentiating the relative 

1 III pOl 1.\11('(' of 011(' cut éL.., oppos('d to anotlwr. 

TIlt' IIllJMet. of capacity assignments is illustratcd 111 the partitio/llllg problem 

S!tO\\'1I III Flglll't' :l Î FIgure 3.ï(a) deplcts the SG generated from the FORTRAN 

souIn' <ode :-.howlI ill Flgur<' :1.7(b). There are two situatio/ls Im's('nt in this code 

wh il h dtfft'I t'II t l,II (' 1 t from our previotl~ ('xam pk~' 1) adjacell t cycles, and ;}) loosely 

1 
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N ... l 

(a) Partitioned Spanning Graph 

-------, r--------- --- - -
DO 10 1=1, N 

10 A(I) = 36 
DO 20 1=1, N 

20 B(I) = A(N-I+l} + 99 
DO 30 1=1, N 

30 C(I) = A(I) + 8(1) 
DO 40 1=1, N 

40 D(N-I+l) = B(I) ... 8 + 2 
DO 50 1=1, N 

50 E(I) = A(N-I+ 1) / 4 
DO 60 1=1, N 

60 F(I) :::: N 
DO 701=1, N 

70 G(I) = C(N-l+l) * D(I) + E(I) * F(l) 

DO 10 1::::1, N 
A(N-I+I) =- :W 

10 B(I) = A( N -1-1 1) 1 !)!) 

DO 20 1= 1, N 
c = A ( N -H- 1) t B ( N -1-1 1 ) 
cl = B(I) ... H + 2 

(l = A(N-J+J) / t1 

f = N 
20 C( 1) :.= c ... d + f' ... f 

__ ~......J L.... _____________ _ 

(b) Original FORTRAN Code (c) Optimal Solution 

Figure 3.7: OptIllléil P <tri II 1011 I11~ Il~illg Node Capa( Il w:-., 
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connected nodes <1 

Th(· adjacent cycles arc tho~t' dcpictcd in tht' uppcr-left portion of the figure, 

{l, 2, -:q, {2, -3, :J, 7, 4}, and {l, 2, 4, 7, -7,5}. The primary characteristic of such 
cy< Ic~ i~ that the fork and join of one cycle is somehow interleaved \Vith the fork 

and join of allotlwr. In situatioll~ of this type, it is ncœssary to ensure sufficient 

flow n'aches tI)f' fartlH'st cyclt' so that should this cycle nced Lo \)(' eut, it will bt' eut 

al its I(·asl-cost. locatlOn----tbc location corresponding to a fork in the LeG. In this 

instann', sinn' cyclt' {2, -3, ~J, 7,4} is odd-lcngth, it must be urt, but doing so f.)rces 

tJw latf'r cycl('s, {l, 2, -:1}, and {l, 2,4, 7, -7, 5}, to also be eut, cven though these 

l:!f,('r cy< I('s an' both of evell l(·llgth. Notice how the node capacities ensure that ail of 

the cuts occur dt the COf(ect location. Notiœ too that this property holds, regardless 

of whether othcr subgraphs of illtervenillg chains or even-length cycles arc added to 

th('M' cydl's, for examplc, imagine additional nodes bemg inserted along arc (-3,1). 

Loo~dy COHllected nodl's are those which are not a part of some outer-levcl cycle, 

su ch as Node 6. Again, as JO the previous situation, node capacity is required to 

cnSUf(' culs an' made al the corrl'd location. Specifically, had node capacities Ilot been 

118ed, arc {-7, 6} would have had th<' S~\l11e capacity as arc {6, sink}, and as a result, 

tht' flow-augmenting path algorithm would have incorrectly cut arc {-7, 6}, isolating 

Nod!' (i, IIlstead of makillg the lea.st-cost eut of the arc to the pseudo sink, as shown. In 

both tills instance and the prevlous one, adherence to the capacity-weighting scheme 

df'scribcd III Item 5, led to optimal partitioning of the graph; whereas, had capacities 

l)('e/l assigll('d Il'ss discriminatdy, optimalit.y wou Id not have been achieved. 

3.1.2 The Partitioning Method and Refinements 

III the last st'ction wc providcd an intuit.ive description of how loop-cluster parti­

tiolling Illight be accolllplished In this section we formalize the method and provide 

addit.ional examples illustrating the application of clusLer partitioning to special cases 

invol"illg multiple partitions and thCll cOllstrained loops. First, we begin with a for­
llIel! d('M'riptioll of the algorithm: 

AlgOl'ithm III l)art,flOu Q c!u.'/(l' of lloll-compaflble loops. 
- -------_._--------
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mput: 

output: 

Au intcrfell>nn> graph, IG 
(sec page 15). 

[[N,Nl, FJ, ("(Hlstmctt'd IISIIIY, AIy,()llthlll 1 

A colorsetc -= {colorl' color2} for (,d,ch 0111 put lIod.' in tilt' !.('(:, 

A color .preference which determin('s tilt' colol' lIf t hl' st'! t Il lit' l ho 

sen in the event the loop cluster con t·,,i m, co Il:-' 1. 1 "illt'd \lod.':-., 1I1111,dly 

coloLpreference is IIl1defillt'd, 

A checkset whlch contains tilt' CU\ï't'nt nodl'~ ht'lllg \'I~II!'tI tllIllIIY, 

brcadth·first traversai, and a nextset wlllch ('ont.lIl1!'> 1.111' IWXI. It'\,t·1 of 

nodes to visit, 

A set of noncompatlbles = 0, wlllch «)JJl.dill~ any t'dg!':-. idt'Ilt dit,d " ... 

having a non-compatibl(' arr,ty-rd(>J'('IlCt' ortlt'I wll.h t hal of ib Ilt'igirhol 

node; wc rcfer 1.0 these edges a~ X-l'dgt':', 

A global Boolean value constralned, IIl1tializ('d to taIse, IIldl< ,1I,inp; nOIl 

compatibility becaus(' of loop-canwd d('pt'lldelH'(' • oll:-.tr,lIl\b, dlHI 

A Boolean retUrIl vaIlle, compatIble, wlth <ln lIlitldl v,dlll' or true, 

The IG partitioned into cornponenb, edch cOllll>Ol\cnl. 1«'!)(('!'>('111 Inp; ,1 (lllll 

patible loop cluster. 

procedure: 

FUNCTION colorTree (checkset): compatlble 

FORALL n E checks et 

FORALL input arcs Xnm and the arc 1.0 cornplclIll'ul. lIodt, ii 

IF the terminus TH i~ Ilot colored 

color m the opposite colO!' of ft 

set m.node_capaCl ty = 0 
IF m.colorset =f. n ,colorset 

;; eslabllsh a COIOT'sel correspondencc 

ali~ rn.colorset and n.colorset 

IF nt IS the opposit(· col Of of 7t 

;; sel nodc and (l1 c rapaczlzc .... 

incrcment 7Tl node_capacl ty by n.node_capacl ty 
IF m ha.h multiple output p()rt~ 

X",/!.arc_capacl ty = 7/ node.capacl ty 
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ELSE 
Xnm.arc_capaclty = 00 

add rn to nextset 

ELSE IF rn is the same color as ft 

;; cul tilt; 7lon-compaltble cdge 
m.node_capaclty = Xnm.arccapacity = 0 

compatl.ble = false 

IF tH is constrained i; loe., li contams a loop-canied dependence 
IF coloLpreference has not been set 

set color _preference to the color of m 

ELSE IF the color of m # coloLpreference 

constralned = true 

IF the nextset is not empty 

compatlble = colorTree(nextset) 
RETURN compat l ble 

FlJNCTION partltlon (graph): compatible 

;; assoczate a separale c%rsel wlth each output node 
source_nodes = getSources(graph) 
FORALI, n E sourceJlodes 

n.colorset = colorsetn 
;; c%r the !/l'aph 

compatlble = colorTree(sourceJlodes) 

IF NOT compatlble 

i; Cf'cate a psrudo-source and pseudo-sink, if necessary 

IF numberOfSources(graph) = 1 
source = source..nodes 

ELSE 
crealt' source 

FORALL n E source..nodes 

aUad. an arc from source to n 

slnk..nodes = getSmks(graph) 

IF numberOfSlnks(graph) > 1 
cn'at(, slnk 

FORALL 1/ E slnk..nodes 

47 
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attach an arc fIOIll 71 to slnk 

IF n.node_('apaCl ty > 0 
XnsHlk.arc_capaclty = 71.node_capacl ty 

;; partitwn the gmph 

subgraph = flowAugmentlngPath(source) 

RETURN partltlon(subgraph) 

I~ 

Notice that the colorTree function sets a global varicthl(· III Ut<' {'V{'1I1 of <1 loo!> 

carried dependenci' constraHlt. '1'0 partitIon the gl,tph wlIell :->11< h ~II Ildl 11111:-' III (III 

requires a modificatlOll tu tilt' rllgorithlll. which W(' (kscnlH' tllloll1!,h <III dlll,,1 1.111011 

Jater in this section. Notil..(' 100 thùt ù~ IOIl!!, a~ tl1(' tad·t·lld :-'lIh!!,l.lplt 01 1 lit' S(; 1" IIIlI1 

compatible, the algorithm paltltloll~ the /!,laph \111,0 IIlClCd"llIp,ly ""1.tll"1 "1I/',L',ltlpll:-. 

This lS accomplisllf'd by f('cur~lve appliuttloll of tl\(' part l t Ion hllll 11011 'Ipplwd III 

the subgraph OII the slIlk side tht' SC. As a r('~ltlt, ail uJ'\g\ll,t1 (111:-.11'1 of 10111'''' Illl/-',lti 1)(' 

partitioned severdl times, each partItIon r(,~lIltillg III al 1(,.t~1 Oll(' ,uldll \{>II,.I III:-.ioll,lbl" 

cluster of loops being found . 

We examine thes(' processes further in our IWX!. ('xampl(', ~h()wll III FIP,III(' :S.H. 

Besicles multiple partitioning, this exampJ(' illll~trate~ ct cOllpl(· of 01 1\1'1 11111'111(' ~Itll,l 

tions which have not been addressed yet, specifically, tl\(' handlill,!!, of 1l11lItipl.· ('dg.·~ 

between nodes, and the treatIll<,nt of adjacent cyd('~ wlwlI IlIUIt ipl(' ( lit... ,lI«' III vol VI'" 

The FORTRAN loop clustt'r us('d in this exampJt. is shown III FIglll(' :t H('I), IHIOI 

to Ioop transformation, and the corrcspollding 1(; with II ~ llldlle (cl sc <lJ(' "llowlI 

in Figure 3.8( b). Exam inat ion of the' figure r('v('ab that t 1)(' OrI1',III.ti loop" .t It· 11011 

compatible because there exists three odd·length cyel.·s III t.he IC, t.1((' fil~t 'IIv"lvlllp, 

B10cks 4-6; the second, Blocks 2, 4, and !i, and the third, Bloc ks 1 /1 

Notice in Figure 3.8(b), how we deplct. tht, hituatlOn III whi( It lIIultlple dll.ty~ ill(' 

passed between code blocks, for cxample, arrays F and G tWill/!; prl:-.~('d IH'tw('('1l Blocb 

5 and 6. Each arr<l.y is represent('d mdlvidually ~in('(' Ci ~epar.tt(' C lJ~t i~ ,,~~()( '<ll('d wlth 

each. In this case, the capaClty of Nod!' .) 1'> ~, dlld t!\(' CdIM( Ity {Jf C',\( li (Olll\f'( 1 III/!, 

input arc 1, as shown. Next, notlc(, thrtt tlw MC t1.dJ,t( ('III tu ('d( Il X (·tI).',', Ild" II.., 

capacity set to zero, but only for tho~(' ('dge~ (Orn':-'IHJlldlllg tc) Il)(' ~,1I11(' tllldy hl/ 
exam pIe, the capacity of art:.- (6,4) for ,tri ay E I~ Zt'ro, «(JJr('''J)()lld 1Ilp, t (J X I·d).',(' (,1, :)) 

for array E, and t.he capaClty of or\(' of the t wo adJdc ('lIt dr(:-. (- ,1, :!.) ('-. 1'('1') (lOI d Il <1 Y 

B), but not the otlH'r (array C). C(jIl~('<JIJ('lltly, I}((' (<tp<l€ Ity of f\od(' ~ l'. 1 II(JI ~ 

Next. notice the first cut in tlw SG is 1IIt1.c!" WlthOll1 ,t ~IIl).!;I(' flo\\' <lllJ!.III(·lIllll)!, (J,dll 
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DO 10 1=1, N 
10 A(l) = 1 

DO 20 1=1, N 
11(1) = A(l) * 2 + 3 

20 CCI) = B(I) + 99 
DO 301=1, N 

30 0(1) = A(N-I+l) + 6 
no 40 1=1, N 

40 E(I) = B(I) + C(1) * D(I) 
DO 501=1, N 

F(I) = B( 1) * 4 + 2 
50 G (1) = E( 1) * 8 - 3 

DO tiO 1=1, N 
60 H(I) = F(I) + G(I) * E(N-1t1) 

(a) A Non-Compatible Cluster 
of Loops 

(1) 

",,*1 - l\nI 
CIl Q.l 

(b) The Corresponding SG Showing 
the Partitioning 

DO 10 1=1, N 
10 A(I) = 1 

DO 20 1::::1, N 

b = A(I) * 2 + 3 
B(I) = b 
c = b + 99 
d = A(N-I+l) + 6 

20 E(I) = b + c * d 
DO 30 1=1, N 

subset B subset ~ J f = B(I) .. 4 + 2 
g = E(I) * 8 - 3 

(c) The Partitioned LCG 

30 H(I) = f + g * E(N-I+1) 

(d) Code aCter IJoop Fusion and 
Array Contraction 

Figure 3.8: Multiple-C'ut Loop Partitioning 
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ever being made. Also notJ('(' that foil()\\'IIl~ tIlt' IIllt l,II !l,II t Il 101l11l!-',. 1 lit' (,lptl<'lty ot ,dl 

adjacent arc::, afft'ctt'd by 1 he initial nIt lt'II1<1II1 ... 111I( h"I1~(·(1. :-Ol(l( (. tIlt' (0 ... 1 lIf (lit 1 1I1~ 

the arc rl'mains Vtllid III otlier wonb, Ihl'/t'Id (.IP,\(II:- 011 .lll ( 1,:n lUI .\1I.l\ 

B is not re('valuated for the :-Ol'C0nd iterallOlI (lf tht' I\()W-,1I1~1lI('1I1 1 lit!, Ih\\ il ,tl~OIlt 11111 

on subgraph {l,2,3,4}; whercdS the reIll,ulIlIlg Ilod" <lut!.\1< <"pd<II\(' ... ,\II' (Ill 1111' 

figure the rcvi:'>l'd Ilode CapétCltles III tht' Illiddl(' ll.lllltlllll ,lit· dt'lIol('d \\llh ,\ h,\"h 

mark.). The second algorithm appbcatu)\\ cuts tht' p,I,lph ,\ :-,('ulIld t III\(', ,1:-0 :-ohow Il , 
resulting in two cuts and tlu('c sUbgldph!'t 0\'('1.111, 1 f FIt!,IIII' :\ ~(() :\11110111-'," 11\1' 

partitioning rcsults COllSlst of thrc(' fu::,iullcl.hle pctrljllOlI", 11I81('<\(1 ul t \\0. 1 II(' I)('IH'III 

of transformation remains high In this (aSI" fi\'(· of t lit' OlI~lll,t1 (·I).',hl dll<l\''> \\'1'11' ... 1 dl 
able ta he eliminated. tllong with tht' loop OV('r!\(',u! flOll1 1 !t\t./, loop ... 

Sa far wc have Ilot discu,>sed c1u!'tkr p,u 1 Il IOlllllg fOl 1 II\' (d:-O(' of 11011 (Olllp,tllbl(' 

loop clu~ter& caused by cOll!'ttrailled loop!'> thal ,\\(' ""p,lIdkd ,\II lldd 11111111)('1 \lt ,111:-0 

from one another. 5 III Situations of t hi~ tYJl(" cl l(,d"I-('o"t l'lit. 11111"1, 1)(' 101llld 1H't.wI't·1I 

the two loops. lIowc\'cr, ~in«' titiS t.YPI' of 1l01l-COlllp,lIlbJllty (,lll 011('11 1)(' l,.-uk(·11 
at the scune time a c1uster i:'> helng petrtlt IOlwd to Il'1\10\'(' 1 Ill' pll'\'Il11j'-, 1 \'1)(' of 11011 

compatibilitJcs, w(' do Ilot a t!.<'rn pt tu \'('IIlO\'t' ,tIIy ( 011 ... 1 l ,U 11('<1 loop 11Ull (OIIIP" t Ii" Il \ II'~ 
until ail of the other type of lion-compat.I \,d 1 tH'''' b .. v(· 1)('('11 1 ('llIo\'('d (ll"Illg Algollt 1111\ 

III). If arter tl)(' other non-cornpatlblliti('''' hil\I'!W 1 ('lIlo\,('d , <1 pdltil1011 (JI P"ltlllllll:-' 

remainnoll-cornpatible, WI' sum tll<' nUIIII)('r of uIliqut' dl 1 cl Y'" 1(·f(·I(·II«('d f(JI lIod(':-O of 

each color within each remaining Ilon-colllptltibk pit! t ItlOIl ,lIld 1111'11, 1 ('1110\'(' [rolll 

each of these partitions the colon'd !lodes corn'!'tpolI(hng to t.h!' f('W(',,1 11111111)('1 01 

referenecs. The effcct is to increase the IIlllllht'f of arr,lY:-' I('qllill'd II\' t IJ(' 11i1I1I1H'1 ,lI':-O 

into and out of these Ilodes. 

In FIgure 3.8, if Nades 3 and -4 were ('c\ch (oll~lr,l1lJ('d, Nod(':i W()\tlt! 1)(' 1('1I10Vl'd 

from the clll~ter sincc the fewe&t number of arrcty., III tilt' Illlddk 1',11 t II 1011 wOllld IH' 

affccted, in tius case, two arrays, a.'3 opposcd to thn'(' ,tri il)':-O W('I(' Nud(' - ,\ lf'IIlUV('" 

Since Node :J i8 a source node for titis partition, hO\V(~V('r, II, 1)(·(0111(·..., 11I11II1't!lal('ly 

eligiblc for clustering \VIth Nocif' 1 in the Il'ft-lllosl p.trt.it 1011. A .. d <'(>11:-'('(/,11'\11 (', IHII (' 

transformation IS cOIllpleted, t}\(' added cost to itchi(·v(· 1001' (Olllll<1ttllJ!tly. 111 tltl:-' 

case, 18 the co~t of jU!'tt olle itrray. 

5Rf'call, a cOllstrallled loolJ 18 Olle lr1 willch thprr 1., a 100\>-( arrwd df'!W/I,j,'/I1 f' 
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3.2 Analysis of Partitioning Effectiveness 

III 1.))(' PI('VIOllS s('ctioll wc describcd a mcthod for partitioning a non-compatible 

clll:-.I.(·r of IO(Jp~ Illto ~eparatc fU510nable clusters, and in the process wc demonstrated 

t}u' .lppli( atlOlI of thi~ I1Iethod with severa! cxamples illustrating alternative situations 

whiclt lllip,ht 1)(' CllcollIltered. As a final step, wc now justify the effectiveness of our 

loop pa: titiolling llJethocl alld dcnv(' its complcxity. 

III g('I)('1 al, l(}op partitioning is a difIicult problem, and t.he conjecture is that 

c111SI.('1' pa. titiolling 1.00 If> NP-complete [GOST92]. Nevertheless, the heuristic we 

(I<'~cnl)('d III AlgOlithlll III works weil in many instances, as we have shown. Unfor­

tUII.tt(·ly, vve CéiIlIlot guarantcc this approach produces ovtimal result.s in aIl cases. 

III tlll' allalysi~ tltai follows, wc thcrcfore present intuitive arguments for why our 

a.lgori th /JI fr('q ueIl tly liucccedli. 

W(· know th!' f1ow-augmeIlting path algorithm for max-ftow min-eut produces an 

opt.imal pal t ition of a IIctwork for it given set of fixed ftow capacities. Thcrefore, if an 

SC cali hl' (·ff(·div('ly transformed into a network with fixed ftow capacities assignecl in 

sud a way dli to accurately reflcct. the relative cost of loop-cluster partitioning, we are 

liilllil<irly alismed the resulting partitionillg too is optimal. To establish optimality, 

w(' would n('cd to show 1) our priorities for cutting edges accuratcly reftect actual 

partitioning tradt'offs, and 2) these priorities are respected during application of the 

flow-augmenting path algorithm. Since we have no cvidence to suggest otherwise, we 

b('gin Illlder tilt' assumption that the algorithm might, in faet, be optimal. If it is 

Ilot, w(' would like to isolate situations in which the algorithm is likely to fail. It is 
with this motivatioll that our analysis proceeds. 

ln th(' dl~cussion that follows, a fork node in the IG is anode with multiple output 

ports, and lik(>wis(' <l Jom 1l0de is anode with multiple input ports. Note that for~.s 

in the IG cOr!('spond to joins in the sa, and visa versa. Wc refer to a combination 

of a fork notl(·, a join node, and the two segments of the gr<l.ph which conneet these 

110<1(':-, as a. ryeh,.1l Cycles in an IG are further classified according to whcther or not 

tllt'y <ire IIllllilllal; t hoStO consisting of a unique fork and the fewest number of Ilodes 

Ml' s.tid ln hc fUlIdll11lfnlal. Lastly, when we refer to the segments of (l cycle, it will 

he to tht' V.UIO\l" c!l,uns that connect a fork and a join Note, as a m1l1imum, every 

cyck ('Ont,till~ .\1 I('a~t 1 \\'0 sllcb seglllent:-, As further terminology, w(' distinguish 
--

6'1'111 ... (ktilllllnll II> .,hgh! 1) dllrefetlt t h.Ul COlllmOI1 termlllology III order to ta"!' advallt.age of both 
tilt' dlrt'c!pd Il,llllrt' of tilt' St;, a." wdl as the charactenstlcs of the undcrlymg IG 
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undirected cdges III the le fwm dm'd('d rl[(~ III tht' indlllcd S<: 

By ('onstructloll, W(' gUdldIÜ('(' th,LI tlH' SC hd." 110 (y( Jt.:-. of "dd "'Ilglh, l'II \\.' 

refuse 1,0 add arcs 1.0 t 1H' grdph \vlll( h wOII1<l product' ,,\1( Il (yI 1.,.... Î\UIlI'I hl ,1(' .... ", 1\'1 

us assume for a IllOIlH'llt W(' W('l'<' to ddd drcs wll\(h \\Oltld IIItIU.!" •• , .. dd Il'lIgllt 

cycles Sur<'ly we wOllld 11dV(' to 1>rt'<I" ail of t l}('~.' (y< 1(,.., III 01.1"1 1., III.I!-'· 1 lit' S<: 
two-colorable, At du' Sàlllt' (JIll(' W(' IIl1ght lIeed to (lit u( h('1 .\1 1.., .,1 1 III' gl.lph 1 Il 

partition it. Partitioning, d,S w(' have shown P[('vlolI~ly, 1:-' (':-'..,I·llt I.d III lut 1111''''11111,,),1(' 

loop c!usters. Of course, arc~ cannot b(' cnt illdi~\'1 illllll.IIt'I\' ('oll',I'ljlll'lll h, \\ l' 111'1'" 

a rncans of establishing priorities ,vith I('spect to the 0I<!('f' III wllll Il dl'''' ni 1 lit' S<: 
can 1)(' l'ut. 

As a way of discov('rillg tll<'~C' prrotitie~, !c( l\~ c\:-'..,UIIl<' t h,t! <III \(; 1 UII"'I..,t:-. ,,1 III:-.t 

a single isolated odd-Iength cycle. 1'0 brea" t111~ (ycle, WI' IlIU",t p.\I t Il lUII Il 111l() 1 Wu 

sets of Bodes, Moreover, we kllow by III~I)C( tlOn th.tt buth ~(',I!,Il}(,I1I .... 11111",1 1)(' 111111,('11, 

and thi~ represents the le<i~t co<;t lIell' ('.tell st'gJl)(,llt (()fI~I:-.h 01, .11 1110,,1,011<' (11.1111 

ObvIOusly, the least-co~t cut of edch "'('~!,1I1t.'lIt, III tills (',\'S(', wOllld 1)(' .lIl l'dgl' 1 Ill, Hill, 

for the case of aIl Isolated cycle, 110 ,'dp,P co"t~ I(':-'s 1,0 1 ut th.1I1 tl\(' (·df~I':-' l'\tl'lIdlllg 

from the fork. Thb is beca\)s(~ llSlIdlly (111)' a slllgl(' alray IS ,df('( t( <1; wltl'H'd~, . .III\' 

other cut affects at least two rlrrcLy~ Agdin W(' ('Illplrasizt' Lhd( 0111 \lIt 11I1.d,' ollJ"( 1 1\'(' 

is t.o climinate as many arrays a~ possIble 

In most instances, the array g(,l1eldtcd witlnll il, f()l'k loop IS Ils .. d ),v IllItlt Ipl.· 

adjacent loops; hence, by pal titloning tbe cycl(' al. the fork, two t'dp,('~ ,li (' 1 Ir! ,II " 

cost of one alfay. On the other hand, a partItIon all)'wh('['(· ebt' III UH' ( vII" IIllpll('" 

the generation of at least two arrays, wltlllll two loops, ('(tch ùrrdy bt'lll)!, pd,,~.·d to 

its respective consumer 100Pi hence, two arc~ are (ut al, il co:,t of two .III ,lY" l':V('II 

when the edgcs of a fork replesent th!' transfer of dtif('n'nt élrr,Ly~, Ut(' JOI "'IMI 1 111011 

cost can be no highcr than any otht>f eOlllhlnatioll of ClIts Mon'ov('I, tll!' pll'( (·dlllg 

lcast-cost relation holds regardlf'ss of how llIany tlrIlC:-' il, part I( ulal <LI! dy 1", H·II'H'Il< l'd 

withilt ct subsequent loop, '>lTlce the cost of fIlultlplf' lIIL('m,ll cU r üy Id .. 1 ('/1( ('~ 1 dll 

alway~ be avoid<-,d by maklllg 1,1)(' fir~t lI~(' wlthlll tlrI' loop (lI 1 d,~:'lg!III)(,I)\ (0 ,L:-'( ,d,II 

variable. and the scalar t1H'1l lI~('d to ~cüi:,r.v th(' Il'IlIdillillg rcf('f('Il( (." to t II!' tllltly 

clement. Uased upon the prt'U'dlllg o!><;('rvatl<m", W(' (OIlC lude th<lt , 1/1 1 1 If' ,dJ"('IJ< (' 01 

an)' global criterIa, th(' be:,t lo( <ttlOIl tu IMI lIt iOIl ,t (yI 1(' h ct( J():-,~ t Iii' (Jill plll ('''g('''' 01 

a fork 

Now Id liS Lak{' a sOIllf'what blOdd .. r 1)( 1 "p('c tIV('. Frr~t. \\'(' oIJ"('1 V(' t Il,t! t, J!J1Jlog 

ically cycles cau t)(' viewed as comblllill)!, 111 011(' of ~('v('r(t1 Wdy~ ~'('II<t1ly, 111 d Ilf,,,tt-d 
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rnitlllWr, ill dll ov('rlapp('.! lI1iWrH'r, or concurrently.7 An example of cach of these ba­

~i(" ~t.ructurcll c olllbiJlat.i()ll~ i~ illustrclted lfi Figure 3.9. When cydes combine scrzally, 
tl\(' fork Bock and j01l1 node of the fir~t cycle OCCl1fS topologically bcfOIe the fork node 

and jOlTl Ilod(' of tlw ~(,colld, ,l<; ~hown in Figure 3.9(a). In the figure, two odd-Iength 

SC'rIftl (y( k~ .iPI)('ar, ('il( h Wlth bold arcs. Wlwn cycles arc ovcrlappr;d, â!-o shown in 

Figure :1 9(1.), the fork of the first 18 constraioed to occur }wfoft, the fork of the second, 

alld the' joill of the fir~t IS (oll!'.trdined to o,cur before the join of the second. In this 

figuf(', as in th(' previous Olle, an odd-Iength cycle i5 indicated by bold al cs. When 

(yclc'!-o <lI (' lH'.~I('d, t1H' fork Ilode and joïu node of the first cycle are constralfied by 

cI,üa d(,p<'llcll'nce to O,Clll })('t weeTl the fork and jOlfi of the second cycle, a:-. shown in 

Figllf(, :1 ~)(c). Agaill, the o(ld If'Ilgth cycle IS highlighted in the figure' Lastiy, when 

cyclt·:-. O( l'ur C·Oll'1l1T(·ntly, t1H're IS a nesteJ constraiut 00 the sequen( e of forks and 

jOllls 1)1'1 W('('11 !.Il<' two cydes, a:-. ~hown III Figure 3.9(d), but the order of mternal 

Ilod('s with ](':-'IH'<"t Lü ail outer cycle is not fixed. Broadly speaking, the cycles in the 

last thl ('(' figlll es ail have olle thIIIg in common--at least one shared Bode that is Ilot 

si/llultclJl('ously a juin in one cycle and a fork in another, and collectively wc rder to 

cycl('s of titis t.yP(' as ad)(Ill>1lf cyclt>s . 

From exalllinatloll of Figure :J 9, a few important relationships becorne clear: 

1. SeriaI cycles requiJ(' multiple partitions hecause there is no way to partition a 

~('rial comblIlatioll of odd-Iength cycles with a single break. Moreover, sinee 

sCl"ldl odd-Iength cycl('s involve multiple breaks, sueh breaks must be accoll1-

phslH'd sequentially, either from left to right or from right to left, to reduce the 
s('dfch cost 2.ssociated with finding other seriai cycles, should an.)' remain. As 

a. fmther consideratIOn, a side effeet of partitioning is usually the breakillg of 

Mkhtiolldl cycles which otherwise would cause compatibility eOllstraints on the 

far sidc of the partition. Tlwse last two points will become clear when we later 

jU!'itify the behaVlOr of the labeling portIon of the ove raIl algorithm. Because of 

tltt'M' n'cl.sons, seriaI cuts must he given highest priority, if both opt.imality and 

dlici<'lIcy are to b<' achieV<'d. 

2. If t!tCl'e exists a.1l outcr-Icvel odd-Iength concurrent cycle which has an inl1er odd-

1<'llgth cycl(' within olle of its segments, the inner cycle must he broken before 

t he outer cycle sinœ the illllcr cycle must be eut regardles3, cf. Figures 3.9( e) 

.\Ild (d) ~tol'('o\'('r, t.he bf(·aking of an inner cycle always affeets the least-cost 

;TIIt'M' (I.t. ... l>lficdllon ... are Il !t'rd y IIlw,trallv,', Sl!lCC cla. ... slfymg cycles 1lI a graph 1'> hkc findlllg 
111l,1!!,'" III 1Ili. "'pul'> 
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(a) Seriai Cycles (b) Overlapp<,d Cyd('s 

( c) N estecl Cycles (cl) Concurrent Cycles 

Figure 3.9: Examples of Ways Cycks COlllbill(' 

partitioning of the outer cycle. COllscquently, the' e llUiJlp, of 1II1l('1-1lI0S!. cyclc's 

warrant as much priority as the breaking seriai cyclf's. 

3. The cuts of least prionty are those that are part of oV<'llttppl'cI odd-ll'lIgt.ll < y< le's, 

the reason being that cutting such cycles af[(,( 1.:-. fe'wc'r e ye 1(':-. ill g('II('I,LI thall 

other combinations of breaks, cf. Figure a 9( il). Abu, t.he' IC'rl:-'!.-«):-'!. !>If'ük of 

overlapped cycles is a cul. across tht> arcs of tlwir rl':-'I)('( tive' fOI b, Ju:-.t a" il, 1" III 

the case of a single cycle (as describcd above'). Ttw Ie'tt:-.!.-e o,,!, C 111, 1:, IIC'VC'I OIlC' 

across a shared arc, as one might suppose. TIIIS 18 1)('( au"c' e IIttlllg UH' "li.lIed 

arc stillleaves two rcmaining arcs 1.0 1)(' eut 'l'hm, the tot.1i ((hl, 1" <1 IIllllÎlIIlIlIl 

of three arrays; whercas, a eut acrm;s forks of tllC' IC':-'I)('( I.IV(' e yc 1(,:-. (111,:-. f01l1 

arcs-but only affect" two arrays. 

4. Lastly, in t.he abs(~nce of any of the above glohdl Cllle'fltI. 1.\1(' IC',I"t C'X(WII"IVC' 
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lOI ,il iOIl to hl ('dk ail odd·length cyclt, 1'> al, its fOl k, a~ explalllcd in the preceding 

p'l/clp;retph II. Illu:-,t l,e ('rnpha~lzed, how('\'cr, breaking a cycle al. the fork is a 

11I('clk of "I,t..,1 f(':-,ort". Even so, it lllU::-.t be accomplislH'd In order to break the 

odd 1(,llgth (y< le If !lO higher pflOflty cul ('XlstS. 

W<, etl!' IlO\\' fI',uly tu :-'('f' how the!>e parti tiOlllllg priori t ies al(' Il1dni fe::-.!' in the flow 

1 clpéH It)(':, ,L:-'''Igrwd tü Uw arcs of the SG. In effect, t.he pllOrit)' of cuts in the SC is 

,1 fUJl<l1011 of t wo f,H ton, 1) the flo IV capacity on the re5pcctive edge~, and 2) the 

t,Opologlf ,d IJI dt'r III which odd lcngth cycles are dis(overed by the flow-augmenting 

Pel!." digolllilln Tu "'('(' how these factor~ affect the partltioning, let us rcexamine the 

Wety 1)(ld knp,t h (ycl(':, etn' H.lt'lItlfied and the way in which fiow capaciti('s are assigned. 

'1'1)(' Wdy 1 Il(' dlguflthm Identifies odd-Iength cycles IS by thelr respectIve forks. 

TIIC' [etl t 1 h,1I t Il(' hl(wlth-firilt traversaI of the IG which is used to create the SC 
.tlwclY:' hllc\:' t 11<' l(Jot is Ilot dIfficult to show: merely perform a breadth-first traversaI 

of ail)' 1 yI Il' III tilt' grctph, bt'ginning from a JOIll node and traversiEg the graph in 

Il'V('I:-'I' dllcel 1011 fWIlI Ut(' directIon of the arcs.8 If a cycle cxists, the separate paths 

('xtclldlll,l!; fi 0111 the join node must corne togethcr; otherwise, the structure would 

1101 1)(' ,1 1 YIl<-, dlld 1 Il(' only po!->siblc place these segments can possibly JOIn IS at the 

fOI k. B)' 1101 1 Ollw'ct IIlg X-arc,> to the SG at the fork and by assigning zelO capacity 

t,o li\(' ,Id j,\( ('Il t cll C:', we en511 /(' ail odd-Iength cydes III the graph are broken. Thi~ 

~t ('P alollt' 1:-' ('I\(J\lg,h 1,0 guaralltee partitioning effcctivcncss, but It 1511 't enough tü 

.'Il:-'Il/(' optilll,lhty. Note, howt'v(>r, that X-cuts always occur at the farthest end of 

('Mil :-.('p,Ill« •. 1, dlld tht' f1ow-augmenting path algorithm exploits UliS fact. 

TIIf' W,tY optIlIl,thty i:, dchieved, that is, if it is achievcd, is by cn:,uring that a higher 

priori t y (lit ,dong ct ~t'gllleIlt of an odd-Iength cycle is al ways reacheJ by the ftow­

i\llgllH'llt I!l,l!; IMt It ülgonthm prior to reachillg the lowcr-prionty X-eut at the farthest 

t'Ild of tl ... < yclt'. A.., a coIlsequrJlce of this, lower-priority cuts which arc 44scheduled" 

to O( CIII IdtCI t 1)(' t he cycle" sl\ch as as the X-cuts at the fork, are prev<,nted from 

,)('CUrI illg, whl'lll'\'('1 cl high(,l'-priority eut exists along the sarnc segment. 

Flow l "pttl Il w:-, 0\:'0 hclV(' a lot to Jo with which arcs are eut 1) they l'usure arcs 

dt tilt' IllU:,t dl't' ply lit':, ted / ( OIlCur ren t oJJ-length cycle aI'<' brokell befOI e dJly outer­

",\,('1 odd Iellgt h (y( 1<-:" ,md 2) they blt'dk arcs at t.he forks if the cycle hd:-' not already 

IWI'Il pll'\ 11Ill:'!:- bwk.'11 '1'0 \'l'lIfy t111~ fdel, one need only OO::-'(,I'\'(, that the fork in 

.\11 OUIt'I (\ ( II' l~ ,d\\',l.\'~ Cu tht'I clway from the sour((' Bode t.hall any fork Bode& of 

/ltht' ,·,Ir.'· \\llhlll ".1' li hlll(" Wllldi (OIlIl('ct1- a prlll1ary 1,0 a COmphllll'lIt lIodt' cali b(' vl('w('d a.,,> 

hl-dlr,·( Iltlll.1I 
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a correspondlllg inIl('1 ('.\'eI(' TIlt' t\\ 0 ch,lI ,H !t'n ... t 1<' ,d'l)\ (' .111' (·\.Il t h t Il'' l'II. III 1 It· ... 

that. are IlC'CeSsary fUI optllll,tlIt v, ,\~ '\'(' ~11I)\\ 11('\ t 

The rea~OIl the now-cltlglI](,lltlllg patl! .dgOllthlll I~ dhl(' Oldt'I tilt' pllllllt\ t,t (lit ... 

stems from th(' fclet th<il tll(' S(; 1'" cl!l <II \1 h( dllt'llt'd L',l,tph \\111.11 llll".ht· ... d Il\t·t! 

order UpOIl tl\l' \Va.' till' "'(·gllll'lIl ... (If tilt' gldph .11(' Il.1\1'''''1'<\ III "'(·.Ilt l, .d .I11L~lllt·11l 

ing paths A~ a r{,~llll, ri <1 gl<lph d.dlllll" IIIl1ltlpl(· lIllllllil1!1J1 t,lpd\ 11\ \ 11I ... t't .... IIIt' 

augmentlIlg-path algolltblll (tlWcly"~rttllldl(~dl(~ ,I\I ... (·~t lu Il ...... \IIII,t·II, ... 1 II h Illh 

charactenstJc of the flow-auj.',I1((,!ltmg l>dth alp,,>nthlll Ib.t! 11lt' pdltltlll\lllIl' ,"l'.'lIltltlll 

explOIt~. and it is a <1111'( t (OIl"'('qlH'Iln' of tilt' Wdy Hu\\' 1 dP'U Illt· ... .III' .1"",)1',111'" ('lit ... 

which have no 1llt'<llIill,!!, III Iht' UlIl \('x 1 (jf tilt' loop ... 1111'111"'(,"(,'" dit' 1""\t'II1t-t! Il.HII 

occurrillg hy a~~lglllllg t1lt'1ll lllfl!llk <dp<l(III(' ....... ll<h .1 ... tIlt' .1'1" \\'ltlll\ 1"lIlIt·.1 tilt' 

primary Jlode to iLs J('~P(·ctl\(· (Oll1pklllt'llt Ilotlt' III cl l,lOI ~ Ld"·,, hl' 1 III ... \\ Illt h 

ShOlllclll('ver he madt' dlolll!; <1 1 hdlll 1,,·( .111"'(' ,,1 otl«'1 Itll..r,lit'I pllllllt\ ,'.11'.'''' Il,,,,1'' tu 

a the fork are al~o pn'\,('lIlt'd III 1 Ilt' ~clllj(' Il.IY 

At tltt"' salllt' time. tilt' Jlot!('-( ,!pa( It~ 1.t1)('hllg Illt'tllodolt!f!\ (·II"'IIIt·, lit! 1 VIII' 1" 

stdrvcd of can;tcity, 111l1('~~ It I~ a (<111<11<1,11(' flll (litt III)!, Spt'I 1111 .dl), Il cI ...... III'·" "lIf 

ficient flow capacity rC'ildws the mo"l dt'('plv 1I1· ... lI'd/1 0111 III J('111 (\'1 l,,, IlId,· ...... !lo\\' , ... 

prematurdy festrlcted hy a prim odd-I('lI~1 Il (y< 1(' FOI )11 ... 1 " Il III Il ","I , Iwgl,·( 1 Il,,, 

possibility of serldl r .\'d(':-" and C0I1:-'ld('1 olll\' ,Id).\( t'lit (,V( II'''' 'l'III' l'dl t Il 1\)111111'. ,t1~',1) 

rithm alway~ br('ak~ the I1Io ... t d('eplv IH",t('c! udd-I"1I1!;1 Il (\ ( II' ,d Ih fOI k. tilt' 1,·" ... 1 t Il ... 1 

lo('atlolL This I,r('ok has tl\(' c1ddt'd ('If('( t of ~('\I'Ill1g IJlI(' (jf tlll' tllll "q'.II(('llh III "" 

outer-It'vd cycle, and OhVIOIle.lv. tl\{' "dlll<' 1" tllH' uf th" ')('(O/ld ~1·1'.1I","1 ,,1 III\' 1/1111'1 

cycle, If dn odd-Iength Il{'i,t<'d (y<l(' h JlH'"I'lIt ,doll,!!, th(tt ."(·glllt'lll lt 1011 h (ilf pl )III II) 

the outcr-Il'vcl fork, thllS (,T1~Ullllg tilt' olller-!('\,(,1 cy( II' 1:, (III ,t! Ih Il'.1,,' ,,,,,1 Il)r ,dlllll. 

at the same time, \Vlwther tilt' 0111<'1-1('\,(·1 ( yI le hile. <III X- d 1 l,tIlt! 1('1' l , d pcll Il \ dl' .11 

the fork or Ilot, ha~ 110 e{fer t III 1,111., lII~tdlJ( (,1)('( d11:--(' of tll(' ('XI',\,('II( l' uf "1).',111'1 PII',I'\ \. 

cuts prior to li\(' fork 

No\\" let us cOl1sider ~('nitl (y<I('~ A~ Pl('\'I()ll~l) (·lllphit'1I/(·d, III/' flo\\' clllglIll'lIlll1)!, 

path algonthm (ub tl\(' gl aph III d gl('('dy f.te.lllOII ",111'11 11l1l11Ipl,' t!()W" "'''JllIlt dllt'01l,,1\' 

Icach capaClty al ~(,\'('lallo«tti()ll~ <il Oll(t' SlH h (1It... ,tI\\<lY'" UI(lIl wllhlll 1 1 If' IHI.} 

ICllglh cYc!f'. 0/ oJd-l('ngth ,UlJ<lC(,llt <y( 1('" (I,N· ... I 101111' "'\J\IIII' 11\)(1" f)1 tlll' ).',Icll'It 

A~ a ('on~('qtH'lIu', ollly Ilod(·.., Oll 1 Il<' Lu "Ii!<- Of ... llIh ... /(11'. (JI t IJ(' Jldll II 11111 III'(',} 1)1' 
scan]lt'd for cldJitlollal ~('ridl <y(l,· ... 1\11111' .... 1111(' 11111(', "'«·ll.tI (lIt... h(111)1 tlJl' "'<11111' 

prioritH'~ de~('nbed III tilt' prt'('('t!IIIÇ, pdld,!!ldph \\1111 Il'gdld 10 11Itt'III"I, \( Il'' 'lill'Il' 
fOH" tlrey too df(' a('('()lIlplt~ll<'d III ,UI 1(·,l ... 1 (0 ... 1 IIldllllf'l 1\'" cl 1111111('1 1 IIII,("jlll'll'" (JI 

f,('fial paltitiolllllg. how('v('r. t.]1t' f1O\\-dllglll"lIll1lg jJdlll ,d).',IJIII!JlIIIIIII'--1 III' 111[1 d~" .. lll 



( 

(:IIA/ J'fEU :J. NON-('OMI'AT1HLE tO()1' (,'LU8TEnS 5ï 

(Jill (' for ('iU Il :-('flal (Olllblll,ttioll of ()dd-kllgth eycle:- rC'lIlalJ\lIlg III the grdpll SIIH (' 

dOlIlp, ~() i:- IIl1itVOII!,thk, ,wei ~11l('(' (',leh :-'llh:-('(jlH'nt partltIOning i.., guarcl.IlI(·(·t! tu 1)(' 
(U (olllpli:-.llI'd III 1 II{' ..,<lll\(' lt'rI:-.t ({J~I IlldlllJ('f, Il)(' partltioIl algorithm I~ Irkt'l) tu dlwd}:-' 

frlld 1 III' Iw:-.I pl(t< (' lu p.tl t 111011 1 Il(' p,relph dlll illg (,ele" ~llcn'('r1l1lg reCtll~IUIl 

A:-. .t fill,tl "'It'p, Id Il.., <! .. ..,:-.IIIl\{' wc hel\,(, an arbitrary spannJng grcl.ph wilieh fOI 

whi( Il wc ha\'l' (·~t.t1)llsl)('d (tll OpllIlldl partltlOIlII.g, u:-.ing Algorithm Ill. If we W('I(> 10 

IIOW t OIlIH'( t .LIly prilllrll) 110<1(· withlll tlll!'. graph to cl.lly otlwr 110de in tht' gldph, tll<' 

t <JIIII('( llOli would [('''lIlt III OIH' or more IH'W cycl('~. However, the creatioll of tlw:,e new 

(y( 1(·.., would III 110 way .df('( t th!' IllHJerlying prionty rf'latioIl.-,hip.-, dCMTlh('d d.bLlve. 

III otl)('r WOI cl.." tlw ,t!)()\ (' pctrtlf,lo!lillg pflOrJtl(,~ would remain IIlvarrant· Jl1ni'r Illo:-.t 

Il'''''' !'t't! / ( O!l( 1111 t'Il t (y( 1(·..., wUllld .d w dy:-' 1)(' UI t fir~t, and senal cyclc~ would COli tlllll<' 

to n·qlllft· IIlllltlJ)lt' pell tll IOIiS Likt'wi~e, 1 he capacity wcighting scheme and nd work 

:-.at.urat.IOIi llitt tpm of tht' flow-augmelltllig pdth algonthm would reIlldl1l lI!\'driant, 

('II:-'llrIlIg th,lI, the pliulI!y reidtlOlI:-!llpS Illd,uifested in the new glaph tou would Le 

1(':-'1)('( j,(·d hy ! IJ(' clU:o.tt'1 IMrtltioning algorithm. As a consequcnce, we havc :-.trong 

('vld('IH (' tl) ~lIggt':-t th<lt i\lgo"thlll II J is, ill faet, an optimal algorithm. Nonetheles~, 

1.111' 1('latloll:o.hlp:-' lIlvulV<'d ill gl aph partitiuning are complex (a~ prevÎomly Iloted), 

alld cl.dditiollal alldlysls dnd testing are requircd 1,0 substantiate OUI COlljectUIe that 

Aigonthlll III i:-. optill1<l1 - work wlllch mlght he undertaken as a follow-on to this 

Il'M',lIt h. 

Lastly, 1 .. 1, liS (,XiUllll)(~ th .. cOlllplexlty of the algorithm. III effeet there an' two 

prin( ipl(' pal ts. grcl.ph wloring and graph partitioning. The first, graph coloring, uses 

fi hn'ctdth-lir:-t traVf'rsal of the interferellce graph 1,0 determine !oop compatibi!ity, 

wqllirÎng 0(11 -t a) :-.tep~. w!wre n is the number of nodes in the LeG, or 100p8 

III tilt' original dustn, and a 15 the number of arcs in the LeG, or array transfers 

I)('I.W('(·II loops in tIlt' ollginal clll~ter. The second part, graph partitioning uses the 

lIow-allglllt'lltillg Ildth dlgorithm which requires O(na) steps. Since a coloring and 

l><ll titlOlling OCClU' ('al Il lillle the gl dpI. is parti tioncd, the overall complexity of cluster 

pc\rtitioning is O(71(1Ia + a)). 

• 
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Chapter 4 

Related Research 

III this thdptCl wc d(,~crJlw d!tl'lll,dl\,(' llwlllUd.., lOI dl'\I·IIIlII1III).'. 10111' 1lIllIp.tltllII 

ity alld for partltlOlIillg llUlI-('Ollll>dt lhlt- IlIop.., Il!1o (ullIJ>d1 1 hl" loop ,111..,11'1.., hl..,1 

we ('xdTlIil1l' thl' lollt'( Ilw' loo!> dll,tly..,i.., <llld IltllI"follll,tfllll! 11'111111'111" l'lOjlll..,,,d 1,\ 

Sarkar ,tIId CetO [S(;~)ll 'l'hl" tC( !tlllqlll' I)JO\ 111,,:-. III!' }"l"'l'" IIlI Ill<' t", 11111'1'1<' \\',' 

d('scnhl'd III C!tdplel ~_ TIlt' ~(,lol)(1 It'I hlllll'\I' \\(' dl",IIII)(' 1.., tll<' «(jll'-III\" l')(JI' fil 

sIon IlIcthod fOl 1l01l-l0I1lIMtlhle loop (111..,11'1" d,',,( 11I)('d b) (;,\(), ()I~"II, Sdl 1...11, .Ill.! 

Tlwkkdth [GOST9~l. Thi~ Idt!'1 t('c!tlliql1t' ,1IIdl""'''''''' IllI' l>.ll 1 IIIUIIIII,!!, l'lul,I"111 ,':-. .. 111 

med III Chapll'[ 3, La.:-:.tly, \\(' I>IOVlt!l' d IHI'.f !"V\('W of uth!'! lf'I,lIed Il''''''dl< Il tlll Ilw 
genet al traw,fOIIlldhility of loop." 

4.1 Loop Analysis and Transformation 

'l'he Sarkar-Gao mcthod for co\l('ctjV(' loop dllaly:-oI:, b Il)O!(' p,<'IW! ,d t,h,lI) 1 III' IIl1'l Ilod 

described in rhapter 2 hecau:-:.e the t.ug!'t complltel tir< hll,'( IIJI(' (,UI 1)1' ('IIIH'I ,t 

uniprocessor or a IIlultlprocessor. provid<'d (1)(' TlluIIIJJI()( ('''~{)l hd'> "lIlIl( 11'111 pltll f'~'> 

II1g clelllenti>, Inter-pro< es:,or COIlllllllll)UÜIOll dl<lI)IH'I", ,tilt! LII d,llf'''' fOI "rll,dl (<Jill 

ITIUlllcatlOlls buffer:, al th(' COIllIllUlIi< d.troll purb of 1'tI< h IIlI}1 ('''''> 1 Il).': f·I('Ill('1I1 III 1 III' 
above ('outext, ":,ufliCleIlt" llllphc!-I the itHlllt('cllW'lrrl!-l <lelf'qn,,!(' If'"(JIII(I''' IfI trlh,' 

advantag(' of tire pardllelI!-IIll ('xpo!-l('d by tht' I! ,tII..,fOl 1 Il ,II 1011"", Il'''ldor (', If) " IOlllpdl'1 

tll(' macbllH' i:-. \'}('w(~d it!-l havlllg IIl1bolllldf'd \('''()III(('''' Ait 111/11;,,11 1IIIIf-,tll.,III) 1111" .. " 

:,umptlOlI i" Il!-11litlly lIol re..,trî( !IVI' !-lill( (' tlt(' If'(jIIl!I'r! pd/dlll'II""1 1" Il..,II,dh wlIIIIl1 1 h(' 
capahdity of llIodern nlllitipro('(':-'!-Ior an hll,'( tu[('" [Crlo'HJ] 
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FOI '"llJlI()((''':-'OI'' IIIC' triUl.,formallon stratq?;y IS tu cn'ak (u:-'Iollablc' luop c1us­

Il'I~, il~ dc':-,( 111)('1\ III ('httpt('r., 2 :J, bill. th(' algonthm" dt'~CldH'd III thl~ chctpkl' difT('r 

:-,11p;hlly, <llId t111' 11I1)l<l,t.,r t1H'~C ddf('n'J1CC':-' Iii <'Xétllllll(·d A~ d(·t-.cld~(·d III ('haptt'r 

1, hOW('\'('I, .,of! 1,1,,111' PIJH'lllllllg aud other Illslructroll !-c1l1'duhllg !t'( 11lllfI1lt':-. alP tlwn 

Il.,(,1\ to ('xplolt tlj(' IIl.,trll( tloll-I(·\t'I pttrallcll"lIl For IllllltllllO( {,:-,:-'OI" tIlt' :-.tl'<tteg~· lS 

ICI :,illl,t!t· l'lodll(('1 .tIld < 011'>11 Il ICI loup" 01\ :-'C'!ldl.tt(· !)I0Cl'''''Ol'' \\1111 d ph\'''lcal CO\ll-

111111111 .111011., Illdl"1 IU'I W(,;'ll PH)(,.,~()r~ t.u pro\'lde à IllctXlIlI.t1 110\\ of ,[flay dt'II)('lIt:-, 

III ('(tllt !»(H ('''''01, WI' h0111 'bllig IIldlll lIH'lllory fOI lllt(,flJwdlcllt' ""01 cl)!,\' III t lus (ct~(', 

loop 1.1,111:-'(01 111,1111111 1" PPI fOllllt'd III t wo st<'p:,' 1) loop I}('~b dl(' tramfol llwd t 0 IlIdX-

11111 Z(' loClp ( OI1l(ltlll b lit 1 y, t 11C'lC' by !)('I Jill tt lIIg 1 II<' pl pc 11Il1lig of ctl 1 éI Y (·kll}('.' t:-, hel weCIl 

III()P~, cllld, '!) hllll('l lf'qllll('I1H'llb ;UC' dcterlllll)('d wlllch lIldllllctlll cl IIldXlltllllll Ho\\' 

of cU 1 (ty .. 11'1lH'llh lH't WI'('II pl oduc ('1 dIld consumer loop:, For t h(' !('lllclllldPI of tlll:-' 

.... P( IIOIl W(' f(J( II~ PIlllI,tI lIy oll 111(' 1l11lltl}Jll)(eSSOr CdS{', 

4.1.1 Loop COlllpatibility Analysis 

Sctrk,1I clIld (;,10 w,'!(' tlw lil~t to formulate the loop compatibility problcITl as a two­

('0101 .l';laph (()IOlillp; J>IOblC'lIl, ll"lIlg an mterferencegraph (lC) c.Oll~tnlct('d from a loop 

COlllIlllllIl<.-ItlOlI ~Iclph ThC')' also provcd that, if a solution <,xist.s to the t.wo-coloring 

prohll'Ill, Il Ctlll 1)(' Il .... /'<1 to obtaill ail optimalloop configuration, and they d(,'icribcd a 

1II'II1'1stl< t () lilld d 1 wo-colol Illg of the reduced graph obtain('d by s/'Iect i\'t'Iy re!l1oving 

1(; ('d)!.(':-, TIH' l'cil t IC'ltlal ,lIgor Ithlll they proposed for dctermilllng loop cOlllpatihility 

It-. gi\'('11 IH'Jo\\' 

Algorithm IV '/'1I'o-('%r a Loo]1 COmmUlllcatwn Gra]1h (LCG) to lHllllt1tlZe the 
IIlllllbn of 1I01/-C()lIlpafdJ/1 ou/pul ]107'ls 

I1Ipllt' 

Olltput' 

l' /'0('( d 11 /'t 

Ali L< 'G. 

A loop configllltltJon n'ctor, ("'l",.,Sk), whcrc SI = "+" if Ilode 11; in 

thC«)[J(" ... pOlldillg Illtl'If('rcllccgraph (la) wa8colored with color C) oftwo 

(oIOl~. dlld '~, :::::: 
u , .. 

COIlt-.tll\(1 ,li! 1(; l'rom tilt' 1,('(; ,'; St'C A/goJ'/flim /, page 15 

FOn (',H" ('dge III t!tt'l<; 
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CHAPTEH 1 UEL,\'ITJ) llESEAHCll 

IF cdgt' (') i .... .lIl {lIt,71,~} ('dg('" Ifl" ,',II/litt! .. 1I0d" II'tfllll/ 1/ bI"d l 

wClgh\ 1/',) i~ +00 

ELSE 
Il'1) I~ 1l1l11l1H'r nI' .... tatic It.f('/('Il(,('~ \\llhlll thc' !Iod,·.11 1 lit' IlIplll Ihlll 

bestcost '=- +x 

FOR ('dt h node 1 III tilt' J(~ 

hutld a lllc\\.IIlIllIll-\\·(,lght ~p,Ullllng tl't'(' '1;, l'oot('d ,d 1I0dc' 1 

col or '1; W1th two (olon-;, ~tclfllll!', ,lI a pwwlolc'd Ilotl" 

tiO 

curcost ,= ~1I111 of tl\(' wcip,ht~ of etH t'dp;t'~ (Olllll'( 1 In~ 1 lit' ~"IIl,' ,ulOl ll()dC'~ 

IF curcost < bestcost 

bestcost 1" curcost 

~t()/(' Ill\' «(lIOIIIl)!, III colorrnap 

RETURN colormap 10 d<'fillt' 1 II(' 0111 put 1001' (\llIli)!,1I1,d 11111 \'C', tlll 

Wlth tll<' S.nkcll-(;C\O ht'Ulli>tl(, ('<11',<' we'II.!;Ilt ... ,W' 1I~('d 10 ).',lllde' III«' (OIl"tllllll()11 

of the tH'I', that I~. tlH' ('dgf' 'Nlth IIH' larl!,('~1 wI'lghl I~ .d\\',,\~ 1111' 111'\1 c'd)!,I' III 

be includf'd ill tl](' 1.1('(' To d\'Old blcl"(,~ dllC' to III<' (IIUI«' 01 1001. 1111' ~P"""lll).', 

trce algonthlll 1" 1(,\)(,,\1('<1 for ,tH lIode". gl\'llI).', tire' cll).',Olllhlll tI wo: .... 1 (d:'" C'\t',"1101l 

time of O(INII x (IN/I + I/~/I)) ('OlllPcl.f('t! wlth AI).',Olllhlll IL tIlt' 11I,'"dtlllll,,1 

spanning-trcc algonthm deM rtl)('d ill (:hclpkr :!. (p,l)!,t' 1 K), III(' S,II k,u (;,10 1 l" hlll(l'lf', 

using Algonthlll IV, l~ quItt' co~tly, n'cd,1I Algolltlrill Il (",!,( IIk~ III O( 1\) t IIIIt' 'l'III' 
differencc lB cost is ju~tdi('d III tlw llIultlfll()( ('~;-'OI (cl"f', IIO\\'('VI'I. ''"l''' 1111' jollo\\' UIl 

transformation::. 1.00 arc <l'"tl' dlffert'1l1 III tIlt' IIl1lprO(I'''''1)1 (,\.,", 1111' 1/"1'" ll\oc' 1" 10411' 

fusion and ê 1 ~ay contractIOn; th('[( fOl<', 1 Il<' It'a..,1 -( ()~t ,Il (" 10 1('1111/\'(' III t 1 If' ( tI',,' III 

non-compatibility dl(' ,dway" thof,(' whi, h for III 1 Il(' br "rH III", 411 III(' II)I k,; III 1 1 If' \,( '(; 

On the otlwr h,Uld. forh, havI' JIU ::'I)('(i,t! ..,lgllllr(.t1l<f· wlth II"'I"'(! !I) III<' jl)!Io\\' 011 

distrrbutioll of loops dIIlong plOce::'::'lllg l'1"/Ilf'llb 1I1 li\(' 1111111 IplO' '''-, .... ''1 ( d';", olllt! ';0 III<' 
Humber of altel'll,t!,l\,(,s for .H< ... c1(,( t JOli h III Il( h glf·,ttf'r, ,1IId 1 II<' ,lIld,''/ (olllpl.'xtly 1'> 

uscful. Algonthlll IV dl~() h,tIldl('fo, < yllI( lIllc'rf('lt'lI( (' gr rlph:-., tlllt! 11f'11(" Il 1" :-'IIII,d,I(· 

fOI cyclîc LCG~, lIow(o\,(,I', t.llt' f('('db,t(" ('dp;<,~ lllU:'! 1I11!.1,!lIy 1)1' ,uln!'.tI d,If', (JI 1)('1 \\'I~I' 

the ol'iglllai proglillll wrll c!(wllu( k '!'o à\()ld d(wl!o, k, 111(' 1<; ,'d",I'" «II l ""'Plllldlllg 

to Lee f('('dbac" ('dg<'" ,U(' <'<l( Il d~"'ll:!;rll·d ,1 ,f) .... t of t 'X" 

------------------------------
IThe JefillltlOIl of ri bluc!.. wlthlfl ,UI «; I~ J!;1\('11 III ('hd.ptf'r '2, S., 11011 '2 '2 (1"1).\1' 1.1) 
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Node 1 

AO) 

Node 6* 

0(&) 
F(h 

~.{I.) 

Figure ·1.1. Buffe! AlIocdtioll for an LeU 

4.1.2 Buffer Allocation 

Bllnl'r opllllllzatioll 18 pt'rforrIH'd ouly on compatible loops. We illustrate bulfenng 

wit.h OUI 01 ip;illcd ('xampl(' from Chdpter 2, Figure 2.1, page 12. Recall anay B is 

~1'1I1'1 .lIed by loop :! alld is consullled aloug two ddTerent paths. On t.he upper path, 

B is pro( 1'~~I·d fir~t by loop 3, and the rC5ult, arrdy C, 18 5ent on to Loop 5. On the 

low('r !J,tl h, B I~ 1OIII.I'd dm'l tly to loop 5. Loop 2 could run to completioll befme 

loops :J ,lIld [) beglll, bllt this would (ause the elltire array to be stored. 011 the oUler 

h,lIld, thl' jlI'OdU«'l (Ioop 2) and thc consumer5 (Ioops 3 and 5) are able to execute 

COII('UI rI'IIUy [C;ao90] A5 t Il(' l'Icments of B are gellerat<.'d by 100[> 2, they can be 

illlllwdlalely wlI~u[Jwd h)' the fol1ow-oll loops. Agam, this can only occur If the array 

co III 111111 1 Il atlOlI arc!'! dl'(' compatible. If tht' LCG Î5 cydic, buffers are used ollly on 

t.1H' fOi ""ud af(~ ,\Ild Ilot 011 fcedhad. arcs. 

SIIIU' tht' two p,tth~ 111 Figurl' 2.1(b) have different executlOn limes, temporary 

storclg(' IS IH'('dc'd along th(' lower rommtllllcation palh lo hold elements of B until 

tlll'Y ,\II' Il'qlllled by loop.) III Flgurl' 4.1 wc show the LeG after transformation. In 

tlais ca!-oc" ct bulf.·r of SIZ(' w kcf'ps the three loops operatmg in a maximally pipelined 

1I1,\lIIICI, wh('(' Il' is a fUII< tlOn of the eX('cutioll tim<.' of upper path 

'1'0 solvc 1 lit' bllf!('I-allo< atioll probleI11, Il 18 IlI'('('SSdry to assign wClghts to arcs in 

tlll' LCC. Ld C,' = (S,A, \r) 1)(' a wt'Ighted LCe; wlth each alC a = (2,)) E A being 

wl'I~h«'d h~" ,1 lIolllll'gatlvl' int('gcf W a E U" WIII'Il a value produced by I10de 2 arrives 

,It an IIIpllt Ihl! 1 of J, It IS rct a1l1cd for SOIl1(' lIuml.wr üf instruction ext'cutiollS hefof(~ 

Il',ldllllg tlll' out plll pOl t this 1I11IllIH'r I~ 1/'0' 
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The obj('ctl\'<' of bulrel ,llluc.!! 1011 I~ 10 dt'l('lIl1l1H' Il'<jIIlIl'III('1I1-, lUI Il\ltr('I~ "Ih lt 
thrtt the w<'lgIJl of any two dl .. ! II\( 1 IMlh .. 1.1'1\\('('11 <111\ t\\ulludc!> tilt' t·tl'I.ti \11 U .(; 
wluch 1Il('eb tll1~ (,olldltlOlI 1" balalll tif. TIlt' .1I).'.uIII hlll lu .Il Ull1lpll.,h 1 hl' \J.d.lllt III.!!. 

do('~ two t111 IIg ... , 1) lt IOlcll('''' ,H('~ wh('I(' hllll('I~ dIt' IIt·t·dt'd, ,Ult! 2) Il d,'t('lllIll(('" th,' 

sil.t' (01 Wl'Ighl) of (',tell r('qulled blllf('1 III "Ohlll,L', tilt' pluld('lll \\t' IIll"t'l \1' th.1I tilt' 

h('d\'i(,~t IMI Il t'rolll I\udt' 1 10 J lllu~1 Ilot (ildll,!.!,t·, .11I.! Ih.t! IHd!"I" 11111.,1 1,.. lll""1 kt! 

ollly up tü tht' pOlllt that cllI IMllt \\('Igb'" l)('t\\,t't'l1 / .llId 1.11(' Iht' "dll\(' .\" p,lll 

of the IHOCL'dul(" the wt'Igh! of tht' ht',\" 1<,,,1 p.llh 110111 ~ lu 1 1" dt'I('llIlltwd lUI ('dt li 
/ E A If WI' kt G' 1)(' a IJtllallced gldph ,lIld /('/.() .IIlt! ll·;.() 1)(' tllilt 11011" \\ 1111 li II'! III Il 

the ht'.!vi(':-,t IMth:-. for (,' ,Uld (,", for tllI.\ lIudl' 1. 1(',,\/) 1/';.(1) tl\ll~t 1IIlId \\'It helll! 

lo.,~ uf g<'!wrcdtty, \VI' (cllI <l:-"UIII,' 1 b.tI (,' b,,'> .\ 1IIlIt!')!' '>llllt t t' III1t!t'., l'lit' tlt.,1 

stdtt'IlH'nt III tll<' Luffl'hillol,dtOIl cd/!,()lll "ill (lwl(I\\) hll'\., tilt' 1ll'<I\ 1t' ... 1 pcttll \\('I~I,hl 

flom the' ~Ollru' to .Ill utl)(,1 Ilot!('", Il''llIg d kt 1IIIIqll(' ... \It b <1'" 1)IJh~,tt.,\ "hollt'..,1 p.llh 

dlp,ollthlll lDIJ59]. 

Algorithnl V dt f(l'11WU /'tqlll1't nu IIt,~ Jo/' / .rIt l'Il11l bl1JTt ,." 

lllpU/: 

output: 

pl'oCfdure: 

A weighteJ Lee, (,' = (i\',A, H') h,l\llIg il 1I111<j1J(' "(Jlllt(' 1I0d(· . ., 

A balanced graph (," = (N, A, Hl') 

compute the h('avie~t-path w p () for (; 

FOR edch arc a = (z,)) E A 
insert a butTer of size wp ()) - 1[11'( 1) - Il',, dlOIl~ an Il 

add this slze to wa tü übtaill w~ = wp(J) - 1/',,( 1), t II<' II('W W('I~ht III W' 
RETURN (;' 

TIl<' over dl! (0111 pll'xity of thl' !:>llOrtl'st -IMt h .dgot 1111111 h 0(1 X Il Il 1), 1)\11 "" li (' IItidf' 

dcglecs an' u~\Ially slIldll, lAI ~ INI. 'l'llI'll'fo!t·, fOI pl.Ii Ilt.t! IJlII p"." .... t 1\1' ;dgol if 11111 

hét~ cl WlIlpl('>.ity of 0(1.'\'1 2 ). 

1 
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4.2 Collective Loop Fusion 

ColI('( tlVe' )oop fu:,ioll 1:' a loop partitioning technique wlllch atU'mpt& to find a set 

of loo{> (lu:'!'('r!-- whi( il IllIH1IflIZ('S the number of Înter-c!uster arcs. It is an alterna· 

tIV(' kclllllql1(' to tll(' part it ionillg technique descnbed ill Chaptel:l. Ait hough the 

!'l'dlllHpW 1:' orJ('llt(·d towctrd ulllprocessor applicdtlOns, the SdllH' perful'lnance bcn('­

lib a( (III(' fur lIIultllHO( (':,:,or :.tpplicatiolls as weil, especially If IIlIlltcd 1('&0l1rc('s will 

not perrlll t l'om pletc' cl 1., t Iï blltlOn of the ongi tlal loops among proc<.'~<.,or:,. The ob jec­

tivt' of (olll'( 1 ive loup fll:'IOII JrllplICltly assumes a cost :.avillg& from (,clch compatible­

(Olltr,t( table cil ( FOI ('x,un"I!', d!--SIlIlle tIlIs savll1gs if, 1 unit, dt'Jlotl1lg the co~t of an 

al 1 ay-('I(~Il)(,lIt IO,ld frolll 1Ilt'lllory The slonng cost IS IgIlOIed bCCdU:'(' 1) whdl!el it 

(dll 1)(' ('lIlIlllldt('d (I<·PI·IH}., upon whet\wr the element i!-- uscu laler III th!' ploglam 

,\11<1 fJ) dat,t :,toltlp,f' 1:-' blllfcrcc! III IlIost modern UIllprOCeS&or al clu t(·ct III (·h. 11. 1& also 

posslbl(' for a htore 01 a load Lü be contained within ci condltlOnaL in which case the 

,1re cost. would Iw I(·s~ thdIl 1. IJas<>d upon the branchmg probabihtic!'> of thl' respective 

cOllditlOll,ds [SM!lOb]. 

'l'he plogrdlll rq)I(':,t'ntatlOlI us('d in the following algorithm IS a Loop Depcndcllcc 

Gmph (LDG). Ail L1)(: IS (,!--s('lltially an LeG, with the following difTercnccs: The arcs 

III ail LDG correspond 1.0 jlow, a1dl, or output data dependences [WoI89], and only 

flo ..... ans (all 1)(' (olll!>,ltlhlt' ln an LDG, Hodes nI,'" ,nk arc numbnrcd according 

10 t.he Lopological ('x('clltioll ort!ering of the loop nests in the Original loop collection. 

Abo, &ill<T the loop Ilt'sls TIl, . .. ,71k are assumed to be identically COIlt roI dl'pendent, 

th('I(' Cdll b<> 110 control branchmg among these loops. 

As a IIwans of illustratIOII wc wIll use the collection of FORTllAN loop~ showll in 

Figure 4.2 The LDG for tItis rollection is shown in Figure 4.3(a). Non-compatible 

arCh arC' Illarked in figur(' with an X. The non-compatible arc froIll 7/1 to 713 is 

dut' to array A bt'ing produced in one order and consumed in the r(,'v('rsc order, 

and silllilarly, tht, non-compatible arc from 714 to n6 occurs duc to array E being 

produc('d and consullwd Ul f('verse orders. The non-con tractable arc IS ITlarked with 

an dsterisk. A nOll-contractabl<> arc is olle rcpresenting an array which canllot be 

contractt'd t'vell Wll<'ll loop fUSIon is possible. The non-contractabl(> arc froIll Hl to 

114 is dut' 1.0 aIl allti dq)('I1c!t'llce on array E. Ali other arcs ln the LDG an' both 

colllpatible and contractable. CollectIve loop analysis, as describcd earlwr III this 

(hapl('1 01 df- d('scnlwd III Chapit'r 2, IS u~ed to determine arc compatlbdlty, and data 

c!t'pt'nd('nCt' dIlalysi~, d~ dc:,cnht'd by Wolfe, IS used to reveal arrdy contrdctabllIty 

l\\'ol~91· 
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nOIOI=I,N 
10 A(I) = E(I) 

DO 20 1=1, N 
B(l) = A(I)":! + :1 

:W C(I) == B(I) + !)!) 
DO:W 1= 1, N 

:10 D(I) =: A(N-I+I) + (} 
DO ·10 1 =-- l, N 

40 E(I) == BOl + C(I) .. D(I) 
no !l() 1 = 1, N 

F(I) = H(I)" ·1 + :2 
50 (;(I)=-E(I)'~-F(I) 

1>0 fiO 1-= l, N 
GO 1/(1) = F(I) -t (,(1)' E(N-I+I) 

~--------------------------------- - ---- -

Figure 4.2' Sam ph, Collet t iOIl uf ]\OIl-('OIIl!l,d.lhlc FOHTH -\ 0i Loup'> 

Collective loop fUSlO1I work!> on éUl) ae y( ht gràph h,LVIII)!, <Ill IIIIH'-,1 Ile !t'cl 1I1111t1WI 

of non-compatible alldjOi IlOlltOIlII(l('t.tble ctr('~ AlthlJugh Uw )!,l'III'I,t! (0111" 11\1,11101' 

fusion prouJ('Ill is probdhly l\'P-('olllpll'lf', thl' dl)!,(Jlllhlll \\(' d ('0., 1 111)(' 1" "plllll,1i ffll 

bi-partitioning - a ca:-'I' for whidl t II(' jlo lI'-il Il!l Tt If 71111/.'1 Jlldl! ,llgOI Il hlll \'\1'1'],. " , IIh.'1 

of minimum !>IZ(' [GOST!)~l 'l'hl' objl'cllw of (01/('<1.1\((, loop fll'>IOIi 1'> III 1111,] Il,,, 

minimum numher of r1u~t('I~ in which ,dl 1I001-CO!III',llihk .tll., "It' '>1'11.11""',] d' IfI',,, 

clustcrs. According 10 Gao. Ob l 'II, S,lIkdl, .llld Tlwkh,tlll, Ihl'; \\'!I1 111.1\11111/" Ilw 
number of contractablf' (·dg<'s withlll ('dCI! (11J..,ll'r [COST<):!] The' (I\·('I.dl ,;1 Id!!')!,\' 

consisls of two phasl'~: J) dd('l'lIllllllll!, cl :,f'! uf (1II~t('r'" III whl( li ".I( Il 1I0d,· 1 (JlrI,] 

feasibly belong, and ~) st·j('ctilll!; Ilodl'~ frolJl t1}('~(' :-,('1:, (lIld cto.,~11!,1I11l1!, 1111'111 10 .111 Il,d 

clusters. This latf'l' plia!:>!' l!:> tht'II l'('p('dl('d Illltd clllll()d('~ hclV(' 1)(,1'11 d"'~I~I,1I1',] 

The fir~t pha...,e of t.he dlgolilhlll 1" .HwlllplI:-.lwd by ~«UIIIIII)!, Iloel(,.., hl'ol III d 1111 

ward topological !>('qlWIlC(' 1,0 ddcllIIlIlI' III<' (',11'11<',>1 <l1I"l<'r lu wille Il C'de 111111./«' l "Irld 
belong and tl!CII ~('anlllllg tlll' Iloc!('''o III ,1 [('VI'!..," toPOIOl!,l1 ,d o.,('!jIIC'II' l' 1., dl'll'llllllW 

the remainillp; (Illst('r<, to whlt il "rl( II (Ollicl 1){'lolJg Tht' "'('( olld pli"',I' l,f 1 III' .d,I()1 Il 11111 

is also a two-:,tep pro«'~'" FII:,I. lIodf'~ wlll( h (oll!d ollly !H'IOIII', f(1 " ~)III'.I" (111,;11'1 

are rernoved frolll tl)l' ..,(,to., of [l'rI"lbll' (11J..,1('I~ and .t.,..,lgI)f'd IllllllC'dl,d. 1\ 10 <Ill d' II1.d 

clu!:>tcl'. Thi~ If'a\'('~ t/J(' 110<1('0., \,hl< II IOlJld I)t'loll).!, lu Ill"'" IIi"11 IJlI' 1111',1('1 1111 

th('s(' nodc'i, (1 If'(lst-( o:,t d('I('1 111111<11 J(J/I 10., 111",11' ,\0., lu whl( II dl t Il.1i (111"1«'1 :'011 Il ll'HII' 
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!'!hollld IH' ét.<.,siglwd. This later determination I~ made in a iteratlvc manner using the 

t1ow-all,l!;llwllting path algorithm, which is bét.'if.'d UpOH the max-now min-cut theorem 

(df'!·,crilwd III Chaptl'r :i). 

4.2.1 Tenuinology and Methodology 

Bdol(' fOIIll.dly presf'ntmg the algonthrn for collectIve fusion, we need to cxplain some 

.Hldillollitl l<'l'Il1illology and give a general descriptIOn of the overall methodology.2 

'l'III' illp1lt lo 1.\((' algorithlll i~ an LDG, say G = [N, A], in which ail nodes 71 E N 

Il.1v(' b~'('11 a<,!'!ip,lwd lUlHJlII' labels dccording to tlwir topological ordel. As indicated 

,t1)(Jvp, tlw fil~t ~t('p IS tu deternllne the fmszble clu:::.trl'b to Will ch l'dch node 1l1Ight 

11f'long Th i!'! IIlformation forIl1~ a set }~, = {c 1 1 ~ (' ::; k} for ('dch lloJe, \V hel (' n 
1" 11((' lopoloJ.!,H dl 11I11II1)('r of the node, C IS the lIurnber of a du~tel to which Il could 

1)('1011/1;. alld k I!'! tI\(' lllillllllUIll number of clusters that ale neCf'~Sa!y Lo partItioll 

t.1\(' 1l01l-('OIllIMt Ihl(' luop collection represented L.,y G '1'0 determin(' the meI1lber~ of 

Ill1's(, /f'fI.'izbdlly bd.,>, tht' dlgorithm first vislts each nod(' III topologlral ::.equencc and 

<1<'1('1 JIlIl)(,~ tl\(' low('st-Ilumbered cluster to wlllch edch lIode can belong. For source 

I\od('~ in (,', Fore = {l}, indicating the earliest cluster 1.0 which each can be assigned 

i~ (Ill~tt'I ('1. If tbt· mput arc of anode is a lion-compatible arc (mark(·d with an 

X), tll!' ('drlwst clu~ter i~ 011<.' more than the cluster number al, the OIiglIl of that arc. 

Llkt'Wl~(" If ,t node n IS a terminus to multiple arcs, the highcst cluster Humber of 

.trI\' orl~ill 1111 idmt ail input aH' of Tl determincs J'"'n. If the maximum cluster number 

it.,,!'!iP;l1l'd 1,0 any fC<l,Slbility beL is k, then k is the minimum number of clusters required 

10 paltltioll tlh' grdph. ln the table in Figure 4.3(b) wc show for Step l the fcasibility 

!'!t'l~ fOI ('Mh nocif' following forward traversai of the LDG in Figure 4.3(a). In this 

t .t~(', (,' n'quil"!'! t11((,(' cll1sters, Cl, C2 , and C3 . 

As cl follow-Oll !>tep, the Ilodes of Gare traversed in reverse topological sequence 

10 d('It'rIIll1l1' t.ht' Idst ,tIld any possible intervening clusters to which each node could 

ht'lonJ.!, TIII'~~' c\ust('r 1ltllIJlwrs too arc added to the feasibihty sets of the respective 

Ilod('~. A~ ,1 H'Sltlt. of this tltep, the feasibility set for any pdrt1Cldar node can contain 

S(,\,('!,t! pO~~lhlf' c11\~t(,l~ MultIple node feêlsibility sets (an be ~('ell, for t'x ample, in 

Stt'I> :? of t hl' Llhlt, III l'\gllrt' ,1.:3(b); they aH' S(·ts F2 and Fr, 

F(WHblht) ~t'ls Mt' ll~('d ta cn'dt(' a rcduœd graph (;' = [N', A'], calleJ a Cluste1' 
(,'/'flph ( '(;). (," is wlI<,tructt'd from G by con~olidating nod('~ and arcs ill G. In Figure 

!Our tt>mllll\,l\,~y (Illd IIl1'thodulogy art' bomewhat dafferent frolJl thal. d,";cnb"d hy Gao, Olsen, 
",lr~.Ir, ,11It! 1 h,>~k,lth [(;()ST!l2] 
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(a) Loop Dependency Graph 

(LDG) 

f 2 = {(\,Cd Fs = {C21 C'J} 

Cl = {nt} C2 = {7I 31 714} Cl::: {fiG} 

(c) Cluster Graph 

~ 
CUI herc 

(e) Follow-on Red uction 

1, .. ·.\...,11 .. 1&1.\ St't... 
Step l'~-- --ï.';----- J.'~ -- /"-1 - J.',. 
--n-} -(ïl---{'!} {:l} -- nl-

2 Il} P,:.!I {LI {:!I {'.!,:I} ---- - - -----

(1)) Fl'asibility St't s 

l/U 
/- -- ~'" 

@-ltL-(5fZ!l ~'~) 1/~ ~:0 2/1 --<!'0 
tUI hcre 

(cl) Cluster G.·aph H(\ductiull 

(f) Filial Solutio/l 

Figure 4.:J, Ali Examplp of (:111..,11'1 1',11 t 11 IOIIIII)!, 

hh 

l , 

PI 
(.II 
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'1.:I(c) W(' ~IJOw Ill(' ('C 101 thl' ('xclIllple III Figure 4.3(a). The nodes III a CG reprt'~cllt 

1. Wu dl..,tllH t "'ltll,III<JlI~ 1) Il()dp~ that have alrt'ady been l)('en assl~lled to (lustels and 

fl) rlOdl'~ ,lw,ull11g tu 1)(' ........ JglII'd Each of thc~(' ccttcgori{'~ IS IC)Hc!>('lIted in the CG 

by ,\ diff('wIlI Iypl' (If Ilod(' '[ Il(' lin ... t type I!> IflItially fOr!lH'd froIll ',ingletoll fea5ihIiity 

~('t~. '11)('..,(' ..,d~ (Olltalll ollly a ~lIIgle cluster indicatllIg t.1Wft' W,b no illteflldtivc 

(111",11'1 lu Whlcll 1,1)(' lIodt' (ollld 1)(' ctS~lgIl('d; we indlC'ate sd~ of t lm, typt' hy J':~ = 

{l':, Il'':,1 = l}. '1'1)(' (Olllp]PlIwlItélry ~('t uf f<'aslhrlity seb ale tho~e <onLtll\lllg Ilodes 

1 h,t!, (oult! belo!l/!, 1,0 11101(' th,tll O/l(' (lustcr; t}wse sets arc IIldicat('d by }.:::! = Jo' -l':~, 

w Ilt'I (' f<' =- {J'~, 1 1 :::; 1/ :::: 1 NI}. A Il of the cOllsohdated nod<'h 11' t: !\" III U' clrc 

(11·,11.('d frolll (,It Iwr Ol\(' 01 t \)(' otllt'r of t1\('~(' two types of :,cts. 'l'Il<' fll.,t typt' of I10dp 

III N' ,LCtuctlly 1('PI(''>t'll\!, ,\ (]lI~1,('r of lIode5 fwm G, Il1dlcated by C, == {II ln El':!}. 
FOI ('X<lllIplt-, III FI).!,l\!(, 1 :!(), (Iu~l('r lIod<' 0'2 = {713, n.d wa5 cr('al('d fIOIll f(,clSibdlty 

~d~ /<:, ctllt! F" d , FI).!,lI!(· ·1.:3(b) The sccond type of node \Il Cil!:> cl nùde l'~I' 

fOrIlH'd fWIII t1\(,(,OIJ('~P()lIdlll!!, [t'asllllhtys{'t l·~;l for n. In Figure 4.3(c), fOi eXcimple, 

f("lstlJlltty Ilotl(· /'2 (01 r(,~polld~ to fCdslhility set F2 in Figure 4.3(b), and hkewise 1I0de 

J'~, (011 (,~p()lI(b to ~d 1''.,. '1'1)(' ~('(, of arcs III CilS A' = {(m,11) E N' X N' !:>. t, {111, 11} Cl:. 

(', ,lIlel (111,1/) I~ (OlltrcULlblt-} The drcs Ilot included ill N' t1wlefore ctre 1) those 

1 h,t!. ,\1'(' (·lilllÎllilt.ed b('c,UI"'(' t.he)' would he internaI to on(' of the newly forlllcd cluster 

lI()d('~ éllld fl) ""0'>(, th,1I. <11'(' (·!Illlillated because thelr edge-capacity Ih Z(,I'O, ~uch as 

11011 fu~Jl)\t' .tlt~ (IlI,lI 1..1'<1 by tin .t~t('J'i!:>k) 3 

O\'('lttll, t!\(' tOnstlllctlOll of 1 h(' clôt('r graph achieves two purposes. 1) II. consol­

Jd,tI(,~ lIod('s III the LDC tlt.tt lllu::.l bdong to the same cluster, and fi) it eliminates 

::,u\lerlluou!:> al C~ thal. art' Ilot required in making future partitioning dccisiolls. The 

('(; i~ ,tl~o the input fOI tl\(' Phcl,S(' :l transformation, whiclJ wc descnbe IH'X!.. Bcfme 
Wt' d"M'1 dH' Phase ~, how('\,('r, W(' formally stat(1 Phase 1: 

Algorithm VI (Phase 1) (:l'cafc a Cll1ster Graph from a Loop Dependence Craph 
(1,1)( i}. 

Input. Ali dcyhc graph LDG G == [N, A]. 

Output· Ali M'yclic cl\l~t('r grctph (J' = [N', A']. 

------------------
.1 Ht'I ,Ill !hat non-fll"I"II' arr!'> ,\Tt' "l'ln Ilon-colllractabic 
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Procedure: 

;; traverse the nodfS of G Z1I fop%gl('(d 01'/ft.,. 

FORALL 11 E N 
IF n has no incollling arcs 

Fn={l} 
ELSE 

FORALL Input arcs (111,11) illCldmt. 1.0 11 

tiS 

D ({ {I + I}, C. E l'~n, if (111,1/) is 11011 ('OIlIP,lllhl(' ) 
l'" = MAX , 

l'm, othcrWIM' 
;; traverse the node.-- of IIH' graph III l'tV(TSf IOJiolo!Ju'u/ ortf, /' 

FORALL 11/ E IV 
IF 3(m, n) S.t. (m,11) IS lIo11-compat.ible 

Xfn = MAX( 1 E f'~II) 

FORALL output arl'!, (111,11) illCldcllt 1.0 m 

In = MAX() E f'~) 

IF X m < MIN(.rn ) 

FORALL J S.t ·l'fIl < ) :S .rn 

add J 1,0 Fm 
;; construct C', havzng N' alld /1' de Jin cd as follow."l: 

FORALL Fn E F 
IF i E pl 

n 

C. EN', when' C. = {u Il E f':I} 
ELSIF p>l 

11 

add Fn to N' 
FORALL n' E N' 

IF {m,n} Cf:. n' AND (m,n) is contractablc 
add (m, n) 1.0 A' 

The CG initially consists of a ~illgl(' <OIIlP()J)Cllt whi(iJ lh IU·lrl.tlV<'ly J(·dIlCI·c\ .. ~ 

compatible clusters art" iùclltlflcd alld IC'lIIovec! h',L~ibdlty lI(Jck~ III t!w gl "l'II "II' 

also collapsed into adjaccnt clll~t('r Ilode:-> , clS p,ut of Ut<' (11I~tl'l ic!l'lIttfl( (t1,IOII plO 

cess. '1'0 collap~c a fc~,ihihty Ilodc, t Il\' Iloclf' It...,('!f 1:-> n'/lluv('d ,lIlel t II!' /lodl' III t,l1I' 

LDG whICh il. r<'plesclIb, I.e., the /lude 1Ilc!1( ,d,('d l)y Ut(' F-~1JI)~( 1 Ipt, 1'> .. ddl'd 10 

the adJoIl1ing cluster 10 willch Il i:-. 1H'llIg rl:--:->lgIWr! TI) ('/I~lllf(' C IIl~t('1 "'>'>11',1111:"111 l', 
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,1/10111(,11 ... 111'<1 III <1 (o ... t ~,jr(,( 1,1\,(' llIétIlIW[. AIgontbIll Vlll ... {'!'> thl' fluw-auglllt'/ltiIlg path 

,dg/1111 II/JI 10 d,'II'11I11I1I' lu wltl( h adj;H l'lit .]u..,tf'r lIod(' tbt' 1.1)(; llode lef(·rcll«·d by 

1 1 JI' jl'.I ... dllltt y Il' ,01.· ... IHluld IH' ii ...... lg/l('d The co]ll'( tl\'('-lo()p-fll~IO/l Plohl('JIl I!'> tr,UlS­

jOllllf'd Illtu .t 111'1 \.\1/1 \.. jlo\\ plobl('1ll by '\""'''lgllIIlg d cdpacity of 1 to (·ctell àrc III the 

( '(; ~ bd 1 1 1'1(' dit ... 1 H'I \\ ('('11 ,ulJd( Pitt Il{)d('~ III t h(' CC df(' dl ... o (ulldp~('d wl)(,1 (' pO!'>SI ble 

.1IIt! .llr (.tp.1I11) "dJII ... j('d '1'1)(' Ilo\\' dll,l!)Il('lltlllg pdth ,dgOIllhll1 rctllrIl~ cl llllllllllum 

l'.tllillolt '4JliI.lltlllll'. tl\(' k\\, .. ,t illl/lllH'1 of ,U(~ 'l'II(' tloW-cl11!-';1Ilt'lltlllg pdth dlgollthlll 

1 ... "ï)(,dl,·dl\ dpplll'd 1111 thl' prllIl.lI\' (OlllJHJI)('1l1 ulllt! Il)(' ('e l!'> It'du('('d 10 ollly à 

'''II~I,· IllId,' 

\\ Il''11 1 Il" 1',,11 II IUIl 1 ... 111,111· ... cl !(·""Ibtll!.\ Ilod(" a~ {)ppo~('d tu a c11l~I('I 1I0d(" tll<' 

t'·d:-."nll! \ IIIJtl<' 1)(,( (111)(,:, d IJ('W (O/ll!>OIl('llt !': !lw Il)(' n'du('d C(~ whiclt contll1lIe!'> to 

IH' r <!11"lclr'lI'd l'oIt h 1 IIW' d 1)('\\ (lu"t('1 /lot/l' 1" n'lllovl'd, po~~ibl~ 11'1I10\'lllg a clu~t('r 

11·11,1t·llt r' tlOll1 tlll' 1""ll.lkd ft',l~dldlty Ilod(' At tlw ~Idg(' the ft''\:-'Ihdlty oodl' C()IltàIIl~ 

IIIII\' (Ill(' Ir'lIldllllllg (11I ... ki 1 ('f('J('ll( (" It ,.., ('llllIlIJdtt'd, JIl~t a~ otill'i fC<I:-'lbdity IlO<!(':-' 

\\11111111111' )111111.11\ (Ollljltl/ll'Itt, ,Illrl tltt' ({)II{,~pOlldllJg 1I0d(' Id('I('Il(l'd III the LDG 
1'" d ... "Il!,llf'd II) 1 III' 1/'III.IIIIIII!! 1 (,fI'l ('Ill <'t! (11I~kl, Jll~t .1<" III tll<' ))/('Cl'dlllg Cd"(,. 

Ed( Il .qlpllt .d 1011 (lf litt' fIOW-rlugIlW/ltillg pdth dlgtH llhlll pàl! IttOII" tilt' grdph illto 

1 \\(1 (OIIIJHlIj('/l1 '" ('dt Il ""11.1/1('1 t hd/l tl\(' ongllliti SOIll<'lIIl}(,~ th(' ('G cali 1)(' pdl'tltlOlletl 

"11111I11,111/'(>lhl\ 11110 1110lt' t!J,UI Iwo compolwnt:-, by cuttllig tht' gldplt ctt ('very arc for 

\"'111 It t II<' tI\l\\ (dl',11 Ily hd .... bl'('Il ('('ilcbed, Ilot Ju,>t the IIllrllllllllIJ (III~I'I Two ca..,ps ill 

whlt Il 1 III' L'ldpiJ t .! III 101 1)(', 111 III tlll.., way an" 1) \\,1)('11 .t clu<,ter Ilodt' I!'> (h~COIllH'ct('d 

trUllI 1 II<' ,lIl"'1 /llIdl''', ,I/Id .!) W!t('II lf'Illo\'al of d/l <ire wOllld Ilot dl~COIl/]('ct th(' glapit. 

1 lit' 1,,1111\\ 1I1L', !ollll."I\ dl':'" lJ!W" Pha:-,(' 2 of the' algollth'Il 

Aigodt hlll VI (Phas~ 2) hl1'/I/107I a elus/n' Graph (CU) l11tO rompafzbh dus/en, 

Input 

Output· :\ :--t'I uf 'OlJlpdtibll' clusters. 

Pro{'t'd 1I1'l': 

FOHALL 1/ t..: .\ 1 

.< lOI/ti/hi tlnd Illb!1 arc.' 111 (;' 
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IF llIult lpk (l)lI1IM!,lbl(' ,tri" (111.1/) art' IIl('Jd('111 lu 1/ 

dt'Idt' ail hut Ollt' of tllt'"t' dl(" 

flo\\' (dpaCIty c",,, -= 1 + 1l1l1ll1H'1 01 (111./1) Il'lllll\t'd 

WHILE 1.'\"1 > 1 ;; (,., l,' l'01/llldld 

•• 1'( I/lO /'( (', fI 1//1/ (,., 

("('( Ill<' 1 lit' jZO/l'-(lIUII//( 111/1/11 1IIllh .dgunt bIll tu dt'! ('1111111(' Il Pdlllll .. 11 

1C'1I10\(' 11lt' pdrtItIon flUIII (;' 

IF Ill(' partItIon I~ {C" l:,} 
c\dd 1/ 10 (', 

ELSE 
ddd Il tl! ('J wh('I(' ) '-:: FIL 

add ( " lu tl\(' solutIon 

FOHALL l:, E: (,., 

!('1l10\(' (', 

RETURN 1 lit' solutIon 

In Flg\lI('~ ,1 ;~(d) (f) \\(' ~how tIlt' applll ,t! 1011 of l'II,,"'" 201 \I,l',elt 111,," \ lIt) 1 Ile' ('(; 

III Figur(' ,1 :J( ( ). Tl\(' (<lp.t( It~ dlld Ho\\' fol!oWllIg "l'plI< .tllull \/1 III(' 1111\\ dlll',IIl('IIIIII,L', 

path alp;ol'lthIllI<' ~ho\\'11 for (',lI'" ,tre III 1 \l!:11I (' ,1 J(d),lol "", II 011' 'oI!'.t1 It\' 1" "II"WII III 

t h(' 1 <'fI of t li (' ,,1 d <, li .lll d Il () \\' 1<, <,1 li ,\\ JI t () t Ill' ! 11.>:1 Il ( )I,'-o/' 1 \ (' 1 Il.1 t 1 III' :0 dl l " 1),· t \\ ( "'II 

F2 alld ('2 \\('It' I('pl<l( cd I,v <l "'Iligie ,U( hd\ llI,1! ,\ (.tp.H Il \' III '! \ 'I/"ddl lf'plolC /'1111'111 

Wc\.~ IIl,HI!' 1)('1\\('('11 1I()(k" F,. ,1Ilt! ('1 '1 lit' 111"\111111111 Il,,\\ 111111011!\ '''' 1111I'cI 1" 1\\"'11 

j LI' dl' 1)('1\\"('11 

('2 dl HI f-'" (1,'<11(''0 dllC,tlll'l .11< 1)('1\'\"('11 f'j ,1lld F" dlld tl.l' l'. l' 1.1,.11" 1,\ d ""11',1,' 

cUL of (cl(>d( Il.':2 III )'Iglllt' 1 :3(,.) W(' "ho\\" 1111' cll'plH ,If 1,,11 (,t 1 Iii' Il,,\\ . Il,L',IIWIII III~', 
pc\.th ,tlgorJlhlli lu IIJ(' 1('IIl,Ulllllg gI'lplI 'Ilrl~ f"I,t! ,1('p pldl l', 1/, IlIt .. ,111',t, 1 ('), 

terlllillatillg lht' ,1IgUllt Illn 

Certdill Iypf'~ uf LUC" W<jUII<' ~pt'( lid tr<'dt IIl1'lIl III (JI.!"I 11} Ill' 110111'(1,·<1 li') Algo 

rithm VI. FOI ('Xdlllpl(" t}J(' ),1)(; Illight. (Olltdlll d ",'1 of III}JI Iw,rl/l., III,d,"" 0.,1I11t d,~ 

nI and 1/4 III Fi,!!,IlIt· ,1 :$, whic ft c'ach Illll~t lit' plll III 1 0 ""'pdlolfr' 1 Il,,\1'1''' ï Ir,.." "'JlI(,.., 
an' u..,('<1 dlllll'~~ tir,' ,\o..,:-'lgllllIf'1I1 of dll..,tel 11111111)(,1,,1)111 llif'\ dl.' Il,,11'',, 1111,d 1 .. tlll' 

applicdllUll (lf III!' flo\\ ,\Ilgl11"ll(ll1g prlth al,l';(JIltlJlII Tlwl,'lliI" Ill/d, , .. 1 tllh type' tll(' 

de)(·\t'd flOIll .111 (111..,:('1 1l0<!(':-' III tll(' <;(;, <1:-' ,1I(' 111" di(', tl) oille! IJI!lII tll''',I' lll}d, .. ~ 

TllIS i:-,olrttt-~ tht''''(' lIotl{·" ..,0 t !tilt the flow-dl1,l';Ilj('ltf 1 Iii', p,1I h ,tll'/Jllt 1,," 1 dll IIf" (111,'1 Ilv 

applwd FOI ~ilu,lIlOll<' III wltldl the LDC 1'" dl..,II)II"'" f,'" /\/[',"11111111 \'11, "ppllf'd 
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10 (';t( fi «()IIIJ)()/l('IIt. .tlld OIlC(' cil! (OIllPOIWlIh et[(· IltlltltIOlH'd. tlH' (Iu"tcl" htl\'lIl~ tilt' 

",1111" C 111..,11'111111111)('1 dlf' IIWlg"d AIIOIIIl'I '>llllctll(HI wlll( h [('qlllre", "'pC( 1,t111('ct!1I1<'1It 

1',011(' III \\ hl( li t Iwft, dfl' !Illdt 11'1(' "',I\I[( ('" or Illulupl,· ~I/d\" III Ih(,..,,· (ct","" ,t /"" IU!O 

.'IIII/( 1 1'> (J<'etl ('cl h,1\ Ille; 11i11I11t.'-( ripcl( Il.'> ,IIC ~ lu ail !cdl "OUf('('.., SI/III1all.'>. il P,,( lido 

'"11, 1" (I".tlf'd !rel \ IIII.!, 111/111111' 'rll'el l II.'> ,HC" flOtll ail [('al ~11I\.." to tht' P~('url() "'lIlh 

4.2.2 Aigorithul C())uplexity 

ï 1)(' IH'"t \\'.1\ tl) ""1"11111111' 1111' (oIJlpl(''\lty of AIp;()Jltlllll \'1 l~ 10 l'Xctllllll(' tll<' «()lIl­

pl"\1I\ \JI "<II Il ph.!". <II IIJ(' ,tlU,IIII!"11i o.,"p,tr,t!t'h FIl..,t.11'I Il'' ,t","'IlIlW Ihrtt tll(' Illpllt 

1.1)<: Ird" fi Il,,01,0., dJid Il rlil '. 1'/1.1"" 1 1" 'OJlljlO-,I't! lIf Il,lI't' ..,Icp'" 1'1)(' 111"1 h tll!' 

fOI \\.11 d P,ho., ()I Ilw Il .. <1,,, \\ Ille Il ,d'II ,''\c1IIlIIj(''' 1I1( IJllllllg ,11," SIII' (' t'cl' li Il,,dl' ,tilt! 

,·,\(II dl. drl' \hll".j "'111"' ()(I, 1 III "I,,!,'" dl(' 1 l'qll Irl'd '1/\1' "('(~)Ild "tt'p 1'" thl' 1('\,'1"" 

p"~" III tlll' jildpl! \\11111, \1"'11" ",IC II III ,dl' dlld tl)l' ctl," 1t'.1dlllg uut of 1 h('..", 111)<1"" III 

th\' \\III..,t (d"(' ,tllllllde, ,Il" Ild\('I",'d dlld ,tll dl'" ,d,' t'XdIl 1 I/Wcl , J('qlllllll,L'. O(IIIl) 

..,t('P" III 1 1 If' thlle! "kp III<' ('(; 10., IlIlIlt, It'qll1ll11).', cl \1"lt (u ctlllludl'''' (tl' IlIlrld 1111' 
11\)<1(' ,,<'1) c\lId d \ hlt lu ,dl clll.., (III 111111<1 1 lit' ,lit ..,('\), It'qlllrlllg Oi 1/ -+ Il l ,,11'p" '11J(' 

1 0 l ,d 1 1111 (' 1" (1 (1/ t Il) t 0 ( Il Il ) -1 0 ( /1 -t Il 1 -- 0 ( Till) Tu IllI ri t 1 II' «) 1 Il P" '\ Il \ () 1 l' Il cl.~(' 
:2. \\(' d"'''lIli1(' t 1I,t! 111 IIIf' wul..,1 (cl..,!' (',tell c1ppll( ,tl IOIl of the' llOW-c\llgllll'lIt IlIg pctt Ir 
,,,~~l)lItlllll 1-,I)I,t!I'~ UIl" ,1 '111).',/(' !lodl', lf'qllllIIlg 1/-] ,tpplIcalloll~ Il tlll' .dgullthlll 

t.lkl·" 0(1/11111).',11) !'I,II~ql IIi(' tut.d 11'111' 1" O(71 211Iugll) Thel dOle', tlJ(' lutaI (11111' fOl 

tll('('nlll(' ,\lg()rllll1l1 \ il" 0(1111) -+ Ol7l 2alogll) = 0(11 20 log 71) 

4.2.3 A Casp of NOll-Optilual Partitioning 

.\.., ''\l'\,IIIJ('<I ,\1 tl\(' IH'gllllllllg Iif till" ~('C 1011, dt't('rIIll1ll1lg an optimal pctltltlOlllllg I~ 

Ilkl'I,\' to 1)(' ~I'I ,ulotlH'1 !'\p-( 'oIllPII'«> p.fJbklll, dllcl ,tlthough tl\(' }WlIrI"tlc éllgollthlll 
\V,' 1r,1\(, JIl"t <l1'''C1'')('d prodw(':-o ,Ill (ptilll,lljhl!lltlOillllg in many 1I1"tallcPS, t!r('fI' 

,\II' 111,,1 ,\JICI'" , .... Ill( Ir ;\1(' \'</11,1IIy 1r\..1'\\ tll (1 III fur wllIch t I}(' algurithlll !>!odll( ('" !lOll, 

(Ipt 1111,11 Il ".,11 It -. III t IJl~ .,"( t IUll \V(' gl\ (' \JIll' "lI( h l'\.cullple Tlj(' (odl' for tl"" ('Xillllpk 1" 

:-oh\)\\ II III F 1).', Il 1 C' 1 1 l'II(' ('x<lmpl(, loup (,)11('( Il!!1I III tlris case 1.., (omr)] 1"(':-0 ~I'\'('ll looJ>" 

,Ill" 1I"('~ l'Iglrl ,ur.ty~ '1'1](' 1.1)(; fOI tlrl" (ocl(' 1" ,,!rUWII III Figure ,J G(rl) Oh""'l\!' tlrat 

tlw(ulkttloll h(l~ tlll('(' 1l0lHOllljlcltlhl(' illt" (111.1/,»),(112,11,1), and (11,,,11,,), I<!elltdwd 

Il\ ('cil h"1 luop clJlah ~h tu 1)(' ll~)l\ COlllp,1I ",j" (d,," d(',,( 1 ilH'd III (,hdpt('l :! OJ III t.1J(' 

III"t (lelll (II tll\~ (h"pkl) 
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CIIAPTEH '1. JŒL \TE/) Il ESE \ Jl< 'II 

I ------~Olllil. ~ .\( 1) ::: ,Iti 
10 H( 1) ~ \( 1) 

DO ~() 1- l, ~ 
:?Il ('(1) \(:'o.ltl) Il!1 

DO ,W 1--1. :"\ 
:W 1>(1) = ('l ~ 1 + 1 ) Il 

no 10 k 1. ~ 
10 L( i\ -HI) -- (' ( 1) / 1 

DO r)o 10- 1. '\ 
r,o )'(1) 11(1)· '" 1 ., 

DO /JO) l, '\ 
(,() (:(1) 1('\111) \ 

DO ïU J ::: l, '\ 
70 11(1) - 1)(\ 1< 1)· /'(1) Il'(/)· (:(1) 

, , -

'l'Il(' IUI\\rlrd ,Illd !,·\t'I"'" tl.t\'·I ... ,t1~ \I! III!' 1,1)(;. Ic'qllll"'\ III 1'1101'" l ,,1 Il,,, ,il 

gontlllll, pl\ldlll'''' tlt" f"""dllllt\ ",c'h ,,1t"1\11 III Il!!,lll'' 1 "1(1'1 1,',,1 tlll' l'oIllit Id"l 

«)Ikctiull of luup~, tlll' ,t1~1)1I111111 Idl'lItdl'" ,Ill (/\"I,t1lll'tjllll"III"ltf !"I tlilc C ,III,!foI' 

110\\('\('1. tlll'" U\t'I~t,t1,·~ IIi(' l('qllll"III"III "111/" (JII" tll'/, 111 ... 1, 1'0 oIJe' d' tll,dl\ l' '1llllC" 

fOI optllll,d P,lltlll()IIIII)',. <\ ... \1,' \\111 ,,11"\\ I.d'·1 

'1'11(· Ct; \\ !JI( Il h fUIlIlI'd hUIl1 t 1)(' !('d"d,i1lt! 'll'h (ld"lll dlt'cliii t III' l ,tld,' 1 dlld /111111 

t!J('llIduCt'd ~et 01 <lI<.., flUlllll1I' 1.1)(: Jo., "hl/II Il III FI)',III" 1 ~)(I) III tlll'-, l'dlll' Iddl ('(; 

t !1('1(' ,\1(, t WU 1(,(l~r1Hlrt_1 lIoe!'· .... rI oille! 1 1 dlid 1 hl"" ,111',1"1 ",HI,· ... ('1 (' \, , I,',d,·d 

flOlIl tlle 111 ... d»hty~('I .... ,tIId 1111'1" dl(' tlll('" 11I<lIII"d ('dg", Id""11 tr"lll 1111' U'(; ï Ilf' 

arc capdtlt1(':-, [('<jIIlI/'<1 lu III,d,,' tlll' l',ldpll "i1J!IIIlIl,d,j,' fOI 111'1\\"'1" fi •• " <111<1/\'>10., dll' 

,t!:oo :-,lIowlI III FII-',lll(, 1 !)«), III ,,<ldltloll t.) t II" ,llh,'1 1.·",t111IH', .dt. l "l'l'fi' "tl'JII (JI 

1 Il(' fi 0\\ - ci Il g ll)(, Il t III)', p.d li .t/I-', () lit II fIl 1 fi 1 III', III', t " Il ( " Il fi h • If l" 1 le' 1 .11 1 Il Il ,,1 1 1", Il,, W 

ciUgllH'lItlllg l><Itl! etigullthllll.., I)('"'/,,t! Iq pdltltllllJ 1111' gldpll ,IIld Iwll\IJII. '"lIllldll'JII 

i~ cHCOlIJpll ... lll'd wllit (jlily (JI)(' p,tllt dll)!flll'111,tlICJII i ,''\,d,t1lt\ Il./11,, /'11- Ifllfllf'dl,iI,'lv 

(ollc\p~(·d..,o tllet! 1/,\ (rlll 1)(' ,l/Id"d t./ ('1. ',IIJeI' till" 1'> 1 1 JI' "11/\ ,llht'l 1., \Ii'il II "1 l', 

(OHIW( t('d h'cl:-,illliity Ilodc Fi, !JO\I'('\"I 1 (lId,\ ~'"J III "It IIf'I ('1 Ijl (' ~ JIll' d,·( hl'lIl 

III t111~ (d~C IS ddclllllued br dppll<.l1l(J1I (Jf tlJt' llull dIJl!,III.·ltllll).', poltft ,d,!.',<JIIII'flJ. 

\\'ltldl [I· ... lIlh III tl eut j)('tW("1I ('1 dllt! / '\ ," ,! J\\ Il III J'II'II/1' l 'H,) \\'It Il 1 III' 'III 
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l 

:1 

Step 
1 
2 

(a) Illt('rfl'rt'll("(' Graph 

Il - {c'I,(',,<'.d rI =--:- {('2,C.d 

('1 {III",} ('2== { 71 f,1 ('.I={TI~.lIï} 

(c) Cluster Graph 

h-d ..... lblhty S!'h 
-FI r".! FJ r'1 l, "> l'G F7 

{I} { 1 } {I} {:2 } {'2} Pl {3} 
{I} { 1 } __ L!~J :~_} _t~L_ {a} P} 

(b) Loop Dep<,ndence Graph 

opllmaJ ~Ul~ 
, 

(d) Optimal and Non-Optimal 
Partitions 

FJ~IlI(' \.;) .\ Ca~t' of Non-OptImal PcutltlOllillg 
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CllAJ>J'EU·1 HEl, \TF!) UESJ:.: \IU'11 

DO 10 1::- 1. ;\ 

d -= .Ih 
III 1) :::.. ,1 

JO C( ;\-1-1-1) = ,1 + !}fJ 

no 20 l=-- 1, :. 
:W Ft 1) = B(l) * S + 2 

DO :\0 l= 1. l" 
d =- ('\1) + li 
t' =- C'(:\' 1+1) / 1 
!-'- -= 1'(:\'-1+1) ~ 

.10 11(1\ d* .. tl'(I)+!-,-

(a) Non-Optimal Solution 

III 

20 

DO lOI 1. :'\ 
.1 .llt 

il .1 

( • (:-.; 1 t 1 ) .1 i '1'1 

1'( 1 ) il • :-, t .) -
DO :.'0 1 1. :\ 

d ('( 1) t Il 

(' ( '( '\ 1 t 1) / 1 
)!, F(:\ 1 t Il :..; 

Il ( 1 ) d·.' t 1'(1 1 • f', 

(Il) Opt j'liai Sulut iOIl 

FIgure 1 l, :\.JII Opt Illl,.! ,\Il.! Opt 1111111 1',,11 II 11i111I1!', Sullltlllll' 

j 1 

FI lcUl 1)(' (ull .. p",'d dlld III ,l<ld.'d lu ('\ TIte' J("ldl. 1 111'1,,/.)11 1" 1 Iii' /,.111111'1/1111)', 

('\ = {1I1,1I2}. ('2 ~- \1I·,l. dllt! ('\.:. \1I\./II./I,,,1/7l. d', ·.11\1\\11 III 111'111.' 1 ',(.11 

Ob ... t'I\'(' thttt tll(' pdl 1 1 t!()11I llg Plodw (.t! III till" 111,,1 .tIH" 1" 114'11 "1'11111 • .1 \ ... ..,III)WII 

III Flgul(' 1 (j(à). Ihll'.' l"ul!" \\"1.' Ilt'.·d('t! tliid l'JIII ul III,' "11I',III.t/ ."\1'11.11101\'-. \\,'1, 

dllIIlIl'ltl'.1, WIWI('d'-. III ,II(' Opll1l1,d ..,01111 lull. ..,1111\\ Il III 1 1L'lllt· 1 11\ 1'1 1)111\ 1 \' \1 111111'" 

cU (' .t ( t \1 ,d " 1 t'<j Il li t'cl. d Il cl Il \ l' IJ 1 1 I}I' Il 1 1 J.!,! II, li dl 1 tI \" ,1) 1 Ii d . te 1 Il, il h 1 H' 1 11111111.1 l ,d 1 

TIlt' Il'.1''011 lUI tilt' lI(Jtl-lJpIIlIl,dll\ uf tilt' 11111." II\(' l""i' IWII/I! .tll','"Ir11111 1 • '.1'101111' cl 

b,\' t Ill' f ,1( 1 1" ,tt ,1 w ,d g 1) 1 1 1 /1111 1111 P J 1 ( 1 1 1 ~ ,l'" Il 11\1". 1 Il. d ", JlI , ," Il l''' 1 1 1 Ji Il 1 \ .,1 01 III) Il 

(OIlIPtitllJl(, X l,dg.· 1" d('\"lllIlIlI'd ('IIIIIt'h 1,\ tlll' 1f,1,t1I":I~1111' 1"'1 \\ "t'll 1 III "11<1 Il,,011'' 

of th( pttl tll IlI.U ('dg,(' ,Illd 10.., li Il ,tI Ic( ted l,: ulill'i (Ilt 0.., III.t,1e- dllllll~', t IjI' 1'0111 Il 11111 Ill/-', 

1'10('(''' .... ,1I1.! tl!t'lefuI('. fl\.·d pllUI 10 11<\111111111111/-'" \\!WII'd". III Lt< t. 1111' l' Il,JI .I(III,dh 

th(' C<l~(', ,l~ expl(uIwd III ('It"pkl :3 

4.3 Other Related Techniques 

Mo::,1 PII'\'I<)\I" \\01" III IJpllillll'illg Ut<' !>('lfO[(IldllCt' (Jf 11)!)!>'" /101" fOI Il..,''cI 1111 IIlcllvldll,d 

loop" lalh .. 1 tll,\11 ()II (ull('(lhlll' (jf lo()p" fI\HIHSI AI\s7. WoIK'I] Old\' "'("lIllv ".h 
4111C1d"lltall:. AIg;lJfllhlli III d"'Crll,,·,) III CIa.q,lf'r:~ (l'.I)!;1' IF,) 1.., ,tI,I<· 10 flIId tl" "l,tllll" l'MIIII'," 

III t Ill'> (,~"'I 
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('IIAIJ'1 Fil ,1 HJ-:I.X/,/'.'[) UESEAUCI/ 

ft 'oIllIJlIl,ttloll of loop OpllllllZéll101i tec hlll<jll(':' IW('11 dPplwd togct IH'I" cllld ollly III tilt' 

,ct"" of cl "Illgk 1001/ 111',,1. "'H'{ ift, (tll~. IlIlllflodulctl trctll"folIllctllt>ll" [Bctll!lO. \\'Uloj 

Loop dl,,' J tlHIt 1011 ,llId 1001' fll~I()1l ,11(' \\1'11 hllOWIl loup tlctll"follllrlIIOll" 10 hctlldl(' 

1IlIlIIIpl,·lo"p 11(·,,1·, [\\',,1:-:1)) Loo!> dl"lnlJllIIUll 1" lypHally !l"lf()lIllC'c! 11Il\IIllally (11-

block PdlIIIIlJlllllg). ,lIld loup f.,,,lolI I~ Il~('d <t~ fulhm IIp to ",'Ic( 11\"ly 1ll('lgc' the di .. -

1 rtl'1l1l'cl 10,,1''' h,t< k lo).!,,'llwI III gt·lll'rtli. loup fll .. IOll 1 ('(hlc/'" loup u\ cllw,ul III 1I11lplO 

,(''''''01 ,(Jd('~ III( fI''''''lllg 1 II!' "'1/,' of 1001' !Jodl('., 'Jill .... clfr,·. h !11"llllI IIUII-'" Iwdullllg 

(·tft" IIV('IIt .. .., ... ,md Il,dlll l'" IIl<'lIlor\ 1 C'qllll "11 It'Ilb. III tUII!. !l'tlll( IlIg 111"IlI()I_\-lq~I~1t'1 

d,tI,t tltl!111 1111" I,l...,t IWIII'IJ1 I~ ""1)('( I,dly IlIIpOltctllt for \(', tOI IlleHlllllC", fOI W!tHI! 

veel,,! IOde!" ,Illd .... tOII", dl" (o .... tl\' III "PI1I' (If IIH'''(' IH'lIdil .... Ilw',tJ,IlII\ !o l'If('( Il\'ply 

1"'11"1111 lOI/ii 1 Il "1IJ11 Il, " 1('IIi<llllI'd d dtllt( Idl j>lol)I{'1l1 [:\ll:-::{) 

\\'()If"II",'d 1 lit' 1"1111 ",Ill,t! IUlllld(tIOIl" fOl d ""r"ll'lIt optllllll'cltlUlllbdll IIH'OIlI' 

d""lld)('d IlI'l/ III" Il'''' (lI tl/(' tl'Iili \\'d" tl! (k~(ld){' tll" flllH(IOIi of IcdtHlIlg III(' ~IZ,' 

()f cl' IIIIIp!lCl gl·lll·l.tkd 1(·IIIj)(JleU.\ àllely (!t'edl·d IJy "'dl,t[ (':-"p<lIl!'lIOll [\\'oIK9J. :\11"11 
.tI .... O Ill\!· .... tlgcttc-d 1111' IJI"ld('1l1 of Illllllillll'llIg t(,lIIpUletl~ clllrl) ~Iurag(' III cl ~Illgk loop 

1I(· ... t, Il'''llg d tl'( 1.11111'11' (,tll"tI . .,t {tIOlllll!). 110\\('\'1'1, (III' (('( hll1<1 111' \Vtt'> llllt ('''lt'll(kd fUI 

"l'llllll/dlll/li lH'yOlld ,l "llIg!" I()u\! 1\(".,1 [:\!1~;31 ('.t11.t11tlll ('t ,d. h<l\(' "Illdll'd lq~I""\('1 

edlO(dtlull "f .... 1I1)"/11P!/·d \dll,d,I,·:-, (rlllel~'). but ct .... \\llh th, olllt'r 1('I,II('t! I('~('al<h. 

t 111'11 \\IJl ~ 1o" III/ Il,,,·t! (III "llIgl,·lulJi' Ij('~t", d, .... uppo,>l'd to (UIlC( tiOIl" uf loop" [( '('1\90] 

TIlt' OppUltllllll\ 1111 "!'tlllll/lll!!, rllltl\ UP('I,t!IOIl"l ct( I()~~ .t (oll!'( lIOn of loup" lUI 

dt/t Il Illl Il' ,oftll'aT( IJlI,,1111/T/l1 \\,1" 1{·(O).',1l17I'd 1[1 <:dO [<;do1-\(J. (;ddIO]. cllld loup jJdlcll­

Il'lti'dlllJll ,1IId Illop (Illillklll)!. d( l()"" l "lIct (1011'" uf I(lop .... hd" lW1'1l <1(,:-,< ItliI'd IJy S,Ukdl 
[Scll~.;q. S( ''10, S,tJ(l()d] III (1111 WUI k ,md ill )(',1'111 WUI k by (;;10, Obl'Il. S<ll k,i1. cllld 

Tht'\..k,t1h. (,,11"/11\1' lu,,!, opl 1I111/.tt 1011 \\d .... ((Jll~ld(·J(·d botb al tls(· IlldlV,dudJ loop-

1l('~1 I,'\'(·! (" l!, , luop [(,\(,[;.,dl tllltl loop Illkl(han)!,.·) dlld dt a globall(·\'(·J. wlwl(' loop~ 

,11(' P,lItlll\lIl,·d 11It\) (lthlt'I~ 101 fll~lOlI [(;OST!I~] 
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Chapter 5 

Relevant Code Transforrnations 

III titi!'> chapt!', \V(' <1(',,('( d)(' 1 II(' l '<llhfollll,,1 1011', !('qllllc'd {UI <1"011\ -'1-' .,1 11/1 '1' 1 111,1, l',. 

along; with (Odt'-IJllpIOVlll~ tl,lIl:-.fOllll,IIJ(III'> Ib,iI Illlgllf IH' "pplwel 0111 l' " ,lll ... kl IH 

clllst('r~, oftrrlll~f()llll,tl,l(' loup ... ltd" I)t'c'II 1')lIIle! \llholl/.dl 111"',1 11111\1'11'1 1111 l«j 1 JI''' \'1' 

dt'~c ri bt, .If t' ).!,(' 1)(' l ,d h \\ l ,Il kil \1 \\ fi. 1 1 Il' \ .11 l' 1 il' \ 1'1 t 1 if' 14 ',', 11111' Il 1 1 01 III \\ 1 t 11111 1 III' • Il 1 1 l 'III 

cOllte'xl, alld UIlI Il III 1 \(',!t ,II l' dllll 1-' III dC'III\!II,1 l,Ill IliI'll Il,1''\01111 1 1 \\. 111',1'111 1111' 

c1lapl!'1 \'111t d(':->(IIPIIOIi uf Iltc' tldll"{ltlllI,tlIUIi .dt~ulJ1lll1l' Il,\'cI PII,'I t., oIlid .11111111' 

<IU!'>tf"l dll<lIY"'I'> Of pdllil 111,11 1111\1(111.1111 1' .II" 1 .. <1" 111111110111/01111111 .111.'.11<'11 l' \"1 

~,t1, dlHI luop Illlt'Il h,lJl~t' 2 III dddll1011 Il' 111("" 11<111..,10,,111.1111'11'. \\C' dl"1 Il''''' ,,111<'1 

tl.llhfOI1l1.11101l" \\'1I\lh IIlIghl .tI,o 1 .. , Ij('"" dl\ III 1IIIjIlU\" 1 1 If' c'III,.II\I'II."" .. 1 .111" 

t('1 .lfl,dY'>I'>, 1\\0 "'\l( h ("tllllplc'" dlc' '" ,tldl [,,1\\<\1,1 -.111,',IJt III 11111 dllt! '" ,,1.11 Il'1101111111)' 

011(' tllC' Il,lfI,>follll<tlllllh I('<jlllll'd flll .111 ... 11'1 0I1"c1"'-.1'" Il.1\1 IH'C'II d, Il dlf d. \\C' • "" 

1 i III j(' b J :. III \' ('~, III g '> c 'v l '1 ,t! t 1 <1 Il ... fi '1 III • li Il Iii • Ii ~',' 11 Il III Il'' t Il,11 01 1 l' 1 111'11 p' h" 1 ! d.' l, l ". Il Il \ C ' 

1II1pro\·(·d (ud(· !>(TfollllrlIHI' 'J Ill' petll11 :d,lI tldll"fUlllldt .. JlI" \\1' cl 1',1 Il',', dl" l\Jo/l III 

~IOII, éHïcl)' (Olltl dl t 1011, dlld '>Urt \',dll' P'lH'lllllllg 1,.\,,11\, "". olil 111c/" \\ JI Il.1 cil',' Il','>1<<111 

of ,t ft,W IIIcid(,llt<i1 tr,UJ..,f()rIlld! 1011'>, ..,1)( h ,,'> 1()('jJ lIIIlUlhll,l' <lliel 11I"llllC 111111 ',( lwdldlll).'., 

wlllch could, 11\ «'Itdllllll~tet!\(·.." ,drl'( t 1',,11' dll,d,\'>I .... dlld/(II 1 1 JI' dl('1 11\('111")) of dll,,' 

(,OIl~('qll(,111 (Ut!('-IIlIPIU\lllg Ile\ll..,fOIIlI.t1ltlli tll.11 l', ,qlp!wcl 

1 Dpld.!l,·J III for III dt 1011 rt')~drdj(J~ tljl' III1lft' '(!l1I1I111/1 1 r.U1"foflll.tll'III·' (,III III f'HJIle! III .1I1} "II' 

of ''''\l'r.il !>lIurce<; [ASllil/i, 1'\\,~11 l' .. IHII \\oIK!I, Z('!j()]. Ii!)",'\, f, .... tWlI .ll'I'flll'fI"l. \\, 1 II. III' 
pflllnpk r"ft'fC'1I1 l'!> folloWlIl1?; 1111' r ',>()f'1 11\'1' 1 r.llI ... f"flll,III"lI d ..... fi 1'1 1"11 

2Trall"rormatlOlls, "llch a." tllC''>l" wlll<ll arC' of parlll'IILu IIl1poftdllll' 10 1'1111' 1111:-,1." ,,,,,Ii)"'I'" .If' 
appropnatt'Iy J1)(licatc'd III 1 III' t,·x 1 

7(; 
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(:/IAI''!'l';U,rj UELEVAI'\T ('()J)E TU \SSFOUAI:\TIOSS ïï 

5.1 In-Line Expansion 

'1111' fin,1 1 1,1II,>flJlllI,tll()1l wc' dc",,( fil)!' 1'> lIl-hIU' expàll,>ioll 11I-11Il(' t'xprlll!'>ioll is illlpOl-

1,1111 fOI C ()lIc'( II\'c' tllI,th ~h I)('c elll'>(' It ('XPO',PS loop'> (0 anrll .... :.,'> whidl ()tl}('rwi~(' might 

Ilot Il!' (OIl'>Ic!C'lecl E ... Pclll~I()1I providc·:. 01 ft,'r 1H'lwlil" too. "Il( h as rt'dllcing program 

('XC'( 1111011 11I1IC'I)\ dlllllll,tllll)!; pro(C'<!lIrc' (,tll~ (rllld tlwlI cl""'O(lrltt'd pcHàllH'l('r trans­

f('I) ,wd plOC (·dlll(' n't 11111 .... Helo\\' wc' ~h()w ~wo cllfrc'It'III ,,~I lied 1011'> III ",hic" ill-hl\(' 

C'Xpclll'>IOIl 1111/-',"1 \)1' 1I('IIC'Iic l,div .tppllC'd 1 

Célll~ wit hill il Loop 

DO 101 - l, ~ 

1 Il ( 'A LI. .\ 1> J) ( .\ ( 1 ), Il (\ 1 + 1 ), l'( 1 ) ) 

EN 1> 

StlBHOllTINI: ADJ)(X.Y,Z) 
HEAL X, Y. Z 

X ~ Y t Z 

EI'\I> 

DO 10 1 ::- 1, N 

III ('(l)c;--/\(I) t-II(N-I-tl) 

5.2 N Oflnalization 

A Series of Calls 

('AU. A DI) (A,B,l'j 

('ALL ADD «',:\./)) 

1::\ j) 

Sl!BHO lTTlr\ l'; ADD(X,Y.Z) 
lŒ.\L X(N), Y(N), Z(N) 

1)0 10 1 = 1. ]\; 

10 '/'(I)=X(I)-+ '1'(1) 

L:\ J) 

DO iO 1 -= 1,:\ 

10 ('(I) = A(I) -+ B(I) 

DO:WI = I,N 
10 D(I) = ('(I) + A(I) 

\VI' ('.Ill ~t'p,lI,tlc 1l111111,dl/dIIOIl (Idllsformatiotlh IIlto lldhlcally Iwo categolies' loop 

IlUIIIl.IIIZ,11 1011 ,ltlcI ",,!>..,\ Ilpl 1l01lllah/.àtloll Although Il is 1 Il\' IiI ~t of tlwM' catego"ies 

t h,ll W(' ,II (' PIIIII,t! i I~ (\mC('llwt! WI( h dllflllg loop clustcl dnalysis (alld t.o which 
W(' d('vult' t 1)(· 1111)'>1 ,II klll 1011), 1 lit' S('( und (dtegory. ~llhh( Ilpt !lOI lIIdlizdtioll, is abo 

IlIlpOlt.wt. ~III(C' II tO() ,tI[('( I~ 1 Il(' C'llgIOlltt:- of I()()p~ lo Ulld('lgO furt.lwl (Lllalysis ill 

n'I t .till \Il~t.\I\( c·... \\'(' I!t'glll wlth loo!> Ilorlll,dl/dlion 

.llu th.· .... , .,\,1/111'1.,,, ,111.1 .dl ","h""'qllt'Ut "\.\Il1pk~ \\'1' I\bHlme li h a glohally dl'fÎlH"d loop upper 
hlllllld, lIul., ...... ul h"rI\ 1"" :-.1.llt'd 
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CIlAPTEH [) REI.E\':\lVT ('O})E TH.\ \SFOH,\I \l'/O\'S 

5.2.1 Loop Nonnalizatioll 

The purpos(' of 1001' 1I011'1,t1IZ,tl1UII 1:-' tll tldll:-.tOIIlI .1 I,,\,\, 11110.1 1'11111 III "hlt h IIIt' 

loop !O\\t'r hOIlIle! .11Id lIlC1t'lI\t'llt .Ill' ('.I( li 1 :"\lIIII,III.'.\t 1011 h p"lluIlll,'t! ,'.II h III 1 lit' 

loop st'h'cIIOll PIU((':-''' "III' (' Il f,l( IlIld\(''' :-'11 h""q 1 It'Il 1 I .. ,,\, 0I11t1""1" "Il. Il "" hUIIIIII" 

ch('cklllp; 1'0 add (OllClt'tt'll(':-':-' 10 tlH' k< hllHIII''. 11111 \\ Il hl/III 10"'''' III t',"III'I."I! \, \\,' 

dS~UIJH' ,\ typl( ,t! FOHTH"~ :-') Il!.l\. fOI II/op. ulI,,1 111.1.., \\ Il Il 1 hl'" oI-,"'lllIlpll"II, 111.­

,tlgol it 11111, whl< Il (':-''','!It Idll~ P('I fOI 111:-' IlId('\ "ld),,111111 11111 l, ..,1111\\ Il 1,..1,,\\ I/( "HII 

Transformatioll 5.1 (Loop Nurnwlizatioll) /'II1/1,j/l1111 Il 1011/' ," I//Ilt Il,, 1"1/'/1 

[OO]J bOll1/l/und [(JO}! /1/{T, IIlt III Ilf't Iwlll 1 

111 plil 

o ltlp Ill: 

A FOHTHAi'\ Il/Op, wlII1l1l ,Ill ,·1t~d)I .. III\l1' < 111..,1"1 \\hllii Il,,''',, IUII"I I""p 

bOlllld ,\IId/or d :-.t(T otlu'l Ih,lIl l '1 h"I'HII' 1'" 01".1111\1'.1 III 1", ui 11\1' Il'1111 

DO III lit II 1 l ' t: l , 

IlliJl l ""dll 

wl\('I(' 1 i ... <Ill lIItq!,I'1 ,wei (J' fOI 1 ~ J :) ,'01( h .III ("11\(',-,11111 

lo\\('r l)()l1l1d. (2, III<' IIp!>t'I IHllIlld .. tllt! ( ,. 1111' II/III' III( Il'11\1'111. 

Vallélbl<':-" Il' fOl 1 :::: J :::; :L .111' It'I Il pOl 011 \('0., tif 1IJ1t',!!,I'1 1 \ 1)1' 

A lIUlll1,t1IZ(·d loop 01 tilt' fOI III 

t 1 -- (1 

12 ( 2 

lJ ( 1 

DO /abdl' = 1, (/2 -/1 ~ Id/Il' 1 

!abd. bOflt! 
1 = Il + MAX((t l -. Il -t (d/II,O) • l, 

wh('[(' boll!! is bodywltlr il + (1'- 1) * 1,\ "lIb"tlltl",,1 VI 

Note thcl.t the pr('llId(' :-,tatl'lIlt'J1ts to tilt' loup (,Ul 1)(' ..11111111.11(,<1 wl\l'I' ,dl ( , dit· 

integer varIabl('" or COII"tdllb III t!w 1cl. .... C' of «(J1I"1,111I,, 1 lit' (JII"lcllll \".11)1' 1" l'lOI' 

agatcd. Llk('Wl:-'('. wll<'l1 tilt' :-,rgll of il IHJlllI,dlZl'd IIPI>('( !}I}lllld 1" k111lW11 III oIdv,lI11 (', 

MAX can h(' n'pl,\( t't! b\' t h(' dpproplldk 1.('\1, ('llllI'l 1 1 JI' ("1'1"'''11/11 (JI /,('11/. whl! I\I'VI'I 

1:-' greater. !."lo.,tly, lIole th<ll tl\l' f1l1,t1 ,lclklllt'ill 1(",llIr(", 1 l" Il', <JIII',III<li \,dllf', cl 

conditlOll that oflc-II llll).',ht Ilut 1H' l\t'( ('''''ciry \\'111'11 t III' ,,1,tI('1I1f'11I 1" 111)1 1II,,·d,·,1. Il l', 
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(,'I/II/JTEU,~ /(1,;/,/', \'A ,\'T (,'()])Jo: TUANSFOllAIATIONS 

l'lllllllliltl'd by (h'all-colh' f'llIlIlIlatwII [ASI:r;(;]. 'l'hl' following i~ a tYPleal PXdlllplc> of 

rl loop f('qlliflll).'; 1101 IIldl il',tl Ion. 

~ = 100 

1>0 101 = N-l, 0,-1 

10 A(I) = 1 

'l'Ill' lIorlllabzl'd V"I:-'IOll d Illl~ loop 1'" I:>hoWIl rwxt, hoth I)('[or(' <Uld aftel "llllplifieatlOll 

III t111" ('xiu!1pl(· w,' .t."..,lllllt' t 1lC' 1001' lIldex varlabl(· l 1S dead I1pOIl loop <'\.It. 

After Norlllalizntioll 

N - 100 
TI :.: f'; . l 

1> 0 10 1 ::- 1, ((J. T 1- 1 ) /- 1, 1 

JO A( 1'1+(1-1)* 1)::: TI + (1- 1)"-1 

1 = TI + l\'IAX((O-Î 1 1)/-1,0)"-1 

5.2.2 Subscript Nonnalization 

After Simplification 

DOIOI=1,;\,1 

10 A(N-I) = N - 1 

Sllh~l"npt 1l1l11ll,dIZ<lll()1I ll..,ll<llly (Ull"'l:-.b of the followillg tldllsfürmatloll:-'. f>calal [or­

wMd stlh,,1 Itlll 1011, Indll( t 1011 viln,lbl(' ~llb~tltUtioll, wrap-around variable sub:"titutioll, 

clllcl ~lill1d.Hdll'dIIOIl uf :-.ulJ:-'C\lpt ('xpr('SSIOTlS '1'0 und('rf>tdnd thelr re!evance lo loop 

clIlSI"1 cllI.dysl:-', Wt' nu\\' d":-'I /11)(' (,deh tl dllf>f0rnltltloll in order 

Scalar Forward Substitutioll 

III 1:-' .1 Ildt met! lfond('ne) fOI progralllll}('r tü reducc the cornplexity of exprcssions, as 

w('11 as ft'dUllddllt use of ~lIh('xpre~s\Ons by sc>parating indexing expressIons from the 

SlIhscrIpt ('xpn'SSIOII III wlllch th(·~,· (·Xj)l·CSSIOfl!> arc usc>d. For cxample, a programmer 

Illlght clIOOS(' tll wlitt, 

DO III 1 = l, 100 

J=N-I+l 

10 A(I) = B(J) 

UllfOltullalt'ly, :-.tatellH'llts of tlll~ type lIItroduce a forward dependcncy withill the 

loop ",IIIch plt'V('lIt~ dll('( lion [('Vt·rsdl. '1'0 corrcct this situation, the compiler sub­

st i Ill\(':-. t lIt' t'X 1)) ,·:-.sioll III t Il ('cl( h IIldt'x t':>' pres~ iOIl wi thin the:' currcnt seope of the 

IIIdC\llIg ddlllltlOIl 



i 

1 

~ 

t 

1 

ClIAPTEU 5, HEU', \'\'\' [' COIJE TU.\SSFOHM.\TlOSS 

Induction Variablt' Substit.ut.ion 

For tilt> SaIl\(' 1('.1:-'011 <1 PII)/!,I.llIllIlI·1 Il 1I/!,1t 1 "'(·IMI,tt(· It·II.1-',1 It.' 111I11"llig (·,ptC·""I""" Il''111 

HI(' array r('fett·lltt· ... III \\ hH It Illt'",· ,·'plt· ...... IOII ... 1It' Ih"d, d ptogt.\l1l1ll('t IllIgbl .tI"" 
U:-.(' é\ ~('palat<,ly (Ol1lp\II(,d IndlleilOIl \'dll,tI)'" l'wu l''U tH "LIl (.1"'''' dl(' 1) dlll'( 11011 

revers,t! ùlld ~) loop 1I1( 1('1111 III Ill!!, ,\ l'',,cl.' (,\ ... ,. wllt'II .t PIII,l',I.IIII1II('1 IIl1ghl Il,(' 

Jirt,ctioll It'\('I~<i1 h 011(' IIl\ol\'lug, :-'d Y . .\ (Opy U!>('I.t111111 

.1 = ~ + 1 
J)O 10 1 =~ 1,:--; 

.J .::. .J . 1 

1 li . \ ( 1) =- Il (.1 ) 

As bcfon', tilt' solutioll to tlll ... plohl"111 1" 0111 .tlllt'd 1 hl()II~1t :-ottl,,,1 II III IUII Sp.,( III 

('ally, tbe compikr t'Illlllllctl<'o.; tlll' :-.ltll(·III(·lIt Ih,lI dclillt· ... 1111' t i1t1 III 11(1I1 \dll.tlrll' dlHI 

rq)ldCC~ cdch II~(' of tilt' vdllrlhl{· "'llh <Ill l''prl':-':-'IOII III Ill(' 101111 C",./,,, Il, " ; l j J,,"I' 

wher<' Cl1lnucilon 1:-' tilt' 111(\1\( 1 JOli (lIll:-.ldllt. l 1" 1111' 1001' IlIdl" \dll.tI,I(', dlld J,,,,, 1" 

the cxple:-,slonlOl Il\(' Illdll<IIOII \dll.tI,l(' 11I111.dl/dllllll \\h('11 Illh 110111,,1"1111.1111111 l', 

clppli('d, t II<' t r,lII~fOlIIlI·d (od.· 1)('( (llll.·.., 

DO lOI=- 1,1\ 

10 A(I) =-c II(~ 1 t 1) 

TitI' second case. loop 111('1('1111'111111).'" Illigltt 1)(' Il ... ('d III II"II of \1'>111,1',11\1' 1001' (llIII I,d 

~tat('m('llt to ~tep thlOugil all dll.\)' 

.J = 0 
DO 10 1 = l, N 

.J = .J + ') 
Hl A ( .J) == J () 

Although less cornmoll toddY, COIl:-.tl II( h of LIli') type \\,('((' 011(" t )'/ll! ,t! dll(' 10 uld(') 

FORTRAN language specificatiolls Tlj(' "'OllltlUIl to thl ... p,ull( Id"l I1I0hl"11I 1'-0 ''l',dlll 

the same, and the transfornwd (OC!(' III thi~ llJ~t.IIl( (' I)('n)(lj('~ 

J) 0 III 1 '.- l, :\ 

10 j\(~·I) ::- J () 

Not<- that li\(' COIIS<'qll<'II(,(' of Ii,LVIII)!, ,\ ~('p.1l .tll· 11ItIlI( t 1011 V,lIl,d)ll' 1 OlJlpltt.1I 1011 1', 11\1' 

:-.aIlH' a~ the ('a~e Illvolvillg Mel!.\l fOlw,ud ","II:-olltllIIOlt Illl ... tl·1 rlll,dY:-'I'" dlld Ild)I ... lol 

lllatioll i:-. IIIhlbit('d Ilnl('s~ t!l(' tilt' 1 (()\lbl(':-.ollw ... t,tll'IIII'll! (,llI Ill' 1(·IIIU\'I·d, (,lllllllldl III).', 

t.h(' origl\lrll d,ttd d<'j><'lIdell( W:-. 
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Wrap-Around Variable Substitution 

Allot 111'1 (01/11/1011 tYIH' of ~ltll(tll()11 wlll( Il rt'~lllt.., III il rt'~trH tIV(' datil depelldel\ce IS 

t1l1' C(l.~(· of WI 'IJl-cHOlllld vMldlllt·.., wltllln tllf' loop. A wr,tp Mound variable i:, one that 
I~ c1di lwd 11('<1' t II<' ('nd of li loop alld I!:> u~('d JlIllllg the !:oll b~('q IH'lIt loop 1 tcratiol\, th us 
(lf'al IlIg .\ 1(J0p l,Hl i('d depend/'IlCf' The followlIIg loop pro\'](Ic~ ~U( h aIl C'xampl(" 

.J == N 
DO 10 1 :::: 1. N 

A(I) :::: B(J) 

JO .J = .J - 1 

N('itlwI ~(,d.1l forwclrd ~l\h"tItut.ioB BOl lIlductlOB vdnablc suh~tltution alonc solves 

t.Il1' plohh'lIl III j IIIS Illstall('('. Bllt, by rolllll/!, tilt' loop back 011(' Iterat.ion (adjust.ing 

J "lit (Uld BIOV Illg t.Il1' IIld uct 1011 st dt('llH'1l t to the I)(,d.d of the loo!» dlHI thcn pcrform­
illg illdl1(tioll \'<lllabl(,'~l1b~tltl1t]()n, thl' lüop (dB 1)(· fixcd (a~ !:>howll b('low) 50 that 

1'011(·( t l''!' t I,W..,fOI IIl,tf 1011 l dB prof (· .. d UIICOIl!:>trdilled. 

After Loop Rolling 

./=-N+I 
DO JO 1 :::: l, N 

.J :::: J - 1 

10 A(I)::::B(.J) 

After Variable Substitution 

DOIOI::::l,N 
10 A(I) :::: D(N-I+l) 

5.3 Scalar Renanling 

Scalar 1 <'IIi1l1lill).!; is d technique for rernoving anti dependencies which otlH'rwise pre­

v('111 «('rt..Lill loops fI Dm heing considered for collective analysis. The benefit of scalar 

J'('Il,UllII1/-', cali he ~('('Il ill this next cxamplc. First, let us assume we have the fo\lowing 

loop c1l1~\t'r. 

a, .= 1.0 

A(I:N:l)=a 
a. = 5.0 

B(l:N:l) = A(N'I:l) + a 

Not.lce 1 hal !<'definitioll of t.he scalar vdriable a, followillg the first. 100[>, prevents the 

1.\\'0 lo0l's frolll IH'Îllg fu~('d \VII('11 tht' afft'cted vanabll' III the J(·definitioll statement 

is gi\'('11 .1 lit'\\, Il''IIH' alll! 1 hi~ Ilew Il ,1 Ill<' IS useù III SUh~('qll('IJt ~t.ttCIll('llts which l'der 

IIIl~ \ ,II i"hll', 1 (' . tl) ~t.lt(·IlH·llh wlthlll tilt' ~<Ol)(' of the led('fillitlOll, t.hl· tlclllsformed 
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"-

code becoll1<'s as ~bown to the Idt, 1H'low On tilt' II~ht I~ tilt' tl,I1I:-.lllIllH'd (od\' 

followillg fOI \\ <ll'd scaldl' ~lIb~tit IItiou. 

5.4 

Aftel' Renaming 

a = 1.0 
A(l:N:l) := ,1 

b = 5.0 

B(l:N:l) = MN.!.I) + b 

Direction ReversaI 

Aftl'r Suhstitutioll 

A(l'l'\.I) 1 () 

Il ( 1 . N . 1) -- :\ ( N: 1 1) 1 :1\) 

Direction r('v('l'~al challp,f's titI' ord('r in which ,li 1 ,IY It·fl'II'II( (':-' (l( (111 ",If bill .1 Iuof! 

body, withollt challging thl' loop incn'IlH'Ilt FÜI IJ\sLtll( ('. If .III .III d\ Wd'. IWlllg plO 

duccd ill au a~«('ndillg or<ll'I wlthill a ccrLlin loup, dll('( flOIl 1('\'('I:-"t1 (h.tllt~.,,, th,lI 

arder so that, ill t!\(' tl,lll"folllH'd cod<', t!w <llldy 1'> pl()dll«(·d III .!('''('lldlll,l', "ld"1 

Note thctt trctll.,fOlllldtlOl1 tak<,~ pLi< (' ollly \\'11 hlll dl<' lm.!\, III 111<' I"op il ,.·11, lu.,p 
control, on Ilw (JtlWI' hctnd, l'('lIl<l1lJS lInafre( I,(,d 'l'Il<' dll(,( tloll 1('\('1.,,11 Ildll',lollild 

tiOll is élCC01llpli.,llCd III (,:-'~{,lIt idlly th!' :-'élllH' IlldIlIlt'1 .1<" .111\ (Jt I\('I ',lldl)',ht lOI Wdl cl 

substit lit iUII t 1 (Ul~folilldt ion 

Transformatioll 5.2 (Direction Reversai) UI'IJf1S(' 1111 onlt /' of t//'It/,I/ 1 tJt /'11/1'( 

wzthl1l Il llol'lf!ah::cd [ooj). 

znput: 

output: 

1\ IlOllllalizcd FOIn'HAN loop, wlthlll dJl ('ligd)l(' lou]> (11I~ft>1 

A tral1~fOlIlH'd loop III WhICh rdel'(,I)('('~ to alray 1,II'Jlj('lIt., (JI (Ill III I('V('I~(' 

orcier Trdmfol111dtioll is accomplished by ~lIb~tiLIlt,llIg NIl 1 fOI ('<II h 
occurJ('\IC<' of l within the loop body, whl'\(' N I~ U)(' 1001' II(J(JI'I hOlllld 

alld l i~ t1H' loop illde}. vilfldhll' 

10 

Prior to Heversai 

DO 10 l '- l, ~ 

A( 1) ::- 1 - 1 

B(I) =: ('(:\-1+ 1) JO 

After H l'ver:..,.) 

DO 10 1 1 \ 
A(\ I! 1) 

111'\ 1 ! J) 

:\ 
('( '\) 
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5.5 Loop Interchange 

Loop intcrchangc hét~ \)('('11 must wldcly u:-,t'<! tu IIlCH'.I:-'P t Ill' \'('\ to\ L'cil 11111 III 11I':-.II'd 

loops in which il loop-cclIIÎt'd O('I)('II<1('IICt' ('XI~I~ .11 tl\(' 11111('11110,>11('\'1,1 11\1\\1'\1'1, 

ill this in:-,tctll(' wC' Il:-'1' II, tOI .U1 t'I1tlll'h <llIf"tt'lIl 1>1I1I1(N' SPI" 111\ ,111\, \lt' Il'>1' Il 

as a IlH'dllS of proYldilig ,1 1 dlllpll'lllt'lIt.11 \ !t'Uf <ll'lll1g or 111',111111 IUlh III IIIIN' Id;-.t·,> 

in which arra,y rde'l'e'lIc (',> \ ,II \' olll\' cil CU!I!Jl1g III IIHI)l 111',>1 III,!', III 1 hl'> Il .... 1)('1 l, UII(' 

Il1ight cOllsicln loop illt"1 challg" 10 he tu 1 II(' clll(t!\'~I'> (lI lllldi Idl!I)('II'>I()II,d II)(J\'''' \\ Il,d 

oil'('ction l('vnsdl IS to t.he c111.dysl:-' of Ollt' dll\ll'lhIUll,d I()()p~" 1 t, ('II .. pll·! ',', St'I 1 !()!I:-' 

2.,1 and 2,,5), 'l'II<' tlilJl:-.follll,dIt)1\ jt ... ,'IlI', ..,tl.uglIl-foIW,\Id-

Transformation ,5.3 (Loop lnterchangc) lllii 1 r/wllyl litt I()OjJ,~ 1/'1111//1 1/ lit Ifl (1 

loap ncst. 

znput: 

output: 

5.6 

A pcrfectly nested FOHTHA]\; ]uop. wlthlll .111 eligJlll,· )/)01' (111..,1;01 A:-. ,1 

matter of pract.icality .Uld fOI tl1(' PIlIP0:-'(' of (L\llly, \VI' 1 (':-.tIII t olll..,(·lv,'", 

to the cas(' of two-dllllt'IlSIOlldl 1001':-'. '>111 h t Il ,JI, 

DO II/bd 1 1. Il!IIit f _b.l//lld 

DO laht 1.J -- l, lili/JI (_fJOl/llt! 

[abe!. hody 

where the uppcr_bolilld for ('dC h I,/op IIllghl 1)(' dJfkrt'llt. AlI .1I1c1y 1/,11'1 

en ces within the loop body .U (' (JI t I}(' fOI III A CI J'p[ , (',1' PJ) 01 A (1 lI/.!, ( '/I[), 

where A is an arbitlary arrdy, ,lIId 1 1'/'/ cilie! 1.1/1.1 .Ut' l"w,lI ('xPJ('!,'>IIIII:. III 

l and J, respectlvely 

A transformed loo!> III will< il t II(' JW:-.lllll!, ordcl J:-' J('vt'Iwd l,v (h,III/!,III)!, 

tl-.e arder of su bscnpb of ,dl dfrays r('f('[('I1('('<I w J th III tilt' loop body VOl 

example, A(exPI,f':rl'J) Iwcor!w,> A«(J]lJ,(':rpr) fOI ,dl A III t.ht' loup body, 

and visa versa. 

Node Splitting 

In this section we consider lIode ~pht tlllg, ,l ter IlIIique wlHC Il (,UI :-,ollH'tilllt':, 111/1/''''''/' 

the cffect.iverl('~s of cluster dllalY~I"'. !\oc\t' ~plrt t Ill,!!, ha:-, IOIl/!, llf'clJ Il:'('c! III VI'r tOI iz,l! ir/II 



1 (:IIA IJ'J'RI? 5 IU';U';VAN'I' (:OJ)}<; TUAN8FOHMATIONS 84 

1,0 hreak data (!Pf)('Ilf!CI1Cl' (Yc!f','>, hlll III (11l!'>trf il.llalysls il ha& an additional PlllP0;"(', 

il:' w('ll. Considcr, for eX<llll plI', the folio\\' IlIg loop clllstcr: 

no 10 r = 1. N 

A( 1) = 990 

10 B(l) =--= î, - 1 

DO 20 1 = 1. N 

~O C(J) ~ A(J) + B(N-Itl) 

SIIl( (' tben' is no cI('J)('Il<I('II(J' 1)('1 W('('II (II(' t wo ~t.Üelllellts III the fir~L loop, the 1 \\'0 

(,Ill 1)(' ('as1ly plat cc! III 1 0 di~1 Illet loolh, Lttllel thall wlthin a sillgle loop, a~ ::,!lO\\'Il 

Sphlt.illg tl)(' 1 wu ..,LtI('lll<'llh ,dlm\'.., ,1I1cl.)V!-.I.., of lIw ppllcriltloll ordcl of ('dCI! <II 1 cl. Y 

indlvidll.llly, l<ltlwl tlt.lll brlVlIlg tu (0\1:-'1<1(,1 1I1('1Il ,H, (ollectlvely, as OI\{' \Vhell tll<' 

I,wo ~LtI('II)(·III!-. (oll!-.ld(·J(·d tOI41'1 hCI \\'11 hlll .1 sllIgle loop, t!\(' loop!-. an' 1I0lH Ollljlilt.dJI<, 

(1)('«111;"(' t.wo ,U(:-, 1)('l,wl'('1I thelll ,\1(' lIoll-<umpatJ!Jle), hO\\'('\'e!, w1le1\ the t\\'o :-.t01(· 

1I1<'lIl.s M(' !-.(·IMI,Lted, t'ciel! Wltlllll lb 0\\'11 loop, clIlalysis cali lira: et COlllpc:t.ible 01 de!' 
<lIl\Ollg t!H' stat('II\t'llb, as illll:,lrat ('ri by the t rdw,fol mcd loop::, shown IH'Xt. 

After Node Splitting 

DO 10 1 :::; 1, N 
10 A(l) = 99.0 

DO 15 1 = l, N 
15 B(I)=N-I 

no 20 1 :::; 1, N 
:20 C(I) = A(l) t B(N-I+l) 

5.7 Loop Fusion 

After Cluster Analysis and 
Direction ReversaI 

DO 10 1 = 1, N 

10 A(I) = 99.0 

DO 15 1 = 1, N 

J5 B(N-I+l) = 1 - 1 
DO 20 1 = 1, N 

20 C(I) = A( 1) + D(N-It1) 

Loup fusion is tht:' first t.ransformation we describe that is applied as a code-irnproving 

t r,lIIsformatioll, rdth('r than as a tretnsformation to facilitate collective analysis. The 
obJ('cttvp of loop fllSioIl is to to combine loops within ct cluster mto a single largt:'r 

loup. As pr('\'loll!-.ly 1l01.'<l. the adv<1llLlg('S of fUSIon are many, and the performdnce 

lH'lIdil !'>lIb..,LlIlti,d (<t!-> wc will ~h()w iIl Chapt.t'I G) The primary advetlltages are: 1) ft 

lt'dllct Ion III loop cOlltrol ovez!wad as.:t 1(,~IlJt of the chIllinatioIl of ail but the first loop 

(,Ollt loI ~t ,t!(,IIl(,llt, :!) <Ill Op{JOI LlIIllt.y ill wlll( li lu ,lPply othcr codc-ÎmplOving trans­

fOIIll,I! iOIl"', ~llt II .lS tltt' !'>Uh!-.tltllt 1011 t r clll..,folïlldtiollS prc\- iously ôescrib(,d alld array 

cOlIll,\( lioll (dt''''( IItH'd III tilt' 1I('xt !-.('( hou), dlld .1) et sllIglc largcr loop body, which 
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lll(Teascs tlH' numlwr of ehgiblC' instr\lctioll~ that (",III il,' l(lIl~Il!(·I(·d lOI III~t 1 IH t 1011 

schcduling. 

Transformation 5.4 (Loop Fusioll~ FII:;t Iwo 100!' . ., Ihal tilt 1/'/111111 1/ /0(1/11'111 . .,11" 

znput: 

output: 

A topologicrll !'Ieqll<'IlCt' of two norlllrlliz('d F()\{THAN !nop .... \lI 1 !le fOI III 

DO la/)(t! 1 = 1, llPllll')/O/lI/(/. 1 

labrU SI,'QI 
no la/JfL:! 1 - 1. 1/11]JlI·_hOI/llti. 

S/-,'(Jl 

A singlc' I00p having cLS its body t.he ~t.Ü('IlI(·IIt:-. III t.11!' I,od\!'" of 1 II!' 1001''' 

from which t}H' fu;.('d loop is dCrlvl'd. \VIth stalt·ll\(,lIj,;. '1\)1H',lllllf-l, III tl\(' 

same topologi( al seql1<'I1(,(' cl.;' t1w oflglllctllo()p;. [10111 \\'1111 h III/' 111'>1·t! lo()p 

wc!s derived, t hal i'> 
DO [ab, LI 1 = l, l/l'llll_hllllll-f. 1 

SFQI 

lablLI SIXh 

Notice th,ü ait hough fU;'JOI1 com,ol idatl'!'1 t.he !'1 Ltt ('lI\t'll 1." ,lIlIOII!!, ( t IIlI! "II Ii Ile' ( III'" Il'1,, 

of loops within il collectioll, the fu!>Îoll PWC('!'1'-; it;.('lf tclkt· ... pLI( (' 01\ 1 \\'0 IOtlp", ·tt 111111' 

Of course, this in 110 way aff('ct~ the pCl'fOrlll,tll«' of III(' Id).',Olllhlll :\1',1) Il,,1 \!" Ih,d 

although loop fl1~ioll appli{':-, tn loops at ally peU tl< uLIl 1(·\'(·101 11(· ... 1 Illg t ClII(,( t 1 \,(·Ioup 

analysis is primalily COlH {'rIIcd w;t.h JlOIl-Il('~,t('d loup:" tilt' 1('d\()11 1)('1111',1 Il,11 dll,dV'1I" 

generally bCCOI1!CS illt.1 actable for higlwl' dlIlH'Il..,IOlldllo()p·, (/'\1 ('pt 101 «(·,1.1111 "P"( j,d 

cases, hke tho!:-c dC~Clïb('d III Chapt<~r :2, S('( LIOn.., 2.1. ,,('(' :2 (, (pdl.','· ... ~:l ~/)) A" I( 

simple examplc of !oop fusion, wc show llC'xt t.h(' fîn,d (od(' ~1·.l')lIlt'IJI flOl1l tilt' l,t,,1. 

section, after the fu~ion trallsformation: 

DOIOI=I,N 
A(l) = 99.0 

B(N-Itl) = 1 . 1 
10 ql) = A(I) + B(N·I+I) 
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5.8 Array Contraction 

'l'lU' 1I('xt (odl' lI11pruVIllf.', tr(\Il~·,f()rJnéltlOII wc dcsnihc is called array cOIltractl(lll. Ar­

r.lY ("(,III/tllllOIII.., tlu- t('ml Il..,('c! Ily Gao and Sdfkar lo df'snilH' thC' sllb~titlltioll of 

scal.tr v,lIlcd)I/'.., fOI ~lIb:-'('flpt('d v.lriahk~ withill loop'" whicl! jllOdu( (' and COnSlIllll' 

,L1l'ay:-. [S(;~lll' TljI' lw·pd loop frolll the pr('viou!-. :-.('dlOlIl'" <lll ('xalllpl('of" SltUdtioll 

III wlti( Il :-'\1< Il ,\ tl tllI:-.IOl'lll.d,inn llIight IH hendicial \\'It il t 1)(' follo\\'inp; I<'Sltlt: 

DOIOI=l,N 

a = 99.0 

h = 1 - 1 
10 C(I)=a.+b 

No\'i«' thclt. <lll hut Uw last <lJray l('fPIt'llc(" in ths ca..,c, wa..." able to be replaccd. 

Not.i('(· t{JO that COIlt.I'c\ctlOll llé\:-' abo fa,ilil atcd !-.calar forwdfd substitution. Formally, 

W(' :>tatC' t IJ(' ;111 dy (Ollt l'fiction t.r,\II..,formal iOIl a., 

-------------------------------------._--------------------------------
Trallsformation 5.5 (Array Contraction) Replace Ill1fh scalar Vlll'lOblclJ ail COl'-

7'fSpolldl1l!J (011/1/1011 .~lIk~C7'lpt('d vaT'lIlb[ei, whzch arl' used io Pl'Odu('(/C07l . ..,Ul1'( (ll'm,lj 

([('(nt III .... Il'lIhl1l (l /oop body. 

ml/ut: A FOHTHAN loop wlth :-tatements contammg sub:-,cnpted variablcr, whicIJ 

.\.1(' IIst·d 1.0 plOduc(' cilld thcll consume array c!C!1lPIÜ" withlll t\w same loop 

'LI" clt 1011, of t IH' fOI rJl: 

label-

DO label 1 = l, uppc/'_bou71d, 1 
A(I) = ... 

... = A(I) ... 
OUT(I) = .. 

W/H'II' .111 et)' A Îs dCcid UpOIl exit from the loop, bui OUT i~ live. 

4Wolfe orlglllally II' .. ,-d tht' tl'tlll ;u ra.y rontrartlon III the contt'xt of telIlovlIIg compiler gt'nerrlted 
v('et.ür tt'mporaflt':-' 111.1 gpl\l·r.d i>PI\S(" 111<, purpos(' (tü ehmlOatc unn(,cf'f>&ary array ('klllpntR) and 
the (·ff(·('t of 11Ii> 1 r<lII .. forrll.lt 1011 an- th(' i>anlC il.<, thol-t' of Gao and Sarb.r [\\'0189J 



1 

1 

1 

CIIAPTEH 5. REtEVAi\"j' COnE TH.\.\'SFOH.\1.\TlO.\S 

output: 

5.9 

A tran"fnrlllt'd loop in wl\J( h ~c,ll.\I' \',\li.lhk~ hd\'(' l('pl.l' l'd, 11l1' .... 1'1l11l11l1l .. 

subscnptt'd \,.tri.\bl(,~ for ,111,\:> ~ wh\( h 01 lp,lII,dl~ pludl\( ('d dlld 1 lIlI'>IIIII"d 

clement s wi t Il 11\ t lit' ~a lIIl' luop Ikl ,\ 11011 

[ab, J. 

))0 labtll :~ l, "JlIII 1 bOl/lld.l 

A _: 

. =-:\ . 
() llT(l) -- . 

Software Pipelining 

ln this ~ectioll \W' des( nbt' .. (ld"'~ of luup ',( IlI'dllllll/!, t ('( Itlllqlll'~ t 011,·( 11\1'" "11\1\\'11 d', 

software plpelllllllg r, Soft.w,l\e Pl!><,111l11l12, \\ .. .., OII!2,lll,t1lv dl·\(·lupI·d 110111 " 1,'1 IlIlltlll" 

for schedulillg hardw,ut' plj)('lil[(,~. Illlt II Il.1'> 1)('1'1\ Il~(·d 111011' l", t'Ill" III' 1IIIIprll·l.., 

for IlUIlH'rOw, ddfeft'Ilt \hu,dl('lllld(IIIIW'" [('(;1,1".;<). \)1I1~sq, Ldlll'Hl, II<:SI, 'l'UliS fi 

lts origillctl pllrp0"l(, Wd~ to !t'dlll (' tlw l'If 1'( h ,d dd<l\':" ~)('1 \\,(,,'11 1")',I.,I(·l IlIdd" dlltl 

instruction execlltÎull, hlll jleIlldp:-, Ih Il 1 ()..., 1 Illlplll LIlt! Plllf)!'''''(' lodd\ 1 .. 1" 1111 Tt'"'..,, 

inbt\'l1c~ion-k\('IIM!dlkli"'lll II "CCIlIllpll·,Ij('" t 111''-.'' plll ;10""':" l,\, 1t'\,l.lf IlIg 111 .. 1 III! '11111 .. 

",ithin il loop body. wlth (" 11(,~P()lldlll,!.', 111 ... tlll( 111)(1'" t,d,"1I fWIII ',11111(' 1.111'1 111'1,l1ltlll toi 

lh(,]oop. Suft\\,dl(' PlJH'llIlIlIl-', 1:-: v<ll',lwh '>IIIltl.l1 II) Il)op 111110111111', ( ... "" SI" IllIll ,r) 10 1. 

lat('r ill tbis c\t,tple!), hO\\('\('I. Il drlkl~ flOll1 11111f)11111,!.', III .Ill 1IIIpOlldlli 1,,,,1"" l, .I11t! 

that is, pIJ)(']ming IIlIrol1s Itel .IIIOIl., fOI t][(' plll ()l!"" of fllldllll.', d l',tll ('111 01 111'·1 Illt 11011', 

across loop it<,rcl.tiolls, wh('r('a~, loup 1I1lf()11r1l,!.', dl',e;lq~,d(' ... 11I..,111\( II()II", Ilulll ",'v('I,d 

itcratiolls. Oll('<' a !Ml,tcIII I~ fOlllld il.~ .t \( .... 111 t of 1 II!' 11111 ()I Il Il,!.',, t 1\1' 111 ... 1111( t 1011'> 

wit hin th€' pattern are cOlllbiIH'd to fut III 1 Il!' 11<'\\' loup body .1 hl)'!\ III wllll Il t.l1C' 
instructioll~ frOlIl éHTO..,!'> IteratIO!l'" dl(' .dl (Oll( 1I1J('1I1 Il' ('X('I lit ,t1II,· III..,IIII( t 1011 ... wlll( li 
OCClU prio\' 1,0 tlw pattern 1, 1 !t'Il fOI III li loop plolo!.',. "lId 111,,11 11111011', wLIt li O( ( III 

aft<,rwanb, .lll epdog,. 

As ail cxalllph· of ~oftwal(' pipelllllll).', w(' 1I~(' AIIœll ,lIld [\ I( olflll \, "01'11111.11 1,1/1/1' 

Parallelizallon" t<·dIJlHI'W (lIld t.he 100i> ~h()wll III Fig,lIl('!) 1(<1) [ANX>.;I ;-";Ollll.llly \':1' 

would expcct tü apply ~oft Wcl.f(' PI)H'llflillg, ,II 1Il~1 Ille t.IOII \(,vl'l; bOW('V('I, fil! l'III po:,(·.., 

------------------
5\V"1~<' and SIlJ1th lu.,t sèvl'ral [loh<'lbl" "pl'ro,tdll'<'. alld t il<' ()J)f' \:1' dl· ... 1 rd", III t III'., ... , • t 11111 , ... y' 1 

.mot h"r [WSHi] 



1 

l 

1 

('liA l'TEH t; HEIYV/INT CODE TIU\NSVOUMAl'IOf\-,', 

DO 10 )=.::1, N 
,l = N + 1 - 1 
Il =- 1 - 1 
( -:: il t- Il 
d = c + !.I!) 
l'=<,+b 
t == d + (' 
F(I + 1) :.:: F(I) + t 

10 CONTINUE 

(n) Prior to Pipelining 

a, b 
<' 

d,e a, b 
t (' 

F d,t' a, b 
t c 
F d, (' d, h 

t c 
F d,e a, b 

t c 
F d, (\ 

t 

F 

(b) After Unrollingt 
t ),1'1.I.I'r:-. III Fig url' (b) ('orrrspond 1.0 tht' left-hdlld-sldc rcfcrence of tilt' statemcnts 111 Figure (cl) 

a = N+I - 1 
Il ::.: 0 

c=a-th 
li = ( -t 99 
(1 = ( + Il 
t :.:. Ii -1 (' 

F( 2) -:.- F( 1) + t 

a-=N-tI-2 
11=1 
(=a.th 
li =- c + 99 
l'=c+1> 
t=dt<, 
F(3) = F(2) + t 

a=N+l-:! 
11 = 2 
C = ,l t b 
d = ( -1 !ln 
('=.:(+b 

" -" N t 1 -
Il :.:: :~ 

l 

DO 10 I=f"), N 
l=d+<, 
F(l-}) = F(I-2) + t 
c=a+b 
cl = c + 99 
e = c + h 
a=N+I-1 
h = J - } 

10 CONTINUE 

t=d+<, 
F(N+l-1) = F(N+1-2) 1- t 

c=a+b 
d = c + 99 
c=c+b 
1. = cl + e 
F(N+l) = F(N+l-l) + t 

_______________ -' L ___________ -l 1-_____________ _ 

PHotOG BODY EPILOG 

Flgul"(' 5.1: Soft ",are- Pl(wlmillg'; 



J 

ClIAJ>TFH /i HF/I \'\\, r ('OJ)F 'IR \ \'S/'Ol{\1 \I/O\S 

of clarit y \\1' 11"(' d hl!!.h-lt,\t'l rCplt·..,t'lll.tll(llI. d" ..,ltli\\11 III 1111 111!,IIII' - Ih 1I111.,illlIl', 

ilt'r,tl iOIl" of t Ill' III'-."c! !"op, '.\ t k ,tt " 1 Ill\!', .Ill.! " Il''.lltlllll' 111..,1111,111111', III ",,11""'111"111 

Ilt'r,tll<lll" .1" t',l. h .1" IH'''''oIhl,'. d:- "hu\, Il III 1:ll',I:I" ", 1 (1,), \\,' '0""11.11'" li\ ,'1 1111' l',t! 1,'111, 

lIIdHdtcd \\Ithlll tilt' 1\\1} h,ql/lillt.d 1111(" ,\',1" ,,11\1\\11 III 1111" IIl',I1I" .1 t\\'I' \.1., 

p.dklll .tppl'dlt',j ,tll,'1 1 1 JI' "t \('nth (\( 1 ... 1 1t'e,llIll Il II', 1\llb 1111' tlilld 111'I.tlllill \\ 1111 

thi" ITlfulrrldlloll, \\(' .lIt' ,dd(' 10) tl\('11 j!,t'llf'loIk 1 lit' 11<111,,1'11111<'.1 (",dl\\.II I ' plp<'llll,'dl 

(ode ..,hu\\ Il ,d 1 Ill' h,,1 t'Jill III II\(' 1 1l',11 It' 

('Io..,t'I "'.dllllll.!ll<llllIl tll<' .od .. III !,'I).!,llll' r) 111'\".11 ... 111.11 ,'\"11 1111'1" p.tI.t1I"II"1I1 

J11lp,ht bl' ('xpo""d \\t'l(' \\1' dhll' t(llt'd\l«' tilt' It'ile,tlt ,d tilt' 1',lIklll 1111111 t\\", \! l,'" III 

() 1 J(' BI' r. 1\ ( , ,Il 1 t'Ill pt 1 1\ e t 1) d () 1 Il l " li" \ \ t • \ ( '1 , k 1 Il',,' \ .t III III" 1 1 \t' "'11 Il.!' 11 "1 Il \1 Il ,. ! 1. N ' " 

1'11· ... 1. oh..,t'I\I' th.t1 11\1' Ill' 1!'lhlll!!, 1'11('( 1 III ..,,,ll\\.!I" jl!Jll'llIlllIl~ \\.1'" 1 •• (11.1111'" Il,,\\ 

!lïH'lIdt'IH It· ... \\'111.111 III\' (111,!!.III.d l'Io!> 1" .tllli cI',!"'II'\.-II' l''', 1111111' Il,III,t''llIlt'd 1 .. ,,1' 

TIIJ:~ \\'.1 ... ,1( (Olllpll"lll'd 1,) '-0''1).11 ,il III!!. dIT!'II.!' 111 ... 1.tI"Il,,'llh .111111111' .!tll,'! ('Id I""p 

Itt'r,tlloll" \\'1:1'11'.1 ... loi t,'..tlllple, C \\'.1 ... Ilt!\\ d"!>"II.!"'ll 1111 ,1 oIlid h 111 1 II<' lIlll'III,tI 

loop. (Fl!!,U11' r) 1(01)), II 1.., clIJtI-<!e\lellt!eltl lIll Ifl."., ,,1,,1,11\(,1110-. 111111<' lldll,IIIIII\I'.\ 

!oop L1].;:('\\ 1"(, t \\ d'" !lo\\' dqwIIdt'lIt ()n d <lIId e III 11\1' 1lllplIl.ti 1,"111 1)111 III" <l1Il(' 

itnti-dep(,lIdl'llt (Jll tl\l''ol' I.tllt'l two ... 1,tlt'lllt'lIt ... !OIl.)\\II'.l' Ildll',llIllll,tll'"1 

A ~('«>Ild OI)"t'l\dtloll tlt,1I (.Ill h,' 1ll,II!t' ,.1"1111 1111 Il!JIII'IIIIII' l)j'H'''" 1'" 111,tI .1 

vdnabl(' d('filllllOIl (dlll\(Jt 1)(' ""I>,lId"';\ hO'l1 Il ... Il''''''' 1)\ 11101" 1110111.1 ',IIIl,I,· Il''1011 \1111 

Tlll~ (UIHlttlon 1 ... d dll('11 (t II l'''('qlll'III l' (JI 1'\,'1\ \.tIl.tI.\l' \'('1111' Il,.1,,1111<''' 11j'''11 "\('1\ 

it('ratlOIl of tIlt' IOllp II \\1' dpph 1 !JI ... Lu 1 l, 1 tllli .tll.t!\ ',1 ... Il! 1111' 1,,/1\1 dl'l" Il./''11'1' 1'1.".\1 

ShOWIl III Ftgllll':) :!("), tlll' ~lllll((' (Jf tl\(' pr()I)II'1I1 1".1\11111', 111II:wdl,tI"I\ ,1.'.11 /111' 

pattern obt(~JlJ('d flOlll II1IlOI!lll,l!, tilt' ()11.l!,I.ld! (,)dl' \\d'" (OlllJll( <,,1'" Id '\I.\"III(d 11\ 

the tWO-(yc!(' [><Il.It'lll) tf) [H'lllllt tilt' \"t!1/I' of b 10 III" Iht'rI III ',1 dt"llil'ltl f' ,,1/11'1 \\'1""', 

t/l(' \'c\.ltw of b wOllld h,IV!' /1('('11 U\t'[Wllll"lI III 1 fit' tlt'l.tllOII III \\1111 Il Il \\,l', Il,,.'d III 

staü'lIl('nt. c (~t'" tht' IJ,IlI!!; 111 FIl',IIII' r) :!(oll) ru 0\('1(111111' tlll' Il'Itillpl, 1 \. Il'I",,I)!I'III, 

alld yet adllt'lt' to tilt' ~111e,i(' (\'1 le IUII~,tldlllt, !t'ljIIIJt'" 1,11!\ tll,1I \\" d-"I.l'II bIll .t 

temporary v,!liol)!!' bb dlld 11',(' thl'" \,tlllt' fUI thl "1t!)"'I',!III'''1 '111111'111,111"11 01 e d.., 

shown JI1 FIgure ') :!( h) \\!W\I t hl" I~ dOIlI" tilt' !t'''ldl l', d ""I,l',I. 1 \ 1 II' p.lI 1"111 \\ 1111 II 

IlOW app('ar~ ,Iftt'I Jll"l fOlll (V( le" 1 ;'11I).!, 1 hl'> 111'\\ \1,111<'111 l,) dl'II\" III" 11\ld\' 01 '1111 

!oop, wC' art' thl'Il ,d.ll' tl) \llodll((' th .. I>ldll'l/'d ..,ufl\\dll' Pl\)('IIIII d lOti" ,,/11)\\11 dl tlll' 

6111 FlgUrt·:) 1(,1) v.,' ,h(J\' tl", 111-",<1 I"op O\'t.IlIHd, ,HII' r III "1 Ir , \.lfllj.\' {,I ,,,1\. {I" •. 111.11\"1" 

\\Ith tilt' I,\"<'\ "t.dl'ill"111 "l'lit '11 ord"r lu "'llllphf:- li ... "Xl'r''''''I''fI (<,;" ('II·lJlt, r:! 1 1)!lIr' l 1 I,·IL',' 

l~) 
7SlIlCt' t IlI'r.' "\hh ,1 "", -10 Ol!" (urflo.,p()l1d, /l,' I",t \\ •• fi th, hl).!,h I, \, l ',1.11' III' li'" III "Il[ , , 

ample and thl'Ir ('orr""I,l)lIdlllg IIl"trll,tloll-If'\',,1 [l'pr.'..,' nl<iII(III, .1lIy dtfr .. r, Il'' ..,II'JIII<I h, ,,1 IIltl, 

COl1heq IW!l ('1' 



1 
N+J 

!l0 

ct, b 
c, !JI> a, b 
d, (' c, hl> a, \) 

t d, (' e, Ilb <l, b 
F t d, (' e, bl> a,T;-

F d,<, (, hh 
F t d, (' 

F t 

F 

t Buffer bb retallll> th<, valut' of b \Jlltll tl\(' v,llup 1'" 

\I~('d by e 

(a) Dep<>udcIH'(' Gr<\ph (b) Artel' Unrolling 

--------- ---- -------------, 
a:::N-tl 
Il :::: 0 
r::::atb 
hl>:::: h 
cl ::: r t!W 
(' :::: ( + br, 
1=<1+(' 

a :::: Nt 1 - 1 
h=-l 
c-=atb 
hb := Il 
d == r t 99 
<' :::: r + bh 

a=Nt-I-3 
b=2 
c==atb 
bh ::: b 

a == Nt- 1 - .\ 
b = :l 

PROLOG 

DO 10 1=5, N-l 
F(I-3) == F(I-4) t t 
t:::d+c 
d ::: c + 99 
(' :::: <. t hb 
e=a+b 
hb = Il 
a :::: N+1 - 1 
b :::: 1 - 1 

10 CONTINUE 

BODY 

F(Ntl-1) = F(~+l-rl) +7l 
t == cl t f' 

F(N tl-;l) = F(N+l-,t) + t 

cl = c + 99 
e = c t hl> 
t==dt<' 
F(Ntl-2) ::: F(N+I-:i) + t 

c = a t b 
bb == b 
d = c + 99 
e = c t bb 
t == d te 
F(N+l-l) ::: F(N+1-2) + t 

a == Ntl - N 
b:::N-l 
c=atb 
hb == b 
cl == ct 99 

e == c + hh 
t=dtp 
F(N+l) == 1-'(1\+1-1) + t 

EPILOG 

Fl)!,III(' ~)~: Soft Will('-Pip('lining w / Bllffenng 
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bot t om of t Il(' figll 1(' 

5.10 Incidental TransforlnatiollS 

ln t1:1" ~(,(tioll \\1' (!t-:--(Idw 1\\(, dddllltlll,d 1I.111,,1,IIIII,ttlllll" Ihdl dll' '11111111<1111\ Il''''.1 

III productiun (olllpdt'I", t Iidl ,dit" l , .. 111'11 l\t' i(lu!l .I11dh "1". ,111)('11 111.111 IlltlIIC" 1 \\ d\ 

TIlt' fiJ:--l IJilll,,f.)!Il1t1tloll J', luup IIllfulllllL', dlld 111<' "t', (III.! 1" 111..,1111' Il'111'''' IlI'dldllll' 

\Y.· III<lude tlj(',,~' tr.tll ... folllldl!Oll'" lw. ,Ill"'" 111t'\ c'III\('I Il/IIII.I \"1'1'" 1"1' .'IIIj'.III .... III.1I 

th('il \>1<'''''11«' (cllI IId\1' d plllIIOIIII((·.] (·Iled IlpUII tllC' qll,dll\ III ,1111 1'· ... ldtllll', ""l,· 

\\'p hC'l!,11I \\'11 h d dl"( '1""'1011 .. 1 !\lOp 11111,dlllll', 

5.10.1 Loop U llrollillg 

Loup unrolllllp,. 01 loup IlIlWIIl.IIIl~. ,'" It 1" "'(.IIlC'IIIiIC·'" ."1('.1. h •• " plt.\I·11 11..,1·111" 1 ... d 

Illghly efl('cllvc UeUl"f(l1 Illctl 1011 III IIld!!\ Clic 1I1l1 ... ldllC (", [:\( ',\.1)111'1. \\C :-;:-;1 .• dt 111I11.l',h 

lb effectIV(,Il('~-. i.., !lot 1l111\(·I.."t!. <,III< (. Il d!'pt·lld .. IIp"ll 1.1< I.JI'> ,>ll·11 d, 1 lit' '>1/" 'JI III<' 

lllOp IH'IlI~ tlrlll"furlllt'd rllHI tilt' .llt Illt/·, IIlIt' Il]lCl], Wlll( III III' 1,",1111 1IIt' pI.II',ldlll 1'" 1"Ite' 

n1l1 For tho"<' "llll<lIIOl!:-' III \\hl( II III" ,'ppilt ,d.!··, 1111\\,'\' 1,1""1' IIIII"IIIIIL' Il.1'' ""\"I,d 

P()~ltl\'t,t'fr(·(t:-. If J('d\l«('~ !OOjl(UlllllJlu\\'lll l dd II 1.1,dlldlt''> ,,1 III 1 110111,,1.,1111,1111"1, 

huc!J il" \HrlP-flfOIlIJ(! '>1l\,,,tlllltIIJII, d<,,>'ltI,,,d III ~I" Il,,11 :J:~) dllt! Il III< l''d''''' 1111' 

1l11lllbel of lll:-.tr\l( l1UIl~ wltlllll tilt' Ildllo,lIJJIIlt'd I""p 1",," lIiI 1""'>IIIl', 1111' ,\ldd,.I,dll\ 

of lIl:-.t ru ct iOll:-' for "lIh~('qll(,llt 111,>11111 11011 ~(lwdltlllll' ,\IIIIIIIL', Illt (II' 1IIIIe,I"II"', III 

wlllch loup ullIulllll,!!, I~ flpt 10 1.(' 1(· ,,> dt·"ll,,!.lt' dl l' 1) "'IJII,tI !t,II'· Iii \\ III/ Il 1 1 If' loup 

body IS already larg(', 2) ~11.l\d(IO'I'" III \\111< II Ill" 1llllltI"'l 01 IIJop Ilt'l.tll('II·' l, 1101 

known at cOlllpil(, tilllt', alld ,'1} «'rt.tIIl "lllIdll()ll~ 1!l\'IJhlll,f.' \,·,JOII/,tljl'll l'IUIII \11f' 

cxamplp'i thdt follo\\', tht'~(, dr(,( h \\ dl J,('( UIlI<' (It'dl 1111' <'llllpl,",1 ,slId 11111 .. 1 d(';,JI ,dll, 

situat.lOll. of course, IS the Oll(' J[J wlll( li t lIt' 1l1l1111H'1 of 10llp Ilf'I,tllOIl', 10, d 1llllIllplf' 'JI 

the uIlrolling factOI, a~ ~hOWJI \)/'low (Wltl! <Ill 11111tI1I1lI).!. Id/ lUI (JI ~) 

Before Unrolling 

10 

DO 1 () 1 = l, 100 

A(I) = H9,O 
III 

AftN lJnrolling 

DO lOI l, ! LO, :\ 

1\(1) IJIJ(J 

A ( J 1 1 ) q( J (J 

MIl:.!) 



1 

1 

('IIAI'TFU ,f"; IfFU','VAf\,], C{)nF THAXSFORMATIO;\'S 

If 11lt' /Illlnl)/'r of looJ> Il (·lilIIOlI .... J .... Ilol cl JlllIltlple of Il)(' \Inrulhlll!, r,H 1111, 1 \\u pl li 1< Ipl,· 

<l1I/·/II<1I/v/· .... /·\/.." J) 1/..,11111' /(· .... Idll'· ..,t,d'·J)WIlI'> IJldn 1(11I,111\' foll()\\IJll', th, l(lu» \II"h 

or :!} (On..,I/I/( 1 cl rolllJw-III) loop 1 li ('X/'( Ilk t Ill' f(· ... ldlll' H." f(· ... ldll(· wc' 1I11',l/J ... 1,,1 ('Il 1 t'Il 1 " 

wllh IlId,. C'''' N-MOD(N ,K), wlll'rl' N 1'" tlli' lou/! .,/1,,, K j.., 1 Ill' IIl1lPlllllg LI< lor. lI/Id MOD 

1'" tllf' lll()lhd,,'. I"tl( Ilo!l Slrl(" 1I1 Pld( tl(/', 1I1ll1J11111g fd('tl)r~ .Ile Pl'lll'I,dh ..,nldll. 1111' 

lit..,' .dkt 11.11 1\,(', tl) Il..,1 t II!' 11· ... 1<111(', 1" .d!llu"t .t1\\'d~'" !cd..,t (O"t h ,t! I('d"t III l' 1111.., 

of ('XI'( III 1011 ! 1111(' Il,ul dlld\ A III ,lit' ,dlo\,' ,()d(' .... /·v,1I1<'1I1 ])f'(,ll 1 :!l. Ill! ('\',1111 pie. 

111..,1 ('del uf I:,!(I, 1111' ll111o!l"d loop nll~ht !I,\\I' h"1'11 \\'rtt.kll a ... 

DO 101 = l, 1'20,:~ 

A ( 1) =- !l!l () 

A( 1 t 1) :.... !l!U) 

10 A(I·t·'2) = U9.0 

A ( 1 + ) '2 J) -= (Hl. 0 

A(H 1'21) ..: ~j!l.O 

Wht'Il t.lw loop :-'IZ(' i.., ilOt. kllOWIl ,tt cOllll/lh· t 11I1t" 10011 UI!lolliI\g lH'(oIl1e~ 1Il0l(' 

(o ... l.ly 1)('( .Ill"'" 01 1 II(' ,uld('d (olltlul 11('( ( .... .."lI'~ tu t'1I..,un' COrIect luup (l'lllIlI1dt.ioll. III 

t Il1s ca..,(·, ,Ill addll i0I1<i1 (om pctrl~()1l 0P('I al IOll I~ pl'rfOlIllt'd prIOI to the (on ('sponding 
~<'f of ~lcllt'l\j('llb flOllll'iHb lt.cr,t!I011 tltdl 1'" 11111011n! 

DOI01=I,N 
A( 1) := !I!} 0 

IF (Itl) .CT i\ (;OTO 20 
A( 1+ )) := ()f)() 

IF (H:l) CT N GOl'O 20 
10 A(I+:l) -= !)90 

:lO CONTINUE 

Allot.IH'1' sil JldllOll IJI WlllCh llnIolling Cdn IH' rost)y is wit.h respect to codes that. 

é\ /'(' hem/!, vec! fH ized, III ( Ills cas!', li mol! i IJg l'an dCtually degradC' performance, rather 

t hdll IlIlpro\'C II A pl inClpl(' desigll [eat.un' of v('dor architectures is that t.hey provide 
~p('('l,tl \ c( t or lIl'>tlUct /Oll~ lo t ct}..e éld van tage of IOllg-lellgth vcctors, spreading imtruc-

11011 sl,tIl'llp o\('II1('<ld <I(IO~~ the elltir(' IcIlgth of a vector. The problem witl! loop 

Illllolllll,l!; i" Ibell II t(,/ld~ to IIlhihlL V('ct.OrIZatlOlI, caUSl11g code wlllch lllight othcl\\'ise 

Il(' \'t'! tUllz(·d tu 1 \Ill III '>{ "Idl mude [Doll8ïJ 

AllutlH'1 tllt'eI III wlll( il loop 1lnlolllllg can be a plOhlell1 is with l'cspC'ct to t.h(' 
.\111011 Il t 01 (od,' g('Il<'r,ltl'd ,tS a n'suIt of t.he 1 l'dmfol'll1atioll beinp.; apphe<1. Of course, 

l'lop,,, Ih"t .lIt' 11l1llllll'<1 glU\\' 11lIt'atly wllh Ill(' 1l1lTl11wr of unrolllI1g~, Fortunately, thi:, 

di"',lIh'.lIl1 dg(' :-;\)f]l!'!IJ]}(''-: I)(,COllH'S ail advanl,lg(" fOl it 1$ duC' to t }w, propcrty that 

IOllp 1II110llIllg tint! ... UI)(' of Ils lllust l'Ilporlcllll c1pplJl'cliIOll~' lIlstlllctlOll sc}lC'dulillg 
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5.10.2 Illstrllct iOll Sc IH'd nI ill!!; 

\1.\11\ 111,,1[111 11011 "( Iwdldlllll ,dgulllltlll" '·\I"t. l'lIt III<'''! .III 1,·I.tll·d 1" " !I·,IIII"!III 

',l1kd II.,' "IUt/ldll/ll [('of/I), 1\,1'l()1 Ill<' hd'I' 1I()!1'1I: 1 ... 1,111'\ Il,1 "I!t'dldill" l' '" 

([l'dll' .Ill unl('II'.! Il,,t u( 1.1"\...". I,.!",'d "1"111 .1 L'I\I'II ,,'1 ,,! 1'11(1( Il l" .11101 ! Il' il ,.·1.·( i 

I.t"h", r['H11 Ihl" Il,,1. "111>]1'( t III tol"h, l''ddllll''''' "1 1,""111' " 1\"11.",1111\ 111 1111" " ... , ,,1 

Ilhlrll(IIO!l ".llI'dllltlll',. tilt' td"''''' "l,' 11I·,lllltlltll:'. \,IIIHIII'" .11" PIIIII.,,,I\ ,1""'11111111'" 

rrol!l lllfollll.tllOII ,!.dl'oIl1l'd "l1lll1g" 1,,,( "\\.Ir.! ", .111.,( " l"',," 1>1", L .1''1'''11,1,", " 1'I,,,d; 

1111' 11',1' <Ir fi <l1'jll'lIdl'II\(' l',1,tph (UI III"tllll 11\111 ",1\1'.\1111111' 1" Il.11111,,1 1,,·, 0111'" IL, 

dqH'lld('II«' l',ldl'h • ,11'1111('-", III d (ull( 1"(' ,III" ,·",d, "" •. -.",,>1. 1 .. 1111 .d' "! Il,,· .1"1,, 

!lU\\ llllllllll,dldlll"qllll"d lUI ,,( ht'dltl1 II!-,. 111111.11111111,,11' ,,111'1111 .t d, 1"'11,1"11 11 '1'1,,,>11 

l'olr''''ptllld,, to 01 11.1-""" dldl').l111 III \\hl<!t ,·1('11\1'1".11111,,111]1 111111 .11.' tll" "".1., 011111 

dala dqll'Ildl'Ii( 11''' .11(' 1('PI"""lIlt'd il\ "1(" III' .1''111'11./''11'" l'I,qol, Iii " ,111.",., dl 

rl,!!,[cllll. ,,\il)\\''' (1It!\ tilt' 1I11111111111l1 1]\llldWl (I( ,,1'-" Il,,,'''011\ III j'II "1\" 1"1111\,'\, 1111' 

\Vllh 1 hl' Olll',lll,t! 1"IIlI'''('lI t ,tll')l\ IJill 1111\1"(' .1 1\.1"'1 dldl'loIlil III' 011' "' 11\1' d''I'''11 

(!f.IlC(',!!,[rlpll .Ill' \\"l!-,hll,j 1,\ .111111"1111111111-1.111'111\ t",II'1 \11,01111 1 Il'01 "II l,,, 1i'1I11', 

1 lit' dqJ('lId<'I)(' g[rlpll, 11(',,1<1(· ... Ill<' L,(t Il lulllollll, Il]1' 111'1111111'''1110111''" 111,11 III 

llIdll\ 1I1"lilll«'" tl\(' I.',I"pli ('11111<1 ,tlll'"d\' h,t\(' 1'("'11 '1"011<'01 1.\ t 1\1' "'111\,,1<-1. ',III'" 

d('j>elldt'lI«' gr,q>h" IIoI\(' "('\('1,11 ()11WI (,HI,· optlllll/,tll'''1 Il'''', .1 \\, III \'-.1 ,'ol'l 

For 1]J<llIy Il:.1 "1 ll<'dldl[l!!, ,q>I'IICdllllll" III' IlIdlllg t III' 1'11"','111 I)JI" 01 1" 111111 \ Il',1 

I]t'cd nol rl( 1 Il,dl\' 1)(' 1 \)11,,1 11l(!I'<I l'IJ(' I,·,,"!)II 1" t holl 1111' 1);.\' 1111!' Illq.Ir,·" l" 1 II<' 

partICld<l[ PIIU[I!I"" 1" 111011[\1.11111'<1 111.1 "llgldh dIlI"I"ld 1 \ Pl' Id Il,,1. / ."1",1 0111 ,·IIl'lI,IiII\ 

ltst. The f'11,!!,lbdlty 11"110111""\,, UII" IhO"t' III"jlll,I]1I1\" \\1111 110111 '1111' 1111 ... (,11,1'"'''' 

for ~dlCdllllllg, h~l('d d' IOldllll', III III"tlll(II()11 1',"1]1' jlll<Jlll\ \1I 111,,1111< 111111 lit 111111'" 

eliglblc and, !t('II«" 1.., 111"('[ kd III 1 ltl' (·11'~"JllIly II ,,1 . ollh \\ 111'11 ,I]t' 111,111111 llill" \\ 1111 Il 

it is data dep('llCklll UP()II lIa "1' (tlll'dd~ IW('II .... ( IWc!lIll'd ,111.1 t 1!I'[d/JI", Il'IIIII\'t',j IJIIIII 

the caJl(hdaie lI~t thelll~d\'(·" 

Bcfore an iw,tr\J( \.1011 h 1 {'II}(J\ pd frolll 1111' Il,,t. (lw( b ,llt' 111,,01,· ju oI\(Jld ", ll/'dl,IIII~', 

an instruction hO <1" 10 (.111"(' ,l [{'''01lI( (' ('0 Il 111< 1 III Ill!' IId[<!\\dlf' l''1J/'11I1I' ('011111' I~ III 

this type arl' lIhual1y (rlll('<\ "IIlI( IUI,d II.tz,Il(j.., cllld [('..,Idl 1111''11''1111<' "I,tll" \\'111'11 1111' 

higheht. pflonty 1I1"trll( t 1011 III Ih/' (,lll<lld,tll' JI"\ (dlllll)t IH' "l,l, 1 t(·t! 1"'1 d'l't' ,,( " Iidl 

ard, tlw lIl'xt 11Ii!,lw"'l P[ IO[ Il \ 1[1,,1111111011 1" { Iw( k('d, dlld "fJ ((JI III 11111 ri d 1101/01((1 (l''f' 

issue' call \)1' fOlll\l! ;\" l',t( Il "Il( (1''''''''\(' Ill~1 fil< IIUIl 1" 1('IJlO\'I',j Il''"1 t h, f'II~,",dlt \ Il',1. 

oth('! IllstllJ( t 1011" \\ hl( h \\('If' t!('!lI'lld('[J! Il {l<JII III/' "f ltl'dlrll'd IIl,,11111 t 1"11 dl,' "dtl,·d 

'l'Il(> Irlstlll,t.ioll ill,,(·[tIO!l·(llId-..,(·!('(tIOll plU(·"", Illf'!1 (()!I1111l1l'~ 11["11 ,dl 111,1111 1 11"11' 

ha,\'(> 1)('('[1 sc!H'dlll('t! 
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Aigorit.hlll VII (Shi(·h-Pnpachristou Instruction Scheduling) SU/lU I1r( 1II . .,tI'IlC-

11111/' j10m Il'1111111 fl ')(/"If blo( k MJ Il.'' to 1II11l/llU::t P1P( Illu ha::IlIl!., 

Il/fJllt 

Il It/JI ILt . 

l' l'O('t ri Ill". 

A dqwlldcllC(' gl.tpl', <JI <llfl·('tl·<I .1\)( he gldpll (1):\(;), (rt,ctl!'d frolll tI 

IM:-.il II/u( h of 111:-.1 IIH IIUII:-', wlth tht' lIl"tfll( 1 1011" IH'llIg 1 III' lIodf's and d<1td 

dq)('IIc!('II< )( ... IWllIg tlt<' c\r( ~ \V(' f(·fCl t.u t hl:-' dqH'lld('1lI (' ).!,Itlph i\~ n, d 

tllpl.' :-.11( Il th.1I /) =- (l, A), \\-h('f(' l, JE 1 .tH' ill..,IIIH lion:., and ," ç 1,1 

,\1(' dl'JH'lldl'lI«' dll:' ('. E ('. c 1 I~ cl child of l, alld ~lllll1arly, Il. E p. C 1 
1" Ih \1,,11'111 

AI ,llI<ltdcttt' h~,1 r; ç 1 III wlllch lIl~tfu(1 JOliS that ,lf(' ('ligibl(' fo[ lo.dl<'oulillg 

(1)(' IlI'ld. IIlit I.dh F -= 0 

A [l'.\(h 110.,1 Ne 1 III which lIl~t[II('1 iOlls thal havI' ,dl ('ady h('('11 lo.dH'dlllpd 

.1I(' IlI'ld. IIllt l.tll\' H == Vl .d~o 

A t 1111<" v.ulahll' t, .:::: 0 111<11< al mg J't'laI IV(' ~'yhl(,1Il tlllH'. 

11I~lll1( fIO!l" III ft It"u'd iHCOfdlllg 10 t.he fol')willg prioriti( .. .,: 

~1AX(/llllIf.). VI E l. wl)('[(' 

I()(/(~ = Hl, + MAX( l()a~,). Vc. 

,1IHi /('. I~ II\(' eX('cutlOll lime, or wflght, of ill~t[ uct iUIl 1. 

:L MAX(I('.I, 1(')1), if U'. = t1'}' 

·1 MIN(IP,I, IPll). If ICI = IC)I, and 

" 1.";81.</11 IJI'IO,.,f/( . ., 10 11I.,tr//c'llIlI /lotit...; 

DO d bot tOIIl-lIjl t [,\\ cl" •• 1 of f) 

FOR ('01( It Ilo<!.' 1 t h .• 1 1" \'l~il('d 

( lI ll1p1\tI' li',. 101/(/" I( ',l, c\nd 1 f~ 1 



,1 
CHAPTER 5. HELEVANT CODE Tlt·\J\'SFOH,\1.\'l[O.\'S 

DO a top-dowll 1 rù \,('1 ~dl uf f) 

FOR ('.teh lIode 1 th,lt 1" \ I,,!f(,d 

compute [t'Pt Il 

'1 lm/wh::/' tlH s('hedl/lt r 
ins('rt t!w toot. nod('~ iuto t II<' (,lIHltd,t!c li:-.l F. III pllullt \ -,('IIII('llt (' 

set 1. = 0, Ve. Er,' 

move Cl E E, or top-priority no(k 111 F. to ft' 

i,++ 
DO Vc, E (', 

in~ert CI illto 1~, k('('ping 1~' in 1)\ lOI il ~ ~I''1l1l'l1( (' 

;; a,~.'19n lWl( ûo/ .... /0 /ltt n1/Hl/1I1T/y 1II,~//'Il!'//()II.~ 

WHILE Fi=- 0 ;; ,.,du/ /lu 1111)/'1,.,/ II/Ion/!I d/llt/d, III~tlll( Iitill 

selected = false 

REPEAT 
l. = is 

FOR]J. El). 

;; ./teck for funclw1l-11II1/ s//'llclI/1'II11/(/.~Il/'t/~ 

l. = MAX(lp+wl'-F ,\("}'()U, f.) 

WIWIC 

f. is the ea.r1i('~t i:-'''IlC' t 1I1W fOI l, 

t p is the j:-':-'II!~ tillll' nf JI. 

wp is the wt'Îght of p" and 

FACTOR IS. 

2, if il, pIJ)('lilll'd fundlOn 11IIIt IlS(':-' IIlL('1 n,dlor W,lI dlll~'" 

l, if il. [\llldlOll Ilnit dc)(''i 1101 11:-'\' 1111<', 11<1\ Il '1 Wdl dlil/'" 

0, without [UI\( lIOn-unit pipc'lillillp, 

IF l, = t~ ;; thcre is no stlllctUI ,t! bah,url 

movc c, to Il 
DO Vc, E C, 

inscrt ('1 ill l~ 

selected = true 
ELSE ;; c!l('ck the' I\('xL hlgll<':-.t pl lonty lIl"tr IH 11011 lor IlrlZ,ll d-, 

cl ++ 
UN'TIL selected OR 1 > 1 }<;I 
t~++ 
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t ' 
-i~~~ l--=:~;~~t:;r ~~~~~~-~ 

fcleh cxcculc store 
---- -~-- ------ --

, - f.A("'1tJH - ---

(a) Pipeli.H' with InternaI 
Forwardiug 

t feLCh 1 ~:~:--:-:-
fCLCh exccutcl s~~ 

f4- fi'AC1'On-. 

(b) Pipeline without InternaI 
Forwarding 

Figure !j,J Ikt<'fll1ining FUl1rtion-Unit Plpelinc Laü'l1rj' 

TIlt' P,IIt.11 ultt!' sclll'dullllg cllp,0I1tltlll wc hc\\'(' dt'suïbed, àlld the Olle wc U&C for 

t.h!' lH'rfolllldll< (' .1IIalysl~ d('!'>( Il!H'd III ~lIbsequ(,llt chapt('l's, I!'> !)d~ed upon t.he Sllleh­

Papcldll i~t.oll IlH't I\()d [SP8!)] Thl~ pal t.1C1J1.u· llH'thod was ~elect.cd llwrely bccause 

II, lIas })('('II illlpl"lIwllt('d ,L ... !J-1I t 01 1 hl' l\lcGill CompIler-Arcll11.edure Test\)('d dnd 
fOl!nd t,o !w 1('<l,,,olJ.t!lly ('ff('dl\,(, I~lllh!)l J r\ 

011(' ÎIllIl<lIIcIlJl "~I)('('L of 11H' Shw!J PdPddui:-.tou lIH'thod i ... lb capabIlity to ::,ciIed-
111<0 lIo,üI1Ig poillt. 1ll~t,rllctioIlS O!l 1Ile\( hillcs which have multiplt' pipelillcd fUllction 

IIl1it.~, hol h wil Il and wlthout intentai forwdl dlIlg. IntcJïlal forwardiug allows the 
r(,~IIII, opt'I,wd 01 <lll instructlOll \.0 be used as an input operand to the fo11ow-OII 

IlIS!.IIIC( 1011, wlt.hmlt t ht' data fin,1, bcillg trilllsferred to ail externally vi:sible regisler 

[II P!)l)]. 'l'III' w<ly (he Shwh-Papélchristotl algonthlll t,th-:, lIIt.clllal forwdJ'ùiug Îllto 

d( (01111\ 1'" \Iy U:"IIl!!, cUI 11l:-.1 Ill< lion lalcllcy back(Jfl FACTOR, d1-> indicated Hl the p1'e­

(l·dlll).!, ,t1go1Jthlll dCSCllptioll TheJ't' arc ('~ls(,lJtidlly t.lllee sltudllOIlS: 1) the ca5e of 

jllpdlll<'d-fllll( lioll ulllf~ wlllch (,l1Iploy int.ernai forwdrding, 2) the case of pipelined­

fllll< 11011 1I1l1l:.. \\'11 bUll( II, dnd 3) the case' of nonpipelined fuuctioll umts The first 

two 1 dM'!,> dH' illllo..,' 1 <lft'd ill Figlll'C' ,).3. For t.he fundion uIlit.s with internai fOfV ard­

ill,!!;. FlgllJ(' rI ;~(d), Illstruction lat.cncy call be !t'du(ed by the tlIJ1e lcquired to store 

IIJ(' (1/11('111 III ... t,ll( lIOn and fl'teh Ill(' next 011('; thcldor(', FACTOR = 2, Without 

illll'I !l,tI f(/I \\cll dm!!, orIl)' 1 he fetch tillI<' fOl the follow-oll instruction i~ saved, as shown 

ill Flgul\' r) :l(h). ~o ill t!ti~ C(\,1->(' FACTOR = 1. Without pipclining th(' factor is of 
«I\ll~(' /,('10 

An (''\dlllplt· (lf Shi('h-P(\,pachri~ü)l\ imtructlon sc/wduling 18 :shoWJl in Figure 5.4. 

'l'II<' sq.!,ltlt'1I1 of :"OUI Ct' code ll~('d for tlll~ <,xalllple is a ::,implC' 100]> containing two 
----------- - - - ---- - - -----

8Thl ... p,lr(IlIlI,lr 1 III pl('IIII'IILlt1011 \\',I!> dl'\'t'!opt'd JOUit!) b) Ch,mdnk.\ MukcrJI dnd Eflk Altman 

l 
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ClIAPTER ri. HELEF,\NT CODE TH. \N.'WOlll\t. \'Iï° ,\' ..... !lï 

floatiIlg- pOIll l ,Hl dy~ (sec Fir,u rt' [) ,1 (il)) III 1 111:-' C\(\ 11\ pl\' \\ t' .t ""1111 \!' 11\1' \ od\' pl \ Il hll ,'d 

by our cOlllpdl'l h,1( k"'lld I~ Illtcndul fOI cl nL.\. tOlll\l111t'l [IIPQll) '1 III 1,'lgtll":1 It l ,) 

wc show t Il<' dqH'lIdt'I1Ct, p,rc\ph cOIlst.nlc1t'd fWIII th\' i tl! J(';-,pulldlllg 1) L \ """"Jld", 
code, ~howlI III FIglI\(':-) 1«) 

The d<'jH'Il<!t'Il( (' I-',Idph III FlgUl(' [).,t(b) IJIdlC,d('~ 1 Il,' 11IIlllllltllll tl,,\\, .11111, ,lIld 

outpu t depcndclI( y dH ~ 1 cqlll rt'd to III cl int dlll tilt' P,lI t l,II \lI dt'I Ill,!.', 11111 d \1'<1 1, \ 1 lit' , 0.1, .. 

for corn'et cX('(l1l1011 Flow ,lnd dlttl dt'IH'Ilc!t'IlCIt'" tif(' dl'lt'llllIllt'.\ 1,\ t '11111',111""11 ,,1 

rcgi~ter opcréllH!;-, Fm ('\"lIl\pl<" a flow d<'I't'lldt'llI (' ('"\I:-.h 1)('( \\,'('11 Iw,llllt 111111" 1 .111.1 

5, with rt'~I)('( t ln regi"'!'('1 fO, dlld clll cl III i dt'IH'I1dt'II(" ,'\1"1,, 1)('1 \\t','11 111"IIIIIIIUII" 

1 and Il, with re",pcc! ln 1('p,ls!cr r5 011 tht' olht'I 1),llItI, tl\l' ~t'qllt'II, 1111', t,j l''dd,, 

and storc~ I~ lœpt tilt' :-',1I1H' cu., 111 tIlt' Ollglll,t! .1"'.;('1111>1\ t udt' l'III" l', dtlllt', III l!tt' 

absence of ,tlirt:-' allrtly:-.i ... , 10 l'IlSIl)(' 0lltpl11 <!t'llt'lld('llt]t''' dIt' IltlIIOI('d, t' l', ' 11\1' l''dd 

in ill~trlldlOll K foll()\\'~ th!' "loI<' iJl IIISII\l( 11011 (i, lllhl .1" Il dut'" III ) I,l'I\I" ;, I(t ) 

Although ilOt. e:"s('lIllal for (OJlt'd ext'(utioll, III:-.tlll( t.IO!!', dl" ,,1.\tl'd ,il Iltt'II 1111',1\("'( 

lcvcl wh('lIevcl 1)()~:"lh)(', d~ in the (ct:-.!.' of ImtlUt !,IOll Il \VitI( It 1111)',111 ,t1~(1 Ild\t·III'('Jl 

placcd as lo\\' as kw) ~ 10 

In this exalllple t.hl'I(' ci)(' tlIH'(' spccJlic !J"z,ud:., \VI' w01lld Ilkl' 10 U\('II 111111' "" " 

rcsult of scheouhnp,' 1) 10 IC!l10V(' t.ht' lOcld :.,tall follo\V11I1-', III:.,t IlIt 11011 S l) 10 1 t'IIIUVI' 

the floating-point :.,LIlI followillp, ill..,tllltllull 9, ,Uld ,"J) tu 1:111 Ill' IJI,\II( Il <lt'Id\ "loi (1/1 

lowing instruction l,t Tht' foliowlIlg dt'scnptJolI (·-,.pldl"'" ho\\' 1 hl' Slllt Il Il.!pdt 1111',ltlil 

instructIon sc!ICdu)cr pIO('('('(b: AS~l\l\llllg th,t! Ih!' dl'!H'flt!('II( (').',Idplt Il.1'' ,t1lt'dt!V 111'1'11 

construdcd, the fiI~t ~I('p 1:-' 1.0 ,\:":-'Ip,1l cl ... (IH't!u)lIlg pllolll\' III t'dl 11111',111[( Iltlll 'III\' 
values of the paral1l\'l('I:" 1I:-w<l 11\ IlIdklIIg tlm !ldl'! IllllIdl 1011, ,dollg \\ II Il 1111 Il'',IIIt III)!, 

prioritie~: ,t1'(' f>l!O\ ... ·!l III Flgule ,'i..l(I). Nolt' tb,t! 1 lit' (II"!' fOUI Pdldllll'tt'I" dt'"'1 ItIwd 

in output section of Aigu/ïthm VII (H'I' lo,ld" I( ',l, dlld Il',1) Wt'II' ,,11t.1111I d h0111 d 

bottom-up trav('r:-,al 0\ the DAC:, wlJ('J('d~, tht' l,ISt prll,llllt'kl (1"\,('1) \\.1'- olJl.llllf·d 

from a top-doWII tlitWI:"cll 

Although the rel,ülv(' pnOllty of ed,h \Jl:-.(,ru< tJOn 1:-' ~howll ('xpllt Itlv III hgllI(' 

5.4(d), It 18 aetually (ctl( UIc1tf'd at tilt' tlllH' ail IIl~t.ru('tlOll is 111..,1', I,('d 1111 li 11\1' ( dlldldrlte 

list. The steps ill the IIlstl llctlOIl S(·!l'ctiOJl prof (':,,:-, (U(' 'ihUWIl III l' l).',lIlt' r) rJ '1'/\1' 

proCC8s begins v\'lth tilt' 1Il:-.t'rtlUl\ of UJ<' rout I\od(':-, (tilt' 111)!./!"..,1 It'\"1 Il!).)'''') III III!' 

---- ._---------_.-
9For a brier d(,&CflptlO!I 01 tilt' J)LX <lfdlltl'ct IH'> ,>l't AI'PI'lIdlx l" III "IlII,,"qu' III (1i.t1'11'f'> ',VI Il''' 

a DLX slInulator for p,'rforlll,uII" ,1l1.llv'>lf, of ('ollt r1.IVt' loop t r.UI"f()rlll.lIl(JII~ 
lOTo aVOld a f>Cp<irdt(' pa.,," 0\' r III!' d\'l)('lIdl'l)(" gr,iph, tlif' (IIrf( III MI(;t1ll11qd, III' III ,tI Il)11 l, .L~'" 

JI1strllct,lOn:-. dl t.h('lr lowl'~t l''\t l, r,illwr Ih,lIl IlIovmg to t1l"lf hlglll',>1 I,'v' 1. ".~ \\d~ d'III' wil li 1/1 

S1.ruCtlOlI 11 III F1gu n' ~) 'Î (b) 
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(:IIAJFJ'EU s JŒU~VAN'J' CODE THANSFORMATIONS 

for (i= 0; i<N; i++) 
A(i) = i 
H(i) = A(i) + 99 

---------------------~ 

(a) A Simple Code Segment 

2 

3 

4 

5 

6 

7 

8 

9 

10 

(b) The Corresponding Dependencc 
Graph 

98 

label w, load, IC,I IP,I level priority 
1: sHi r3,r[),#2 1 1 13 2 0 1 1 
2: ac!ù r:J,r:lO,r3 2 1 12 2 1 2 2 
a. add r·l,ra,r~ 3 1 11 2 1 3 5 
·1 : lIIovi2fp fO, r5 4 1 12 1 0 1 3 
.r): cvti2f [·1,[0 5 1 11 2 1 ') 4 
(): sf 0(r4),f4 

fi 1 10 2 2 4 6 
7: add r3,r3,r7 
8: If f5 ,O( r()) 

7 1 fi 1 2 4 9 

9' addf f4,f4,f5 8 2 9 1 1 5 7 

10: sf 0(r3),f4 9 2 7 1 3 6 8 

Il: add r5,r5,#1 10 1 5 1 2 7 10 

12: addi r3,rO,#99 11 1 4 1 2 2 12 
1 ;J: sIe r1 ,r5,r3 12 1 4 1 1 8 11 

1·1 : bile,' ri, L5 13 1 3 1 2 9 13 
------- 14 2 2 1 10 }t1 

(c) Loop Body prior to 
Sdwdllling (cl) Instruction Priority 

FigllJt· 5 t· Shil·h-P.lpachristoll Illstructioll Scheduling 
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CHAPTER 5. RRLEVANT COJ)E TH:\NSFO/Dt.\T10;\'S 

c1igiLility li~t St~b·t.ion 

{ l, 4 } 
{ 2, ·1, } ,) 

{ ·1, 5, Il } ·1 
{ 5, :3, Il } 5 
{ 3, Il } :3 
{ 6, 7, 11 } 6 
{ 8, 7, Il } 8 
{ 9, 7, Il } 71 

{ 9, Il } 9 
{ 10, 11 } 10 
{ 12, Il } Il 
{ 12 } 12 
{ 13 } 13 
{ 14 } 14 

1 avoit! structur,\1 hazard 

.,111 1.1.1 :,, II~) 
1 add IJ,t:ULIJ 

1111)\ l:!fp ru, 1:) 

fI 1 \ I\'!I 11.\0 
.\ ,uld 1 I.I.\.I ~ 
Il. :-,1' O(II),t 1 
S If t:I,O(lh\ 

ï .,dtl 1.\.1.1,1'; 

!l ,uldlll,llY) 
JO :-,IO(r.I),11 
II ,u\.\ 1:),1:),1/1 
1') "ddll:l,dl,I/Dq 
1:1 "1,, 1 l ,1 f, 1:1 
II !tIH'1 1 1,1.r, 

1)'1 

(a) Instruction Selection (h) Loop Body aftpl' Sdu'dulillg 

Figure 5.;): Shieh-Paparhnstoll 111,,1 rllctlOll S( Iwdllllllg ('0111 ilIlWc! 

DAC and procced" 111 il stq>-Ly-stcp IIlcllllll'r tlllollgh 11lt' 1)1\<:, ,,1'1('( I.lllg .11, ('dl" .,I(·p 

the candidate instlllct.lon wlth t1H' hlgll('~t 1>1101 JI.\ th,LI h,l:- lIo ,,11111 1 1I1.t! Il;lz;1I d, Il 

possible. 

The schcduhIlg proces<, fOl t!w Simple (~od(· Sq.')1H'1l1 1" dlll,,11 .t\'(·cJ III h)!.I1I(· :, r)(.t) 

1'0 begin, illstrudioll 1 has the Illgh~st plloril v, ,md "Il II. 1" ,,(,1,,( I('I! 111,,1 dlll! 1('/II()\!('11 

from the eligihillty IIst (S{'(' Fip,ul(' G.·1(d)) Sc h('dlllIlIg 111'11,1 lit tlOIl 1 II1dkl· ... 1I1!,1.11I1 11011 

2 eligiblr for ~eledi\)fI, alld ~o it If, 1l1':>eltl'c! IIdf) 1 lit' <.llIdld,t!,(·II"t dl (()Itlillp' lu 11'> 

respective priority. SIIlC(' Its pl ionty IS 11I.l!,Il<'l 1 Îl,tli III"tIIH 1.1011 ;J, t111' (111)' olh('l 

eligiblr in~trl\ctioll~ IllstIuctioll ~ 1:> ~('I('( tcd 111,,1, 1l1dkl/l.l!, 111 ... 1 11JI I.I(JII r) (·II)!:lhl(' fOI 

selection, and ~o fOI th. NotH(', ho\'\'('v('r, 1 h.t! 111,,11 III 11(J1! Ill" !Jol ')(·k, kt! will'Il II 

cnters al the top of thc calldldd,t,(' 1I"t, '1 1 JI' n·t!"oll i" " ,,11 1111111 • .1 "dI,dl" l ,III"('d I,v 
the load iIlf>tructlOII whi('h IIl1I1lCdlétt<'ly pr('( ('d(·" II S'I" ,. 111"'111( Il011 7 1',1101 .tfll·( \l'd 

by the load, ilml it ha':> secolld }lIg}!('~1 11lIOllt.\. Il !)('(O!JII'''' 11\1' 11111,"('..,1 PIIOIIIY ('llgd)I,' 

InstructlOll <wd IS th('\(>fore f>e1eckd III dll.., (<1..,1' TI", fill,iI ~,I\I'd,d(· 1" "IIClw)J III 

Figure 0 .. 5(1)). Af> il l'l'suit of s(hedllling, 1\\001 III(' Ihl('(' IIllgIIl;.! pqIt'ItIJ(' Il,\Z''II''' 
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t h,d, wOllld hdv(' (I( (Ill j'(·cl Il''>llIg t1w origlll,d ">( !wdll!e ha\'(' IIO\\' bcclI allcvlat"d; t Jl(' 

t !nn!, t.Il<' brall( II d('lay :-.!ol, I('m<tllwd 1I111I1l(·d 

Olll' fllla.! p01l11. 11(·(·d:-. t,o \)(' IIlcHle I('g(lrdlllg ill~tr\ldioll ~('heduhnF" and that hcl.'> 

1.0 do wlt.h t1w P()~lt IOlllllg of tlw Sdll'du!('f wil hil t.he cOllll>ller it~('If. Spl'cifi'cl.lIy, 

t.Iw Old('1 ill whl( h (ude ~(!wdullllg dppPrll"> wit h rp!->lH'd to tI\(' r('p"i~t<'r ,dlo( dtOI' ('dll 

h.tv(' ,l ~igIlIfI( dIl!. 1I1Ip,j( ( UpOIl !.lI(' <juclht.y of the !es,dt II1g cod<" but whet he! 1.'1(' 

:,(I1<'dlll('1 ~llOllld (0111<' l)('fOlI' t!w !(').';i,>kl allo1rltol, 01 <tft('l, i:- Ilot (!l',11 B('(cl.U~(, 

01 tilt' dqwllt!('II( e qf olll' 011 tilt' otlwr, !Jo\\'('\'C!, (Jo~(' IlIt!'1 rlcl 1011 1)('1.\\'('('11 t II(' t wo 

1"> 1 J('"J1y d("'>II,lblc \VIIt'II (ode :-'c!WdllllIIg pl!'«'dC':-. rl'gl~U'1 ,dlo(cüloll, tll<' hk of 
v,tIlrlhlt'.., III rq!;I~t.(·I:-' 1"> apt tu 1)(' extcIIdcd by tlw lII::,tructloll rCOldcllIIh proc(':,s; t,hi:-, 

III 1.11111 Ill( 1('''''>('''> 1('gl~t('1 PI(",~IlIt', pCI hdp~ (.111">1111-', Il'gl~t('1 ,,>pdllllF, A \:-'0, spill cod l' 

whlch IIIlght 1)(' IIlt-odl1('(·d by tlll' 1<'1-',1..,1<'1 ctl!o(,t!.or wOlllJ Ilut he rl\'rldcl.bk ,ü thc 

1.1111(' (JI' ~I lj('dlliIlI~ On tilt' uthcI haIld. If :" Iwduling f(,lIow" It'p"I"tc>l' ,t1loccltIOII, tlw 

I<'gl::,t,('1 ,"Io( .ltOl 1<'11">(''' J('p,i:-,t,eJ:-' ('J(>cltlllg aIltl depCIldf'I1CIC~, \\·llIch ill turll places 

,ICldltioll,l! ('om,t ralllt.~ UpOH tlw exteilL of rcorderiIlg tbe sclH'Guler Îs able 1.0 pcrform, 

p('II"ql:' (.tU:-'IIIg thl' r(':,ultiIlp, cod(' t,o lun less cfllcielltly. In the prcccdillg (,xdmple, 

'lI~tl Ud.IOIl :-.clwdullllp., Crllll<' last, TllCrely 1.0 keep the Jllust ration :,imple. 



Chapter 6 

Experiments with Collective 
Transformation 

As suggcst('d in pI('viol1~ (ltc\pt('r~, ~lIb~t(lIJ1 i,ll (od!' !>1H'l'Ilup 1 <Ill 1)(' ('\1)('1 kt! cl" d 

r('suit of p('IfoillIill~ ('olll'<tl\'(' Ioop trélll!>foIllIdtlOlI!>, III tltl~ (1Iclp!('1 \11' 1'Ï)(llt tl',,1 

results !>IIOWill,(?, the (·"k111 (J! l)(,lIdit po ... .,ihl(· \\'111'11 tldll"lllllIWd ("d(", clll' 11111 ull 

various type" of cl<!\,(lIIl,('d III11PI')( ('!>..,or dl( 1111<'< t 111(· ... , ... 11< il <I~ .1 ,,( ,11.11. cl "1'1)('1 ,,( ,ddl. 

and a \,('c!OI clIC hite( 1 li 1<' \\'(' ,d!>() t ()ndll( 1 cl 11111111)('1 o! ('\P"IIII\('1I1!> Il''1111-'. cllI '-, ,lIdl 

proc(,"isnl' !>illllllat.Ol ,\Ild (dt \](' "llIllllcdol FOI ('<1"'(' 01 lllld('I"ldl)(IIII.~,. 11(' "''1>.11,111' 

the l'e::,ull!> 01 0111 C"!>l'l'illl(,llt" Il!1o t wo (,I1('!!,OII('" cil 1 Il,d 11111111/'," -Illd .,111I111.t1IClII .... 

For each 01 the,>/, ('dt (',!!,Ol j(." W(' l'Xrllllilll' th(' pt'IIOlllldll< (' ul cl !>dlllpit' ,oll('t 11011 01 

COllllMtible loop'> pliOJ to <llld follllwiilg v(uioll" ... 1,1/',('" o! tlclll.,lollllcl1ll)1I \V(· ,""0 

cxamilll' t Ill' jl('r[Ol!ll(lIl< (' of d (\llk( 1 1011 01 !lOI 1-< olllp,!1 d'!(· 1001'''_ IHlt il 101 1111' (oI ... t· 01 

sub-optilllc\lloop p,lltitiollillg .1 ... \\('11 ch fOI tlll' 1 d"(' 01 U/,tllll,d pclltitiolllll).', 1"1"'11\, 

wc duplIcct1<' Ill(' p(('(('dill,!!,' ('Il!''> or t(·:,t ... Il ... 111/', PI()('!>'>UI dlld 1 d( 1 If' "11l1lt!,t1ol'> !-'t(lIll 

thl'S(, ('X pCIlII Wll h IV(' cl 1 (' cl h 1(· 1 () p,cI III 111"'Ip,h h III t () t Ill' dl ('( t... o! III" t 1 \11 11011 "" 1 wd 111111 g 

and Cdell(' llH'llluly.II'!>ldt ... wh[(h \\'(,1\' 1It11 dll('( III' OIN'I\,d)II'!I(}1I1 tlllllllg~ .d()11<' l'(JI 

both th(' tilllIrlg !('st ... ,md tlt(· !>11I11r1c11!OIl k ... t" \'«·lll/ltld(· ,1I1t'IIl.tll\I·lldll ... folllldtloli 

stratl'gi('~, ""lwll po~slbl(', cl!> a fil 1 tlwl b,\'>I'" o! (OIIlPclll"OIl 

6.1 Uniprocessor Experiments 

Fust we examine' tbe p('rformélll('(' of VilIÎO\lc., V('I"IU!l'> of ,t (OIllPrlllbl(· loup (011(·( lioll 

when the code~ arC' lun OH hl('h of thn'<, bd,>J( tyP('~ of UlllJ)[()«,~'>OI' d ,>(.t1,11 BISC' 

1 () 1 



('/I:\PTEH () EXPEUlAtESTS \\Tnl ('Ol,[,E('TI\'E TH:\SSFOH.\I.\TIO,\' lU~ 

WOlh"t,t!HlII, fl "llJWI,,(,tlrtr WOlk"ldtIOIJ, rlIld li llIillllfll1llH' \\llh .Ill ,III,HI)('<1 \(·{tOl 

1'1<)( (''''''1111, 1,1< Iilty '11)(''>(, Ill(\( IIII\(' ... "CI(' 1('''1)('( t IV"'\' il SIIIl SP:\ IH' S('I \ ('1 1/ PH). 

,III IB\1 IUS(' S),>t( lIl/f,(J()() (HS/(;OOO), \lodl'! ;)j(l. dllr! dll IB\I :~iJ<JO/\ l,' \Iod('l 
1 So.! 1 l,'olloWIlI).',OIII te.., 1 " \\'It II .1 (1IIl1p,illhle (1IIIf'( 1 luII uf ]Oup", \\(' ('\dlllll\(, <t 11011-

(Olllp,drl,l! (011('( tlUIl 01 loup'" 10 d('kllllll)(, tilt' 1'/1'('( t" \JI loup (111..,1('1 pdlllllOlllIl1!, 

ï II(' 1(',,( ,odt'" IlIl l'olh '''l't,, (If (·'I)(,IIIlH'II1--. \\('1(' \\1 11 1 ('li ln 101{ 1 \{ \ \ dlltl (0111 

pIl('d Il'>lll!!, tilt' 1I<l11\('«()lnpd(,1 011 tl)(' 11"..,1 'lli1<hlll<' FUI tll<' ~ll'I 1 II\(' (lIlllpil(·, \\,1"1 

177, lOI 1 Il(' HS/bOOO, Il w ..... ,H, \'(·I ... iul\ 1 (JI, ctlld for 1 lit' :W~H). Il \\<1" \'~ FOI! 1 H \:,\, 

H.,I(''''''(· 1 (,t!,t!ol!.(·d 1'!O(edur(' VSFTCLG) 011 Ilw Sllll Sl'I\('I <tilt! HS/htHJll. (wh 

(od(' w".., (',('( Ilk<! 11\(·-111111<11(·<1 11111/'" \\'11 hill ,\II olltel loop 1)('( <111"(' 1 II(' t(· ... 1 (ud('" 

W('I(' -,!JOlI dllt! Ih(· ()llkl loop \\clé> 1,('(c·""<lI\ lu (JllldlIl '-nlll( 1t'1I1 IIIIlIIlI!, fllll( llUl1 1('''­

OIIlt.IOII, Il)(' 111111111-', 1001' WcI ... Ilot I)('«(' ...... ,\I\', <llltl 1101 \l''('d, !JU\\('\('I, lOI I.',,! ... ()II tilt' 

:WIj() For III!' 177 (lIlllpJ!t'l \\('\1..,('<1 Ill<' etlmeO fllIll IJOII (\\llh \('"oIIlIIOIl ofUII(·-lt'lltll 

of cl ..,('( 011 t! ), fOI t 1 j(' ,,1 f ( (Jill li d('1 , \\'t' Il,>,,t! mt lme () (\\' 1 t li J('"olll 1 JI JI 1 () 1 lJ Il (' -h 1111 d!t'd 1 11 

01 ,\ ~('(olld), ,lllti I(): VS FOHI H:\:\ \V(' Il,,,·d CPUTIME() (ùllh \('é>Ollll1011 (,1 UIlI' Illl­

('J'OS('( ond) Exl l ,l< 1" 01 t Il<' (I)t\(' ll~t Ill!!," fOl t 1)(',-(' ("1)('1 illlt'Ill" "IIUWiIlg ('\,:.let]:- lIo\\' 

t Il<' t h(''''(' tlllllll!!," \\' 1(' 1,lht'Il cllt' Pll)\ I<kd III .\ppelldlx .\. 

6.1.1 Tests with COlllpatîble Loop Clustcrs 

III t.hi ... ~(·('tl()11 \V(' !t'pOil tilt' 1('~IIIIé> of te ....... Il'>11l!!, cl (Olllp,ltlbk ~('I 01 loop... OUI 

obJl'('ti\'<·~ with 1 <· ... !)('(·I lu 11j('~(' k ... h W"I(' 10 d('I<'lllllIH' l) Wlll( Il loup 1 lall"loJ'lllat 1011" 

,lJ'(' IlIo"t ... 11 ... «'pl"'\(' III 11J(' 1)d ... 1< IlptlllllZrllioll" plo\l<kd by the IldtIV(' (ompilel. 

:!) Ih(, 1/·I,IIIV(· (,111'<1 IrOIll ed( II loo!> 1 ran ... fOl JI1e1t Ion, ",hen UHl"ldcIt,d ,donc'. ,'1) tilt' 

<,'\t('IlI (lI' llllpIO\'c'IJl('ld ,1( 111(,\,,11.1(· \\ 111'11 Illt' Vill iOlls t 1 lI11S[OIIll,II iOll~ clle 1)('1 1001IH'd III 

(OIljllllttlUli \\'lIb Ollt' clll\)I!tn, ,uld n Ill<' typ<' of \lnipro«,~"ol ,uclllt('(\,lIll' (,-<,<d,II. 

"llJH'Ié>( ,dell, 01 \('( 101) \\'hich hl'!Idit~ IIl0~t from collectn'(' tran..,follll<1tiull 

'l't'St. S li i t.e 

FOl 0111 tc~t "uite wc lI~('d "'(,\'(,1<11 v('lsiollS of loup t.ran ... formatiolls lak(,1l frum l'xamp!c:,, 

III pr<'\'IOI\~ ( hdptcl S. FOI ('clS( of lef('n'lIu" the ollgillf\1 coJe and VilJ'lO\lS trcllls!orlllcd 

llHlt'S ,\lC 1<'1)(',11('<1 in FIgure.., (i, 1 dlICI G,~, a!ollg wlth othel test cod('~ Il ... ('d III 1 his fin.,t 

lIn Il,,, ,'PllI'lldl,'(· ... \\,' d,',,( rdH' tll\' :-,111<'111 f""tur,'" of t',leh of Iht'sf' arclutecturC's, alollg wilh the 
... ,'''t'1I1 It-"t Uft· ... o[ t 1\I'ir rt''''IH'l t 1\1' l'Olllptll'!'<' 
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DO 10 1=1. :'\ 1)0 10 1 .: 1. \, '! 
10 A(I)=I A(I) -' 1 

DO :W 1=1. :'\ III A(I-tI)--111 

~Ù B( 1) = :'\ - 1 no :.!() 1 1,:\. 2 

DO .Hl 1=1, :". B(I) \ 1 

30 ('(1) = :\(1) + H(I) :?O H( 1 + 1) - \ 1 

DO ,Hl 1::: l, l'i n() ;\0 1 1. \ '2 

,10 D(I) = ('(1) + 9!J ( '( 1 ) ,\ ( 1) 1 11\ 1 ) 

DO 50 1 = 1. 1\ :\1) ('(1 + 1) A (1 1 1) 1 H( 1 1 1 ) 

50 1':(1) = C(1'IJ+l-l) + B(N+I-I) l'() III 1 - 1. \ '2 

DO f)() 1= l, N D(I) cO" ('(1) -1 ~)\I 

fiO F(l+I) = F(I) + D(:"J+I-I) + E(I) -ln 11(1+1) - ('(111) l '1'1 

D() ;)(J 1 - 1. 1\. 2 
(a) Original Loo" CllI .. tl'l' 1· (1) c q .... fil) 1 11(:\ 1 1 1) 

5() L\ 1 -1 1) ( '( ..... 1) 1 111;-" 1 \ 

DO 10 1 = l, :'\, ,1 
DO (,() 1 1 :\. '2 

1'(111) III) 1 11(\ III) 1 1',(1) 
A( 1) ::: 1 
A(I+I) = 1+1 
A(I+:l) = 1+:2 

L~~ ____ ~'~I\L) _1(111) Il)(\ 1) Il',(111) 

JO A(I+:n = 1+:\ 
DO :20 1 = 1. N. ·1 

U( 1) -= I\ - 1 
13(1+1)=;'-;-1-1 
B(I+'2) = "i - I-:.! 

20 H(l+ 1) = l'i - 1-:\ 
DO :w I:.~l, \, ,1 

('(1) = A(I) + B(I) 
('(HI) = A(I+I) + B(I+I) 
D(1-+2) = A(I+2) + B(I+2) 

:1O D(I+:I) = A(I+:q + B(I+:q 
DO ,10 1=-1, N, ,1 

0(1) = <'(1) + 1)\) 

D(I+1)::: ('(1+1) + !l~) 

D(I+:2) = ('(1+:2) + !)!) 
40 D(I+:l) = ('(1+:1) + !)!J 

DO 50 1=- 1. :,\, 1 
E(I) = ('(N+I-I) + Il(!'.+ 1-1) 
E(I+I) ::: ('(\-1) + Il(N-I) 
E(I+:2) = C(\-I-I) + B(:'\-I-I) 

50 E(I+:i) = ('(;>';-2-1) + B(N-:2-I) 
DOliQl=I,:'\"l 1 

F(I+l) = F(I) + D(l'i tl-/) + E(I) J 
F(I+:2) = F(I+ 1) f- DU,,-I) + 1':(1+ 1) 
F(I+:l) = F(I+:2) + 1)(\-1-1) + 1<:(!+:2) 

60 F(I+1) = F(I+:\) -t 1)("';-:2-1) + I:(I+:\) 
-----

(c) Clu!oot('r Ullroll('d Thl'!'!' Tilll('!oo 

(h) Origl.ual ('hl .. tl'\' tlllltIlll,tI 0111'1' 

DO 1 () /0 l, :\ 
A(N-I-t 1) \ /11 
Ii( l'i 1-+ 1 )-- 1 1 
<'(NI-+I)~ A([\111) 1 B(i\111) 
1)([\-111) --<'(:'\111) l 'I!) 

E(I) -- C'(:'- + 1 1) 1 11(:--; Il 1) 
10 F(I+I) -- HI) t /)(\ Il 1) 1 1,(/) 

«(1) Original ('1" .. t,I'I' 1<'''''1''' 

--- -- --- ---- -

f)() \(1 1 c_ l, :\ 
,1':: N -+ 1 
Il = 1 1 
( = ,\ + l, 
d ::-, t !)IJ 

l' = ( -+- l, 
t = d + l' 

10 1'(1+/) -- H/) 1 t 

Figure 6.1: T[rlll~foIIll(t!i()ll'" of ci Compatihl!' Loop Clll~k! 
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{' l'UOLO(; 
il-,N+-I-l 

" :- (J 

<-=,t1" 
d = < t !)!I 

l'-=(t'' 
1 == dt l' 

F(:l) = F( l) t- 1 

.i = Nt 1 - :l 
l, =- 1 
( =- ,l t Il 
d = ( -t !}!) 

(' ::= ( -t 1> 

I=<lt" 
F(:\) = F(:l) t t 

,l = Nt 1 - :\ 
Il::: :l 
( =: 11 t il 
d = (' t !)!) 

l'=('tl> 
.l == Nt 1 - -1 
Il =:\ 

(' BODY 
DO lU I=!i, N 

t = d t (' 
1"(1-1) = F(I-2) t t 
c:::atb 
J = c t !l9 
p=ctb 
11 = Ntl -1 

10 h=I-1 

(' EPII.O(; 
t = d t (' 
F(Ntl-I) = F(\tl-:O t t 

r=ath 
d=ct!.Hl 
p::;:eth 
I=dt<, 
F(Ntl) = F(:'\tl-I) t t 

___________ '-___________ ....J L _______ . 

----- -------

(' l'lWLO(; 
a=Ntl-1 
Il = () 
<=ath 
hh = Il 
d :::: r + un 
t' ::: C t bb 
I:::dt<' 
c\ ::: Nt 1 - :l 
h=1 
<==rtth 
hh = Il 
d = (' t 99 
(' == r t hb 
rt ::: Nt 1 - :\ 
Il:::: :.1 

r=ath 
bb::: b 

a = Ntl - ·1 
il::: :\ 

(a) Softwar<'- Pip"lim'd Vt'r!>ion 

---------------- ~-------------
C EPILOG 

C BODY 
DO 10 I=f), N-I 

1"(1-3) ::: F(I-4) t i 

t = cl t c 
d = c t 99 
p = (" + bl> 
c=ath 
bb = h 
a = Ntl - J 

10 b = 1 - 1 

F(Ntl-/l) = F(Ntl-:)) t t 

l = d t (' 
F(NtJ-a) == F(Ntl--I) t t 

cl == c t 99 
{' = (' t Il'' 
t == d t (' 
F(NtJ-:l) == F(NtJ-:q t 1 

r=atb 
hl> = b 
d = c + !Jn 
e = c t bb 
t = d + c 
F(Ntl-l) = F(Ntl-:l) t t 

a = Nt1 - N 
b = N - 1 
c=atb 
bb = b 
d=c+!H) 
{' = c t bh 
t = d + (' 
F(NtJ) == F(NtJ-l) t t ____________ ~~ _________________ ~L ______________ ~ 

(1)) Softwarl'-Pipdiupd V('rsÎoll wÎth Duff{'r 

Figure (),~: Tl <lnsfOl'rnat IOH!:> of (l Compatible Loop Clustt'r - Contillued 



CIl:\PTEU li, E.\:PEUl,\tFS rs \\'1'1'11 COI,U:Cf[\ F ru \.\'."IH>U\1 \ l'I()\ Itl-l 

st'I'i('s of f'XIH'IIIlWllt" ,\Illon).!. Il)(' (odt'" "ltu"'l1 <1 l't' lIlIllIllt'd \t'I"IUII'" ul litt' pllilloli \ 

fOlks, 1ll,llId('d d:-. il bd.,i.., fol' (lllllp,\! 1"'011 ,\ltllgt'1 hl'I 11111 11· ... 1 "'111tt' 11I1I.,I ... k.! ul 

~(,\'C1l j>IO,!!,léllll" 1) 1 lit' Ul Iglllrli IDII('I t IUII ul "'1'. loup'" ... hll\\ Il III 1.'1l~1l1 l' Il 1 (cl) (II 

C!JapU'r ~. FlgIJl(' '2 l, \l,lg!' 1'2). i) 1111' ollglll,!1 (olll'lllllll \\11111'.11 L 1')1)1' 111111.\11''\ 

011(" :-.!t0\\1l ill FI.Qlllt' lll(h). 1) lllt' ollglll,t! (ull"(\IOIi 1llIlol\l·d tlll"I' 111111· .... FI!!,III" 

(i l(c), 4) d "illp,I('lu()Jl eJt',lIed h., 1 ""'1 ilL!, 11lt'()II~lIldl"'l, loup .... hl~IIII'" 1(.1) ("'1'1' pd!!,l' 

~2), iJ) the fll"'l'd loup tl,llI:-.f'lllllt'd h\ .111.1\ (01111,1( Il.>11. l''I!!,III'' (, 1(1') \l'd~'' :!!) Id 

tll(' fu:-,('d cUld ,t1lclY-COIlII,HlI'd ]oop ,tlll'l dpplll.tllOIl III ... ,,11\\0111' pipI 111111Ig. he.lll l · 

(; 2(d). dt''''(ïdH'd III ('h'lpl('1 ,~) ( ... t·(· FlglIl(';-) 1. pd.!.',l· :-;S). dllt! Î) d "('llIlId ·,,,11\\011" 

pipelilH'd loop \\ Ill< Il !'I11plo\', cl hll!!!'I. 1-'lgIIII' (.:!( l,). (l'I~IIII' ~) '.!, pd!'," 'HI) H",.tIl',I' 

\\(' \\('1(' looklll.!.', fOl dOI11I1I,111I 1('\.111\1' 1·lil·,t ... IIUlll Ill\' IlIdl\ldll.tllldll ... I.,llllclllllll .... 

0111 ('\cdllctlloll (lI) 1('( 11\(· ... \\('1(' ddlll'\"hk lI"'llig lll ... t tilt' \IIi(' IlItll' 1,'\11'1111111 III thl'" 

)('''1>('( t. WI' Illcd ... t· 110 (Iclilll 1t·/-'"lIdlll)!. \\'Jwt 1)('1 1 Ill''' ""1111'11' 1 !!Idel III' l'dl t ,,1 .111\ .III Il,t! 

(OlllputôtlOIl or ",JwtJ)(,1 it h II·pl<· ... I·I1I,I1I\(·ol lodl· ... t\l'lI.dh 1111111.1 1111'1.1(1)1(' 

Performallce Metric 

0111 le~1J1i 'i aI(' I( pOl I('d 1I~11l/-', cl 1lH'1 1 i( lOI t II<' 1 .. t(· dt wlll( Il 11111 l'"I 011101\ 1'11'111('111', 

art' ploduc<,t1 I)y ILl' \'clli()lI~ loup Irclll~follll(tI\()Il"" Iim ll\l'IIII 1" Idll,·d 01111'1111/111/11 

("mentI:> .'}cnfll1/ul/)(/, ,-(('(llId. 01 fI)', TIt(· l'P,, 1I111111wI Iq)JI· ... I·llt ... IJw l,tll' ,il \\1111 Il 

thecoll('ct.I\'(,(,..lt IllallOIi i'i clb]l' tu plOt ('('d. OJ III 1111'" "'1)('1 dit 111 ... 1.11111'.111'\\ '11111 Uv 1,1 

Clllcnts of III(' outplll cllTcly F .lIe plOdll( ('d ( ... t·1' FI/-',IIII· ... Ii l ,,"c1 10 2) '1111' ,.p~ 1111111111'1 

is derived ftolll t.he ... Jo!>(' of t!tl' 11Ilf' ,l!,1'(l('ldkd 11\ 1('p'lf''''''III,l!, ddLI pUIII!'" \1\1'1 d 1<l1IL',I' 

of vt'ctor ~IZ(,,, 1)('1 W('(,11 (iD 1'1('IJ](,llh <illtl 'H)(J() ('1('11](,11"". cd hO (·II'IIIf'Ir! 111f"I\,d... 1111' 

advantclgt' of thi ... IlIdlJ( 0\('1 d ... 1111\111' el\I·lel)!.I' 1 ... t bell Il If·IIt! ... III ..,11I,)!)1 I, d\\'d\ ",\'" 

t('m clllOlll,lIw" whi(1r oth(,I\\'I"'I' llllp,hl ,.If.·( 1 tlll' If· ... lIlt \\,,'1(' t III' IIli'd ... III(·IIlf'liI ... I',I",('d 

soJeI) UpOIl il "Ill~d(' \'Ct tOI "'1/(' EXclIlIlIlJlII~ cl Idllg!' 01 \('( lUI'" "'I/T" (dll ,,1"'1' 11111 ()\l'I 

Slllllllt.rlw'ou'" ('fI('( t " .. ~h()lJld ,m) \)(' (J( (1111 IlIg. whl( Il (1lIrld dl ... t{)1 t t III' IlIldlllg.." 1'11('1 t" 

such clS t h()~f' ",Juch llllp,ht iw t ,uI..,('d 1)., t d( h(' c1lld 1111'11101 \' (WI' ('''plu", t 11(· ... (· 1 ...... 111· ... 

ill a Jatf>], ,,('( t ion) 

Sun SPARC Server 4/490 Results 

The rc!-.ults of Ut(' fir ... t set of t('~t" aIt' "howll ill Tahl!' (i.l, Wltlr t J\I' 1- .lIlt ... fOI 1 l,dl· ... 

run on the Sun ServeT i Il 'l'cible () 1 (cl), T}I(' table' III ( III d(·~ t 1 ail ~r()lllI" t JOli pl ·!loi "1 ri Il ( l' 

of compilcr-optimiz{'d and non-opt.illlized vel'~i()lIs for !JolI! IIrtq~('r ,tilt! f10edlll.!; plllill 



('1/:\ l'TEH fj EX l'E 'lI.\1E.\' '/'S \VITH C'OLl,EC'TJ\"E TU. \ NSFOHAf. \TIO.\' 1 QG 

(a) P<,rfonwul<'(' of Collective L('op Tfansbnllatioll~ 
on a Sun SPARC SPfV('f 4:/490 

--- Pha.';'-~X-- 11I1·'w'r f>llIglt' 1>r'-C1~I()1I ---~J~m1~~, fHl'('('>IOII 

'l'rall1>forlll,lt 1011 177 rn -0 ~--m~- f77 - fi7-::n-
~-)ri~illc\1 \ odl' 

--------
177 4G·1 I1H :lO'l lUI' '209 

Illlrolh·d Oll( l' '241 !iOI 17f) :~·II I:~ 7 L'2:! 
1111 rolh'<I :~ t 1111(''> '2(i!l ;,IK 1!)7 '2!lfi ].~H 1 !H, 
fll<,pd orlf!.inal L07 lfiH II' 1 :\lG I:H '2 J:{ 
arr<ly ({)lItrd( tpd 561 liHL ï.Hl ni 11':1 GIH 
~o ft W <If(' Il 1 Il Pl llI .. d !i70 IH!17 :!45 V 1-1 IH:J (j 1'2 

.-l)i ppli nf'~!:!!.i _!:~!~ ___ 6ï.l li!):! n7 HH4 ISO ()KO 

(h) P<,rfOl'lllaIl<'(' of Colll'divp Loop Transformations 
(Hl aIl IBM ruse S:vst('lU/GOOO 

Plw,(' cT--- IlIt('/!,('r ,>lIIgh- 1'[('Clb1OIl doublt; prC('ISIOII 

Tr,lfIhforlllc\t 1011 xlf xlrO .... If xlf -0 - xlf xlf -0 
-(>ri"gi nitl~ 1·15 IG6.) 'l.1I 1ï.9!i La'l 13HO 

1111 roll(·d 011 ( (' :\0,1 HH!i :lO::! 1404 :lH1 1 :~1 1 
IIll J'oll(·d :J 1 1Il\1'~ :n:l :!O99 :\G!l 13(j[) :~ I:! 1<1(J() 
rll~('d Oll~ill,d :37-1 :!O Il :I;)fi 1 o fil :1:HI Ion 
,\1 r,IY (OUll,\( tpd 707 67:Hi ;);)~ 1153 ()o:.! :!G78 
:-'0 rI W,\I'(, pipl'lllIPd ï:!O 46(J.1 tH li 2:13,1 titiO :mi!i 
pippllll<'d wl bllfrN fiS!) :ml'2 (ififi 'l430 (i!i!) :3117 --------

((') P('rfofmall<'(' of Coll<'divl' Loop Trall~fofmatiolls 
Oll aIl IB~I 3000/VF. 1Iodpl180.J 

--l'h;\.~;:---;;f-----lIïlq!,t'r -
---- ---

Trc\IIhfrIII 01' 1 (II) 01' 1 (a) 

()rl~~I;:;;J.:- --:i"[iTl--ï:l:1O 
IIl1r()lI"d (III< (' :Ii:l I~l!l;l 

IIl1rolkd ,h I() 1 1 ÎI'I!) 
fll~t'd orl/!,lIl,d 
,Hr,l) (\lllir 

~(\II \\ PllwllJ 
\>11\('111 \\/1>111 

.101'" 
'lIt) 
~!) 1 
!IOO 

1 1 () 1 
.mll 
;\\)()(l 

2%:1 

Vt,(' 

:!!i~n 

'lI;");) 
'l(H,(, 
:!IX 1 
.1\11 rI 

'2.-I~I!i 

1'1'2'2 

01' 1 (0) 

1(iti 
;\0;1 
:1'lO 
:.!~l'l 

ï'll 
7:!ti 
nt) 

OP'! (3) 

IIH7 
HL 1 
HO:.! 
1 :J;Jfi 
IHKH 
1 !)99 
1771'1 

VbC 

T!i~ 
1 ~IHK 
'lI;)!) 
11·1;1 
1 ;11 (j 
In9 
1097 

düllbk pre( 11>1011 

OPT(O) 

'l!i!) 
:.!t\() 
:WG 
'l7~ 

711 
71 :1 
70'l 

OPT(a) VEC 

HI6 1698 
K97 15!i5 
!li;' 1:l75 
l'l,Hi 1,1(W 

1 :\'l:\ 14·17 
1 :~HO 120:\ 
I1UH 107D 

t Il'',,"11'> ,Ht' III thOIl"',\lId~ of oll(plll ""'IIIf'"t~ prodll('t'd pf'r Sf'COlld (t'P'», !>,I. ... ed lIpOll rt'gr(,~"lolI of 
\ t'" or ... \\ Il 11111 Ih" r,lIl)!;" (iO :1000 

t 1B~1 :W!l(j «ld.·~ W"f(' c')(lIpdpd Uhlilg \'" FOHTBAN. Rplpa. ... e 4 

l'.thlt, (i 1. Pt'! fOll1lrlIl«' for a Compatible Loop Clust('\' 



1 

rll:\PTEH li EXI'EUI.\1ESTS \\'/'1'11 ('Oll.[-'('/,[\ F ru.\ \"iI·OH.\1 \ 1 /()\ Ill, 

( a) Sp('('(lllP dtH, to X a t i \"('-C'Olllpil('r Opt i III il d t iOIl 

Pha..,e of SUII, IIi -(-)----ïTI\T-.J(-:-()----- \ S 1'01(1 Il \:\, 01' 1 (.Ili \ 1 ( 'f 
Tr,lIH,frlll IlIt ~~) ~ liiT---';-~T-, --tlT,l~- 1111 .,~1 cll,1 

original rodp :! li :! () 
------- --- - - -- -

1 !l li ~ .) 1 f, li 1 :\ 1 Il 1 ", 1 Î \ ') :! 1 
ll11ro\1('d Oll( (' :! 1 1 \l IIi li t IIi t Î 1,\ 1 Î 1 Î 1 1 .11 1 Î 
Ilnro\kcl :h: 1 !l 1 fi 1 ·1 ;, li :\ Î Il 1 ~, 1 :! 1 1 1 - \') 1.\ 1 

fu~('d 01 ip,. ') -
~ 1 1 1 1 li r " ,) d :\ D :\ Il Il III ;) .\ 1 1 .\ 1 1 Î 

array (()lItr, :\ :! :!<) :\ 1 q r, 
:.! " 

:! li 1 1 1 Il :! li Il Î 1 ~ 1 1 1 
,>oftw. PIJlP\n :1 :\ ., -

.) 1 :\ ;) li :\ :\Ii :\ (j 1 1 (l ï :! 1" li t i 1 ~ 1 li ~ 1 

pipp\n w /buf :!!J 'J -•• 1 :\ K li ;, :\ 7 :\ 1 :\ :\ D, :! 1 Il Il iK ()~ 
------------ ---------------~-----

t The Irft d,II.I-lype' «)IUIlIII .,ho\\., ~p('('d\lp for < (}d,' ('olJlptl .. d U"lll)!; "OPl (:\)" "\"1 lll'l(lll, ,llId 

Ihe' nght col UIIl Il , ~I,,',·dul' ""III).!; "\Tl" ()\ < 'r ,() Pl (. \) 

(b) Sp('('<111p dlle tn ('oll(·('ti\'(· Loop TrèlllSforIll.tt 1011 

for COlllpill'l'-Opt inlÏzl'd Cotit> 
PhaM' of 
Trall~frlll 

UrHolkcl Oll( l' 

ullfollpd .'lx 
fused ortg, 
alTcloy COlltl 

~oftw, pip<'\11 
pipe\n w /buf 

SUII--fTFïü ----------- Tïf\I-'{ s llil ~ïll 
lïî1 .,~r.-!1hl- lïïT--~~l- IT1.1 

1 1 --I-I---I-I------I-:!---I-r-T ïï-
1 1 1 0 () !l 1:\ 1 1 1 () 
1:2 JO lOI:! OH III 
:\ !i 

·1 1 
;1 li 

:! Il 
;!I 
:\ :! 

1 0 1 1 
1 ~ 
1 !l 

1 ~ 1 
:! 1 
') -
w 1 

iïlt 

I:! 
1 :\ 

1 1 
') -
w 1 

:lI) 
L '2 

lB M ;\(1)01 \'\0' t 
-~~1 

1 Il 1:! 1 () 
Il KI:! 1 1 
o H 1:\ li! 1 

() Î 

Il " 
Il li 

cll,) 
1 1 
1 :! 
III 
1 Î 
1 Î 
1 l, 

o ~ 1 

Ill" 

0:-' 

Il K 

() Î 

Il l, 

+ The !pft d"t d- t YPI' (lllUlIIlI .,ho\\,,> .,p(",d IIp uf t III' 1 r,lII..,f(\rllll'd 1 od,· 0\ "r III" OII)!.III.ti , ,,,l,· "'III l,dl d 
u"rng 'OPT(;l)", ,1IId 1111' rI!!,hl <oIUtlllI, the' (orrt,,,,polldlll)!, "PI"'dIlP" 1I-,1I1l'. \'H' 

arrays. For ea:.,e of c\1I<llj~I", tl}{'~\)('('dtlp" dll(, jo IIdtl\('-(Ollll,r\I'1 optlllll/d'"JlI.llld dlJ(' 

to the indi VI d lIrl 1 SOIlI ( (·-1('\'(' 1 Il <Ill .. ,fUI \lld 11011", C' \ 1 1" ( I<'rJ Ir Il III 1.,1) I,' (, 1 ( Il ) • .1 l " ,,110\\ Il 

separately ill 'Iclble ().:~, <tlollg wlth tll(' (OIH'''!)()JIdllll-', 1II'llulllioIIIIC' 1.1110., dl'II\I',j 

from simil.tl' ('''p(,lllll<'\lI~ 011 III(' HS/()()lJ(j ,llld tilt' 'WI)(J Spc'c'd"l" dlJ(' 10 II.dl\C· 

compilel op! IIIlIZ<lIIO\l cH(' ,,!r(JWII III T,d,I(· () ~(<I), dlld ">11I'('dlll''' hOlll 1 II(' ,,1(( C ('''1\'1' 

loop trall"fOI llldt.IOII" 0\ ('1 t IJ(' 1)('1 IOIIIl<lIl( (' of 1 1 If' (Olllptlt'l opllllll/.c'd OII!!,lIldl (od(· 

are showII 1I\ Ta;>I(' h ~(\,) 

The SUIl p('lfollll<lIlc(' I~ 1II11'11',,>tlllg fOI :-'("v('Jttll('d",oll~ 1;11">'. Ilotl«' III Il)(' 11111'(' 

lcft-mo.,;t COltlHlII~ of Ttthl(' (i,2(d), fOI Ill<' Still ·t/1()(), t hed Il''! IV(' (<<11111'11('1 op! 1IlIIZd 

tion (that i~. "[77 -0") r('~t1lt('d, 011 ,tV('Iag(', in (\ 1..wo-fold 1H'lfOllllelll«' 1I11j!IOV(' 

ment over nOIl-opt.lIlIized (ode, for t.1H' ()\lgIIl<t! (0<1(" IIlIIoll('r! (0(\1·, <llId 1110.,(·1\ (od,', 



('II,\l"1 U{ (, V.\I'I'.lU\II', \TS \\T/II ('OI.I.FCT/\'E TH \ \,SF()/{\/ \'1 J().\ 11I~ 

wllf'll'cl'l, Il Il''Ildl('d III tlOll1 Iblt'I' lu f01l1 folt! lIllPI(J\'('1I1"nl fUI d!!cl\-«(Hltl,\cll·d alld 

"011 Wclff' PII)('IIIWd t odl'''. Illdl( <II 11l~ 1 h(lI <lfl <ly-( onl r<l( IIOIl \\ cl '1 11101 (' "11"( ('pl 1 bit- 1 () 

Ildll\l' 1lIlIlpd!'1 ()pllllll/dIIOIl Illdll ('11111'1 II\I'o!lglllell (od(' or III!' 1lI11U1I1·d (od(·" l'Ill' 
If,,.,,oll lOI Iltl' "p,'!'dllp \\,1" Ill<' ('!Illlllldlllill of Illllll'!I''I''cll\ ... Io!'· 11l ... IIIHIIOII'" lor 1111' 

Illll'lllJf'dl,t!(' ... , ,ddl \dll,dll!'", \\111/11 \\('l!' Il''I'tI III lil'II of Illlf'IIIWt!lctl<' cllld\ ,('lell·ll«' .... 

cl'" ,1 Il',,1111 (I! lIl'l ... l"1 ,dlo( ctlltlll 11I1\lIO\('IIlt'ld III 1I0cllllll-!.-P(lllll (ot!('. ho\\!'\('\' \\c1'" 

Il''''' 1 1..1111 III' IlllPIIi\"111I'1I1 III Ill(' (Oll!''''plllldllll!, 1I11",l'f'r 1 ot!!' !lll 11\1' OII!!,IIl,tI. 1I11101l('d. 

dllt! 111 ... ,·d • ()df, .... "'III( f' III{' ,,11Il!' UP(·lclll<lIl.., Il'pl( "'('ldl'rI d "'"1.111('1 !lcll IIUIl ut tll!' tll<' 

111..,1111111011" \\ Il hlll 11\1' IUllp Ilodl,-.., 01 11\1' 1 Ill' fln,lIllIl!, p011i1 (lld('" \ "'111,"1 1111 1 1\('1 

"'1"'I.du!> dll" 10 1 li'" 1 111111011 ..,1 Il<'dltllll1.': 01 (111 (I·1i ',\'11 h \f''''pl'll 10 opl 11Il1/dl 1011 ul 1 Ill' 

,,011 \\ cil (' 1111)('11111'<1 f od,,,, 1111" \\ .1'" 1)1'( dll"'(' 1 1\1' "'011 V, cil (' jllJH'1t1l 1 Il.l!, \\ .. " dUII(, ,II "'01 li ('(. 

1,.\,(,1. , dl 1"'111 l', ,111.1\ (·I('IIH'111 ... 1 () hl' lo,l<l,.d 10 1('11.1,,\1'1 dlld 1 h( Il \I ... (·d \\ 1111111 1 II!' ... clll\(· 

loop 11('I,dlllll J'hl .... ot 1 (JIll"'!'. \\ollicl lIul h,I\!' U( (111"" hdc! tll(' pqwlllllllf!, 1)('('11 dOliC 

dt ".., ... t·llIl.!\ 1,lIlgll<l.!!,t' Ilhl 11\1 t 1()11 1(·\t·1. , .... IIUIIII,dl.' \\uuld II(' 1 III' (,t ... c 

TIIf' 1IIIPW\('II)f'I't dl\(' III Iii ('pllllll/(t!I()II. d(·..,t trlJ('d d!J()\('. \\<1'" dll('1 Il.\' \('11c(1('d 

III II\(' pl'I 1111 IIlclllt (' of t II(' It'''I)('( 1 1\(' loop 1 1.tII,JOI 111,11 1011"' .... t't· 1 lit' ld'I-Il\u ... t 111\,('(' 

(U\JIIIlII'" III Ld,!t- h ~(Il) 1111' IU()I'-III1II1IIII1.!!, t udt'''' cllld 1 ht' loup IlhlOIl (udl'. Wltl( It 
..,llllwl'd Illodf'1 ,d f' 1)('111'111 Il (JIll Il cl 1 1\ (' (tJlll!>I"'1 upt 1I1l11-.!1 1011. 1 (· ... Idl (·d ill 1I111l1111,t! P('l­

IUlllldllt t' IIIlPI()\(·ll1t'lIl. dll!' lu ,·llllllllrlll(JlI \lI luop-( ullllO! U\ ('1 1 \t'de! dlld 111..,1 III< 1 iOIl 

"'1 Ilf'dlll 1 Il.!!, \\llt'I(·<I'-.. Ill!' cllld\ (0111 l,\( kd ,lIld ..,n!t\\dlt·-PllWlllW 1 \ od(· ... \\'11l< It ..,!ro\\('d 

"'lIh..,tclllll,t1 "p('('dlll> tlUIll Ildll\t'-( lllllpd('1 opt IIIlIZdt 1011. ,lIllll'\('d !1I1I( II Itlglwl l't'lful-

IIIo1l1( (' Illclll 11lt' 111112.111<11 «(llllpll('1 opllllil/('d (od(' \l'l(J. 1 hl' (Ulldlllll'd !'llllllll(t! IUII 

01 <111.1.\ I(lIlt'\III.!!, ullt'I,II 1011'" <Ille! (·llIlllIldl iOIl 01 ..,101 dg!' 1)1 IlIlt'l IJj('(hcl l
(. \dll,tI,le ... It<ld 

t UII:-'I d( '1 d hl (' 1111 Pd( 1 011 II\(' Pl'l 1 lli III clll( (' of 1 Ilf' clf 1 cf.' -( UII 1 l ,t( \t'cl 1 utl(· ï 1 \(' ri 1'" t ,U)( Ill).!, 

of IOIl,!!, l,tI('Il( \ II/cid PP"ldlltlll'" dl 10"'''' [(luI' Ilt'I<lII()II"', (UllIllIIWc! \\'111t Il,11 I\('-t UlllpJ!t'l 

111:"01 1 lit {\(lll ... ( !lf'dulrllg. IlIt I(''''''('d tllf' "'1'1'I'dlll> !J()m "ufl\\c\\f' pl pel III Ill).!,. <1I1t! d..," 1('­

..,lIlt. III "h ... ulutt· kllll" .... olt \\,llt' PI!Wlllllll.!!, d( hl('\ct! t II!' I\lO',t "'P(,(·dlll'. 1 1. ( !. 1 II!' 111:-,1 

(Ollllllll ut Llhlt- h ~(h), \\'tllt III<' ..,olt\\clt(·-pqH'llIl!'d (odt·lol IIlI!').!,t·1 allcl.\~ ,I( hl"\'IIl~ 

tllf' Itlgl\('~1 pc!lOIIlI,III«, (J\(·I,tll. I;-;~li (.p .... t f Ih(· "'('«))Id (O!tllllll of r<lbl(· il I(d) 

IBM HISC Systl'lllj6000 Hesults 

III '1'.11>1,· (i 1 (II) dit· 1 he 1('''IlIt... \lI ('\,'( 11111111. 1 he It'"t ('od,,~ 011 t Il(' HSjtiOOO, wil h 1 Il!' 

l'til 1 ('''POl1dlllg "I)('('dtqh lUI tlll' \,IIIUlI" 1[,\1l,lulllldlioll~ ~ho\\'11 III tll<' 111iddlc 111\('(' 

IOlllllll\~ ul Tdbl(·.., li ~(,tl ,Illd lh) \)!;,IIII. T<lbk li ~(a) cOlltrlill" tl\!' :-.pccdllp'" (hll' 10 

11<1II\t' (1I111pdl'l opl 1I111/dt 1011. III Ihl" (,,~(' "xlf -0", ,\IId Tclhl,' (i ~(h) UJ\lI,'IIl'" Ihe 



1 

rll:\PTER li, EXPEHI.\1ENTS \\'1'1'11 ('O/,LE('Tl\ï': TU L\'SI'OU,\1 \ //0.\ Illl) 

spe('dllps frolll sll('c('s~i\'(' lonp t rctll~f()rlll,tt 10llS 0\('1 tilt' pCI fOlIlI"II( " (li 1 III' 11111.',111.11 

code, for ('ode (,oIl1pil('d U,>lll~ "xlf -0" 

Two OhSelYettioll" die illllllC'dicttcly c1ppc\rellt frolll tllt':-.,· ("P('IIIIII'ltf" 1) 1 lit' \\'Id(' 

variance in th(' Ic:',ulb fIOIII ('odes Ihell lise illtl·,!!,('\' type ,1ITcI~':-' II) 1111' 1 (':-.tlll:-. Ir 0111 1 (ldl· ... 

th:ü Il~{, lIoc\lllIg-poillt élllc\jS ellld 2) the \Vide <lil[el('IHI' III I<'~ult~ OH tll!' HSjblltHI 

cOll1pal('d wlth le:',u!ts 011 the SUII 

First, llutic(' tbelt Ill<' Spll'eH! ln iIllPIU\I'IlH'lIt dllt' 10 oplillll/clllUIl 1), 11lt' Il.111\1' 

xlf compikr \Vc\S lI'lativl'ly lell,!!,(" cOlllpan·d t,o t hl' Sun 1'77 opl IIlIIZ.1I101l", ( 1. 'l',,hl,' 

6,~(a)), wlth il fi\'('- 10 ~i\(-fold illlpIO\'('IIH'lIt «':-'l\lllllg fr0Il1101Ilpd('1 IIplilllll'.dlOlllli 

t1H' cas(' 01 cod('s hcl\'ing IIlll'g('{ cllla~~ •• lIld 1 h((·(·- to IOIIl-fold 11I1PIO\'('IIWIlI 1111111 

opt imiZetl 1011 u( (odl''> h.l\ Ill/!, 1I0.tlll1g-pollll .111.1\" l'ht' hlgl"'l ,,11.,( 1 1\ ('11"" ... 1)1 ,II 

optilllizclt iOIl Ull 1 Il(' BSj()()OO (UIlIPdl(·d \\'11 II 177 opl 1I1111.dl IIlII \11\ 1 II\' SIlII \\'d" cl 11(' lu 

l('gU ... tf'f allo(<l1101I cllld Ih~· Ihd!.',!' 01 hdld\\.tl(· d":-.I,>II'd .11110 1I1( )(·lllI'lIlllll-'.lo()jl «(lIltlol 

witltin tl\(' loop bodl('" III t III' (.1'>(' ul t II\' dl 1 cl\' (01111 d( kd t od(· lUI 1!lkg('1 .III d'''', 1 II(' 
xlf (Olllpd('1 (l'dlll cd 1 III' Il li IlllH'! uf IIl,>t 1 lit t \()ll'> \\ Il hlll t III' luup !lu(h IIUIII .Il) 10 I() 
with a ()t'\t'''!Jolldlllg )(·d\l( 11011 111 II\(' (",ll(\I.II"d Il 1It111 tCI 'lI (\t ln. Itulli rd III 111',1 q 

B('cau,,(' o( t h(· ddditlolldi dctLt-( ()1l\'f'1~101i lII:...t III< Ilull"! I('qllll<'d, 1(':...,> 11I1I1I'U\('lllI'llt U( 

clIlI'(·d with thl' (od('" rOI flo.tting-polnt. (':"'1)('( 1,t1h Wllh JI':"'P!'( 1 11/ tilt' :"'1I1,l',k P"'( 1"1(/11 

co(ks, 

The ÎlIlpIOW'I1J('nt l'Will loop Ir,lIIsfoll\l.t!IOIl, ,t1lh(llIgh IlItI( h h IJ.',I 11'1 III cl !l:...()1 Il ft' 

tC'rms, wa~ 10\\'('1'111 1('lcttiv(' 1(,(,1lI'> Ihdll III(' (OIII':"'IH)I1(ltllg SIIII (l':-'lIlb, .tllhollJ.',11 

as befon" eUTdy (()JIlre\( tioll lf':-.lIltt·d III tll<' gl(·.lk,,1 IlIlpIO\'('11l<'1I1 oV(·I.dL (1 Tri 
bIc 6.2(h), The :...m,dl(·1 '>IH'l'dIlP" \\'('1(' IW(dU"'- ,l',I Cdl<-I 11I:...111I( liOIl 1('\,(,1 pdl.dlt-II"III 

ill III(' HSjGOOO ,\1(1111('( 1.111(' Ll'lIdikd .dl loop 1 Idll ... lol Illdl 1011" ('qll,dh. IlldklllJ.', 1111' 

implo\'('[ll('lll dlll' lu (ol\t'( 11\ (' 1 rctll"lolllldt 1011 cl :"'111,,111'1 plOpOlllilll III t II(' OV('I ,dl J.',dlll 

Loop lII11u!1l1lg .lIld loup (1\"1011 jllud\l( (·tI clhOll1 1 II<' "dill" "1)('('dll\l 1/\'1'1 1 III' (li 1~III.d 

code dS t II('Y ditl 011 1 II(' SUII, bllt t 1)(' '>1)('('<lIIP !rorll dll <IV (dill d( 11011 \\ <1" 1(·",1)11 1 lit' 

HSj6000, SlIIgle-plI'( I"ion floc\llllg-pOlnl r(,"I1I"" III gen"r dl. \\"H' ('''101'' I.d l , lu\\ Wllt'II 

compal('d 10 tl\(' illlt'g('1 cllId dUllhl('-Il('( 1'>1011 1I().tllIl~-pOllll (('!-IIIII" 1""" 1 III' IlIlddl(' 

COIUIlIlI of '1'.1.1>1(· () ~(b)) Titi"! 1'> 1)('( <111'>(' lIo.d Ing-pollll (,d( 1I1i11 1011" 1)11 1 III' HSjf/O(JO 
are dOIl(, ill doubl(·-PI(·('Î~I()II. «lll~llIg ,>illglc-pll'( l'-Hill llo,t\IIIJ.',-p()lrtl ( .tI, Id,JI 1(1I1" III 1)(' 

COllvcl'ted. 

NotllC thal dllay (Olltlclctioilleull'd tu '>lgllifi(ctlltly 11ll11lO\('(Od('h (Ill IIH' HSj(/(J(Jl) 

for ~il1g1{'-precision flocttl/lg- pOl Il t ct! rays, TI: I~ WelS 1)('( elll',(' tllf' xl f ( 01 Il 1'111'1 (011 V( 1 kd, 

stored, and re!oac!ed illterIlH'dlat(' vctricthl('h, wlthill th(' loop body, 1 dt IWl t Ildll Il'>llIg 
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(:/IA/JTEU (J }<;XPJ~ïnMf<:NTS \V/Til CQ1.,LECT/\'E Tlt\NSFOH:\IX/'JO.f\,· 110 

r(,~l,>t('IS, .1.., III t.1H' ca..,(' of t Il(' (Crr(,,,pOll(!Jn~ IlItf'gcf codes. Oll tbf' HS/GOOO, ..,illgk­

PI('(l~l{Jll C,O!tWdll'-PlI)('!IIWd «()d('~ tou j)erfulll]('d k~.., w(·11 tbelll the (OlIt'~p()Jldillg 
1111 ('PPI 01 dOIlI,I(,-pw( lc,IOll tlodtjng-polllt (od('~ Alld, for aIl thn'(' data typ('~, 1 hl' 

t'f['('('b (,1' ~()It W(ll(' Pl!)('ltllill~ W('f{' k,,~ (UII::'J:-,I<'III; 111 '>0111(' jllst eln( (,'i lIll()!'OYIIlg p('rfol­

IIldlH (' wilde III otlll'r Ill..,LlIlI (''', <1('( IPaslIIg Jt, TitI'> Wel~ dlll' 10 the Il!IX of in..,1 11Ictioll~ 

"nt! 1.111' ,.hilll \ of t 1\1' 1 Il 'il IIl( t IOIl:-o( !J('du!<'1 to lahe adVellIldi!,(' of 1 Il<' Illd( lUI\('\ 1Il1lltipk 

(1111<'111111 111111:-0 OV('I cll!, (011('( tl\'(' loop trall:-.format 1011 rec,u!t(·d III Ic~:-. llnpIO\('lll('lIt 

Ull t 1](' HS/II(J(H) t Il''ll 011 t Ill' SUll, however, III ,tbwlute t('tllb, t 1](' HSjtiOOO \\'a~ thH'('· 

t.o :-,ix 1111)('''' fd~I('1 wit.h loop llllrollillg fOlk::, and two· 10 thl('('-tlTll(·..., la:-,t(,1 1 han the 

SlllI (01 t Ill' 1 ('lll,UIlllli!, ('ode.., 

IBM :i090jVF, Model 180J, Results 

TIlt' ]('''Itlt.., o( Illllllilli!, t Il<' pw('('dillg eXperillH'llt:-. OB the 3090 al(' showIl in Ta­
hie fi 1 (), ,uI<I t!te (01 re:-'Pllndillg specdups frolll Il::,illg VS FOHTRA N optimiza-

1,1011/\,('( IOIII',tlIOII ,Illd t hl' c,p('('dllp~ fol' l'ach Sl\('«,~:-,ivc loop transforlllatioll O\'t']' tll<' 
!>('I (I)I Illtllll (' 01 t II/' opl illllzed/v('( toriË.C'd oligillcd (odl' Mi' <..1 10\\'1I OH thC' right.-hand 

:-'1<\<0 o( 'Llhl('~ (; ~(t) ,llld (h) Noti«' Ihal for ('cLell data typt' :-,IIOWIl in thl' two l.ahl<'~ 
t1H'I(' ,II<' Iwo (ol1\1Il11:-' thl~ 1111)('. lll..,j('cll! of OIlC', III 1 1 If' kft-Itrllld ('OIULllll for each data 

t)I)(' h(',ldllli!, III T,d,l(' () ~(oI) tlJ'(' the ~I)('('dups dlle 1.0 :-,cdldr optiJ1liz,tlioll. i,(·., l'rom 

\lsillg "OPT(3)", 0\'('1 tilt' Il''mlt~ O!Jldlll('d flom l\oll-oplimizf'd code, llSlI1g ·'OPT(O)". 

,111<1 III tll<' Ilght-halld (Ollllllll fOl ('cHIt dalcl type h('adillg élit' Ill<' elddit,iollrll,>pc(,dllp~ 

obl,\l!wd 11\ \ ('( tOII/,.\f luIt. nI "VEC", uVt'! thdl obtaiIlcd by tl~IJlg OPT(3) ,2 [Il Tdhl(' 

(i.~(h) cl\l' III<' 1 (':-'P('( tl\(, "'p('('<lIIP" U1H' 1.0 tll<' SIl(,('~',IV(, lüop tldIlSf()nndtloll~ O\'('! 

t 1\1' IwIlOlllldllU' 01 t Ill' \H 1I-',IIItli «Hk (Ill tlw kft-heilHI COIUIlIIlS) for op! 1ll11zed cod(', 

01 lISIIIi!, OPT(3). alld (Ill tilt' liglll-h,lIld (OIHnJIl~) 1'01 vectOllzed (od(', or U:"lllg VEC 

Tht' :-,t.[\1 I~t](" III 1 111':-'(' ttlhks illn:..t[,ttc St'\'('letl dlff('/('l1«''> !>('twecli the »('rfollllélIlC(' of 

t.1\(' :Hl90 (111<1 I:H' ()t h('1 1 wu Ill,\( hlll<':-' 1{'..,Led 

Filst, ('\.1111111<' 11\1' ~,p('\'dllp uf VS FOHTHAN tlSlllg OPT(3) (Optillliza.tion with-

0111 "('( 101 iz,lt lOti). 01 \ lit' Idt-h<llld colum)) 1I1ldel eaeh data-typt' Iwading in Table 

(i,~(a), Noll(t' 111,11 tilt' :..pt't'dllp flolll Il,ttivl-cumpilel optimizatlOlI wa:-, grcakr 011 

tht' :U)!H) tll.lll Il "'.l:-> Oll tilt' SUlI, <,\('l'pt 101 the donhll'-plï'cisioll lloatlllg-poillt.'llray­

COllt ract cd (od(' ,llld (wu "olt wclI<'-pipt'ltllt'd codes (sltown in t.llt' 10\\,('1 ha.1l of the' 

~('nl1ld to Ih\' 1.1:-.1 «()lUIllIl) ;\bo noll('(' 1.11<'1<' l'xist:.. cllI ÎllV('l':-'(' ('(·Iationship h('lwccn 

\'S FOHTH .\i\ opt illll/"tf iUIl on t Il<' ;30~)O and f/7 optimizatioll Oll the SUB, shown 

2\'t'dorlzatlllll, or VEC, ,1;."UIlH'o., optlllllzatlOlI <\t thl' leW'1 of OPT(3) 



• 
CHAPTEH 6, F.\PERD!E;\'TS \\'J'1'1I COU.I·:C']'[\ '/ . .' ïïU.\SFOH.\1 \ J'lOS III 

111 the kft-mo::-.t Ihn'(' (lllllIllll.., of tll<' T"hl(' ld) \\'II<'\('d:- tllI tilt' SIIII. tilt' 1I111111!(·d 

code c\!ld fus('d cod(' \Veit' 1I1Ip10\'I'd le..,.., hy 11<111\(' (Olllpill'i opt 111I1/dt 1011 1 Ir.III 1 II\' 

contracted ('ode ,lIId j>lp('lIl1t'd cod(':". 11lt' (OIH",pOlldlllg (odl'''' \III t Ill' :\llqu \\('11' 1111 

proved mon', Th(':,,(, ddr"I('Il(C:" dit' ,IUt, 10 11lt' f,HI 111.11 Ihl' ,\()ll() .dll.'\\'" d111111lW111 

and logie ill:"tructlOll:" 10 Itrl\l' 1lH'IIIOly UP(·I,Ullh,. ,llId \ S FOH 1 H ,\ «HIIP"I'1 1.1"1'" 

advantag(' of 1 111'\ c,\pclhlhl~' dllrillg opt ill\lldl \lI1I. <lIJlII).!, .1\\'.1\ \\ Il Il d 1IIIIIIhn III IUdd 

instl'llctl<Jll~ The SP:\H{', 011 t1w 011\1'1 hcllld, I~.-l lu.\lI/'-lo!,· .III hll(·IIIII." .111111111" 

type of traIlsfollllclllOIl ducs not ctppl)' AI tll(' ~,\lllI' 1111It" 1111j)\U\t'II\l'111 1 JUill ,'S 
FORTHAN optimizatioll 011 tl\(' :1090 Wd.., !!,('IIf'I,dly !c..,:- 1 hdll \ Il opl 11I11/d11UII lOI 11r(, 

R S 16000. Iw( ame t Ill' :H)!)O l,\( k', t Il<' '-,Oplll'" 1 Il d It'cl Ir ,il d \\' dIt' :-1\ ppul 1 101 111..,1 1111 1 1011 

levcl pcll<llJc.li:-lll wllllir ('\1"10., Oll 1111' HS/tiO()O, Wlrll Ir Il\(' "II (Olllprl"1 \\.1'" .d)I(· 10 

use (sp('nficall,\'. Ill/' <lUIO-llldl'\dllg 1<',111:1(,) Ld~lh'. 111111"1' 1 lit' 1/'7 dllt! \11 (Olllp"t·I,>. 

the VS FOHTHAN COlllpt!t'l illlplO\'('d 1I111ll1lct! (()dl' "qll,dlv d'> IIIII( Il <1" Il dld 11lt' 

original co(k Agc\lll, III!' pl 1 III ,II \' \l·d..,OIl lo! Ihl~ !lldlgllldIIlIlPIO\"'IIIt'III, u'/I'I 11lt' 

improvcllH'nl achlt'vl'd by Il.111\ {'-( Dlllprl('1 op! 11111/,,111011 011 1 lit' 01111'1 t \VII IIl.I! 11111t'.." 

was tile Il:-.(' Ill<'lllory upe!',\Ild:-

With r('s\>e( t /'0 tllf' \'t'ctulizl'd (ode:-., c\ 1l11llll)(,1 ul dddll illll,t! 1 !rdl<lt 11'11..,1 \(.., :-lclllti 

out.. Filst. vedOllzcttioll had ct \>101101111('('<\ ('fI"(1 Il()(lll 111<' ",pl·(·dlli> (JI 1 lit' tlllglll,t! 

cod<" ill('l'ea:-ing pel fOI 1I1,\lI('t' h.\' .\S 1ll1\l'h <1:- i'\ 1 (101 1I11",!.!:·1 dlld\"') 'l'III" \\'d'" 1 lit' 

highe~t spcedllp fOI ally code, :-.e(' TdbJt. h.1 (). 110\\'('\'('1, II, \\ cl.., I\oi 1 lit' 1 w..,1 pt'rloi 

mancc" t1w ctlï'cly-( 0111 1 c1(\('d Illleg!'1 cod(' »<'1 fOlllll'd !J('II!'I, dl !rlc'\ I!lg d l ,d.· 01 ')'11.") 

t'ps (compclled to cl ldle of ~.)X:~ ('1'''' fnr tlJ(' ol'igillcti (ode) 

Table 6.1() il1dIt,llc:, th,ll" 1'01 ..,iIlgl(,-PI('(i~I()1l ,II!<I.\"'.IIII' (odl' Illtd Wei.., 1I111()1I(·" 

thrce tillle:-. IH'lfOlll\cd I)('~I en!)!) ('P"'). bill Ilm, w'::-' 1101 d( 1\I.dlv 1111' (d'(', (lu""'1 

dnalysis of tll(' della :-.lrowC'c\ tlrctt the oflglll,t! «lc!(' pt'I1oIIIWt! 1)('ltl'l 1 Llk"\\I""·.I(J1 

double-PIPt'i"lOlI ,lIrcl~':-', tlw OIigllldl «(Hic \\d~ 1)(':-1 (lUIS .'p"') III ';PI((o 01 11\l' dl' 

viatlOlI~, t!w ~t,tti.,t((.., III 11lt' I"hl .. (1.'-111\ 11Idi •• t1(· 111.11 Illlltlllllll', I(·dll(,·d 1111' dk( t 

of vectorizatioll 1ll0!(' 1 IIIII'S th,1l1 llol, cllld loup !11',IOll Ildd .1 '>111111.11 1,111'( 1 III 1'111\1'1 

case, redU( iIlg pt'rfollllall('IJY ,t~, illl1( h cl" 1 \\t'1I1y !JC!< l'IJI '1'11f' lol\ow clll Ildll,;lolllld 

tions (alra~ «()J!lldctIOIl, ,wei ~oft\\,llt' PII)('IIIIIII)..\) .i1..,u d( hw\(·d 10\\/'1 \l1'llolllldllf/', 

especially for t he' ... oft W<I)('plJH'llll<'d (od.·.., 1 lIed f'lIlpluyl·d 1111' 1 Il ,;1 1111 IIUII 1,ld[I'! • ..,1111" 

array cont rad iOIl 'vil 1 Hall) .. lilllill,d('c! 1 lit' V('( tOI i/"t1ll(' pOil IUII (,! 1111")(' (od,·.., (cll1..,lIlg 

the reS!wtllvc ('odt':-.Iu l'Xt'(ul(' <lt apploxllll-tt.l'h t!t(' ..,dllll' I.dl' d.., 11\1' (OIII''''IHllldlllg 

scalar cod(' cOlllpilcd wlth OPT(3), agalll, ~t·(' 'Llbk h,l() 
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III ab,>olut(' t('rln", 1,111' :W90 out-p('rfOfIned th(' HS/6000 by il ~ig!Jificctllf marglll 011 

t!\{' orip,lIlal code, botl1 fOI llltl'ppr alld floatll g-point array~, cf. T<lbl('~ G.l(h) cllld (l'j. 

'l'Il<' :10!)() Wd'> 1.(, t illl('~ f(t..,tt'/, fOI lIlteg('1' anays, l.!) tilll(,~ fa~t<'r for ~lIlgl(,-plecisloll 

flOrlt.lIl1!, !>Olll1 MId.'''', <llId !.~ tilllt'''' f(l~tcl' for double-prc( j'>lon flo,dJllg-pollJt (tll'cl\,~. 

Ilow<'v('I, tr"II..,{OIIll(·d V('I',(()(I~ of t1)(' (O(1t- fllII 011 tll<' HSjhOUO rllll 1)('II<'r o\'crall, 

I)y ,lIl {'V('II Wlel('1 1I1<11)!,lll FOI "1(dlllpk, the bllffe['('d ~oftwc\I<'-piJ){'!Jll('d (ode 011 tll<' 

HS/(;()()O 1 <III :2 () 1 llllt'.., fc1:-.tt'l t.h(1I1 V('( torized ('ode OH t hl' :H)!H) fOl IIllq,!,t't dlrdY.." 2 ~ 
t.illlcs 1(\..,11'1' fOI "'lIlgl<' pl('('i~IOIl ('od(" alld :l!) t.ilIH'~ fahtt'I' fOI doubl('-plI'CI'>IUII (ode 

MOI(' lI11pl(,~~IV(' 1.., t.he fd(t thaL Ut(' xlt (olllptier produc('(l the Id,>t<'st (ode fOI ('ach 

dat.a t YP(> tc..,tcd, hlll ollly I)('('étll~(' of (Olle'ctlve' loop tram,fol lIldtioJl' Gï:l<> eps fOI 
iutt')!,<'/ (od<'"" (OlllJhl(('d \VIth :~9!!) (Hl tll(' :3090, 21:30 ('P~ fOI ~!Il/?,k-pl('cl..,iullllodting-

1'01111 (od(':-" «()JlIJMI<'d wit.h 21!)9 <'l''>, <lIld :17Gfl <'ps for doubk-PH'( i~IOIl {lOclt illg-poillt 

('()d<'~, (OIIlPdl(·d tl) !(Î!)X ('J>~. OIl tilt' olh('1 haud, had ('011('( tiw'loüp IIrlll~IOIIIIc\tlOll~ 

Ilot h"('/l Il,>('d, t 1)(' :H)!)O w(ndel havI' out-jH'l'fortIl<'d t!l<' HS/6000 in ('Wly imtdIlC(" 

(1('(lIly ..,!JO\\Jl1g !'lI,t! (oll(,('tlVt' loop tla.m.formations La.n Illak(' a Cill(ic\1 dlff('!'C'IJ('(' in 

P('I fOI 11I,l/JI (' 

6.1.2 Tests with a N on-Conlpatible Cluster of Loops 

III t.ltis ~('ct iOIl \Vt' des( 1 il)(' tilt' ('('sults of loop-part.itioniYlg eXf><'rilll('lIts lIsing Ct ('01-
Iection 01 llOIl-COIll pa t 1 hlt> loo!,s Our objectives 1Il tins cast' wer(' toi) Int'af'ure the' 

(·Ifect. of dli( (('lit (optimal) loo!> partit.ioning OV('1 ll<live' \ ~\l b-optimal) partit IOlliug, 

:J) !~ol,1I C' t II<' dk< b of loup fusioIl alJd rlrrdy (,OlltI ae! ion WhCIl applit'd cil Vari(Hl~ 

:-,Idgl'S of (01/('( t IVI' t ! (lII..,for III (d ÎOII . . "J) <!etcl'IllillC the ('ffc'ci of llntive compile! opti­

Illi~(ll iOIl "!Hlll tHIl :-'0111'( ('-1('\,(,1 tl'clIJ~foJ'!lla.t ion:>, and 4) compalc t,lH' cireet iV('IH'SS of 

loop tldll!'>forIll,l1iolls O/l (OIlI!)llt('I~ h<willg architcduH'S w}lJch ~llppOIt diffel('pt cle-

1!,1('('~ 01 III~t 1 tIc! 1011-/('\('1 p(l(,d!leli~11I Ex('('pt fOI th( fil'~t abject/V(" t Iw:,(' objectivc's 

a n' ('SS('11 t ially t.lH' Silll)(' a~ t !tos(' d('~cri l)t'd for the cX[J<'rirrwnts in the prevlOtis M'ct iOll. 

Test. Suite 

'1'0 illust l ,II<' t \)(' iIllpc\ct of petl titiollillg strategy lIpon the pcrformallu' of a nOIl­

COIllIlc\t Ihle co\l('('1 iOIl of loops, W(' used 01(' loop collection describcd in Chapter :3, 
Figlll'l' ;U; (Prl!!,<' 19). 'l'hl' par t iculdr FOHTRAN code for this col\rction i<.; shawn in 

1"I,!.!,\I1'1> (; :1. along Wlt li M'veretl tJdll~forlll('d version::- of the code. 

Tht> (ol\('cI ÎUII <'IHltaills t wo sds of HOll-compatible loops, the first involving loops 
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CllAPTFH 6 EXPEHIMESTS "'J'l'Il COU.E(TI\ T TIl. \ .\'~H)fl \1 \ /'lU \' 11.\ 

DO 10 1=1. N 
10 A(I) == 1 

DO 20 1=1, N 
B(I) = A(I) * L + :l 

20 ('(1) = U(I) + !Hl 
DO 30 1=1, N 

30 0(1) = AU~-I+ 1) + 6 
DO 40 1=1, N 

40 E(I) = 13(1) + C(I) * D(l) 
DO 50 1=1, N 

F(I) = E(I) * ,1 + L 
50 G(I)=E(I)*K-:\ 

DO no 1=1, N 
60 11(1) = F(I) + (;(1) * E(N-I+I) 

(a) Original Loo}' Clm,tpr 

DO 101=1, N 
A(I) = 1 
B(I) = A(I) * L + :\ 

10 C(I) = H(I) + !.lg 
DO 20 1.::1, N 

D(I) = A(N-I+I) + (l 
E(I) = 13(1) + C(I) * DO) 
F(I) = E(I) * 4 + L 

20 (;(1) =- E(I) * X - :\ 
no 30 1=1, N 

30 11(1) = F(I) + <:(1) '" E(N-I-t 1) 

no 1 () 1.::: 1, i\ 
10 A(I) :.: 1 

DO LO 1-= 1, :\ 
b.::: A(I)":! 1 .\ 
U(I) ..::. h 

20 ( '( 1) :: il 1 \1\) 

DO :10 1.:::1. N 
ao D(I) -= A(~ 1+ 1) t ti 

DO ·Hl 1 - l, N 
40 E( 1) -, U( 1) + ('( 1) • Il( 1) 

DO r,o LI, I\i 

t' = E(I) 
F(I) -=- " .. 1 l '2 

r,o <:(1) --= " '* il :\ 
1>0 tiO LI, N 

tiO 1\ (1) = F ( 1) 1 <: ( 1) • E( N -1 1 1 ) 

(h) AJ'l'ay-Coutt'IH t('(1 Ol'igillal CIII~tI'I' 

no 10 1 - l, 1\ 

.\ = 1 
l, .::: ,\ * L 1- .\ 
A(I) -:::.1 

B(I).::: 1. 
10 ('(1) = il -t Hl) 

DO 20 1:- 1, N 

d::- A(r' .. -I+ 1) + fi 
l' = IHI) + ('(1)' d 
E(I):.:. ,. 

F(I) = .' '* ,1 t- 2 
20 (:(1) = .. * il - :\ 

DO :\0 1:-: l, N 
:HJ Il ( 1) ::: F( 1) + (; ( 1) * I:( Nil 1 ) 

(c) Fuscd Loops fl'om NaiVl' Pal'titiouing (d) Al'l'ay-Colltl'ad.C'd Nl1ivC' Pn..til.iollillg 

DO llll=1. N no 10 1=- l, "l 
10 A(I) = 1 10 A(I) :- 1 

DO 20 1=1, N DO:!O 1=-1, N 
B(I) = A(I) * 2 + :\ Il :.:. A(I) * L 1 :\ 
C(I) = B(I) + !.lU l' = " + !!!! 
DO) = A(N-I+l) + fi d =- A(N-I Hl i ti 

20 EO) = B(I) + ('(1) '* D(I) :W 1':(1) :.:. h + ( * d 
DO 30 1=1, 1'\ no :W 1 = l, J~ 

F(I) = E(I) * 4 -+- L l' = 1-:(1) 
G(I) = E(I) * t'l - 3 f = l' ... -1 t- <: 

30 11(1) = F(I) + G(I) * E(N-I+I) g = l' .. K - :\ 
ao 11(1) = f + g • E(N-I+I) 

----- -------- -----
(c) Fused Loops from Efficier.t (f) Array-Contl'al'tl'Il Effki.·111. 

Partitiouillg Part itiouing 

Figure 6.:J: TrdIlsformatioJlfl of a Non-Cornpatibl(' Loop ('III..,!l-1 



(.'/JA/'TFU fj EX1'EH1.\IE.YTS \\'1'1'11 ('OU,IX'TJ\'E Tlt\.\'SFOH.\1.\TlO;\, 111 

1 t1l1ollp;h ,1 (I<klll dlf'd Il,, I,dwb lU 1 hlOllgh 'H)) ctlld tlH' ..,{'«Hld 111\01\ IlIg loo}l" 1 

t1l1ollp;h fJ (lctlH'l" 10 t hrollgh fiO) Wf'[(' tll1S co]]cel ion of loop:-- peU t 01 ..,OIlH' ~Olll ((' 

inpllt, (111 oplnlll!.I1),!.'; (olllpder nll~ht, p('rform ally of tll{' ~()lil«'-t()--'()llI(I' tl(lll:..fOlllla­

tjoll" "hoWIl III Flgllie li:i 1) forp;o (olkctive tl'dJ1sfOl'lll<ttioll altogetll<'l. 1{'.l\'llIg Ihe 

"Ul)f('!' d:-- "bo'NI! III Flgllll' h,:l(,t), J) p('rfol'm arrdy (Olltra( t)OIl on t II<' ul'Igillal (111..,1('1 

wltholl! !JeJ!Olllllllg fll"IUII, ri'" ~h()\V1I in FI~llr(' 6 :i(h) (()fJtld( !IUIl c1CIIl,dl\' OCt 1I1'" 

1:1 0\11'1' t,WO of t.ll<' :--p.: I()op" III 1 hIc, figule: I()op.., 2 alld ;»), ,J) lIdIV(,h p.t! t II Ion t hl' 

(011(,( t H)(l, IH)..,:"lbl.'r (Ilt IlIlg IflOIe arcs 1 helll lIec('~~ary ,Illd t hell IH') fOI III l(Jo!> fll"'IOll. il:' 

III Flglll(' (;,:I(), 4) Ildlv('ly péUt.lt.IOIl tlw 1001':" and 1H'!forlll <llr,-t~ {()Jill,\{ tloll \\,tthill 

(wh prllt.ltiulI, FIl.',IlI{' () J(d). 01 ,dtcl'lI(diV<'ly,.r;) ('ffi(il'lltly pdJlltlull tl,{' )!,Iclph cllld 

stop, cl~ III "\!!,III(' () :Ht'), ul d' \VI \\'ollld hope, 6} cfliclclItly !>(ut Jt 1011 tltl' glctph ,lIld 

(H'I fOI III tllld\ (()lItlcHllOlI wltlllll the loop boche::, of the ICS/WC!I\'!' loop'" !orllJ('d b,) 

t.1H' (M!li!IOII~, cl:' ~huwlI ill Figure h :J(f), Notic(' t.hat in :--Olll<' in:--tcltlC<':-- tlw (odf' \\cl:-' 

I<'wnt.t.('11 10 cI:":'I:,1 t.he (OIIlP"!'! \VIth clrray-('lcllwlIt ]('COglllt.IO!\ The !l,lltJ<'lllal lIIod­

ili< at 1011 IS ..,hOW'1 in t hl' <i1I eLy-Cont rctctcd ollgillàl colll'clion whcl (' ~(<I].\I 11'1'('1'<'11(,('" 

(LI(' w,('d fUI dllrl)' ('It'Il\('lIt.., 10 ctvoid J'c<!undant dIl'ay ac('e!->~c:-., Id'('1' 10 Fip;l\I'<' G.:J(h). 

Test R('sults 

Tht' J'('sults of p,Htitioll1llg baM'd upon timings taken on the Sun -1/490, tht' HSjGOOO, 
and the :~U!)() (ue S!tOWII in Tahles 6.:J(a), (b), and (c), respectively. For carh of the~(' 
tahk ... , th(· fOlmat IS (,h{' ~all}(, ilS it. was for the corresponding t.ables d('~CIil)('d ill 

Sect IOll (i liA:, lH'fo\(" t hl' tables show hot.h opt.lllllzed and lIon-optilllized \('l'sion,, 

rOI lIIt('W'I. :--illgl{'-pl('n~,ioll Ho,ding-poInt, and douhk-pr<'CISioll fjO(ttlllg-poillt allay~ 

AI:--o ,\:-- I)t'fol(', thC' leslllt~ ,\1<' 1('pol(('d ill rpi'. In thi:-- particula! ill:--t<lll(,(', ho\\'('\CI'. 

t.he ('PS Illet rI< 11H11< ,,1.('" UH' 1 dl<' (t! whi.h delll<'llts of t II<' output. (llÏ a, H \\'('l(' (1l(J­

dl1«'(1. ba:--{·d IIpOI1 cl l('p,lC':,,,ioll of ('X(,ClltlOl1 time:, for \'('<tor 1<'llgth~ bd\\(·t'll üO cllld 

:HlOO ('klll('II! ", lIH'cl<';\ll('d at ()()-c1('Ill<'llt in' ·'l'vals. Flllally, to <I:,~i~t III cVcllu<it.ing tlw 

1 ('SIIIt ... , wc :--!to\\' III l'cl hl<, G 1 t.h(' < Ol'l(,~polldll1g ::'pC('dllp~, fil~t. duc 1.0 natl\,('-( ompilcl 

opt.i 111 i!.,lIloil, \ IZ 'LI hl(, G 1 (rl), alld :--('CtHl d, cl H(' the variolls loop t r<i w,[o Il li a t jOli:' Vil 

'l'dhlc ti ,1(h), lOI (',H Il dtrdy drlta type t('s!et! Ltstly, sincc the test <ode:-- l\~('d in 

t.1l<'st' t':"P('IÎlIlI'lIb (l!"o \\('r<' :..horl. ('iH h code WdS ('xecut.cd five-huudll.'<! tilllf>S wtllllll 

.111 out('r loop, to obI <lin sUf[iC)('lIt llI1l1ng-full( t ion r('~olutioll, 

'l'hl' !(,"lJlls in T,lbk (;:L dlld 'r.lhk 6 l(b), ::,ho\V the Importance of effiClcnt parti­

IIOnill,l!" with ('fli( [('nt p<lltitlOlIing .\Ild tldw,folll1ation l'('sulting in :--igllificantly better 
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ClIAPTEH () EXPEUl.\1E.\'TS \\'lTII ('OU.E( "/'1\'1--' J'U \.\'SI·,(>H \1 \ /'10.\ 11.-, 

(a) P('rfOrlllalH'(' of Loop-Clllst(\r Trall~fon\latiIHl~ 
ou a Sllll SP ABC S(\1"\'(\1' ·lj.t90 

Pha.,>e of 
------ - --~ -

.1"11 hl., l'rt'. 1..,Ii'1I1 Illtq~.'r :-IJI~I(' pr.'( hlOIl 

Trall~forll1itt III Il ' f7 7 -----rr1-·-(Y - f71- , 'f77 - () f77 f77 () 

original Joop coll('( t iOIl 
- --------~--- -- - --

\l() lb:) 1 ! 7 '2()'2 l'tl 1 :1:, 
array-contractpd ori!!,III,d \l7 1111'1 117 '21 7 l'.' 1:ltl 
fUf,pd n,tÏv(' pa rt It ion 10:1 171 1:17 '210 ·lt, 1:1:\ 
array-lOllt r. nalV(' prtrl. 121 1 \lI I;Hi '2t'2 !Ir, l.rd 
fu~cd CffiCll'n t pMtltioll 113 17~ 1:\7 :lI ;) Hi 1 :\;) 
arrety-contl. dIici('lIt peU t. I\!J :l:l!i 1 f) 1 :1'2\1 Il li '2'20 --------- ------------

(1)) Pprformancp of Loop-Clnst (\1' Trall~f()n\lat i()l1~ 
ou an 1131\1 rusc Syst('lll/GO()() 

------ - - ------ -- ---
Phrl.'>(' of III 1 p)~t'r ""II)!;I., prt'( blOIl doul ".' pr ... 1""011 

TrallsfOl'l1ldtlO'I -XTI-xTf~ '-~r'- -,lr'T>" . 'xlr \Tr () 
original loop coll('ct ion 11IS 

------ -
H:\\l '2UI II:):! 1\1;) I:!O:! 

array-contrcLctl'd 01 w,incd 1 !ll !1:\:1 1\)7 1 1 \'.! 1\11 1'201 
fused lIaiv(' pa rtlt ion :.!<1S IOKt} H,:I 1101 :!:\!I I:!:I!I 
array-cont r. n.-tiv(' pelrt. l;)!) IIO\! ~17 Il:\!! '21H 1:ll;) 
fused f'ffici('nt part ition 24ï 11!IH 21H I:Wti 2;)'L 1:\ )(i 
al ray-conti. dTicwllt pari. :\n 1 fl'l2 :\:l:~ I:W:\ :1 '2! 1 'l,I!!1 

((') PprforlllCulC<' of Loop-Clllstpl' TrallSfol1uat i( Hl:-­
OIl au 1131\1 3090/VF, tvlodl'l 180J 

Phru,e of 
Tran~frl1l 

orlg COll('('tloli 

contr onglllal 
fu~cd nalv!' 

('()ntr nalVt' 

fllbed efficll'nt 

contr (>fficlt'lIt 

01' 1 (0) 01' 1 (a) 

nK (j(;!i 

231'1 61'11 
2(i 1 71(; 

;Wl H7G 
2G 1 701 
·11 r) HS!) 

v~ .• · 

2:2KS 
21KH 
2.'i2:l 
26 J', 
2;)0,1 
:WjH 

~IIII!.I(' pr.'( 1'>1011 

(JI' 1 (Il) OP 1 (:0 VI. 

.- :!(jH-·---fj(j(l--·'-2fJ:ï() 

~ l:i m~) 1 !l<l(j 

:l:\ 1 fi:1O 21 r) 1 
~7(j ()H 1 n:l') 
~:\2 (;27 :lI;) 7 
:\ Hj 7.1:\ 2X:11 

!lI' 1 (0) 

:W:I 
:LOX 
ni 
LI):!. 
'2:LfJ 
:1:1;) 

(lI' 1(:1) 

;,:!!! 
:dH 
~):!b 

~)H:\ 

;):\ 1 

fth!l 

VI.' . 

1:;11 
1 ;)()O 

1.\7,1 
17lx 
Il,KI 
:L'!I:\ 

t Hc~ult.:, '\rc III thou.,alld" of output 1'\"111"111'> produ({'d ,wr '>"«Jlld ('p~), l"l'> .. <1 1I11f)() r"gr' "',,'''" "f 
vectors wlthlll the range 6U aooo 

+ IBM 3090 LOdes WCfC (olllpded lJ~lIIg VS FOHTHAN \ Bd!':!.,>!' " 

Table 6.3: Performanc(' for Ct NOIl-Compat,lbl(, Loo!l CI Il:-.11-1 
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('II/\P'!'/-;/{ fi. V'\/)/-.'/l/.\fE;V'I."· \t'l'fil ('OJ,f,EC'TIVE 'J'U:LVSFOUM. \ 'l'IO.\' II(i 

(a) Sp('('(kp <Ill<' to ~ati\'('-COIllpil('r OptÏIllizatioll 

1'It,\..,.' of -SUII, fi7·0 1B\1, xlf -0 VS FORl RA\. OPl (.I)jVEC't 
Tr,lII.,frlll -Tïïi-·--~-aTit.- ~~, db] --rïït. ~)!,I dhl. 

---;~i)!;III(t! (od.. 1 H--TT--I -(;-----1-1'-- !) 7 li 2 '2!I:\ 1 '2!1 ,\ '2 {i :! fi 

(olllrorlglll<ll lï 1'" Jï 19 5i\ (iL L9 :;'2 '2!1 ')'1 '21; '2ï 
fll~f'd "di\!, 17 1;, 1 1 11 11 f) '2 '2!I:\ ,1 LI' :\ l '2 l '2 H 
(OutrHiUVI' 1:, li< Iii 1:\ 1n ;):\ '2!1 :Il) '2", ,\:\ '2'2 '2B 
fll~('d('HI(ll'nl IIi Iii 1'1 1B ;,:~ ;,:~ '27 :Iti '27.1,1 '!:\ :\'2 
(011 t 1 pif\( 1('11 t l ') '2 '2 I!! oU: 1 1 7 () :! 1 .1 K '2 1 :\ ~l '2 () H 

t'II ... kit d,lt.l-Iypf' C(,IUIIIIl .,h()w~ ~p,'('dllp for cod .. cOlllpIlt'd 1l~lJIg "o!''! (:q' oY,'r '01''/'(0), and 
tlt,> np;hl WIWIIII, ~1H'.>dll/, 1If..11I)!, "VEC" OVI'r "OPT(:l) 

(h) Sp('C'dup <lw' to Loop-Cln:-.t('r Trall~fonIlatioll 
for COlllpilpr-Optimized Co!lp 

--1-' It a ..... ' ~-----s-üï,ll t\JO - IB~1 HSj!iO()() IB~l :1090j\'F.t 
'l'r,1 Il.,1 fi Il -iÏït:" -;;~-'JTtI -'Ill. .,gl. dbl --ml,. .,gl. (l1}[-

-----;r----------
(0111, origin.1 1 tl 1 J 1 () J () 1 0 1 () 1 0 1 () 1 () 1 II 1 0 1 () 
fUh"d Il,\1\,(' 1 0 1 () 1 (J l '2 1 () 1 (j 1 J 1 1 1 1 1 1 1 1 1 () 
(,()Iltr IItlIV(' l~ 1 :! 1 1 1 :! 1 0 1 1 1 :\ 1 1 J :1 1 1 1 :\ 1 1 
fll~l'd ('ffi( IPllt 1 1 1 1 1 II 1 :1 1 1 [ 1 1 1 1 1 1 1 1 1 1 1 Il 
(olltr (,(fi, wllI 1 1 1 li 1 (j 1 () 1 :2 :! 1 1 8 l ,1 1 7 1 ·1 1 7 1 B 
------~-------- -------

t TI\!' !t,f( d.lt.l-typl' (OIHIIIII ~ltoVi~ -,pf'l'dup oflll,' tr.lIl~forllled cod,' over the orl!!,lIldl, od .. , wlllptlf'd 
111->1111-\ "01''1'(:1)'', ,1IId 1 1 If' raght COIIlIllB, tilt' corrc'~polldlJlg .,p(·('dups, Ul>lIlg "\'E(," 

T,tille ()·1 Sp(,(·dllp lor d Nord 'olllp,üibk Loo!> Cillstel 

P('!COJ'lIIdll«' III alllloht <Ill 1lI:-.lrlllC<' .... In rtdditioll, d Humher of otl\('1' lI11portallt (011-

ell/slolI)' (<III IH' J('.H ]H'd with J('g,lJ'<! tn the trallsforlllatioll~ th{'Ill".i('h('~ III mns! (dS('S, 

1 h('~(· (ollclll ... lOlIh 1('lflfulCI' lilldlligh f'OIlI 1 Il(' pll'viollh exprlillwlIb JI'pOI 1 ('d III Sect 1011 

(i.1 1. 

FII~t. lIolic(' Ib,1I th(' "l)('('<!u\>h frolll IIdti\'('-(OIllpilef optilllizallOll, hboWIl in 'l'cIble 

h,·1(a), \\'('1(' ,IS IlI11Ch <lh OIH,-tltild lo\\'cr for titi.., set of f'Xp('rinH'llts thall th(')' \\'('1'1' 

1'01 t Il,'' Idst 011(', cf T"hlc fi '2(a) (page 107). The lowcr perfOllllétllC(, \Va" dllc tù 

1 ht' t'dei tlld 1 t !t(, (0(\('.., Il:-.t'<I III UI i:-. (<I~(' contc\ lIH'd Idl gCI ('X pH'S:-'IOII'" and cl IlIgllt'r 

}lIOpOllioll \lI stlillght-llllt' illtt'g,('l opeldtiollS thùll the (Od('~ lIhed in tll(' !l1<'\'iou:-. 

('XI)('liIlI<'lIb, ,lIId .th cl 1(,~1I11, tll<' pOltlOll of the' (ode wlllch \\'dS rlducdly cdf('c\,('d hy 

lI<1ti\'('-eolllpt!cl optillllz.ltion:-. l(,pIC~(,lIts a sllIétller proportion of the COlI('~potldlllg 

!IuIH)Pllllll:lt'd cod<'. H('call, 1 Il(' plllllary CitUS(' of improvemellt duc to OI'L1l1JiZdtioll 

\\'<l~ the cl Il Il I!lrlt iOIl of II111H'('('ssary load flnd ~t()re~ bct ween Pflel! UM' of il val idb]e, 
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and t!H'SI' l/'illdillf'd IOlIghl)' tll<' ~dll\l': \\'ht'lt'<l~ Il)(' 1I111111>t'i lit .1111 IllllI't Il Ill't'I,IIII l ll" 

iIlCIt'oS(,(1. ('olls('qlH'!llly, (Il(' ~IH'('dllp" dllt' II) IId!I\I' IlIlllJlllt'l l>ptlllll/.!tld!1 (lI tilt' 

fllsed cod('s ,1Ild ,lll<l~-«()lItldlkd lodt'" \\Cl(' ,Ihullt th· ",1111(' ,1" tllt'\ \\1'1(' l(ll tlll' 

origilldl (odé' 'l'Il(' 10\\!'1 "p('(·dup dllt' lu 1 ()Illplll'! Upllllll/.!III)11 \\ .1" Ilk,,\\ 1"1' 111.111111· ... 1 

in lowt'r Pt':fl>lllldl\«' of 11lt' 1('~I)('( 11\1' loup t 1 <1 Il ,-,rOI Illdl 1 li Il''' , ('''1'''1 1."" lUI 1 lit' III""" 

code:,: SI'(' 'l'cible (i l(h) III 1 Ill" 1,111('1 (<1"1" III<' l!·.t~ull 1" 111.11 lit,· 1 1lIlIllldl"tI IIIUI) 

control O\'('t1W,1I1. ()J Illt' plllll<ll'~ "uUI«(' u! ''')('l';/lIp, \'d" <III ,'\1'11 ""l1ldllt'l 1"1I1'\lltl<111 

of tlH' 0I1p,lIlol (o(k Ihall lt \\'d'. fm IIH' 1'11'\1011" (·\PI·IIII1(·I1"' .... 111l\\11 III l'.dd(' Il ..!(Ii\ 

Nex( 110(1(" ill T,Ibl(' (;.1(1». Ih,lI tll<' "P(·t·dl/p:-' fWIll 1 lit' \dllllll"I,)\)!, Il.111,,1,,1111.1 

tiolli-> ()(CIIIIt'd Ilillfollllh dl 10"" tIlt' tItH'I' dl( Illt('( 11111· ... 'l'lit· !'opl'I'dIl p"" 1011 Ildt'" tll,tI 

UI->('d Ion!> fll ... ioll .1I0!lt', tOI ('\<llllpl.·, \\('11' (lll"(' 1 Il tilt' "1'1'('(1111>" 01 t III' It "1)('1 11\ l' 11111.', 

!Il éI 1 cod{'!> 101 ('<1 l " III M II! Jlt· LI k('\\ 1"('. 1 lit' "P( .('<1 Il! 1 ... Il 1 1 lit' ( 01 dl .1 ( l, ,cl 1 Il'''·... Il l " JI Il\ ('" 

by roughly tll!' ""IIIt· dlllUllll1 11\'('[ tilt' "p(·('dll\)" 01 11lt' \C'''J)('( 11\(' Illlglll." ludt"" Fil 1 

th(' fcw I/l.,(clllct·., III wl\l(h "'1!!,llIfi(dlll dlll('lt'II('" III pl'llolllldll«' dltl ()(III, 1 lit' .Iii 
ft'rcIl< t's applH'd IIIl1lullIdy <II 10"''' ,dl 1 IcllI!'of()rtll.lI HllI'" 011 /111' 1'<11111 Id .. 1 IIld( 11111(' \\'1111 

nonf' ofth(' 1 rélll:-.fol Illd(lOlh dPP(·"IIIl.l', 10 1)(' 1l101('OI II· ...... '-oll"("pltl')(' lu .111\ 11111111 Irldl 

archit{'dlllrll <'I!cd thùll ally (Jlh(·l. FOI tlll' HSjhOOO, lUI (·\dlllpl.·, 1111' 1<"'11111'1 \\1111 

floatillg-pOlllt an,IY" <lllti tho.,(, !Ol IId('!!,('1 cllld.':-' \\'1'1('( 1""('1 lug(,tlll'i 1".11111\1'\ \\('J(' 

for t1l<' la~1 :-t't 01 ('XP('IIIII('!Ih, ,Uld for III!' :Hl!JO, \('\ IOllz.tllolIllIl\>I.)\\,d (udl' 1)('11111 

IJ1rlIl«' III 0 1'<' tlll:-' tllll<' th,t11 Il dld dllllll).', 1 lit' PI('\\()I1~\ ("'1H'IIPII'III" '111<''-0(' dltl('II·III('.., 

agaill n,flet'! IIH' f,HI thelt Ih('.,(' pdltl< IILl! (od(· ... (ollldll)(''' 1.'1,1.',1'1 ('\jlll''''''IOII'' dlld d 

hlghel plOpUI 1 1011 uf ~ll,llgllt-IIII(' Illteg!'1 (1)('lcl!,IO!l" t!t,1I1 IwIOI(' ;\" d (1)11"('<1 111'111", 

le~s opportuIllty ('xl:,!cd 101 ill~lrll(tloli I(,\,t'I IMI,tllt'h:-'!l1 III 11lt' (utle IIt.d Il..,(·t! 1I11('g('1 

arrays, alld lIIi<'g('1 0p('rcltioll., ('()lllj>II.,!,c! cl 1(lIg('1 \lIOPOI 11011 01 1 III' l "d(· ... 1 lt.tI Il'.('t! 

floatiIlg-polllt .lI! cly" 

Nf'x( \V(' ('Xéllllill(' lllt' P('l fOlllldJl( l' df!'( t" flOlll <lppIVIIlp, ('''1 Il of 1 II(' IIldIVldll,tlluuj> 

t.ransform<ltiom ~hOWIl ill T"bl(' (j 'l(b), Il'kl tu FI!!)\II1' h :Hl») (f) VII..,I, 11011(' tlldt 

little, il ,UlY, :'pCt'dllp O( (Ill'lt'<! d., <1 [('1->1111 of rlpplyllll!, "II cly (!JIIII d( tlOIl lu 1 II<' ollglll,tI 

loop, a~ showll Figllr<' () :J(h), !>('(' Ill(' fll:-'\' IOW III 'I"bl(' () :1(1,) '1111'-0 Wd'> IW(dlhl'1I0 

arrayl-> W('J(' o( t \ledly cl i 1lI!il,t! ('<\ hy t Il(' ( Oll ( l ,t( t 1<)11 1 Il'> t ('"d, " f('w !tIé'lIl!)1 y 1 ('!I '!<'II( (." 

were rcpl ael'f! hy f'('gi" t ('1 1 d ('1 ('II< (,", !t'PI (· ... ('1 li III g ollly Il :"1 Il ,t! 1 pl () l'or t 1<111 (JI t 1 J(' O\'I 'I.dl 

computatlOl1. ]\'('VCIt}W!"":", tll<' tl,\II"follll<ltioll jllovlde ... Il b""I" lOI (UlIlJi<1lll1g Il':-.1 

transfoJ'lIIatiom, givlll~ cUl illdicettioll of I}I<' il!lpOlI,lll! (' of titi., pdlll< IIldl 1'11'('( l, VI'" 

â-vis Figures (;.:l(d) rl.lld (f). 

When the 1001' c\u:o.t<'r WrlS naiv('ly partltiollf'd 1,0 <1l1ow loup 111..,1011, ".., "h()wlI 1/1 

Figure 6.3( c), the speedup Wrl.S élgalrl :,rnall f)('( all:'(' ,tll !'ho'!' WtI', (·lllllllltll (·cI III thi:, 1 Il..,(' 
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W,lh loop-collt loi ove'r1l1'ctd wlllch too Wd~ ~Illrlll cOIllpared 1,0 II\(' "1/,(' nf the O\'('lall 

(Olllpllt,ttloll, (f. IUW Iwo III TablC' 6.1(\») TIll' (·fli( Wiltly paltltlOllcd loop", FI!!,lIIC 

fj :HI'), ,d"o .,!io\\,l·d Ilttk IlIlproVI'1lI1'1I1 fOI tl)(' stl.ll1e r('a~()/l, cf 1I1IId IOW 01 Trlbl(' G 1. 

III buth of tlll' (l1f'(Cdlllg (rl"C ". tlIC' df('ct 01 11tl.Il'ifonwüioll "'t1~ 1ll<'11'1~ tu 1 (·dllc(, thl' 

1I11111lwl of JO()p" flOll1 .,IX to t hrcf' Hec ct Il , tl. pot<'IIIItl.J IWlwht flolll 1001' fll~IOIl I~ 

tl) IIIC IC'tl~l' t JI(' "11"(' of t hl' C orrc.,polldlllg 1001' bodil'S, hO cl" li) 1I1( ('rI"(' 1 JI(' pool of 

In~trlll t 10/1., <lV.·lIldb!(· for 11h11 Il< lJOII <,( lH'dllling How('\,('r, 1111 Ill" l'dl 1 1< 111,11 insl ,U1( (', 

1.11(' I,ug('r fll"t'e! lo()p" Illctdl' 1111 II' dlfferc'Ilt ('. III ~pil<' of 1 III' IcI( h. of 1111\)1(\\1'111('111. loop 

fUSIOII proVldl·d élI! IllIportal1t advrtlIlctgl' by fat llItatlll,!!; ,Hrcl~ (Ollll,\( IIOIl 

'l'III' ~pl·,.dllp" flOll1 II()I l, Joop fll"IOli ,11It! dl rd) (01111 cI( 11011 log!'IIH'I \\'('11' l'al 

,l!,II',I1t'1 Ihelll Ihl' ~\)('('dllph fi 0111 clIl)' of Ill(' otllt'I \<,.,t-, c!c',crilH'c! ",1I1t 1(',,\)('(1 tü 

1/11' 11011-< olllPell Iblf' loo]>h, "CI' FIP;llf(,~ fi :J(d) ,tIId (1), ,lIId Tdhk (i 1(1)) P,ut o! III<' 

[(·,tSOI\ Wd~, of (OUI ~(" Ill(' III( f('IlWlII cllllll])(O\'I'llH'lJt plOVldcc! by t!te 1)1 iOl fll.,io/l. Iml 

1 Ill' IIldill 1('(I~()n Welh tIlt' ('llllllllatioJ\ of ail aTl ct Y ]'\(ltic(' t hal III t Ill' ~('( 011<1 loup 

II('~I in FlglIII' (j :Hd), tll(' 0 dl 1.-\)' \\'a,~ ('lrllllllaled entm'Iy alld l('pl'\(l't! h)' Ilw ~c(d<tl 

v,triahll' d. '!'Iw Id~1 te,,1 (ode, fUI clll al 1 dy-COli lrelctt'd dficJ('/l1 pdl 111 iOllillg, Figull' 

(i.:I(f) ~howl'd \l\11( h gJI'eÜel impIO\'('IlH'Ilt approaching ct Iwo-fold iJllPIO\'('IJH'lil 011 

t1H' US/(iOOO fOI dOllblt'-pr<'CI~IOIl flu;.jllllg point arrdVh, cf TabJ<' (i ·1(1)) l'III' l(,cI~Oll 

i~ O\'V!l)\lh fi\l' of t ht' ('Ight orlgillell étlTdy:-' \\'('['(' dlll1lflêtted (lIld leplcl( cd b) ~c,dt1r 

val l,d)II'~, ,111<1 of the 1 hw(' Il'/IIcUllillg ana)':" one Wd~ 1 Iw out plll .11 rcl)' H ,lIld 1 !il' 01 II<'I 

Iwo (A dllcl E) «)n('~IH)J\(1 10 tll(' 1Illll1l11lllll 1I11JllIH'r of lJOllfll"lhlC' c\lld\'~. 

011(' dddltlOlJdl pO III 1 I<'lIlé\lll'" (nll('ctiv(' 1001' 1 rall~fortllctt 101Ih W('II' Il<'('('h~dl y t 0 

<lchw\'I' he;,1 pl'I fOl'llldIlU' fOl dH tlm'I' machiIlC's (iIlcllldillg the :W90). III ab~olllt(' 

tl'llIlh. t.he :Hl9U olllpelfolllll'd tlte othel two llld(lllIlI'::' by a Wldt' Illalgill FOI cod(·s 

Ihal u~('d 11I1t'g<'1 ctlTctyS. tlw ;~m)() was fourtcell times fahter thclD Ill{' SUlI, alld clghl-

101 \\'1'lu'-1 111I('h fcl~lt'I fOI fl(MI illg-polllt 1!1\lllhe'I~ At thl' ~aIll(' t llll(" Il WdS 1ll00e thall 

1 wict' c\~ IdS!, .1" tll<' HS/tiOOO in ~('\,('fal iJl~taI\(es Thi~ IS e~p('cially t>igllificctlll ~lIlC(' 

1 Ill' HS/(iOOO olltpI'rfOlïlH'd titi' :lO90 during the fil~t ~('t (Jf CXI)('rirncnts. From t.1J('~c 

r('slIlts Il clpp(,cll~ 1 bcll tlw\'(' Il abo good r('a~on to IH'rform collective t.rall:-,format.lolls 

011 r()dt'~ fOI Vt'( 101 llIt1ciIincs. 

6.2 DLX Shnulation 

III t 11IS lH'xt sect 1011 w{' ('XclIllIllC the dfects of collccti ve loop transformations whcll test 
codt'S \\,('It' 11111 on d HISC proc('s~or simu\ator and a cache simu\ator. The processor 
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simlllator lI~('d III Illl~ ca:-.c \\',,'> clll ('nhdll(cd \('1"1011 ul tilt' 1>1 \ "111I1I1.1I11l tlulli St.ll1 

ford. and the l'clc!\(' ~IIllIlI,\IO! W<I~ 1 lit' d/llt /'0 ~11lI1I1,\1ll\ 1'10111 Ikl "t'I,'\ [II \1(11). IISS Il 
Althouglt DLX i~ cl :-'1 III 11 Ic\ \('d drcJ\lI('cl IlIt" Il pl\)\'ldc's cll! ut 1 h,' ".,.,t'1l1Idl t""1 1111'" 1111" 

II1ight ('-""pccl flOlIl ,t H IS(' IHOC ('.,.,01. ,1I1t1 Il IliC 111<1(,:-. 1 Il!' 111.,1111111,'1\1,111011 !l'dl III , .... 

rc<!ullcc! fOl our tllIrll~ "1" l'"()f ..,illlpk 11I.,1 IIIt IllllI '<t'C !1 \l'lit ('''. t 1t,It 1" tlll "('<jIWlll ( • ., 

withollt ~p(,C1al :-''\ .,t('111 ('cdl.,. ~II< il .1:-' pnntf (), Il)(' ))). \ "'"ll1d,1I (lI 11Ift'II'H'h .!lId 

tl)(,ll (',\('ClIte., cat h lII.,t rll, t ion ct ... 1 hOll/!,h Il \\('11' ('\('( lIkd "" d 1,·,t1 111.1.111111' III 
doillg ~o. how('\,('I. Il cl:-':--llIllt''< 1 Il(' !>lC',<t'lI( C 01 .Ill ildllllk \\ "1111 1 dl lit' III \\ Jill Il ,rli 
in~tructjotl~ clrt' p[(':--('III, 1 t',. tIWl<' dt'(' no (d( lit' 1111',.,(· .... ,1I\(1 ,dl d,li .. dlld III ... IIIIC Iltlll'" 

al(' acc('s:-.iblt, III COll~trlllt llI1lt' (""t' .\ppclldIX 1':) Th .. "1,('( lti. DL\ 1I1d' 11111" (lI"tW,11 

Iatioll u:-'f'd fOl 0"1 ('.'1)('lll1lt·lIl., (UII'<I.,\(o<1 of tllC' \''':-'(' ,II ( ltll('(IIIJ(' \Vil Ir Il,.. 1,,1I""'"I,!!, 

additlollrll f1ocll,illp,-PUIIlÎ h,udwclI(', ,III ddd/~ubl l,II 1 111111 11<1\ Ill,!!, d I,dell( \ ot '2 (\ (l,'." 
cl mull 'I>liel unit hcl\'llI,Q, ,l l,ü('IH'Y of ;) (ycl('." dlld d dl\ Idc'I Illllt hd\ III/!, " l,II ,'II( \ "t 
19 cycle.,. For OllI (cl( lit' .,lllllllcIlIOll:--, \V(' ,h'<IIII1('t! dll xl"-\,, k 111.,1 11I( 1 IlllI 'dl III' dllt! " 

()l1\-hyt{' <lillc\ cadi(', both 1)('1llg, l-wdy '<1'1 d:--'<I)( 1,111\(' \\'Ilh I~K b, l,' 1111(· ... ,11It! """l,!!, 

a !east-n'«'lltly-uv'd (LHl1) lillc-Ieplil«'lIlt'lIt polit \' 

Tht' ~tlIl}(' '<OUlU' (0<1(':-, Wt'\(' u.,(·d fOI 1 ht' '>lIillll,tll()1I ('\IWIIII\('llh dc· ... ( 1 dwt! III 

this s('ct.ion c\:-- WC'I(, u'>('<\ III OUI ('<I!llt'I (,'\PC'III1]('I:h, hO\\'c·\I·l. ft" 1 III· ... '· pdl 1 l' 111,11 

('Xpl'J'illWl\h Illt'o.,t>lll«'" W('«'«()II\('I!t·d flf)\ll FOHTHA \; 11110(' II! PI'11I111 (1JIlIpIl.lIloll 

by clIl upgradt'd V('r~IOI\ ur tilt' dl.rrc (01l1pl1el (\('I:--iOI\:":) 'l'II(' dl, « (Olllpr1(" gt'II('I"k,< 

the DLX a~~("llbl) (odl' will< Ir ," tlWll \I..,c,<1 ,.'> :--0111«' IIIpll1 lu 111(' "lllllr1"tIJI HI" dll.,l· 

our test lodt'~ W('I(' !'>illll'k. the pall)( "Idl ~()ur('(' l<lllp,lIagc' Il'<I'd III Il,,,< 111.,1 <1 lit (' hdc! 

litt.!t' impact. on the te.,t r(':-,ulb:' '1'111:-- \\',\:-- h(·( ""~(', fOI t hl' lllu,,1 pd 1 t. 1 1)('1<' ~·\I.,kd 
a one-tü-Ollt' ('()rr(,~p()l1den('(' 1)('1 W('('11 ~1c1l('I1\(,llh wil hlll • 01 1 (,,,polldIl I,l!, t,· ... 1 ~ 'ld(·., lOI 

each of the t wo Icwgllag('!'>. 

Olle finctl f<lclOI dtfft'J'('lItlcl\,('" tilt' followinl!, '<II llllIcll IOll (·\IWIIIII(·lIt., /10111 1 1 If' t 1111111).', 

experim{'nt~ descril)('d ill t11<' pI<'violl!'> :--('( 1 10110.;, ,Ult! f Iidl 1"', :-,,'\,(., ,11 01 1 III' 1 IJd(,., lh~·d 

in the foliowing t'xI)('riIlH'lIb wprc cOIllpilt't! t.wi, C" (JII( l' Wlt h 111 ... 1 Ill< 11011 ·"lwt!lIll1l.l', 

and OIle<' withollt 'l'hl' pcttti<\I1ar IIl~ttll<t.lOn ~(I)('dllJ(·t Il'<''.\ I,y 1111' (OllIP"('1 Wd~ 

oaHcd upon a "pŒt.pas~" version of 1 If(' Shwh-PctPd( 1111,<1011 ,dgOlllltlll. ,\ Ip,Ollt 11111 

VII, dCHcrilwd in Chctptcr!) (pdg,{' 91)." 'l'If(' ollly :-.tlllt\llI,tI hd/"lId (1)11"1<11'11'1\ 11\' 

----------------
4This faet wa.., vprlfi('d by <Oluparlll)!, tlllllllg rn,lllh uf FOIn HA:'\ ,lJIri (' \' I~I"JI'" 'Jf 1 h, l, ~I 

codes ll&ed III dit' prevlou~ PXIH'rrrllcllt.., 
5 As rndlcated III Chaplt'r 0, Challdnka :V1ukprJI alld Errh Altlll,lJI J!lIUlly 11111'1"1111'11" d t 1", ,>11",1\ 

111er llsed for the~e expt'fIIl1l'llt:-. 
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IIH' ~(IJ('dllkl. ,tIid III(' OIlIv h.-tz<ifd ('Il for. {,d hy Ill(' DLX '.1111111.1101 Ih"l!. \\"..,.-t ()IJ('­

{y( h. d{·I.-tY IH'I \\('('11 1 Il!' 1 1I1l{' rl V,tllI(' l', lo,j(kd lIIto It·)!,I .... t (If ,uld 1 Ill' 111111' 11 i .... Il!'-('d, 

'III!' ..,llIIldal.ol ,d"{j r!{·I.-ty'" tilt' df{(1 11\,,11(11 Ill..,trllcllOlI"> by 011(' (y(lc. cl!'- (';..plallH'c1 

III Appt'llellX E '10dl«()11Ilt for Ihl..,ekldY. Ilwdlxc< (,Olllptl('llIl('[('I~ III;-.('rhcl :\'OP 

III~t r1l< 1 roll lol!owlll)!, {'df Il hl,ulCh lII,>tflH t 1011 " 

6.2.1 Tests with COlupatible Loop Cluster 

TIIf' ol)Jt'( 1 iVf'!'- loI' Oltl fir~' ..,('ri('~ of (')..p('rin}(,llt~ W('f(' .-Ip,.-till C~'>('llt Id\!) tllC !'-dllH' a,> 

101 tll!' (Olllp,dlbk-(oll,,( IIUII til/llll!!: eX!)('lll1)('ub d(,~(lil)('d III SC(tIOIl (j 1,1. ~!H'(ilt­
(,div WI' w.lllkll 10 d{'kllllllll': 1) tll!' "'Il~«'ptrl,dlt\ of('.-I~h tl.-tIl,..fOlllldlloll to IIdli\'('­

(Olllplll'l opl 11111/.,1' 1011. ,'!) 1 ht' rt'Iatlv(' illlplO\'('\1Wllt of ('d( h t 1 .-I1I..,fOllllctl IUIl. \\'1)('11 

«()Il!'-I<!t-Icd alollc. ,111<1 :1) IllI' {ollll)JIwd ('If('cl uf Irdn..,fulllldllllll III o1ddlllon. \V(' 

w,lIIll'd lu d('I<'IIl!lllI' Ih<· lI11peHI of 1Il~1(,\l(tIOIl ~cll('d\llllll.!" '[hl'" l"t('1 obl('(II\'(' \\'as 

11111'01 l,tIIl 1)('( ,llh(' OUI ('XP('11ll1l'111'> \\TI!' lut Ihc<l Low,lI cl 1 he el[cd" of ~O\ll (t,-I('n,1 

(01 SOU\«('-IO-~OUI«(') trc\lI~foIJll<tllOl\~. e\lHl ill~tnJ(tioll ~d\('dullllg \\d'" ('Xlwt!t'{! 10 1w 
<III I1I1pOI L\III fel< tOI III IIH' Oille 0111(' of our t('!">1'> Lc\~t 1.\'. \V(' W,llltl'd 10 11\(,,,..,\11(' tll(' 

('Ir(,( t ~ of 1 (')!,I,>t('1 <1 Il cl (,\( 1)(' U."lg(' 

J'I)(' d( 1 Il,t! (odcs \l~('d lOI tll\' fir!'-t ~('III'~ of ~lllIlIldloll~ \\('i{' (' \'{'I~IOll~ 01 1 II(' 

(ml(,.., ~IIOWII III FI)!,I1){,~ h ! ellld (i 2 (p'lg('S lO:l 10 1), <tIHI tIlt' Il Il III bel of looiJ itcla­

t,IOII"> (ht'lI«(" \'('dor .,IZt'). "N", u~('d fOI th{'~(' simulatioIl'> W,IS 100,' Agc\llI. Ill<' h"~I" 
101' t.I\('~(' ('XIH'lllllt'lIts Wd!"> the tOlllpatihle <oll('dioll of loop!"> ~howlI III Flgllle G,I (cl), 

FOI ('cH Il I('st (O(l<- W('III('a~ul('d pelforIllélll«' 1I1ldel tlllct' <l1l1"('\'('lIt optillllZlllg configll­

(',IIIOIl:-', 1) Wllhout optlllllZdtlOll. i!) without optlllliz"tlOIi bul U"llIg 1 ('p,h\('1 \'(\Ii(lbl('~, 
101 illt('IIIH'cllillt' \'(tlll('~, ,1IId ,1) "vith full optillllzatlOll, By full oplillllZdllOIl \\(' IlWdll 

"dlxcc -0" Th( followilll!, ~('c1 iOll!"> d(,~( 1 il)(' 1{'~UIt~. fir~1 fOI illtq~('r-d('fllJ('d <11'1 c\Y~. 

111<'11 1'01 ,Ill ,I)!,- of ~1IIp,1(,-pl<'( l,>iUl\ lIoatlllg-polIlt IIUI1l})('1 s. ,lIIe1 fiJl,llly lOI ,t[ 1 dj!"> of 

dtlubll'-j>II'( i:,ioll Ilo,ltlIIg-polIll 1I11lllhen., A" in our \>1('\'1011:-' ('x!)('nllH'lIh. 11Il1IH'dia1,(' 

\,(11\1('''' W('\,(' Illlq!,('I~, I('gardk~~ of tlH' datd type of tIlt' .-Ilia)' ('knwllb 

-----_._---
"Th .. dft-ct of .\ddltl~ NOPs to fill th., brallrh-d.·I.\y !'.Iot 1<; reporll'd 11\ tilt' dllaly!'.ls Ihal follows 
'Th., artu,tl (' \N'oIOllft of the~C' It'!'.t cudes art' lIlcludf'd wlth thC' ~ollr('e h<;tlllg!'. pro\Hkd III 

,\ pp.'nlll, ,\ 
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Tests with Integer Arrays 

For eX!H'I'Il1lCnh U"'lllg IIltcgl'r-typc curcl)' ckm('nt:-., t Ile' k~1 1(","lh dl(' "hu\\ Il III 1'., 
hie ()!l. \\'Ith Ih(' 1<'<,11110., of lIon-optlllllzcd \'('I:-.iOlh (I[ thl' 11I111,d tl,III..,luIIII,IIIUII'" III 

Tahl(' 6.;)(,,) A 1",0, .1" III tl\(' Cd:-'(' of OUI plI'\'iol\:- (',\!H'IIIIWIII:-., \\(·It,\\(· :-.tlllllll.lll/\·d 

tll<' spc('<!up.., dll<' 10 IOlllpilel nptlllll/dtlOlI ,lIld tlll' "!)('(·dllp,,, dll(' III 1111' "1\«(,,,,,,1\(' 

trallsforIll,ttioll:-. III Tdbll' b (î('l) <llld (il L Il''''1)('( 11\('1\ 

Thl' rno:-.t :-Iglldi( c1I1t point wit li \'('''\)('( t to 11\(':-'1' :-.1 dl 1:-.1)(.., h II\(' dl <1111.11 Il III( 11'''''(' 

III pelforrn<ll\(' l!II(' to atl'dy (Olltr,H tlOll. 'l'dblt' (; (i(b) .,IIO\\':-' ,\ 1111('(' lold "I)('('dlll' lUI 

the nOIl-uptillliz('d ,1I1c1y-(Olltldckd (0<11' 0\'1'1 titI' ollg\ll,t! (od(" d 11\('lold "PI·I·tllll' 

for tilt' (Olï(,:-'pOlldlllg cod('''' III \\ltltlr ..,(,tl,1l \'<llldhl('''' W('l(' d"'llwel d.., 1 (',!! 1 ... 1 "1 \<111 

ctblcs, ,md ct fOlll-lold .,\)('cdllp fOl opllllli/t'd (od".., 1 (' , lod('" (Ulllptl(·d \\ Il Il "dlxcc 

-0". 'Ill(' Il',l:-'UIl 1'01 111<'..,1' '>I)(·(·<ltl(>:-. (,\111)(' ..,('1'11 !tOIIl 'l'clhl(· ... h -1(<1) () :"1,11' (' 111.11 

for Tloll-optillii/,('d (OI!I" ..,1t0\\'1\ ln 'Llhl<' (i ;1(,\), tl\l' 1I1111l1H'1 (JI IOdel:-- d!opP('d 1111111 

2601, for th(' fu<.;<,<! (odl', lo 1101,101 Ill(' dll<l.\-(OIlII,,(kel (od(·, dlld 11\1' 1111I1d)('1 ,,1 

illstrllctioIl~ dlUPPI'd ftolll 12107 !o \107, bot Il d', " I/·..,Illt 01 \l'pLII ill,!!. dlld\ 1 (·I(·lI·111 .", 

(which \\'('l't,<,toll'd 1IIl1Wllloly) hy :-,(,ddl' Icf('!(·\lII'.., ,\11(11,\ 1'11111111"11111-'. III/' 1('''1)('( 11\(' 

load in~trllcti()ll:-' dIHllllt!l'xiIlg ill..,tll\(tIOIl" FOI 11\1' dlldV (Ol\t,,,( 1(·d (od(·.., III \\11\111 

regisl,!'r val'lahlC'~ W('!e Ils('t! (:-/'(' Tal)I(, fL!l( h)) ,U1d fUI t Ill' 11l1l\' opl lllir/I'cl (lId(' ('1 ,ri III' 

6.Pi(c)), t II<' irllpact \Vas ,UI l'ight-fold !('duct iOIl il! t II(' \1 Il 1II1)/,1 01 10,,<1.., <Ille! d 1\1111 10 

five-fold 1 ('<IUdlOlI in t h(' 1II1I1I1)('r /jf in:-.tlll( 1 iO\l:-

TIlt' tabl('s whlch (oll1pri~(' Tahh' (; S (''\P()~(, dllut lWI LI< tOI w".., Ilot :-.u ''l'P''WIJI 

from tht' tlJJlIng ('xpcril/l('nh d(':-,C1 ilwc! l'cil li('r III t Ills (It .. ptel, <lllcI Illdl 1'" 1 II(' 1!llpUI 

talle<> of k('('ping live drlta withill tll(' (('gi-,It'I'" 011«' Lhi.., eldt,1 1'" IIII'J(' III Iltl.., (01"'(' 

merely defillillf!, scalar varictbk<.; dS [q!,i~lt'r Vrlll,d)le.., 1 ('c!Il< /.c! t!Je 11111111)('101 I()dt!·, 1J(111i 

3G06 1,0 800, and il, Il'dll((~d t\w III!IIlIH'1 of l()(\d "t,dl.., hU1l1 17()() 10 :-1()(J '1111' /'!I/.( 1 

was to l'liIlllllc\I(' the' :-.tOl'lIlg and ['(·lo.-\(!JlIg of Ilrt('llIlI'dl,II(' ,,( ,ddr \"t1IW" " t 1 dll..,l(ll 

mation WltH.1l \Vrl~ é\('l'1)IIIp!J~ll<'d rlllJ\V,lY a:-, P,lIt uf IC)!,I..,I!'I ,dlo( ,II 1011 dllllll,!!, Il..,11,'' 

code optlllllZdtioll, l{C'('ogllizillg .-\1Ic1 ('lilllill,t!lllg (\)111111011 ..,Id) ('XPI('''''''IIJII''' wll\( Il \\('W 

part of tht' arrily r('[('[('I]('('S ellllllll,tf{'d ail clddll iUII," :WO IOdc!" ,i1Ie1 '.~(J(J .,1 d Il..,, d.., 1 (' 

flectco JII t II<' difft'l('IH (' III 11I11lI1H'1 of IOdc!" ,uld "l,dl" lwf W('/'II 1 III' OII,!!,III,aI (oeil' ,tilt! 

the fll~('d coo(', (f. 'Ltbk(;!)(c) il '\11<1 I,t..,tly, ctP!>!}'III)!, dlld)' «(JIII!d<IIOII 10 IIIC' 1II'\I'd 

code, (')lInillat('d yet cUI .-\ddlt IOlldl ,100 lu,ul" (ll!'ll( 1', l(JO 111:-.1 II\( 1 1011") 

AmoIlg the t('st I<'sldts il1( IlldC'd 111 Tahle (;,.ri(), fOI (ompIler opl IrlllZl·d (ode:-" dJ(' 

8However, common sub-l'xprci<>f>lOn l'11/l1I1I,ÜlO11 W<l.,,> 111((>1111'11'1(', I!,ld If IW"B (UIIlI''''''·. arr,,)! 11111 
traction would Ilot have IwclI nC(,(~'>f>ary 
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1 ('ll:lI'T/';U fj r:XJlfln\IE.\'T8 n'/TII ('OI,I'/-;(TIFE TU. \ \,','FOU.\I.\ï [OS I:!:! 

(i!.) P('rformaw'(' of Coll('('tÎv(' Loo!> Trall~forlllatioll~ 
I1sill~ dIxcc withollt Optimizatioll 

------------
_u --~~~ ~[---- lllt,').\"r load Ill~t 1 

Tr,l/I.,forrll,tt J(," l(),t<b--'--... '-:t-()-f(-'~- !>t ,db \,op., cOlin! 
rUll t 1 Ill<' 

-r;rJ~lil::;rr(;Jr:----------:W()t) 1~(!(i 17DO 1'211 l:)tl17 
(III (y<!p:-.) 

17/H7 
1-11'117 
I:HHï 
1·I:W7 
!):W7 

1111 roll('d Oll( f' :\o()(j 9(H; 1 t\~)ll ti 1 1 1 L!)\Jï 
Illirol/.,d :l !IItH'., L70b if)(; 19i:i :n 1 Il:i:!'2 
fll:-- .. d ()11~IJI,d :WOI iOI 1(100 ~Ol 1'210ï 
.trr<l~' (Olltl,t{ Il'd 1101 inl !)[)O LOI 'lOi 
... oftw,lIP plp .. hll .. d l,ln ï9ï mm In:~ 1.)11 :i·1H 1 

;) ïfiG .JliE~~!~~~LI!u ff (' r 1 ;>7l X9(j 1 07_G __ l_V 1 ttH) 1 

(il) P('rfOrIll:U1<'(l of Colle·di\'(· L(l0p Trall~forlllat iOlls 
wit.h Rq.!,ist(·r \·clllabl(·~, but withollt dIxcc OptÎlllizatioll 

1'11,1..,,:-;-;(---- IlItq~r'r L(Md ill:--! 1. 1 tlll tItIl(l 

Tr,lll.,forlll,tlllJJI Jo,Hb ~torl':-. .,t,ll1., ;-';01' . ., (n\lll~_( I~ ()'r1P~ 
-;-;ri~IlI,d (()(yp--- --XiïlJ--~!ftï(-l --1-:!I:-::l--'I-:·2-::-;).-')~:) I:Hl3!) 

1111 rollpr\ (HI< P sut) (;no !JOU li II 1 O,1~;) 1 ()08!i 
1111 ro\!Pd :l t 1111(';-' sO(J (iOO ;)00 :\ II 9·WO 99fiO 
fllH·d origlll.tl l'(I() (j(J() flOU LO 1 IO!iOfl 1 JOO;) 
Mfa)' WII t (,\( t pd 101) 1 (JO 1 O() ~O 1 2505 160!) 
~()ft W.HP PlIH'llllPd 1 no 100 100 1 \):~ 2,14 1 2!)41 
pipplillpd wj hllf!PI !OO 100 100 lnl ~2f)~5 L_G_15 __ _ 

( (') Perfol'luau('(' of CollcctÎv(' Loop Trallsfonnat ion 
llSÎllg aIxcc -0 

l'h,I.''(' of 
Trdll:-.forlllat 1011 

01 i~illal (Odl' 

inst r-hc!tedlt!('d 01 If!, 

IIlIrollPd Oll( (' 

\Ill roll('d Ol\( (', :--( 1\('<1 
ulIrollpr! :J lilllP:-. 

1lII1011<>d :~,. "rhed 
fu~('d Ofl/!,llI.ti 

fll~{·d orif!" .,c1lpd 
.\lld)' (olllr,l( tpd 
(Olltr,t( I<·d, -,,<'!ll,d 
~(lft WAIl' pip!'IIIlPd 
pipdlllr'd. s!t('d 
PlIH'li l1<'d w j hll ![Pr 
\llplll wj bue. :--dlpd 

IIItpW'r IOdf! imtr. rUlI time 
"'lOads .~tor(':-. 1'l!,llh NOI'r, count (in (ycles) 

800 ()(JO ----:1);-;:-0-':-0 --oG06 --=7-:\H-;-;9:--~--874.;..,4~9--.:-

800 601 LOO 6Uti ï9fiO 8150 
i ;)0 IiUO 5UO aUfi fi 1 M) GG59 
ï50 ti(H 2(10 :lOG ti WO G360 
ïL!i ()OO !)OO 15f) 573:3 61;J;{ 
7'2;) GO 1 150 15G 5734 5881\ 
;)O() (iOO :WO 101 3fi II :Hlll 
!JOO GO 1 100 101 3G 12 :n 12 
100 100 100 101 180R 1908 
100 10 1 1 DO JO 1 1809 1909 
!)i 100 9i 97 181\U 191G 
!)() 99 96 97 1850 1946 
HG 100 9ti 96 1 U40 2036 
96 100 96 96 1912 2038 ------------------------------ ---_. 

Tdhk G 0: })LX PCrfOrIllc\l\ce for a Compatible Loop Clustcr, for Integer Arrays 
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('l/APTEn 6, EXPEUI.\U:.\'TS \\'1'1'11 ('dU.ECTI\ 'F TU. \,\'SVOU,\1 \ 1'10.\ 1 :!,\ 

(a) Sp(\('dllp of Collpctiw\ Loop TrallsfonllatÎOllS 
due to RC'gistPf Variahlps and <IlH' to dlxcc OptÎlllizat iOllt 

Ph,\. ... p of It'gl~tpr \,H, dh,('(' ----- - -~II\-(~-~(-) 

Trdlli>forll1at lOI' lïl~tr cnt (y~ 1IJ:"':fï-;,ïï- -( ~ 1 T;,:-, 
---~~ - -~------

origlllai codt' 1 ;\ 1 1 20 '2 1 
in~tr-schpdlll('d Olï!!, '.! () '2 '2 
li Il rol\Nl 0 Il U' l '2 l ,1 '2 1 '2'2 
unrollcd oncp, ~rll('d '2 1 :? ;\ 
li n rolled 3 t llll<'fo, l '2 1 4 20 '22 
lInrollpd ;h, "c!IPd Hl '2 :\ 
fu:',('c! 01 I!!,IIl ,tl l '2 1 :\ :\ 1 :\ ï 
fUfo,ed on/!" ~chpd :\ '1 :\ \1 
array ('011 t 1 clcted 1 X '20 :H '2S 
('ontrclt!('(l. hdlPd :H '2K 
fo,o[twaJ(' pipdll\l'd 1 H 22 :? ·1 '2 H 
pipeliIH'd, :',rhpt! '2 1 '2H 
pipPlinpd w / hu frpr 1 !l '2 '2 '2 ·1 '21'1 
pipln w / hl~f, ,dlPd '2 ,1 '2H 

t The spèf'dup for ht('h 111~trl\( IloIH,c!Jedllkd code Wé\., (Oll\pllt<'d wlth r<, ... pl'( t tn t II<' p.'1I0rlll.!IlCl' 

of lIon-optlmlzed code ('omplkd from t.1H' f.,UlH' '>Ol1rce ('odl' 

(1,) Spt'('dup duc to Collpctiv(' Loop Transforma t.iOll 
OV(,1' P('rforInaucp of th(' Original Codp 

Phase of dlx('c reglf.l,!'r var 1 dlx('(' 
--~- --

dlx~'( -() 

Tram,fornlat.loll il\~tr rllt cycks ~tr(nt ('y(k~ -m;;-f( rïÎ --(-y-(l,,~-

instr-sc hed uled ol'ig -------- -Tïr- - ----'-0 

lIllrolled once 1 :2 l '2 12 l '2 , ;\ 1 ;\ 
unrolled Ollce, ~c1\('d , :\ 1 :\ 

unrollpd :l timcs 1 4 1 a 1 :\ 1 :\ , 1\ , '1 
unrolled ~Jx, srll<'d 1 1\ 1,1 
fused original 1 :3 l '2 l '2 l '2 '22 22 

fuscd ori!?,. ~c1H'd 2'2 '2 :\ 
arr,lY contr.l< Ipd :\ () :la liO fiO 1\ ,1 1\ ,1 
contraetf'd, ~chcd ,11 ,1 ,1 
so[twarp pipelincd :3 li :32 !i 1 5 1 1\ :\ 1\ :\ 
pipellIled, sched 1\ :\ 1\ :\ 
pipelined w / bllffer 34 :\ 1 liO rd) ,1 1 ,1 1 

piplll W / buL sched ,1 , '1 , 
------- - -

Table 6.6: Speedup for a Compatihl<' Loop Clust.er, \lsillg 11I1,('P;<'1 Arr(IY, 
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(,'1/;\ /)T/';[( fi, EX PEIUAU;NTS \\'1'1'11 C'()LLF;C'TIVJ~ TRA/VSFORAIATIO}\; 12,1 

!l'sul!.., ~It()wjllg t Il(' df('c'!:-, of il\~t.I\J( t 1011'''( hedllllllg UpOll t /](' vdrioll'i tlclll~fOllllat iom, 

For 1II.,lrllI((', III flIC' fJrsl IOW of Tdhlc' G,,')(c) Wc' show tht' [JcrfoI'llHtllc(, of the ol'lgilléll 
(ode w 111'11 (0111 pd( d W i t il "dlxcc -O", wi thon t llI..,truc{ ion sched III illg, alld ill dl(' 
:-,c'c ond JOW W(' ..,ho\\' t II<' PC'I [olman( (' of tilt' same code agaill wlwn (,olllpilcd with 

"dlxcc -0", bllt tlll., t.!Tl\(' wlf Il 111(' option tu tl~(' ShH'h-Papachrisloll 1II:-,ll'uetlOlI 

:-,c l)('d1l1('I, III ,III. lit 1011 10 f JI(' ollJ('! lIative-( olllpil(>r optimization~ uscd in 1 hc fîrst 

lIl~t ,tll( C' SIIIIlI,1l te..,ts W('I(' 1'1111 for (',l( h of the femdining cod('!'" a~ show Il in 1 Ill' 
t,tille 

'l'Il(' V.lr/Oll:-' t('st,.., wlth ill..,trurtioll sdH'dulillg, shown in 6,:)( c), show t.he relative 

irnpiHf of t/w, p(uticul(l! opt 1l1llZclt 1011 (:Iedrly, SCIWc!IlJlllg WOIk:-, ))(' .... 1 lIpOIl (mlt':-, in 

whic" t/w/(' (11(' high('I-Jc'vc>\:., of ill..,tlll( t iOIl-lc'\'t'! paralh'lism, FOI t hl .... 1('cI:'OII, 1Il1Io/l('d 

(odc's alld fll~('d ('ode" III wlli( II t 11<'[(' wC're opport.ulllt 1(':-, fOI (Oll( llll('llt clddlC'ss <-dld 

d,\1,cI (,"flliatiolls IlllpIUV!''' .,c!Wdlllillg ('ff(·ctIV(,Il('S~, howc\'('r. the iIllIHOW'Ill<'lIt W;l~ 

(l)fllp"I,lfiV('lv sll\(tli, 1 (' • I('~", th,lIl tCIl percenl, ,1IId 1Il no insLdllce wa~ scheduling 

.d,l(' 1.0 ICllIOV<' "II ~LI1!" Ih w .. \, of illu:-.t ration, not i«· thctt :-.uffi( i('nt :-.t,dls remained 

clfl.('f' the' ongillal 1'01[(,( t ](111 WclS III1JOllcd 011('(' (I!HI sclH'duled, that flIrt1wr ulllOlling 

(l.(', Illlroilillg tll<' ollglllcli (olk! lioll IllIc'(' I.IIlH':-') <llld :,chedllling )'wld('d !wllcfit oV<'1' 

IIlIlnllill)!, Oll! (' III ~pll(' of tltl~, IH'Il('fil, the fuc,('d cllld illSllllctlOl1-:,clw<!lIlcd 100p 

pnfolllll'c! 1H'lkl, 1 f d \'1111 111l1<' of :nl~ cycle:, rOI "fust·d ong, ~d\('d" d'" oppo:,cd 

to ;)~~1 (\( 1(,.., 101 "\llllolkd :h. sc!l('t!" No 11IlPIO\'t'IIH'nt \Vdf> Inàd(', howl'\el, ill tlH: 

,Ill clV-( Ol.t l ,1( t ('d (oeil' and t hl' two suft wal<'-pip('lllled codes sillcc t.he 100p hody ill etll 

t "H'(' (0<11':-' \\,,~ highh !lo',\' d<'P('Ilc!('llt, plu\'lding fil 1 (Iwr iTldication of a pCI fOl'mall(,(' 

(011:-'(,1,111111 d Il'''1 ,cl I,\, ('XIIl)~IIIP, too litth, III.,tru(tiull-Icvd pétrdlll'II~IIl. 

TIJ(' J('.I:-'Oll fOI Il)(' dq!,ldd,dIOIl in tlli:-, :,o!(\\(lft'-pipeli!led (od('. :-.hO\\'lI III Table 

(; ;)(1'), W,I:-' t Il,11 t Il(' (OlllptlC'1 lI~('d ,III IlIllW('{,:-"';rlIY addJ. illstluctlOIl to reload a COI1-

:-.1 <1111 dllllllg (',1( II ilC'l dl 1011 of 1!1f' !oop body, rat her t han rC'td,ining this value ill 

1('l!,I~I('[ 1'[\)111 011(' llelcitlOlI (0 the Ilt'xt And tht' I('a:,on tlH' :,oftwdrp-pip('!iuC'd code 

Wllll" 1111 11It/('d cl huffel :-,t"lt'IlH'1l1 look ('\'('11 IOllgel ln ('X('( Ill<' was f)('caus(' the DLX 

<Ill hlll'( 11111' \\'cI" 1111<11>1<- 10 (cI;,(' ,llh',IIII,lg(' uf 1 hl' ,tddt'd palallC'li::'fIl providC'u by the 
IlItlkllll,l!,. 1('.l\'1l1g 11",1<',1<1 ,\1\ "dtllllOlldl "..,.,lgHlll('llt :-Llt<>IlIC'llt (tl1<' buffer) to 1)(' <'X('­

( Il t ('d d IIllng ( ,II II 1 \(01 ,If 1011 of 1 hl' loop. 

Tht' !JI'I tOllilclll( (' of ,111 of tlte (od('~ Illight h,He /)('('11 lI11pIO\ed hy fillillg t}J(' brallcl! 

d('l.l.\ ~Iot \VIth cl 1I,Cflll lll.,tlll< (IOIl. hut this fCdtul'<' had Ilot b('('ll illlplelllclltcd j'f't 

in \t'I"f(I\I of dlxcc \\(' 1l...,I't! Ail of tif(' NOP~ ShOWll in the Tdble 6.) were dll(, 1.0 tlli:, 

!'l'<I~()1l H,ld titi.., t.ldn..,fol'lllcltlOll 1)('('11 Ill\plplI\(,lIted, the I('Jatin' efft'ct would have 
1)I't'1I Il ~pt't'dup of 1(,:-,:-, 1 h,lIl tt'Il pC'I'CCIlt. 1\101'('0\,('1', the redUt t iOll in cydes would 
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likely have b('cn Jess than the' I1UIlI!>N of NOPs Îndicelll'd SlI\('(' lIl~t 1 If( t 1\111 ... ,If('c!lIll1lg 

likely would not haw b(,(,11 able to Hll 1 he 1,11(' full lI11mb('1 01 hl ,111\ Il d(·I.I,\ ~ll>h 1 h,ll 

would havI' b('en ('xpos('d Last Iy, lIot1< (' 1 h.·\1 1 hl' 1II1I1lh('1 of NOP.., 1'01 hol Ir :-.t'I:-. ut 1 lit' 

non-optimizl'd cod('~ show Il 11\ Tabl('s 6.ti(.t) and (h) \V1'n' t \\'11 (' 1 lit' lllll\lhn <I~ III 1 lit' 

opt.imized s('1 of «Jdl':-' ~howlI in Tdbk (Î -)~(') 'l'hl' ((''''''011 Iht' uplllill/(·d ,uc\,·:-. bdt! 

fcwer NOPs If, I)('c,\ll~(, Il)(' opli!lllzt'd ('mit· !('plcl('c! tilt' 1001' (olIIIUI ... 1111t 1111" \\111\ Ir 
placee! a corn p(HI~on O{)('I'.1 t 1011 ewel cOlltli 1 fOnet! bl till( li .11 1 h(' t up ,111<1 11111 Ullt! 1 1 illll.d 

jump at the bot tom of t'etC h 100(> wil li d ~I 1 IIdUIt' thrtl p('1 f(lllll('" Il)(' (UIlIIl,lIlèo"lI dllt! 

conditional jUIllP al, the bottolll of "dell Ion!>, t!wr('by ('llIllillet!lIl/!, 1 lit· 1I1l( ,,"(ht IUII." 

jllmp and a NOP. 

Tests with Floating-Point Arrays 

For this next s('I'1('~ l)f ('X]H'1'I11H'llb W(' Il'rclll OUI ]>J'('VIOll~ IC':-.t. ,od('s \VII Ir 111(' .111.1\'''' 

in (,il.ch cod(' fiI'''! ddillcc! dS single-I'n'( ISI01l f10at ill/!,-POIIlI, 01 float, 1.1i 1)('1 1 Il.111 

lnteger as ill tire pl('violl~ tc'~h (~('(' Tdbk G.7), .111<1 tll('11 d'" dOllhk ]ll('( 1"'1011,01 

double, ('on~tanb W('I(' Ilot wddlIlI'd, 1)11 t 1 ('llIa IIl('d III t ('g('1 t.\I)(', 1 !)('ll'lolt " 1 III' 
principle !WW dft'ct froHl tll<'~(, (''\1)('J'1I1\(,1l1~, (,OIllI'<lI('<I \Vllh tlll' 1,,:01, W,J'-. 1101 tlll' 
mantH'r of array-dC'llH'ut (ompllt at 1011 IIC( ('''~"l\ rlv, hlll l ,t! h"l t III' (,11,,( 1'-, ni 1 ('/!,I:-.I('I 

operatlOlls, suclt as ddtcl.-typ<, (OIlV('J'~I()1I .tilt! f('gl~l"I tl,III~I(·I~. \lpOIi u\'('I,dl ('()d(' 

perfOI'llldI1C(, (H'f'CI to Flg\l\('~ (i 1 c\lId G,2) 

III certain install«''', cg" tilt' IlOlloptlllllzed eliletY-(Olltld(t.'d .od • ., Ih • ..,llIgl., 

preci~ioll codes rUIl allllo~t IWc'lttV-PPIC('llt ~low(,1 t\i"11 tll«' .01Il'~p(Jlldlll,f!, IlIk)!,('1 

codes. The' 1Il0~t lIotdblt' 1 ('c\..,on fOI thi" dp( It·"..,.·lil pC'llolllldll( (' \\'eI.., Ill«' 1,lIg.' 11111111)('1 

of stail:" as call be ~('('Il ill Tclbl(, (J 7( el), AI..,o, rl~ :Oll)!,,f!,.·..,\{'c! III Ill«' p,..VIIIII.., pdl dgl 'Ipll, 

contributing 1,0 t,!.{' higlwI cy( 1(, (Olllit \V('n' t Il!' clddJt,lolidl III..,t [11111011'" Icqllll('" 10 

move' integ('I data Vdll\(,~ tü f10dt illg-polTlt l('gi~1<'I:-' dlld t IWII (011\1'11 Il)('..,(· \'dhl(',> lu 

floatillg-point 100lllat \VI)('II :-'(et!,ll Vetlll(''> V/('I(' ~]J('C t!f('d d:-' [(')!,l',ll'I IV]J(', d tllllt\ ICI 

seventy-five-pc'r<l'nt illlprO\'l'nH'lIt III pC'IIOIIII.1I1C(' O( (1I11(·cl. <1'" ... llOWIi III J "IJI., fj 7(1!) 

Notice ill Td1>l(' fi 7(b) th,t! the IIllPlO\'C'1I1t'1I1 \\d~ 11'11('( (('cl III Ihlc'c' Wd,\'" 1) el !I·dlll 

tion ill tilt' ahsolll\(' 1l1l1111)('[ (Jf lo"e! ... ,lIld :o1()H'~, :.!) cl (,(J1l1llJ('lI'lllldl<' !I,tI,,( 11011 III 1 1 If' 

num}w!' of 10.HI ..,t"tl 1:-, , ,lIIe1 ,")) tl CO III Il WII'" Il 1 <lk [('dll( 1 lOI! III (1)(' 11111111)('1 of III"'IIII( 

tions. A~ 1II the (a~e of tll!' PI<'\'101I'" IIltc'gel le~I.." tll!' II~(' (JI If'l.!,I..,I('1 \'dlldl!I".., hdd 

no c[ect 011 t 1)(' r(·~lIlt.illg optIlIlIZ(·d co(k. ~IIOWII III f) 7( ('), how('\'('1 (1)(' ('XIH'IIIIWIJI.., 

with regl~ter v.ifÎahll'~ ~how, onu' rlgain, Uw n,ldllv(' 11II\lorl,t1I( (' (Jf 1'11('( 1 IV" 1('}!,1~l(,1 

allocation. 
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('lIAP'J'J~n (j ]t;XPJ~JUMENTS WITlI COLLECTIVE TIlANSF01UvlATIOl\: 126 

(a) P(~rformance of Collective Loop Transfonnations 
using dlxcc witlwut OptiInization 

Phtt..,p of I/Itpger flOdtlllg pomt load FP iu:"tr. 
'l'r iUl f> for III clt.1 OB 

()fi~illal ~­
IIlIrol\('(i 011('1' 

-ro-a(lil htOfl.'iI Joad::; stOfPS htallil iltallf> count 
:.l70 7 607 1000 600 1701 1 ()O 
2157 308 9fiO 600 1851 ,100 

1111 rol1(·d :J tllllPh IHH2 158 921) 600 um; 400 
fUilpd orip;lIIal IH02 102 900 600 1901 400 
,1/ ray ('OJl tra<tpd fi02 1 02 ~OO 600 UO 1 100 

500 
500 

wftwar(' pippli/lf'd 586 106 1000 6U2 UK9 
_pip~!IIf'd \\j buffpr, __ 6_8_2 __ 2_07 __ 1_0_0_0 ___ 6_9(_l __ 1086 

lô5!) 1 
1:3654 
12204 
I:HII 
5111 
5219 
5:HlG 

l'un time 
(i Il cycles) 

18652 
15905 
14580 
15412 
6412 
6708 
6982 

(1)) Pn'fOrIUélll('(' of Collectiv(' Loop TrallsfonnatiollS 
l1SiIl~ H<'v,ist<'l' Variahlps, hut without dlxcc Optillüzatioll 

----:-:P-,-h'a .. .,;;or----- Illteger floatlllg pOlIIt ~ FP illstr. l'un time 
Transfoflll,t! 1011 --IO.HI~ st01'('S loads btores h tans btalls coall t (in cyclcf-) 

orip;ÎIl,tI lodp 1 UOO 600 501 400 1:1239 1,1140 
Illll'ol!"d OIlCl' 1 900 600 501 100 1I18D 12090 
IllllUllpd :1 t i IIII'h 900 !iOO 501 100 10 lti1 110ô5 
fllh('d OrÏl!,illdl 900 600 501 100 11209 12110 
afldy l'OII! 1',\l't"d 1 200 100 201 3D!) :320D :1710 
~()ft. wa 1'<' pl)lplI I\('(J 1 208 100 204 :W:~ 3145 :1552 
pipplilH'd wj buffer 1 210 100 205 299 :122\J 373:1 

(') pprfOl'lllallCe of Collectiw' Loo{> TrallsfoflllatiollS 
llsillg dlxcc -0 

l'ha . .,(' of IIltq!;er 
Trtlllf>forlllatioll IOcHb f-tore~ 

(m~lCOilp ------;-1- 1 

illst l'-he lied 01 il!, 1 
1111 fol!Nl 011\ (' 

Illll'oll"d 0111 P, ~cl\l·d 
1111 rol\l'<J :\ t IIlIt'h 

11111 ollt'd :Ix. ~I III'd 
fllhl'd ol'i/!,lll<ll 
fllhl'd OJ l/!" ~I h"d 
il r r <1,1-' (Ull t l ,II t pd 
COli t ractpd. ~,,!t('(1 
~oft WcIr(\ pippllllpd 
)lI pd i 1\('<1, ~l' Iwd 
pi 1)(\ li 1Il'd w j buffN 

inhtr. floatlng pOlllt Joad FI' 1 un time 
load~ htore~ stdlb !-.taUs <.Ount (\Tl cycles) 
900 600 750~J~-4~0~0~~8~4~5,~~--~9~3~5G~-~-

900 600 :100 0 
800 (iOO 501 
800 600 150 
750 60n ,501 
750 60n 100 
600 600 401 
600 600 100 
200 Ion 201 
200 
202 
202 
201 
201 

100 
100 
100 
100 
100 

100 
11)9 

1 
197 
o 

100 
100 
100 
25 

500 
100 
300 
100 
208 
112 
302 
aOI 

8451) 
6515 
651;) 

GIG2 
GI62 

2611 
2558 
2558 
2611 
:lM 1 

8755 
l,Il/) 

G765 
7063 
G287 
5216 
451G 
:n 12 
2811 
2965 
2671 
:1l40 
2942 ~)il~~ \\ j huf. h( hpd --------------------------

Ta bit- ti./' DLX Ped'ormance for a Compatible Loop Cluster, for Single-Precision 
Fln,li llIg- Point A rra.ys 
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CHAPTER (), EXPERIMENTS \\'1'1'11 (,OJ,LEC'/'l\ "1-; TU, L\"SFO/Ol. \'1'10,\' I:!ï 

(a) Spcedllp of Colh\ctiv<, Loop TrallSfol1uat ions 
due to RegistC'r Variabl(\s and duC' to dlxcc Opt illlizat ÎUIl 

Phase of rt'!!,I!>tt'r var, dl\cc - ~Ih-(-~ --0 -

Tran~fornlatlOlI instr rnt cycl(,~ --l\ï;;-ï'(-III -('\-(-lï;-
original code 1 :~ 1 a ~----- ----

'20 '20 
instr-sch(>d uled orig '2() '2 1 
unrollcd onc(' 1'2 1 :\ '2 1 '21 
unrollcd oncp, ~ched '2 1 '2 1 
unrolll'd 3 tinws l '2 1 :1 '2 () '21 
unrolled 3x, scll(ld '.!() :t :\ 
fUbed original l '2 1 :\ :\ () :\ () 

fuspd ong, ~chpd :\ () :\ \ 
anay ('on tl a< tpd 1 li 1 7 '2() '21 
con t ractpd. f,(' !t('d '2 () '2 :\ 
soft Will'e pi pelinf'd 1 7 1 !l '2() '2 :\ 
pipelined, sched '20 'U) 
pipelinpd w / bnffN 1 7 1 H '2() '2 '2 
Plpeln W / buf, [,ched '20 :H 

--------- ---

t The speedup for ('ach mst ructioll-schedllied codt' was (,OIlIplltl'd Wlt h rp~pc (t to tilt' l't'I 101 111,111< c' 
of non-optul1lzed code cOl1lplIPd frolll t 1](, '>cllllP :'OIJrC" (0('" 

(b) SpC'{'dup <hw to Coll{'ctiv(\ Loop Trallsfol'lnatiollS 
ov{'r PC'rfonnaw'(' of tll<' Orif!,inal Cod(' 

----;::-;----;;-- rq,\I~It'r V,tr, dlx( ( -------- (11;;7(- ~() Phase of dlxcc 
Tram,formatIOn ÎJl~tr cnt (y('~ 

instr-schedukd orig 
unrolled onc(' l '2 1 :2 
unrolled once, sched 
unrolled :1 ti mes 1 <1 1 :\ 
unrolled 3x, [,chpd 
fused original 1 :\ 1 2 
fuspd orig, MJwd 
array contractrd :11 29 
rontracted, :'<!IPc! 
softwar(' pipellllPd :\ 2 

2 " piprlined, ~dlPd 
pipelined w / buffer :$ 1 '27 
pipln w 1 buf, bched 

1 jïZ,T r<ïï1--;Y (Tp:, - - liï ~tT(iIF -ï V ( II'~-
---------------To - -- f 1 

1 L 1'2 1 :\ 1 :\ 

1 :1 

l '2 1 L 

~ 1 :\ H 

'1 (J 

~ 1 :\ H 

----~--

1 :\ 
1,\ 
1,\ 
'20 
:!o 
:\ '2 
:\ L 
:\ :\ 
:\ :\ 
:\ L 
:\ '2 

--

1,\ 

J :\ 

Table 6,8: Spcedup for a Compatible Loo}> ClllstN Ilsing Sinp;l('PJ'(,('j:,ioll Fioallll).!, 

Point Arrays 

----- ----------
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A :,pc(md fctc101' whi( h i:, ('vHI('llt from Table 6. ï(b) is tlw Impact of arrcly <OIitrô('­

tioll. A:, 111 t1w PII'VIOIIS illtcgcr t(':,ts, array cUIltrdction had t1H' mo!>! impact of an)' 

of t.Il1' loop Ilclll~,forlll,ltiol\'" ('mployed (r('(()gllizing. however, tlrdl LOîltrcldioll would 

ilOt, haVI' 1)('('11 pos<,lblp 1I111('ss 100[> fuslun W('le fir:,t perfornwd). III 'l'dbIt· 6,7(b), for 

('X(Llllpl(', 1.11('1(' Wcl:' ,L It·du( t 1011 ill tilt' Ilumbel of f1o(üing-pOIIII load~ flOlll 900, fOl 

t,/I(' "f11:,(·d OII,!!;Jllcll" (Ode, to ju:,t :!OO, fur the "alTcly (onlracted" code'. cl IPdllctlOIl iIl 

1 II(' 1IIl1lllwr of ~tOI<'S flo!ll ()Oo to IOU, cl [('<lucLIOIl in the toI dl lltll\llwl of ,.,talb h011l 

!m\ 1,0 !JO\, ,md a rl'du(tioll III the 1I1lmlwrof inf>trllctioll~ hom 11:!O~1 to :tW9. The 
ov('rall cff(·( t w •• ~ cl :->P(·(·<l1I1> of :~.:~ for the drray-contrd( ted cod(' l)Wr 1 II(' P('I formall« 

(JI th(' (od(' III whtclt th(' loop<, were fll<,('c! 

Th(· :,t,tI,l:,1 Il:' 11' T.lhle (; 7(1)) cll~o poillt utll a s!tnrtcoIllillg in COIllIllOII ~Hb­

('XI)\'(,S~I(\11 (·lillllll.tllOll NotH'!' t1w Icllge (hffere'Ilc(, lh'tweeIl the BlImb('r:, o[ load~ 

alld ~tcllls fOI tllC' "fu:-.(·<I ollgillcll" t'od(' (ompared \Vith t1lP 1lI11l11)('Io., [01 the "cura)' 

cOIlt.r<ld(·d" cod(·. 'l'Ill'! dtfrt'J'('l\(' w,,~ dlli' 1,0 the' [dct. thcü the' drt'elY IdeJ('IICt·., te'lId to 

loost' t.!wi, id('n! ity dUlllIg Illt{'l'IIlCdidt('-code ge'JH'J'atioll, as péut of 1>11)( (·S~III,!!. ily th(' 

(olllpil('r 1><1< k ('lId. Sp('( ificcllly, during I)!O«'s~illg, t'Mi! arrrly IcfcJ'CII(C i~ tldllslcLt(·d 

1111.0 cl ~('ri(':' of i\ddl(·s:-.ill,!!, illstruction:-. foll{Jw('d hy a load or ct ~Ioll', tlwr('hy Illakirl,!!. 

il. diflilliit 10 cl~o.,Ollrltp il Pddlu!lcl1 jcgÎstcl wlth a pcllti('ular curel)' elprncnt wl](,11 the 

array (·Iellwllt i:-. lal<'r 1<'1'('1('11('('<1. As a COII:-'('</I)('I1C(', cach ClClll('llt rdcl<'Il<'('(II<' :-.tOI'('<I 

.. ft,er lh datcl valut· IS ,1~~i,!!.Jl(·d and t.h(,1\ naivel)' leloadcd frolll 1ll('IllOly, (,clcll t ill1f' 

the ('\CI\\{,lIt IS Iclt('\' l('f('II'lIcccI Itllhcr tb,Hl tblllg tll<' e!f'llwnt.\ liv('legi~t(,1 vaÎtIP, a:-. 

wOllld 1)(' the Ccl:'(' \VIth seal.lI Vdl i.tblcs. 011 tllP ot hel !rand. an ay COl1tI actioll Tllctke:, 

II\(' a:-.:,onatioll of <\1 1 el)' c1('IlH'lIls clnd f('giste'1' cxplIcit hy r<:'pldcÎlIg (omplt'x le[('ICI\('(' 

M'qll<'I1«':-' with ~lIl1plcr ~('(tléu l'efcJ'{·IICCS. As Cl r('~:mlt, cff t'ct 1:' pS~f'lltidlly III<' sarn(' 

a~ would 1)(' c\( (otllplislred by U)1Il1ll0Il <,uh-('xprt'ssioll ('lilllinatioll, W('\(' ('0 III 111011 suh­

(',pr('~~ioll (·liminat iOIl .let \letll)' <lbl<· to halldlp ~uch (ct:'{,~. 

A Ilot 1 \(' 1 :, I,!!.II i 1 i (' <Ill 1 () Il <,(' 1 V cltlO Il !('.L!, rl 1 d III g, 1 h p ~ t cl t 1:' t i (' ~, tlll!-> 1 i Il}(, 111 Ta b 1 (' G. ï ( c ), i S 

\VII Il H'SP('( 1 1 (J tilt' cfl(·( t 1 V('I\('!->:' of t II(' ('Oll\ hiIlcltlO1l of Ill:' tnlctioll :,ched II 1 i ng and loop 

fusiOfl il:' (Olll\l<llt'd \VIt il the t'ff(·ct I\'t'Ilt·:,:-. of the (Ombllliltion of illstrnctroll ~ch('duIIng 

,\11(\ loop 1 III 101 Ii Il.L!,. III Pd! t]( IIlcll, "urlloll('d :h, sched" A!-> shown III t,lw tabl(', just 

.t~ 111.111)' \o,\(\ .,t ,lib \\'('ll' (·!tlllill,\lcd In eitlH'r (a~e, alld altltough t Il<' ulIlollcd cod(' 

l't'slIltt'd III [('\\('! :,Ltll~ cdtp! ill:'(luCtioll ~dJ('dl1liIlg thall (bd the fll:,ed «,dt" the fllsec! 

(Od(' J'('quill'd l~ 17 !('\\'('r lIl~tlllctioll:' .• tllowllIg it 10 ('x('nItt' in t1l1l'ly-p('!(,(,111 ks~ 

tilllt'Y 

.. LaI cr 11\ t ill::' ... t'ct \\lll Il'' pro\ Idt' t'vldt'I\Ct, 10 1'>IIgg('~t \\ hy tlu~ dllfefP!lCC nllght ~UlIlet 1I11C~ 1)1' CV('I\ 

I\Hlft· 
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The reslilts of the eXI)(>rinH'llts wit h t r,Hlsforlllat iOlls ill wh\( '1 ,III ,1\ ~ \\ ('\(' d('lill('t! 

as double-pre(islon floating-point, f.{', rl~ "double", d\(' plcdH Llbl\' "'lIl1d,\( 1\1 IIIt' 

rcslIlts in whlch <lITrlyS \'Vere' ddill('d cl:' "float" (.,t·t' 'r..hk ti ~)) TIlt' 1(' .. ..,\111. 01 (()1\I~(" 

is the til •• t the' tr<Ul~Ic\kd cudt, Wd:' ('S~t'lItlc\lIy th(' -'dlllt'. ("(l'pt lOI tltt' I""d, ~tp\(" 

and f1oatlllg-point COII\"('I:'IOll III:.tllI< tlon..,. for whlt h t 011t,.,\Hl1ltllll).!, t!o,J1llt' Pl('( 1"'\1111 

instIllctions wel(' u:.cd, Con:.('qut'lItly, tilt' opllllli/'t'd 1I1:.tl1\( tlUII ~(I\t'd1\lt'" .... plt\\"lt· 

pipeliJ1t'd code, showlI III Table 69(t), cHhw\'('d tIlt' hl!!,I(('~t (I\t'l',dl p(·llolllldlltt· .. 1'" 

in the case of both lllt('gl'I-d('fined ,Hld\'.., dllli ..,llIglt- Plt·(I.,IUll !lo,dlll).!, \,Olllt ,111.1\"', 

requiring only 2813 cyck:. fOI a spI'('du\> of :J..l O\'('r tht' pt'I rOllll"l\( t' ul t I\(' upl 11I11/(·tI 

code for 1, he ongi na J loup colleet iOIl 

Last:y, 011(' llIul('llllllOr puillt wlth It',!!,dld to tlll' lIo<ltlll).!,-pollll 1('..,1 Il,..,,lIt.., Notl( t' 

that in Tabl!'!', G.ï(b) alld () (pc\pp G,7). cllHI cil..,,, 111 'l',,bl(':-. Il q(I,) "lit! (). t !t,II :.!()() 01 

so floatillg-pOlnl 10dt!.., OCClU r('d fOI t lit' dl 1 ely-CO/ltl ,l( \t'c! (od(· ,lIld ..,olt \\ dl t' P'IH'llllt'd 

codes; w}wrea"i in the COllt':-'pOlldlllg IIIkg('r (''(P('II/ll('/lt Ilwl\' \\'('1(' 011" 10001 "'0, (1 
Table 6)) (page 1~2). 'l'Il<' ,Hldltiu/lalltIlIH!Jed I(!<I(\"', III 1 hi.., (cI:-'(', \\('11' dlll' tll tilt' Lit 1 

that the compil('l COll n'l'Led the COllstal\1 <)!) frolll IIlt(').!,('1 to 1I(),,1 ,,"d ..,toJ('d t III' \,tI'lt' 

with other glob(t\ con:.titllts, to d\oid dllot}l<'1 11I1I-till\(, d,II ,1 «()II\('I',IOII, WIIl'I('cI"', III 

the ('dM:' of the illte!!,('1 ('od('~ tl1<' cOII..,I,1II1. !)!) Wei:' lllt'It'Iy <III 1IIIIIWd,,\f(' UP('lcllld of 

the add I1lstll1ction Ilsed to tompl1!(' t.Ilt' \'c.!w' of Ill(' ~(,d,\1 \'''II"bl(' d (I<'ft'I tu T,tlll(, 

G.5). 

Cache Simulation Results 

The simulcüions wc hav(' de~('J ib('d so fdI' foewwd 011 ollly OI\(' <lSI)('( t of P('I fOlllldll( (' 

(albel\' an IIllportant one), cllld thrlt WélS proc(':'~O' pelfollll<lll<'(' lIo\\'c\'('I . .111 ('!jll,dlv 

important aSpt'ct wlth l('SIW( t 1.0 1 hl' P('I fOl'lnilll(,(' of (olle( 1 IV(' loo!> t 1 dll.,I(Jllllrt1101l., 

is mClllory pCI fOi Illélll( C. To Iwl tel Illlde,.,1 (uHI 1 II<' ('Ir('ct.., of Ill('ltlOI v 1(,11'1 ('III ('.., IIpOIl 

collectiv(' loor trdIlSforJll,t!IOII, W(' 11<,('<1 t II<' dl/If r,) (cI( Il(' "1111111,11 01 [IISS 1]. ,dOII).!, \VIt Il 

add[f's~ t.l ac (':. gt'II('(',üed [Will (',l( lt or 1,111' op! ÎllIll'!'c! (udt'''' .,\tOWII III '1,t1J!t- (1 :-)( ( ) 

(page 122), Tc\bk 6 ï(c) (prl!!,!' 12(i) ,mrl Tctblt- (; <)(c) (1'<1).',(' I:HJ) 'l'III' 1(,.,ld1'. 1/1 111<'''''' 

simulatioll:' d\(' ShOWll III 'l',lble (, 10 

The' Jat a ill 'l'ab\<, (; JO 1" O! gc\ III zl'd cl('( ordlllg t () fUll! 1lI,IJOl C l ".,..,d/( ,111(111., 1) 1 01 ,Ii 
Humber of in:.tru<tiolHc\cl\(' «'f('(('IH('''' ,1lIe1 lotal Il Il III 1)('(' of 1I\1~"(''', .!) tol,t! 11111111'('1 

of data-cadI<' l('f(,l'CII«'" dml lotdlllllllllH'r of IlIi~~(·." j) (Olllhlll(·d ill ... tlll' tlolJ-(,lIlw 

and data-cadI(' f('SltltS, cl.lld 4) lotal 111I1II1)('! of lIWIIIOly f(·" 111'"', wlti( h III 1 hi.., (êl.,(, 

also corresponds 10 tht' 11\(1111)('1' of :t!.-bil wOId:. fdc }lI'd flOlIl lIl<'llIO/ J ,\.., Iloll'd rd 1 II<' 
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(a) P(·rfofInall('e of Coll('ctiv(' Loop TrallsfonnatiollS 
llsillg dlxcc withollt OptiInization 

1'1Ia....,,, of IIltegcr f1oatlllg: pOlll t Ioa<l FP instr. l'Un time 
Trausformal JOli loadb storet, ] ()d(Jr" stores stalls stallf> COll nt (in cycle:» 

'Oi1gmaJ cod( ~no~ n08 1000 {WO 1700 400 16553 lR653 
1111 rolled OH ('P :l158 ~:O~ 950 GOO lRflO 400 1:W5:3 15U03 
Il molh·d :1 tllllP'> l~Ha );)8 925 liOO )975 400 1 :l:lO:1 14578 
flli.,pc! 01 iginal 180:l 10:1 900 600 1900 400 l:n 13 15413 
array (ontrart('d (joa 103 900 600 900 400 511:\ 6413 
Hoft warc' pi (wli (Ipd 5% 116 100O 692 980 500 5239 6ïl9 
pipe·lin('d w / hufrPr 7na a19 1000 690 975 500 5620 7095 

(l») P('rforIuéllH'(' of Col1pctivp Loop TrallsfonuatiollS 
llsillg n('gistpl' Variahh's, hut withollt dlxcc Optituization 
l'ha...,,, of 1Il!t'ger t10atmg pomt lo.td FP instr. 1 un time 

Tr;U\~~orr lIat 1011 IOdd!> f>toreb loaos btores stalls stalls (,Olil\t (in ('ydes) 
orip;inal ! odp :l 2 DOO 600 500 400 1 :J:l41 14141 
Il fi rollPd 011 n' 2 :! HOO 600 500 400 11101 12091 
ullfollpd :1 tiIlH'f> :l 2 DOO 601 .500 400 10lfi7 11067 

2 
fllf>('d (lJ igilldl ~ 2 900 600 500 4110 J 1 :l11 12111 
array (011 trartpd :l 2 200 100 200 300 :l211 3711 
:..oftw.U'p pipeliJl<'d 2 .~ 208 100 203 20:1 3147 355:1 

~J)('liIlPd w / buffpr :l 2 210 100 20<1 299 :12:31 :3ï34 

(c) P('rfonnallce of Collective Loop TransfonnatiollS 
W.;illg dlxcc -0 

Phas!' of IIlt('gcr floatmg pOlllt load FP instr. run time 
Tran&fofJ nation IOdcl~ stores 1oa<!b btorC& btalls stalb count (in cycles) 

---ongll1aJ rod(' 2 :l DOO 600 500 400 8457 D:157 
in:..tr-srhedulpd ori!!, :l :l DOO 600 300 0 8457 8757 
1I11rollpd olle p .} :l 800 600 500 400 6;)17 7417 .. 
Ill1rollt'd 011('(', :..dl!'d :l 2 ~OO 600 150 IOn 6517 67G7 
1\ 1\ roll!'tf :J t 11\1 Ph :.1 :l 750 600 ;)00 400 6161 7064 
u nrn\lpd :1'(, :..dH'd 2 2 750 600 100 25 6164 6289 
fu:..ed orl!!,lIldl :l 2 600 600 400 500 4317 5217 
fUf>('d ollg, :..rhpd 2 2 600 600 100 100 4317 4517 
d rrd,\' ('ont rdctpd :l 2 200 100 200 300 2613 3113 
COllt ra! 1pd, sclH'd 2 2 200 100 100 100 2613 2813 
~oft \\,.\1(' pipelilH'd 2 2 202 100 198 208 2560 2966 
pilH'hIH'd, s('ll('d :l 2 202 100 1 112 2560 2673 
pilll'IÎlH'd w / buffer :l 2 201 100 196 302 2643 3141 

~pl'll~ w / buf. s( hpd :l 2 201 100 0 301 2643 2944 

4' 

'1'.\ hlt· (i. !l: D LX Pc'rl'orlllalH'(' for a Compatible Loop Cluster, for Double-Precisioll 
FilM t i IIP;- Poi Il t A Jrc\'YS 



CHAPTER 6. EXPEJUMENTS \\'lTlI COU.lX'TJ\'[<.' T/t\.\'SFOJDt.\TlO,\' I:~I 

beginning of Section 6.1, we dSSUIIWd <\11 ~I\-hytt' llI:-.t luit 1011 C .\111<' .1IIe1 .1 ti 11\ hylt' 

data cdehe, bath \H'lIlg I-Wcly spt a,,~,()( l,Il 1\'(' wit It 1 ~K-hyk III\<':-' .tilt! Il:-'III~ .\ Ic'.\' .. \ 

rc('cntly-u~f'd (LHlf) 11lI('-replac(,lI\cut polHy Th(,'i(' p.llticul,,! <OlIlrgll!,t\IOII'" \\1'1(' 

used l)('causc they aH' l'l'plcscnt.ativt' of whdt I~ COllllll<'l( I.dly "Ydtl,tldt', lUI (\"llIplt'. 

thesc the)' are u<;t'd 011 tIlt' 1 HM H Ise S.\ ,,1t'1ll/(iOOO. 

Th(,J'e an' t)l!('(' n'sul", fWIll t his pell t iculal' St'I or ~ill\\I1,1t 1011'> whll" dit· \ltt('H'~\llIg 

Thc' first is wIth tC~pcct to Celel1\' \)('1'[01'111<11\«' 011 1 Il(' \1 11101 kt! (odc'''', .\" UPp()..,(·d 1 Il 1 hl' 

fused codes, the ~(,colld IS with J('slwc\ to t)J(' ledllct.101I III det!" (.\lI}(' 1111""(''' d~ .\ w:-'llit 

of array COll tract ion, and the thircl is wit Il n'Sj)('( t t.o but li 111,,11 \II 1101\ ,\l\c! d.1f d t .11 I\(' 

mi::.s('s fOi the dlTay-colltlélc kt! cod('~, {'(1I11p.ll'('d wltll th, ~lIlt\\dl"-PI\)('llIlC'd (0(11'" 

Filst, notice that in dH thn>(> (a~('~, ~h()\V1l \II 'Llhk.., !l.IO(.,) (1) (1 l' ,lOI IlIdl'~ 

for illteger-Jf'fillf'd array:-., fOl ..,illgl('~pll·('ISI()1I flo,1l IIlp,pOIIlI .111.1\', oIl1d lOI .10111.11' 

prf'cision f1oatlllg-point. anely~), tlH' ulIlOlkd ('od<,~ h"d ,1 hi).',IH'1 IlIlllllH'1 IIf 1111"''''('''' 1 Il.111 

the correspolldlllg fusec! (0<1(':-., ,lIld t Il(' 1l1l1ll1)(,1 of 1lI1 ...... (·~ 1111 Il'.\''('.1 .1'" llti' dlllUlllIl 01 

unrolling increa::.ed Thi~ errec! l'i l(,el(h1)' (>xplélllll'd Ily t IH' leI( 1 1 lr,iI "d' Il loup III t III' 

code for thl' 01 igillcd loup (olll'ctioll, el)HI (',1( II 1001' of 1 lit' IIlllul!l·d «ld(':-', 11l()1I).'.I1f 

in Ilew instruction'i, \Vilh (>elclt loup hody tlr,iI \\'.1'" ('\(>( uke! SIIII""I". d'" IIi(' I(),.p 

bodit>~ IIIc!(>a:-.(>d in ~il'(> 1)('( "u ... (> ul 1111 1 (J1l 1 II/-';, "ddlt Il)(I.d 'd( lit' 1111('''' \\,('1\' Ilk('Wh(' 

Il('('(h.'d, fUlthcl 1Il('['('d:-'llI[!, tll<' IIIl11dH'1 01 1ll ... 111I( llOlI-(d( Ill' 1I11~"'('''' ()11 III«' ull\l'I 

hand, by (Oll ... oltdeüillg :)w loop:-. tlllulIgh loop ftl:-'IOII, tlj(' fll"('d loop IHIII\' (.dtlloll!!,11 

largel' perhaps thall ally of the> "'(>IMrdll' loop ... ) oIlI)' IIlllOdll(\'d (od\' 1111(', 1111'(('1,\, 

achicving h<'lt,er cacllt'-lilH' utili!.alloll than the ('od('~ witllullt 1(J0p 111"11111 

The second dfc( t tllrlt IS oh"'('l'vclhlc flom t.!)(' (dcl)(,-~lllllll,III()1I 1 (",Idt" ,,110\\'11 III 

Table 6.10 is with respc(t 10 tlw !Cdllctioll III ded'H<I(lw IIlI""'('''' dll(' 10 dlldV COli 

traction. Notic(' ill ('fieh tahk 1 hel\' t Ill' Il Il mlJl'I 01 ddt ,1 CM Ill' 1l\1~"'('" \\ .1" Il)(' '>.1111(' lUI 

test. codt's bCrOlI' elrlay (Olltr,H'tlOll dll<1 tl\l' "'.1 JI \1' 1'01 «)d('~ ,tll'·I\\'d!("'. ,dlll<JlIgli 1111"'" 

ratios vary flOlll 0111' (ode to thl' ')('xt 1)(,(,,11"'(' or tl\l' de( 1(>.1"'111).',111111"11'1 (JI Il)('11101 \ 

refcrellC('S for (>(H h ~lIC(('S"'I\'(' (udc 'l'hl' dtlf(>h'll( P, !loW('ve'l, III l-ilIO" 1'" 1('" ... 1 Il.111 Il • .11 
a percellt. Neverthekss, el four- to fiv(' lolcl )(·<lIH t ,'H! III (,il III' 111'"',(''' (j( ( 1111ee! cl" <1 

re'sult of contraction, alld ct .... wlth th!' hndillg; ill tll<' pr!'('dill).', Pdl"!!,I<lph. Il)(' (·11(·( 1 

acro~s arrays of diffcI'e1lt della type Wel .... 1l1lifolllt. 

Now. com parc t1w Jill pae t of 1Il1 ... ..,(·.., 11 pOil t Il(' OV(>J'rtil/W! [OllIIit III (' (JI t 1 \1' J ( .... 1'(.( 1 1 VI' 

unrolled codf's and f\lsl'd cod('"" (OIl"ld('llllg hutb PI()«(,~,"()1' /H'lloJlll,IJ1«' .I11t1 (d( III' 

IH'rformallcc. If W(' c1"'~1l1l}(, th,l! ll}(' fil~t 1;\00d )('f('I(·II((·d \VII hill cl (,H Il(' litt<' 1101 

currellt.ly III (elche rcquII'I'~ ~ <-yrll'''' 10 fl'l(h. dlld ('rHIt J('lJlrUlIIIIg, wOld Iii (Olllplf'l<-
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(a) Performance of Loo}> Transforrnations, for Illteger Arrays 
Pha. ... ,. of tn~tru('tioll cache data cache total mcmory 

Tranl>forlllallOlI fpf n. misses refn. rnh,ses rern. 
. 

fetehes misses 
original cod!' 7H50 5 1400 20 9350 25 800 
illi'ltr-scl,,·dulpd 01 ig 7951 5 1401 20 9352 ~,') 800 
Il Il rollpd oncl' 6160 7 1:J50 20 7510 ~7 861 
1I11rollpd Ofl(,(', il( ~\(·d 6161 7 1351 20 7.'i12 27 8()4 
IInroJlpd :J tinll'''' 5731 10 1325 20 7059 30 960 
ullrolh'd :lx, hclll'd 57:15 10 1326 20 7061 30 960 
flJf>('d origi liaI :1612 3 1100 20 4712 2:\ 736 
fllflpd orig, "c11f'd 3013 3 1101 20 4714 2:~ 736 
arr,lY cOlltlactC'd 1809 2 200 4 2009 t) 192 
(olltrM·tpd, :-,( hf'd 18\0 2 201 4 2011 6 192 
:-,oft W,Lr(' pl p<'li Ij('d 1850 :J H17 4 2017 7 224 
pipl'lill('(1 ..... j hllnN 1!)11 :\ 196 4 2127 7 224 

(h) P('rfonwuH'(', for Single-Precision Floating-Point Arrayti 
J> Il il},!' 01 IIli>truCLIOIl cache data cache lotal memory 

Tr.tJ\:.forl/lat lU Il rdu, 
0 

rern. 
0 

J'('[u. miss~s fetch('s llllilSC& nusses 
original ('0& 1145G 6 1502 21 9958 27 864 
iUi'ltr-:-,dwdulpd ong 84fl6 6 1502 21 9058 27 864 

.. Il Il roll('d 011( l' (i5W 7 1402 21 7918 28 896 
,1 Il Il roll('rJ 011 n" hI'/a'tI 1i:>1/) 7 1402 21 7918 28 896 . 

IIllrollpd :1 tilllf':-' tî 16:\ Il 1352 21 7515 :t~ ] 024 
Il U roll('d :Jx, hrlwd 6163 Il 1~\52 21 7515 32 102,. 
fu&pd origi/ldI 1316 3 1202 21 5518 24 768 
fW;('d orig, :-'ChfOc! 43lli 3 1202 21 5518 24 768 
arr ay 1'0/1 tra('tl'd 2616 2 :J02 5 2914 7 224 
rou t ract('d, !lc\H'd 2612 2 302 5 2914 7 224 
softwar(' pipdim'd 2559 1 304 5 2863 9 288 
pipdjJl(,(1 w 1 huffpJ' 26,12 4 303 5 2945 9 288 

(c,) P"rfOI'lllaIH'P, for DOllbl('-Pr~cision Floating-Point Arrays 
Pha...,c (;r lIIbt ructloll cache data c{\rhp total /l1el1\ory 

Tr.\IIhfoflllttt 1011 rdu. 
0 

refn. misses refn, m~ [l'telles Illlb!lPS 

ori)!,in,tl ('Odt' iW~8 6 :W04 10 11462 46 1472 
il\:-,II'-:-'c!H'dnll'd orig t\.1 fil' fi 3004 40 11462 46 1472 
IIHroll('d 011('(' t;filH 7 2804 40 9322 ,17 1504 
IIl1roliPd 01\( P, ... rlH'd tifil8 7 2804 40 9322 47 1504 
Il mol (Pd :l t 1111('1- (ilG5 Il 2704 40 8869 51 1632 
Il nroll('<1 :h. hclH'd Gl65 11 2704 40 8869 51 1632 
fl1:-'l'd ori~ln,\1 13 III 3 2404 40 6722 43 1376 
fu~('d orig, sc!l('d 4318 3 2404 40 6722 43 1376 
arr,lY fontra( !('d 2()\4 2 604 9 3218 Il 352 
{(Il1traft('(1, :-,d1l'd '2G14 '2 604 9 3218 11 352 
~oflwal'(, pipdill(\d '2[l61 -1 608 15 3169 19 608 
pi IwH !)('d. :-,{ ht'd :!561 4 608 15 3169 19 608 

'f pipt'lillt'd wj huffl'f '2t).J4 5 606 15 3250 20 640 
pipt'lll wl huf. hc!\('d '1.li 14 5 606 15 3250 20 640 

'l'<tble ti 10. Dltwro ('c,dl(' P<'l'formance for a Compatible Loop Cluster 
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tht:, line is loadcd in 011(' cycle (asSUI1lIllp; rdt,rt'II('('s that. ~)( (III 1I111ll<'dldlt'h 1)('( III 

in increasing ordt'r), the incrclllt'Iltal effe!'t dut' 10 délt,\-('.H lit' llll~"'('''' ,dOIlI' \\'oult! Ill' 

(8 - 1) ·20 = 140 cycles 1.0 ('xeclIte tIlt' Ilon-fllsed mtcgt'l ,l1ld o.;llIp,II'-PI 1'( i"'IO!I II\MI 11Ip, 

point ('ocks, and a 280 cycl('1i lo ('xecull' tht' dOllbk-pl'l'( I~IOII (od('" 1\1 ('OIl"ldt'llllp, 

both inst rllctioH-cac!w and data-cal hl' Illi~s('s for t Ill' dOllbk plI'( 1~lull \ od,· ... , 1 lit' III 

crcase would 1)(' a~ IIlllch as :J(,I cycle,>, for "unrolkd Jx, ..,1 IlI'd" , (UIIC"'POlldlllg lu ;l:! 

cache misses aJtogctlll.'r; sec Table (;.10(c). And, <01II\l,\II'd wllh Ih,' 11\1'1,"1 PI'rlol 

mance of the double-plecislOll instl ucti()lI-~cI\t'dllkd fll~t·d (od(' IlIt IlIdlllg (dt Ill' 1111"':-' 

penalties---the "ul\l'olled :lx, sched" code IS ohmt thilty P('I\l'lIt ..,lm\'(·1 

Althollgh the above t wo lilldillg'" ckenly IlId\( all' th,lI t III' fll"'l'd (Ild" III 1 III' ("1)('1 

Îmcuts will significélntly out-pl'I fOllll dll) of 1 II(' llillOlkd C od,':-', 1 II(' d( 1 II." Ill". Itllll' 

timings, shown in Tabl(· (i,l (pa/!,<, 1(6), sllpport Ilt'itlIt'l Il'~1I1t 

The las!' ('ff('(1. lll('iltlOlI(c! et!lO\(' {()Ill ('Ilh tll(' 1II1II1h('1 Cli 11I:,lllIdlOIi .llld d.lld 

cache Illis~('s for the ,urày-cont.lo( tt'd CO(!Ps, cl.., ()pp()~t·d tu thl' (01 Il '''plllldlllg Il li III 

hcrs for the two softwùH'-pilH'lill<'d cod(':, NotIce tltcit III ,dl 11I~t.IIl( 1'''', tl\(' Il IllIti 11'1 

of instruction-( deite Illi..,~(':-, ont! (II<' Il Il III 1 11'1 of d,d,1 (,t( III' 11I1..,ë,('" 1'01 1 Ill' ,,011 \\.111' 

pipelincd codes W('1(' cil. l('a",t ciS hlglt, àlld III IIl1ht III~t dll( ("" hlp,llI'l 1 It.tll 1111'\ \\ ('J(' 

for the> corr('sponding cUlrly-conIIM!t'd ('o(k~, Thl~ dkct W.t'" (cllI.., .. d il, 1 Ill' plulo)!, 

and cpilog of thcse codes !)('Illg III <litr('H'nt Cdell(' 11111':-' thdll t hl' «(JI 1 (':-'POIIIIIIII-', 1(J0p 

bodies. SlIln' Ut<' 1)1 ,log ctJl(i ppdog of ~oft W <HI'- pi pc'" IIC·<I cod(· 1 l·plt'~1 'II h .t J('!." 1\ (·h 

smallllumbei of iIlstrllctIUII~, howc'vpr, tlw 1I111111H'1 of cac!H' !tlll''' cifl{,(!t'd 10., "'''I,dl, cl'" 

weil as the overall elf('ct on pIOp;ram P('I fol'l Il 0 Il Ct', ('Oll~(,C(I!(,llt.ly, f III~ 1'11(·( t toC) 1.., Ilot 

as appar<'nt from the actual tirnillg~ in Tabl(' 6,1, o~ II. i~ flOlII 1 III' C d( III' "1"1111·111011 

rcslllts shown in Td,hlt' n,10, 

6.2.2 Tests with a Non-Compatible Cluster of Loops 

The same proce!'l~or and cachc' config1l1rltioll~ W(·I(·l\o.,,·<I 10 ('v,tln."(· t.he IWlrOlllldlJ(l' 

of various traw-f()rmatioll~ Il\\'ol\ing bullt 1Ii1IVC' (~llb-opt.llIlcll) dllt! ('1111 Will (Oplllll,d) 

transformatlOll of the 11011-('0111 pal tlJI(' loop"', ..,llOWII i Il Flglll l' (, :~, .. ~ WI '1 (' Il',1 'd lOI 

the compatibl('-loop traIl~f01l11atioll~ d(,S(lilwd III tllf' la,>1 ~('(fl{)lI, SI'( 11011 (, '2 1 A.., 

in the la st l'.(,C tion, 0111 obJ('( tIV('~ \VIth 1\''''(>('1 t \'0 t 111'''(' 1'.11 t il Iddl l'XpC'I ",wIII.., \VI'II' 

essentially t1w saIne a~ 1 !tey W('l'I' fOI t IIC' ('01 «,'ipOIlc!lIIg f 11I11I1g, ('XP('I ""1'1,1.., wlt" 

lOElght rycle" plu~ 0111' cycle' for (',Ieh ft'lIldllllllg word III titi' ('.tell/' hw l, Wh,ll 1" n'I/IIIf.'.! 011 tlll 

RS/6000 

• 
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partitiOI)('d c11l~tf'r~, dcscrilH'd in Sf'ctIOTl 6.1.2. Speciflcally, \V(' wantf'd to again 1) 

lIJ('tt~IIf(' t!w dfl'ct, of optimal loop partitiol1mg over naive snh-opt imal p<1I t It iotling, :2) 

Isolttl,(' t}H' ('f[l'ct" of 1001' fu.,ioll ttIld arrdy contra( tion wlJ('Il applIcd dt various stages 

of ('011('('1 IV!' Il,UlSforlllclt.iol1, ."1) ddcrmille the irnpaLt of instrmtioll schedliling, and 

4J (Ompiif(' lit<' ~illllllctll'd l't'dormance of the various loor tlansforrnations with tlw 

!lt'rfollllcllH l'of 1.11(' dc! ual IJlclchirJ('~, describcd in Table 6.3 

Processor Simulation Results 

'l'Ill' !l'sulls of t.I\(. DLX proc('s~or simulat.ions ill which w(' uscd cl HOIl-<ompatible 

loop (11l",t.('1 fUC' showll ln Tahl(' G.ll. For cach of th('sc experiments t.he codes were 

Opt.illIiz('d, i (', cOlllpil('d USlllg "dlxcc -0". In Table 6.ll(a) we ~h()w tl\(' J'('!>u\ts of 

('Xf'Cllt ing t II(' <od('!> III FIgllf(' (i :J with cHldyS ddiued d~ Integer, in Tabl<' 6 11 (1)) dl(' 
Il'slllb with ,uta.Y~ dl'Iill('d dS float, and Table (i 11(<') the l'l'sult:-. wit.h tlH' clIray:-, 

dcfilH'd (t~ double '1'0 tlldkp t.he perforlllallCé' illlpdct ca~i(>r 1.0 "'('(', we sho\\' the 

spl.e'dIlP!"> of Ill(' J't'spe'(live tr.U1:-.foI1l1ation:-., over the pcrforman('(' of the optillliz('d 

01 igillcll l\)op dU:-.If>I, in Table fi.12, 

A~ in t.IH' (a~t' of UHr ('xperlll1ents with a (ompatible 100p coll('( tIOn, tll(' (od('~ 
wil h :-.illglt·-p'('( isioll flo.üillg-point array:, pcrforIlwd idcntically 1,0 the codes \vith 

dOllblc-Plt'(I:-.ioll <llrc\y:-., cf. Table.., 6.11(b) and (c). Agam, the' J'('a~OIl the !('sldb 

fWIll t.IH'~'(' t \\0 st'! s of ('O<l('S W('IC saIll(' \\ as the Olw-to-olle cOfn'spoIlc!t'IlCt' het w('('n 

..,iIlglc'-pr('(ision illld douh\t>-pn'(isIOIl instllIctiolls for loads, :,tores, allc! data conver­

SIOIl Dj ff('J('IlCC'S 111 pt'r!orlll<iIlCt' l)t't weell the t wo ~d s of code" exist, hOW{'\,('I, t 11<'5(' 

diffe'I('I1(,('S \t,l,lit' 10 Cd( IW-I1lClIlol'y erft'c1s, Ilot pwc('ssor performanu'. a.., \Vt' ~ho\\' III 

t.he' I\t'xl :-,('('IIOll. 

III g('!H'(',d, t he ~lIb-{)Pl\llldl code, "contr naIV(', schcd", re:-,ult('d in a t1lll'ty- 10 

fOlt)'-P('[(('1I1 ~I)('('dup in 1)('1 forllldnn' over tIlt' origilldl non-compatible loop du~­
\('\, wl\('\('ds, tilt' upt \Il1(tlly pcntit 101Ied ('o(k, "('(mtr df, flched", achiev('d rl ~('\'(,lIty­

tll ni Il et \'-p('\( ('lit spc('dllp ~lor('ovt'r, the "I)('(·dllp~ for the ~ub-opt\Il1al cod!' Wt'\(' 

f\ll\l\ 1 \\t'1I1y lu 1 hll ly-p('[ ('('nt higlwl Oll th(' ~illllliatoi thdll they \\,('r(' 011 t Il<' dctUdl 

IllcHhiIU'S, d Table h.1 (pctgt' ll(i) cllld Tclhle 6.12. Th(' r<'sldts fot Il)(' optilllally 

pdrt lt iOl\ed (odt', ,dthoup;h (l(h('1. \\,('1(' k~:., cOllsi~t(,llt. For exatllplp, III(' illt('g('1' 

.Illd slngle-pll'( I~ioll flocltiug-polilt code..:; clchit'vet! higlwl ~p('(·dup:-. 011 tll<' ..,llllulcltOl, 

hut dtHthlc plt·Cl~I()llllo.ltillg-poillt ('od('~ dchif'\'ed 11Ight'1 .,pt'cdups OH the adualllld­

(hint'''', IIlclllding t Il<' \'('ctonzt'd dOllble-prcCI:,ion cod(':, WhlCh \Vetc lUIl Oll \.11<' :3090 

Th i~ t'lft't 1 is part ially ('xpla !lied in the case of the RS /6000 by t II<' \Vay si ngl<'- precision 

-----------------------,-
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(a) PerfornuuH'(' of Loo!> Trall~forlllatiollS, for rllt('~('r ..-\lTa~·s 
Phasl' ()f IIltl')l;!'r ~ï.\îI-·-Tl-) --,Ii,,1 i 

Transformat \011 Joadf. ~I orp~ i'>t.llli'> 
-o....,ri.-g-:-i'-Ia-rj-c-o....,clr-e----..,-!...,.o..,..oo- son fiOO 

imtr·schedlll('d ollg WO() ~oo () 
contracted origilldl 900 SOU ·100 
contr origlllal. ~(Ill'd nou ~()O () 
fusee! naiv(' SOO HOO (iOO 
fU1>ed naive, f,dH'J soo son Il 

fused orlginell f)00 iOO : III 0 
fused orig, :"e 11('<1 600 ion () 
fused efficl('111 800 HOU ()()O 
fUf,('d c:T, seh('d IWO l'lOO Il 
COll tr effitipll t 4(1) :WO L()O 
COll t r cff, he hpù '100 :\00 () 

"Lili" (011111 
.-~ --- -

1'00 1 ()l);,O 
~()O 1 ()O;)() 
SOO \l\l;) 0 
l'lOO !1!lrIO 

l'lOO 
KOIl 
l'lOO 
HOO 
t 00 

\00 

\00 
·100 

ï':I:!K 
7:1:!1'\ 
-'l')' 1 ~~.) 

-')')r 
i~~') 

iïïLI 

Il iii 1 i '11(' 

(\11 (y( It-,,) 
1 f 1:;Ü 
IOK;)() 
1 1 1 ;)() 
1 (li ;10 
! l/:!(; 
!lI :!I i 
KI:!K 
l'II:!>-\ 
K:!:!;) 

lm:, 
1,:I:!1 
lil:.'1 

(b) Prrfonnml('(', for Sill~k-Pn·('isi()ll FI()atilL~-P()illt Ana~':-, 
l'ha.,';! of flo.~l\I).!; i~-To.id ---VY ',îï-;'G 1111\ 1 Il II/' 

TransformatlOll lliMT;;--- ;,1011';' "I.dl" "I.dl" 1 011111 (III 1 ~I 11''') 
original code 1 Hon /:100 1 LOO HOO Il !):) 1 1 :1\);) 1 
instr·f>ched \lIed orip, 1800 ~OO /00 iOU i 1 <):11 1 :1:I:d 
contractt'd OrJ!!;IIl.t1 1 iOO ~()() 1 LOO HO() II H:d \.1>-\:" 
contr orl)!;inal, ;,c1H'd 1 iOO 1'00 '1(jO 1 LOO II >-\:d 1 :11:,\ 
fused naivp l ',(JO l'()() 1 LOO H(JO ]O!):!r) 1 LIŒ) 
fllf>e!l naiw·, :-c\lI,d 
fused Original 
fused ori)!;, schpd 
fUf>ed p/Tîciell t 
fUf,('d pIT, sdll'd 
contr efficÎpllt 
contI' cff, ~ch('d 

!.')OO 
llOU 
1400 
lfiOU 
1 ()(JO 
ILOU 
ILOO 

IWO 
iOO 
'j'(JO 

HUO 
HO(J 
:WO 
:WO 

:)00 

ILOO 
:LOO 

1 1 (l() 
:WO 
! )(JO 

Il 

IiIJO ] OO:!;, 
fiOO !I:)Lb 
!lO() ~1;):!11 

7(JO !)-):!~) 

HO() %L:-' 
701J HO:!] 
SOI) >-\OLI 

III L:' 
II:\:!I. 
lI)!,:!', 
Il :I:!:) 
IOfiL:, 
'lfiL 1 
Hx:!l 

(c) PcrfofIuaIH'P, for Douhl('-Pf('('isioll Floatillv,-Polllt. AlTa.v~ 
Pha . .,e of ---f~ (lO\-lIt--'ïMir---T'P --- -ll~~Ù - 11111 t 11111' 

TransfotlllatlOlI !ocHb ;,tOI'I':- ~lrdl" i'>t,tlb 10l1ft! (III IYI\I·,,) 
original cod" 1 HOU -·~i~ïï(j--·'"'ITtïlÏ·----xoO-- ---1 (!Jfll 1 :m:,\ 
instr-scllPduIPd oril!; 1800 HOU 700 ,(JU II li!) 1 1.\:\.') 1 
contraeted ol'igilldl 17(1) >-\OU 1 LOO HOI) Il K~) 1 1 :IK~) 1 
contr origlIlal, "c1H'd 17f)O Kon ,100 1 LOO 1 1>,:,1 1 :1,1:) 1 
fUfled nai VP 1 liOO l'lOO 1 LOO HOI) IO{j:!:) 1 Lm~) 
fuscd naivp, ;,[lied 
cOlltractcd Il al v!' 
con tr nai \/{'. f>( hl'd 
fused efficient 
fuscd pIT, sehcd 
contr, <'/TîClPut 
contr cff, :>rhed 

1500 
j400 
1400 
!(iOO 
I(jOO 
[LOO 
ILOt) 

>-\(H) 

700 
7(JO 
>-\00 
HOO 
:\(1) 

:wo 

~)OIJ 

ILOO 
:LOO 

1100 
:100 
(JOO 

o 

()Ol) 1 ()l)~r, 

(jtJ(J !i!) ~fi 

!)(J(J !J;,:ll, 
7(1) I);):!;) 
H(JI) 9:)~r, 

7(JO l'I flLI 
/iOU HWI 

III :!;, 
] 1 :w, 
IO(Î:l() 
II:\~;, 

\tHlL;) 

%LI 
KHL] 

Table 6.11: DLX j>crfOrJllclll«' for cl. N0I1,Colllpa1.lbj(, Loop (')11,,1"1 
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Tabl(' 6.12. SpN'clllp due to Collpctivp Loop Transfoflllatioll 
for a Non-COlnpatihlp Loo{> Clnster, nsillg dlxcc -0 

----~Fha..,~ of Intl'g"r Smgle-PrC('l<;101l Double-\' re('lf>lOn 
'1 'r ,tIIi'lforfl latlOll illi'ltr fI1t cyck:-, in'itr mi cyc]ps jnst r Cil t cycles 

im.tr-i'l( h,'dulf'd orig 10 1 1 1 0 1 0 1 0 1 0 
((l/Ilra,( tpd oflglll.d 10 1 () 1 0 1 0 1 (J 1 0 
contr oligill,tl, :-,( hpd 1 0 1 1 1 0 1 0 1 U 1 0 
fUhl'd Il ,u VI' 12 1 2 1 2 1 2 12 1 2 
fUhl'd liai VI', :-,dl(·d 1 2 1 3 1 2 1 3 1 2 1 3 
contractt'd Il:l1VP 1 4 14 1 3 1 2 1 3 1 2 
rontr Ilaivf', h( hpd 1 4 1 4 1 3 1 3 13 1 3 
fUhf'd <,ffJ('[('n t. 1 4 1 4 1.3 1 2 1 3 1 2 
fllh('d ('II, hrll('d 1 -1 1 5 1 3 1 3 1 3 1 a 
('(JIl t. r (' (fi (' i (' Il t 1 8 1 8 1 5 1 5 1 [) 1 .) 
( 011 1. r ptf, h( IlI'd 1 8 1 9 1 7 1 6 1 5 1 fi 

floatillg-poillt (Od('h art' h,\llclled, i.f'., hy performing aIl floating-point cclklliations III 

c1ouhl(· Jln'< isioll; how('v('[', Üllh ('xplanation is insufficient, in general In tlte the lIext 

S(,ct,iOll, wh('J(' wc' deh(['ilH' hilllulatf'd cache eff(>ct'i, wc f'xaminc this allomaly further. 

Cache Simulation Results 

As poilll(,<1 out pJ(·viollsly, proc('sso[' performance alonc docs Ilot tell the whole story 

wi th J(':-'pcct 10 1 II<' Pl'I fOfllldll(,(> of nai ve versus effi( ipnt cl \lster parti tioning. Then'­
fOI (', i Il t III~ h('( (1011 W(' look (1 t Cdc!W-IlH'll\ory erfc( b, Ilsi ng t.est I<'slll t.s from t h(' cl inero 

c"c!J(' hillllll,ttOl, d" \\(' (hd bdoJ'('. For tl!{':,(' ('X}H'llllwnt:" \V(' used lUIC(' lîles gell('l­

,lt('(1 dlllillp, J)LX "lIl1l1ldtlOlI of dl(' (odes eVdlud,t,ed in the prec('dillg h(·ctIOll, cllld the 
('adj(' uHlligllr<ltioll Il,,('<1 for ('xp('rimcnts with a cumpdtible loop cltl..:;(el', d('scl'ihed in 

S(,(·tlOlI (i.:! l' ,Ill ~I\-byt<, Imtludion cclchp alld cl 6'lK-hyte ddtd cache, 1>0111 heillg 

I-way st'! ,IS:-.()( lai 1\'(' wlth 11~-byt(' lill('s. 'l'Il(' lesults of these exp<,rill1ellls are "howlI 
ill T,\bl(' (i.l:J 

Tht' r('slIlb III 'L,bl('s 6.1:l(a) (c) ale what we would expect. lo sc(': ;-.Jo array~ 

\\'('1<' t\( tlhll\y t'llllllll<lted hy all'ay-colltractlOll of th<, original code, d. FigulC':' 6.:J(d) 

.111<1 (1)) (page Il:n, hO cadI<' !>prfolmance was tlH' saille for the l'esp<'cli\,(' lwo codes, 

i.t'., the "ongi liai cod{''' a 1Id t he "l'ont rae ted ol'lginal". Loop fusion of the opt i mali)' 

pa rt i t iOI\('<1 (od(' !t'Slllt ed III t II(' S,UIle 1II1mber of array rcfc['('nc{'':) as loop fUhioll of 

t hl' hll b·opt 1111.\1\) pd rt i t iOlH,d cod(" d. Figures G.:3( c) and (e); cons<'qlle!1 tly, caell<' 
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(a) Pf'rfoflnètllCe of Loop TrallSforInatiolls, fol' J Jltq!,(>l :\lTa~'s 
~-- - ~ - - - -- - - ---

Pha..<;(' of In,,1 rucl 1011 cadI(' d,ll,t c.-tdw tot .tl III (> Ill! ) n' 
Transformat 1011 f(."~lîïT~-:;(>" --.. Mil. . 

f(~fiI---lïïi~~('~ ft'! ( Il!',, Illl,,:-.P:-. 

original codl' 1 (JO;) 1 ISOO :w - --------
1 ()'21 (, IIK~>I :1'2 

instr-schpdlll('ù oflg I()O!) 1 Il ISOO :lb llKrd :\:! lO:!I 
contracted oflglllrli 99.'il b 1700 Lt; Il t;;>1 .I:! Ill:! 1 
cont r origlIlaL "r1wd \19;) 1 li 1 7tH) '2t; Ilt);>1 :1'2 1 li'.! 1 
fll~ed liai \'(' 8:\:27 ·1 I()()() '2ti HHn : III IltiO 
fll~l'd naivl', ,,( 11('<1 S:lL7 ·1 1 fillO L{i !1!):!7 :1tI %1I 
contractl'd t1ilivp 7:129 ·1 1 :100 2:\ Hti '2!1 .)-

~ 1 Kti 1 
contr naivp, ~c1l1'd 73:'W 4 1:\00 2:\ Hf;:!!l .,-

~ 1 Kt; 1 
fll"ed dfiripll t 7226 ·1 I{iOO :w KS:'W ; III !Hill 
fU~l>d pff, ~(h(>(l 722 fi IfiOO :w HHLti :\lI %0 
colltr effiri(lllt 1)722 :l 700 10 liln 1:\ III i 
contr l'ff, "c!wd fin2 :1 7tH) lU ti ILL 1:\ Illi 

- -- - -

(h) PerfonmulcP, for Sinp,l<'- Pn>cisioll Floa t llll!, - POlll t Arrays 
Pha..<,p of lIl"t rtlctlOll eadlt' ---;Gi~~( 1"W------ t,-'I.ti 1111'11101 \' 

Tram.[orma t IOll n·fn 
, 

r('fn. III i ",,;,;--!( .fI 1-- f('1 ( IlI'~ II1ISf,(,~ 11l1:-,~('" 
--- --- -

original code II!l!)L li LI.(JO L7 1 1 ;I;):! :\:\ 10:11) 
instr-bchedlllpd 01 ig IIDf)L li 21iO() '2ï H;);)L :1'1 1 or,!} 

f contracl.ed origlllrli IIH!)L li 1500 L7 11:\;)L .\:\ lor,n 
.. contr original, f,cl!pd IIKG2 () Lf)()O ')-

~I ll:\:):! ;\:1 10;)1, 
fused naivl' 10026 ;) 2:\00 L7 12:121, :IL 1021 
fused nalvP, ~ch{'d 1002G 5 2:\00 L7 11:IL(; :\L 10L'1 
contldCtcd naiv(' Dr>27 fi 2100 2'1 IIIi27 2!1 !12H 
contr naive, sch~d \);)27 [) 2100 L'I 111;27 2!) !)LH 
fnsl'd efficwn t U!)LU f) 2400 27 II !W; :12 10L 1 
fuscù cff, bchc<l U52f.i 5 2·\00 27 119Lli :\L 1 lI2'1 
contI' efficient HOLL ·1 1500 II !lfJt'2 1 ;) 11'10 
Lantr dl, schcd ~()LL ,1 II)()() Il !)I)n 1 ;) ·11'0 

------------

(c) Perfonnance, for Donhl<'_Pn'cision FloatiuJ!,-Poiut Arrays 
Pha...,c of Plst ruet 1011 e,l<llt' daLl Cà( h,· ---~;t_:_;I 

-- ---------
Il)('11101 V 

Tr a nsforlllà hOIl 
-- rdn n,fil. lI1i:-,:-,('..,- --r-pfïl- -- f('1 ( h(':-, 111l~,,('~ 1111<' <,('" 

original code 
---- --- ---

119'i2 7 ;1200 li7 171li2 h·1 2011'1 
in~tr-sclll'dukd ollg 11952 7 ;)200 r-.) 1 171liL III 2011' 
contract('d original 11802 7 :JOOO ;)7 IIiH5L f,·1 L01H 
COli t r origlIlcll. "c h<,d 11 H!)2 7 5()()O !)7 lfiH5L fi·1 2011' 
fu:-,ed naivp IOO2b !'i 'IGO() li7 141)Lli h2 1 ~)H·1 
fuspd IIdiv<" "clled 100L6 5 41iOO 57 14(iLfi li2 I!JH1 
con tl actf'd naïve 9527 !j 1120n 51 1:\7'27 ;,() 17!!2 
contr naiw·, ~ched U5~7 5 4200 ill 1:\727 !)I; 17!!L 
fused cffitil'T\ t 952G 5 1800 57 11:\LG (i2 1 !)H1 
fuscd cff, Scll('d 952(j 5 4800 :)7 14:J2(i (i::! I!JH1 
contr efficil'Ilt 8022 4 :HlOO 2:) 11022 29 !)2H 

l con t r pff, f>chNI 8022 " :1000 2;) lIOn 2~J !JtH 
- - - ------ - - - -- -- -- -

Table 6.13: Dinero CadH' Pf'rfOlIlléHIî(' for d NOIl-Colllpatil)h· Loo!, ('lw,t"1 
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[WI fol' III ail ( (' of t 11(':';(' t wo codes, i ('., "fu~(,d nai v('" and "fused dficiellt ", agrli Il wab the 
bèl/J}('. Aml, Ut<' 1l111ll!J('1' of rlrrrlys n'lllalllillg rlft('r array contractlOll of the' optilllally 

pdrttl,IO[l(·d (0<1" Wei'> mil< Il [('wer thdll tlw 1I11111h('r rcmailll/lg aftel' COllt rrlctioll of 

t II<' bllb-optil;\<llIy !>,lItitiolH'd cod(" cf G :J(d) alld (f), cOllsequP/ltly. th(' 1I111llbCI of 
lIli..,,,(·:-. III thl.., (.1'>" Wcl:-' 11I1I<h low('r, both fOI tlH' ill:-.tlll( tlOIl (.1(11<' (h('(<\u,>(' 01 th!' 

1('w(,1 1I111111H'1 of IIHI",\lil,l'; lIl:-.tfll< tio/ls) dIld for the drltd (,telw (b!'( <111:-.(' of tlt<' I(,W<'1 

llllllllH'1 01 I()rld:-. ,lIld ..,tOI(·:-') (:-'('(' "(Ollt! IléUV(' :-.cl\('d" alld "(Olltl dl. .... clll'd"). 

Wh,ll 1:-' .'>1I1 pll:-'Ilig (ro/ll th(',,(' l'':-'I\lts is t hcit thl'y fall t () ('Xp!<lÎIl t Il!' diffl'I ('Ile('s 

III P('I 101 III <lll ( (' llott'd III t Il<' pn'violls S('( tion Fir:-.t, siun' th!' j>1O('C':-.:-.n!' 1)('1 forrlldllC<' 

of :-'llIglt'-PI('( 1,>lon alld duublc-Pl('( 1:-.1011 fl,Mtlllg-polllt (Olll[>lIlc\tIOll" W('ll' th!' :-'elllH' , 

(1 'Ld,I('" li Il (h) cilld (), ,wc! tWI«' (1:-' llI<1lly ddta-celd)(' IIlIS'>('.., O( (Ullel! wit.h thp 

dotl 1,1(,- (lJ('( !'l!OIl (OCk~ d~ WI th t Il(' slIIgIl'- pn'C1S1011 cod('~, d. Til hl(' (..J :l( b) el!HI ('), 

Ollt' wOldd ("1'1'( t tilt' tIJllIII~ 1(':-'lI!b for dOllbl!'-pl('(i~!on flCdt illg-polllt (odes lu 1)(' 

Illllell It'MS 1 helll the (,OlI(':-'pOll(hll~ singlc'-Pl(,( i..,iull {mies, huI t 111:-' Wcl.., Ilot t 11(' (d~t', 

<1.., WdS l'0llltpd 0111 III tilt' I>I('VIUII" ~C'( tion. Also, sillC<' thp "fusf'd Il<li\'('" «(l(i<- cllld 

tif(' ''''l'>t'<I l'ffic i('lIt" (ot!{, both I('quirt'd ft'w{'!' pro«':-.sor cyclt's t han t 1)(' (OllcMpollding 

"Oli,!!,ill,d (odt''', cf 'Llhll' (i Il(el) (), (lllcl both hrld ri 10w(,1 Ilumber of (elcllt' IlIlsses, 

OIH' would (';..pe( 1 the t!llling ('(':-.ults for the fu!:>ed codes 1.0 \)(' COIllIllt'll:-'lIl'atdy I('s:-. 

t "li Il tIf(' I(':-.ulb fOI t Il<' (,ol'l('~pondlllg orIginell (Ode; how(~wr, t IlIS t 00 WllS Ilot the 

(tlS{" <I,!!,cI Il 1 cl'> pOlllt('d Ollt. l1llfurtllllellely, for Ill'it her of th('sc' t wo allOlllali('''i dl<' 

WC' ,tI,le 10 g!\'(' d :-..tllsl'<I( tOly ('Xpl<lll,lI.ioll. aSI<!e hom pClhaps timillg t'ITOI:-' aml/ol 

1 Ollll( Il nI!, ('! ! 01,., III t l\(, It',!!,re~SI()1l C<I I( 1I1a t roll used toc om pu tL' ('ps. 

6.3 Sunlmary Observations 

'l'lU' ('XP('IIllH'llts n'pOl ted III t Ills cl!dpkr show that the bencfit from (ûllective trans­

fOrlll<lt iOIl (,Hl ht' sllhstrllll ial, Sl}!lld IIIl<'S fesulting ill more than a four-fold specdup in 

l't'I fOI III d lI( t'. The 1H'Ilt'fi t d('1 i v<'s Ilot f rOIll ,tny si ngk t raTlsfOrmatlOTI, per SC', but. from 

a (,olllhill,1I101l of t 1.tl\:-.fuIlIl,lI.ioJl:-', ",ith ,trr<ly cOlltractioll havllIg tilt' lllo:-.1 prolloullc<'d 

clreet Bl'Mide:-. plo\'ldlllg e\ll llI<!Hd,tioll of the oV<'lellllH'lldit of coll,'cli\<, tl<lIlSfor­

l\I,lIiol!. 0111 ('XIH'lllllt'IlIS :-'lIpport :-'('\,('1,\1 (Ollllllollly h('ld p('!'('eptiotl:, It'gcuding the' 

dfc'rll\'1'1I1':-''' of tire individudl tr(\ll:-.fol'llleltion~ clIlploy<,d, ~uch el:' loop utllolling, !oop 

fll:-.iull, MI <IV eont 1 clet IOil, and sort \\'<11'(' pipeilIllllg. Tu tie t1w:-.(' rC;,l\!ts tOf,f'tht'r, \\'{' 

!lll\\' "11111111<111/1' (Jllr filldillg:-., both \\'ith l'l'spect to the' elbovc triln~forl\lrltiol\:-' and with 

[('",Pl'( t to t hl' IPLttl'd trc\1l~forllldliol\:-' lI:-.('d fOl compelrif>Oll. 
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For Iloll-v('cl.oriz,{'d code:-., 100(> IIlll'Ollillg d('('J\'<l:-.c'd 111:-.111111 IUII 1 llllllt" iI\ Il'dlllllll-', 

loop contr,)1 O\'('r1H'ad, SU( h as compelrt'S, Jump:-., dUc! d('LI.\ .. d bl .1111 It :.;( )p" 1 1 1110111111-', 

also improvcd the dfectivc!l<':-':-' of lm·! rucl iOIl S( hl'dulillg by IlIl Il't\''dll).!, 1111'11 IH)(h "lit' 

On the ot!H'r hcll1d, il abo ilH rCelscd m:-.t III( 11011 (,H lit' 1111"''''(,''' tllIl!. h('Il( ", 11l!'llllIl \ 

fetchf's, offsetting :-'l)!ll(' of tll(' plt·\'!lH,:-. pm, Il 1\'1' clf('( b TI\(' (1\('1,111 (,11(,( 1, 111)\\('\'1, 

was d tt'll- to I.Wl'lltY-Pt'ICl'llt 1 III prO\ ('ll}('nÎ ill P('! fOlllldll( (' lUI 11)(' 1<' ... 1 (lId(,.., 11111 \III 

the SUII and slightly highef \><'11'01111,t1\«' illl pl o\'cl\wlII fOI «(lcl.· ... 111111111 Ih,' HS/tiIHHI 

This was bC'cau~(' t IH' S\lI)!,1 S( alal HSj6000 \\'elS lH't kt "bic 1 () Llk(' ,Hh "IILI).!,(· III t II\' 
instrudIOII-kvel pdl allC'li:-.m provid('d by t II<' tr,Ul:-.folllldllllll FOI Il)(' ,WIH), III 1\\ ('\ ('l, 

the (,{fcct was oppo:-.Ite, with ct 1('11- to t w('lItr-p('!( ('nI d,'( Il'tI''l' III P('I fOlllldlll" '1'111'" 

WdS Iwcélu'{e 1lllIolling' Olllhill<'S III~trtf( t 1011" ",it 11111 .. loup I.olh III" \\ d \ 1 h,iI IlIlIlI'c!"'" 

efficient v('dorizdtloll ill( 1 ('c\sinp; 1 Ilt' :-.t IIdc éllld 11111111)('1 III "('( loI Ill"llll( IIUII" III 1111' 

tram,fornwd (od!' 

A~ eXI)(·ct,C'd, illstructlon :-.c1l<'dulrlll-', 1II1pro\',·d PIO( ,'..,:-.ul p('llulllldll(" 11\ Il'cIlI( 

ing load :-,tall~ (lIId f10elt.lIIg-poi Il 1 :-.1,<111:-. Aitholll-',h 1111'''''' Weill< 111111" \\1'11' "ll-',llrli( "III, 

sc!ledllling clic! Ilot ('lllIllllc\tC' "Idlls clltlll,lv ill 1110,,1 11I"ldll' ,'.., 'III!' ,,11(,( 11\('111'''''' (JI 

in:-.tructioJl "c\l<'dulrllg WcI" illlpr()\('d hy Ilotlt loup Il III 0111 Il).!, dllcl 10111' fll"'I()II, 11111 11\1' 

('ffpc!. of ~c1l('dlllillg 011 ,Illély ('OIlI!tlct('c1-c()()('" \\'d" Illulc' dpI lu III' 1)('1111,tI, 1 (' , >"01111' 

time!o belle/il WdS OIJtillll<'d, huI, Ilot rtlWd.\':-' '1'111'-. I,dlel lIIJ"'('I\,tl)')1I 1" ,'\pLlllwd 

by tlw fclct l!relt cOllt!(I(t"d (odt, 1:-' ..,1!ollp,lv lIo\\' c!1'!>('IIc!"IlI, I('d\ill).', Irltl(' I.dltlHIc­

with rC~I)('ct to tilt' OId(,1 III "III( Il Ill'>tl\l( 11011:-' 11I1L',lrt "PP('dl )11,,1111< 11011 .."Iwdllllll)!, 

lik('whc had 110 IlIlpa(1 011 llH'rllOI\' !('I(hlll,!.', Tilh 11I1,!.;lIt 1)(' d (11I1"'1.!('ldlI0!l \\'111'11 

compclred tü :-'OftWél!<' PI!Wlllllllg (cl." \VI' ('Xplcllll 1H'luw) 

Loop fm,ioll cl.1"u Illlplo\,(,d (od(' p<'1 !(JIllldl\( (" 11\ «'dll< 1111-', 1()(Jjl (utilloi O\('III('d<l 

and by (['patillg cl l-lI,!!;!,1 loup IJOe!, Ilj>OIl "hl(11 "ddlll!,lIdl Ildll"lolllldIIClII", "II( Il "" 

array cOlltra<tioll ,\lId 11l"lllll1101l :-'llwdlrllllg, (Oilld 1)(' pf'IIOIIlWd Il ,d"u ,,11)!,ldl\' 

rcduccd lIlis:-.(':-, in tll(' ill:-.t!llctloll (d(llf', (k(I('tI"llll-', III(' 1II1Jld)('! 1I111l!'1I101\ 1f'1(II!'" 

'l'Il<' üV('rédl imp!O\<'IlH'lll flOIll fll"IO!1 WtI" IIlOd('1 ,t1 (,1\ lo\\', II(J\\'('\('1 011('11 1(,,,·, IIr,1I1 1('11 

perc('IlI, :\101 ('0 \'(' ! , III ('('II cil Il 111,,1,111( ('''', t Il(' !lI'lfolllldll( (' ollll..,c·d «Hic' III «JI/tlJllldIIOII 

witlt otlI<'1 opt IIllIZdt.ioll" \"cI" wor"c' t hrlll WII hOII! Il '\Il IIl..,Ltll( (' III \\ III( Il 10\\'('1 

pcrforlllnl\('(' o( CllIICr! \\'ct:-' t Il<' ('d"(' of lIo,t! 1 Ill-', p011l1 (!HIc'" orl t III' HS/(,(J(J() ,\ ',('( (llld 

installc(, W<I" tire (<1:-'(' of v('( llJlll.clhl(' (od(", (JII tllf' .W(j() Irl >"pll(' (JI Il', 11I1111,tll('II'" 

loop tu:-.ioll "('1\('<1 dfl illljlOltcUlt Pl11!)(J..,(,I)\ 1,lCdlltl!llIg dlld\ «>lllld(!\(,11 

Ancly (OllttM tloll \\,h fIl!' "llIgl<- llIo',1 df('( II\c' 1 Idll..,lol 111,11 1011 dPiJIJ!'d IIi!' /)('11 

dit of tllIS tlclll:~f{)rlllrlIIOn wa" rlttld)/llclbl<· 10 cl c!(,(lI'd"(' III III!' "111111)1'1 (Jf dlltl\, 
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ind('XlIlg 01H'rat.lolI" wlli( h éH cOlllpally this trdIl~f()rn.<ltloIl élIld à COI 1('~p(JIldlIl/!, dc­

( I('cl..,(' ill 1lH'1l101 Y 1 ('[('1'('11«'''', primarily wil hlll tll<' dat Ct cache The oIlly iIl~1 am (' in 

wlll( Il élll,IY (OIlt.léHtl011 n'~I1Il<'d III lowl'r pCffolmallCt' \Và'" in tll(' (cl"(' of yt'< tori;l,cl­

t.ioll of 100"" fOl whI< h Ilwf(, W('I(' a high p('recIlLtg(' of douhk-pl('< i ... ioll f1o<l1 iIlg-poiIlt 

;i1lcly 11'1'('1('11«':-' III "'pll(' of il ... pcrfofmftIlCt'!H'lwfit O\t'l' Ill(' ullwl tldll"IOIl11dli()ll~ 
I<':-.t.!'d, 11011<' of 111<' (OIlII1I('\( i,1I (olllpll('I ... \I,>cd in t 1](':-,1' l'XP('llllH'llt ~ ct( 1 \I,dly I1lclude<! 

rlrr,tY (JIIII,i( tiull cI'- pail of II~ ... léllld,lld r<'l)('rloil'{' of Oplll111Zillg tldn ... fOlllldtion.." 

III g('IH'I.d, sofl W,U(' P'I)('llIIillg, loop fll~i()ll, cllld loop lI11lOlllllg \\'(,IC rOlllld 10 Iw 
IlIclpplopri,tl{' lOI ,1 \'('( loI' ,U( IlIt('( tUIt' :-,illc(' t'deh of Ihl'~(, tl,IIl',lullllélllOIl" lI~lI.dl\' 
illlP('(kd V('( tOIIZ,tlIOII, For 1111:-' 1 ('cl ... OIl, 0111 folloWI:lg H'lIltllk" (l1'11<Illl jllilllc\lJ!y ln 

th(' ~(,II,\I ,11111 ~IIP('I ~(<Ildl ,I! ( Illt C( 1 llI<'~ ll~('d dUI Ill,!!, t 1](' ('XIH'I llIH'Il("', 1 al Il<'l 1 Irdll 10 

tlt(' VI'ttOI ,1I'(hil('(lllI(' 

A~ <Ill 11I~t.lll( IIOll ... ( !l<'dllliIlg t(,( IlIIiql1<', ~oft.\\'dl(' pipdilllllg \\'d"> I('~" df('('1 I\'(' 1 helll 

t.J1<' III~I IIIC 1.1011 ~c1l<'dlll('I'" 1>10\'1(1('<1 by the liaI IVt' cOIllprl(,I~, Ait hOllgh 11 did 11111" 0 \'(' 

(o<lt' P('rfollll,lll( (' III 1110..,1, iIl~t ell)( ('s, l'Ir Illillal illg ... tedl.., by (lr~t,uJ( Ill!!, 10Ilg-lat!'I1() 

01)(,1,ltr()Il~, II ~('ld()lll dic! III<' loh tl:-, w('1l d~ <I~ tll(' lIe\lI\'('IIl~llll(llOll ..,(Iwdllkr 'l'hi.., 

wa~ 1)('(cllI~(' 11lt' 1 Idll..,fol l11ell1011 l'''t'If I~ ill~('n~ltl\l' to the j>,uliclllcII' ~('qll('n<I'''' of 

11l~1 Illet Hm.., v, hIC Il (dll:-,(' h,u d" dl(' ~ttlll.., 110\\'1'\'(,1'. wll<'l1 ~()fl.l\'cll(' Pl!H'llIllIlg \\'d~ Il..,t,d 

III (OIl;III1<liol1 wllh tll<' Il,lli\'(' lIl~tlllctlOlI ~(h('dukr, Il UjllO\f'IlJ('!1 1 \\<1'" ol)~('I'\'('d ill 

ill~ltlIl«'~ ill\ol\'lllg ,1 li li X of IIlI!'g!'1 cllld f10tltillg-pOlIlI o!)('rrllwll", for hotll ,,< dl.H <111<1 

~1I1)(,IMedill IllclChilJ('~ 'l'III.., ~lIgg(·..,I~ tltà!. tlw pIllllàlj' plII'p<)o.,(' fOI ... 0 ft "'clI'l' pipdllllllg 

~hollld IH' 10 IIl(r('c\~(' ill ... lrllclioll-!e\,{'1 pé-lIélllt'\i"'lIl ill Ill<l(hllJ('~ (.-tpclbl<' of hlglwl 1e\'('I ... 

of COIl( IIll1'Wy (o'1I11!t('lllI01I" in IIIC'>t' silllalioll", ... oflwclle plp(·hllillg WIIHI1 u ... ('c! a 

hlltil'llIlg IIl~tlll( 11011 g('IIl'lclll) dcglddt'd p<'l fOI 1lIc11l«' 0\'1'1 plc\1I1 ~oftw,II(' PIJ)('llIllllg. 

FOI 1 hl.., J('c1~OII, \W L<'li('\'!' IJlrfft'IlIlg \\'Ilholll ~I)('cldl helrcl"'dl!' ~lIppoll ..,llould llo1 1)(' 
IlI< I\ldt'd ,\.., pellt 01 tIlt' ~()lt\\'dl('-PIJ)('lIl1illg Ilélll..,lollllclllOIl 

OUI t"!)('lll1lt'lll.., ..,lIgg('..,1 th,1I luop /11 ... 1011 ..,110111<1 IH' p<'lf()fIIwd pl 101 lu loup Illl­

lolllllg 'l'III" 1" 1)('( .111..,t' Ill"'IUIl Jo., I('~~ dpi 10 1Il( III 1 \:(' ill ... lrllctlO\1-( <l( Il<' 1111 ... .., pelléllt.y 

1 h,11 ~()II.I'\ 11lI('~ .H (UIIIJ)'\Ilj('~ 1I1l101l1llg, \ ('1 Il](' df('('\ of ('ltlwJ' 1 J'c1I1~fOllll(1I101l lIpOl1 

III~tlllctlOll :-,( Il<'dl\llIlg 1" Il](' ~,tlll(' IIJ('Y hoth il}(r('cl~!' lllf' III1Ill!)('r of c1\élrlclhl!' ill­

~t III( 1101\:, fOI ..,( hnlullll!!, Il) ill( 1 (',u,inp, loop-hody ~IZ!' III t hi~ 1('~p('('L loop fll~ioll 

IIl1ghl h(,~t 1)(' P(') fm lI\t'd b)' a (olllpilcr prt'\)I0C('S~0I, Ld\(,wl~('. dl) cl)' (onl 1 <le tIOII 

IIllghl .11"0 1)(' 1)('1 ror llJ<'d h~ t Ilt' 1)J(,pIOC('~",()J, ~ill( (' dll of Ill<' III for III at 1011 )('qllll('<1 10 

pt'lfOl1l1 (ollll,HliulI 1'" I(',\(III~ ét\'cld,lbJt. cil the tllll(' of P\('I>IO(('~~ll1P" ,111<1 tll(' Illlpélct 

IIpOIl l.11('1 (Odt'-llllpfovillg t IdJl~fol IIlclt JOIlS, 111 cllI Cél~(,~, ,.., po~it i\'(', 
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CHAPTEH 6, EXPEllB1ENTS \\'11'11 COU,Ee J'I\'F TU \ \'SI-'OH \1 \ IïO,\ III 

Our expcl illH'lIb ell~o ~u~gt'~t t helt loop 1I111OIIillg ~hlltlld llul IH' dU11t' .11110111.11 Il .dh 

by the LOllIpil(,1 lLtth('I, lt ..,hotlld tl..,(,d ullh ln tilt' t'\.telll 1lt',,'''''',11\ Illl ,'lIt'( 11\1' 

lIIstructiOIl ~cl\('dllltll~ \\'It il 1 Ill~ (1)"'('1 \'dt IUIl III Illilld, \\1' 1'11\ 1"11111 1 hll't' j1l1lt'ltll,dh 

dr('(ti\('apploc\(I\('~ to llllpl('Ill<'lItlllg thi~ p.ut\< 111.11 tldll·.,fOI IlIdl l,Ill 1) 101l1lItlllloup', 

dl a IlIgh 1('\ cl (p"l hc\p'" ",it hill II\(' pl«'PIl)( ""..,(1). l>"""d II(HIII 1 hl' "",,' 01 "llllptlt'l 

Jif('ctiv('~, éllld U~(' plOfil(' Illfol lIlat 1011 lu dd(,(,!11lllt' \\/11'11\1'1 IlllllllIllIl'. 1" 1)('llt'lIl I.d. !I 

to unrollloop'" at the !t-\,('I of t Il(' Ab..,tlC\( t S~ III d\. TH'p ( \~ l'), """"tI IlpOIi Il,,,tI ~.,1t1II.d 

crit<'ria, :,l( il d~ lIl\lt1I)(,I~ elll<1 tyP('''' of 111..,1 III< 1 jOli"', 01 n III '1lIII'( l "I.tii IItlplllI.I1 Hill 

durlllg <lI! illit ial S( )lf'dulill,f.!, péL~S, t IH'II 11111(,11 cllid 1(''''( Iwdlllt' 111,,1111< 1 IlIII'" III 1 ho·.,' 
ill~tallc(,~ III wlllch " ~'P('( di('d ..,1 cd1 t Illt".,I\()ld h t'\.( ('('ded 

\\'it.h I('~.\ld to IO(I!> (Iu:,tcl pdl 1 IIIOlllll.L!" Ilill t'\.jl(·lllllt·lIh ..,hm\ t Il.11 It 1'" (JI gl" Itt· ... 1 

illl)HJltcllH'(' 10 II\llllllllZt' 1 lit' 1I111ll1)('1 01 11I1('IIlWt!I<lk dll,l\'" II·I(·I'·II( "d 1)('1\\('('11 101\t' 

blocb, ..,11\«' 11\1' ddf('I('II«' /)('1\\'('1'11 npllllldll J ptullll\)l\t'd ,odl' dllt! o,ldlo\llllll,dh 

pel It i t IOIlt·d ( udf' CcIII 1)(' "'" Il..,!,, Il 1 Id 1. \\'11 h opl 1111 ,d h 1',11 1 II l' Hwd (Ot!I' 1 111111 Il Il!. ,il 1110,,1 

twicC' a ... f(t~t in ~Olll(' I" ... tall( cs TIlt' <i1-,P,"11 \ III pI'lllIlllI""I" 10, <III<' tll t 1", 1.1\ 1 t Iidl 

1Il0~t of th(' 1)/'11/·fll h011l 1001' Ilc\l\..,follll,ltÎIIII d"I1\'('''', 11111 h011l 111~1(11l, 11\11 IllIllI dl 

ra} COIIIl'c\(,tiOIl AgculI, Ill<' PllIll,\lJ dfl'l 1 (JI loup /""1011 1'" lu 1111 1<',,0,,' tl", ""It1II111 ,,1 

cOlllrdctloll pO..,~ÎI)I(', wht') ('cl"', (ollll,\(lllllI l'IlIllllldl('~IIl ... lh dllcl\ 1I1t1I'\lIlgllj>"ldtlllllo, 

and 111<'11101\ o)H'I,tliulh, wllllh (011"1111111' tl\l' Lllg(· ... 1 "hdll' III 111,,11111 tlll"" ('\1" 111,'.1 

in situaI Ion" of 1 hi~ type ,\.., ,1 Il''''1111, il pet 1 1 It WlIlll).!, dllcll\ "'1'" Lili ... 1" 1 {,,,,"11 III 01 110111'" 

fOllllatioll whult t'llIploJ~ III<' IIl1l1illllllllllllllllwl of ,lIld\~. tilt' pI'lllllllldll'(' pt'lIdlt\ 

l'an b(· ~('\'('J'('. 11 

11 Wc provlde JUflt ::.uch ail l'xiullpl,' of how till'> (ail O('flJr III ('/I,tplf'r 1\ 



Chapter 7 

Conclusions 

III IIIIS fill,tl cbapt('r W(' bridly ~ullllllariz(' t!H' 1I10s1, ~igllificant filldlllg" fIOlll OUI 

n's('arcl! and id('llt.lfy ~Ilitabl(' lopies for furtl]('l' lllV('~tJgcÜJOII. 'l'hl' PUI\HN' of thi" 

l'('~,(,élleh, 011('(' ,1.f.!,cÙlI, was 10 ct~~('S~ the f('a:-lbility of u~illg colleetl\(, loop dlletlysl~ 
ill opl imizing (01111>11<'1 S for cu!vetn('('d UlIlprO( ('s~or <lr('hitt'ctulf'~ and tu dct('l'Illlll<' 

t Ill' !H'Ilf'li t d('11 Vli hl(' W 1H'1l cl pplOpl'li\l (' traIlsfol'mat ions <lIt' et ppl1ed to COll1 pitt 1 bl(' 

loop r11l~1('I"" a~ cl I("mlt of (ollec1lv(, al\aly~ls. 11, i~ withll1 t111~ cont('xl tlllii Olll 

(ont 1 ihllllOll" !)l'lol1g 

7.1 Achievements 

'1'1)(' [olim, Il1g dl(' Wh'lt WI' (OIl~id(,1 to be our major (outrihutions with re~p('( t to th(' 

:-.t Ildy of colket 1\,(' etIldly~i~ al1d tran'iformatioll of loop clll~t('rs' 

Ik( oglll t 1011 of Il)(' t'cl( t th cl t t Il<' Sa 1 h.<lI - (; dO (ull('ct i VI' dIlal Y:-'l:' Ill<'t hod COli Id Ilot 

he u:-,('d to t 1 li Il:-'[01 III 1I011-( Ollll'clt Ihlc loop (lusters for cod('", wl'it \l'II fol' li III pro­

(,('~~Ol~ :\lthough tilt' (;,W-Scllh.lil IlldllOd Id('l1tIfi('~ least-co:-.t lIou-cumpatlhl(· 

(·dg!':, wlii( h (c\ll !)(' dpplt('d 10 t 1 <l1I:-.fol lIIatlOI1 of Illlllt'l>l,)«'%or ('od('~, thi:-, il1-

1'01 Illet 1 1011 I!- 1I1:-'1\111( Will to p,lrtllHJII (od(' into [11:-'1011<11>1(, (11l:,1(·I~. (Se(' ('lIapt('r 

1. St'( t 1011 1.1. llelg(' .S~. ) 

.) Hc( oglllt 1011 nt 1 II(' !,I< t t helt forh.~ III tilt' Loop COIllIlllllllCcttioIl Urctph (LCe;) 

[1'< '<j Ilt'Il 1 1) J('pl('~('Ilt 1 II<' ll'a~t -l'ost eues 10 cut WhCll part itiollinp; a ail LC(;. 
TI\1~ oh"('nat iOIl 1:-' bc\~('d UpOIl the [ad that tlI<' out.put ('dgeR at a fork O[t('11 

1·12 
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rcpl ('St'II t t II(' t l(1I\~ 1er of a ~ IIlglt' cH'l'rl)', \\' hl,lt'rl'" c\ll) 011 \('1 (II h \\ It 1\ h \\ o\lld 1)(' 

I}('c('s~ary tü brt'<lk ,III lldd-I(,II~lh nell'ill tilt' illlt'lf\·I(·IHI'.l!.I'lplt (1(;) 111'(1'''''',111'' 

aff('ct a minimum of two clrldyS '1 !t1'It'fOlI' 110 (Ill of .III i"'\II.,lt'd 1 \1 Il' 1.111 IH' 

!('s~ co..,t!\, thrln d cut ,II II\{' 1'011,. (SI'(' (,h"plcl :L SI·tllull,:t l, :tl ) 

:3. UI'\'dopllll'lIt of dll dfi( !l'Ilt (plol IIIg tl'! 111111\"1' h ..... l'd "POli" Il( l'<ldt Ir III..,t Il,,\ t'I 

saI of tlH' of Iltl' lC. "tc\lllllg flolll IIIt' nocl('" \\"HIr 11l111" .. plIlld III 1111' IIlltpllt 

code hlocb of III(' loop dU'ltt'r (AIgOlithlll Il, 1',1.1-'.1' l~) 

.1. D{'\,('loplIlcnt of clll efre( 1 1\ (' 1001' p,ll t \t 101lillg Ilt'uri:-t Il \\'h1< Il bulld.., UpOIi 1 lit' 

pr('viol1:- algonthlll "lIcI \\'ll\(h .ldl(('\('''' Oplllll," tldll:-follll"llllll. III 111<111\' III 

~tallc(,s ("pp A 1.1-'.011 1 11111 Ill. P<lr!,I' .Ir)) 

5, l{(>cogIlltlOIl of III(' f<ltl IlIct! tll<' (011(·( ti\t'Ioop fU~I()1I ,d,l',Ollt"lll. PltIIHI..,(·d h\ 

G,lO, ObCll, S,II h.cIl'. clncl TllI'h.k(1f h. i" nOII'opt 1111," III "'11 ",,11011" 11,1\ 111.1-'. ddld( l'III 

odd-I('llgth c)( le.., III II\(' le: '1'1\1' l/'d~()l1 (0111'( 11\1' luop 1""'1011 1.111" III d( "11'\1' 

optimdllt) III tll('..,(, III"trlli< (':- 1" 1 h,1I 1 III' ,tlgoll dllli 1 lJlI"llh'l'" III/II 1 1I111p"t rI,ll' 

arc:- 10 \)(' COIl:-Idlil. Whl'1('d:- tll(' 1 UIIlP,11 rllIltlv ..,I,d" ... III ""\ 1'<lIIH ,,1.\1 <lIt 1'" 

ddt'rmillt'd by 1 lit' OId('1 III whl(h odd-II'Il).!,th 1 \( II· ... III 1111' t<; .Ill' t III (S('I' 

Chaptel 1, Sec! iUIl ·1 2 :L p",!!,(' ï 1 ) 

6, Experil1lellle" J('''lllt~ 10 ,,!rO\\ 1 III' ('\klll of :-PI'('dllp .11 11I('\',dlll' hOlll hl.l.',11 Il'\1,1 

coll(,(tin' loup Ilrlll..,follllett\UII~, ~I\(h .1'" loop l' U.., 10 Il dllcl "11.1\ (IJlill.l1 tlllli. ,Ille! 

low-I('\'('I tlc'll~follllrltIOIl"' • ..,U( il cl" ~()ft\\'dl<' pip(·IIlIlIl,!!,. fOI "'('\('1," 1I10c!1'111 III).!,II 

)('rfoIïllcU\«' (Omputl'I c\lt hlt(·(tlll(·"', ~11I!r ,I~" "'I,d"l HIS(' \\(llk..,I,III1'II, " ... 11 

)wr:-,calclr HIS(' \\01 k ... Ll1 1011. c\l\d "111<111111,111((, (Olllplll('1 \\1111 dlldl 1!I'c! \1'11111 

prOf C's:-illg l'cI( dIt Y (SC(' (,\rclpt ('1 (" SC( 11011 (, ), pd).!,(' 1 () 1 ) 

Î. Expcllll\(,IJt.l1 w'Ildl:-, to :-!to\\' t Ill' l'fk( h uf (olll'c t 1\1' IltllI"follll.II 1011", "'"1 II cl'" 

th()~e IlWllt iOll<'d (d,(I\'('. Ol\ (od(':- 11111 ull cl \{ IS(' PIO( (''''''01 ""lIld,JlOI ,11((1 ri 1 d( III' 

Sirtlldcttol FOI 11\('..,(, 11·,,1:-, (01111'''11''011 \\'"" IIIc1d,' wllh 11· ... 1'(·( 1 III III(' "I.I,!!,I'''' 01 

s u Cc('~~ 1\'1' t 1 cl II ~ f{) 1 III a t 10 Il. ri'" \\ (' Il d~ W 11 h 1 (." 1 Il'( 1 1 \J ,t! 1<'1 Il dl 1 V(' 1 1 cl Il'' 1111 III d 1 11'11". 

surit c1S 1001' lllllollillg (SC'{' ('ltclpt('l' h. S('I 111111 (, ~. P".1',(' Il.''1 ) 

8. Lt:-tly, ('X!H'IIIII('lIlrt! 10 ... ho\\ 1111' ll'Icdl\!' l·ff!'(1 ul Vrlll(,lI.., 1 1 Il ',!fol prlllltlOIlIlI,!!, 

~trat('g(('~, l'Will ..,\lb-opllllletl lIitl\'(' IMI 111 I(JIIIII,!!; lu Opllllidi 1"'111111111111.1.'. (S('I' 

ChetptC'1 G, S('( t iOIl (i 1 2. prlgl' 112, ,llIe1 Se( t IOIl f, :~ 2, P"'!!'(' 1 :~:~ ) 



1 

CIIA PTEU 7 ('ONeU iS/ONS 111 

7.2 Topies for Further Research 

Ba,,('c! lIpOIl t,lw p[('«·dlllg progr{'ss, Wt' ~ugg('st the following topics fOl 1'0110\\"-011 

[C'M'cIlC h: 

1. ()('It'rrllllllllg (III optlllldl algorithm 10 solve tilt' colh ti\'(' ;oop fll~ioll problem for 
1I01l- COIJl )Mtihlt'loops or ('~t.1blishillg il, proof that the plOhkll1 I~ l\P-('ompkt<·. 

~. IlIIpkrrwlltillp, 1 lit' dlgorithlTl:" for <olIed lVt· loop élnéllpl" ill et J('rll wllIpil(·1. 

:l Ikllc hlllcLl hltl,l!; 1 1 cllI~lol III et 1 1011 ))('1 forrn élll 1 (' 011 Illllltlpro('(':-.:-.or ... y ... t('lll" (tIId COIll­

pal III)!, tll(' 1(·"lIlt:-. 10 Iho:-.c· d,":-,( rilH'd for th(' VMIO\('> IIl1iproce,,~OI:-' tc·ste-d. and 

1c\:-.lly 

.1 Ikt('l'llIllIlIlg tl)(' ill< 1(1('11«' of t'hgibl(' 100[> c11l:-.tl'r" in <0<1(':-. tak('n flom actual 

prad i( t' alld (\cotel llIi Il illg 1 Il(' ("dt'1I1 of helldlt J('alizahlt- ib a rt· ... ult of tran:-.for­

lIIatioll ill 1 he:-.t· illsl dll«'S 

'l'Il(' :-'('(,olld il('1II .tbov(' w01ll<l illvolv{' illlplellH'lItiIlg t Il(' wl('vant t ramformation:-. 

t'('qllin'd 10 I~olat.(' ('Iiglhk < III~t('I:-' of loops and 1,0 Illake tbe loops withHl t 11(·:-,(· clu:-,­

I('r~ «>lIformahlc' fOI alltllysi"i (tlc\lI"forlll.ttloll" (h':-,crihe<! in Chapter 1), as \V(-11 a~ 
illlplc'I\H'Ilt.iIlg t II(' 1001' cUlc\lysls .\\ld paIl itiolling aigorithlll~ (h·s( nbcd III Chaptcr:-. ~ 

il IId :J 
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Appendix A 

Sample Code Listings 

The following listillg~ an' extra( b flOIll t!w (od('s l\~('d 10 IlIt'd~II\(' 1 Il(' pt'llolllldllt t' 01 

the' variolls 100[> tIdnsforlllatioll~ d;~(,I1~~('d III Chrlpt('1 (i TI\t':~ <lIt' IIIC IlId"t! IIlt'II'I\ 10 

I1lust.rate ho\\' tIlt' élct Ilrlllillllllg', \\'('1<' Llk('11 FOI tp"t~ 1.111 tlii 11\1' SIIII SP.\ B<' 1/lllt) 

dTld tht' IB~l IUSe Sy~I(,IIl/(iorJO, f01l1 plUp,ldlllS \\'t'I('Il~t'd .lItop,1'I 1\1'1 1'1\1' III"t. 1 .1I11't! 
mksrc, is the sll<'l1 :-.cnpl 11:-,('d tl'i 1 he dll \ 1'1 10 !.the 1 11l111I,l!," tli t III' \'.1111)\1., \ 1'1 ',JOli" (I! 

compatible loops ("t'(' FIl~(\I(," (i 1 rlll<l fi~) 'l'II(' "1'( ulld. (,lIlt,t! comptst F, (1/11141111" 

the ~ourc<' cod(' ibclf. :-.howillg 1I11pl(·/lI('IIt.t1lol1 \lI tilt' 111I1I1Ip, IOl/p 'l'III' tlilld. whlt Il 

is not s1l0\\'1I, 1'" rl I\\()(hfil'd \,('1.,1011 o[ 1 lit' fll:-.t. Il,,,/'d d" d dll\'t'I !I)I 1 lit' lit/III ()Illp.d d,II' 

loop tc'st~, and tIlt' fOl li th, (dll('d partst F,:-how ... tilt' tillllllp, loop .lIld tl,.,t II/dl'" !Ol 

the non-colll!JdttlJ!e loop tlall~fOllllatIOIl'" (~('l' Figll\l' h :1) 1.'01 ('''PI'IIIIII'III., 1"11 011 

the IBM ;W!)O/VF. ('éI( h 1t'~1 (odt' W<l~ 1 d.1I :-,(·p"I.lIl'ly. A "'''111 pit, 1/1 (111(' Il! tilt' (odt,." 

call('d MOREFF, is ~h()wlI aftt'I 1 II(' part st . F li..,t Ilig '1'1\1' Irll.d Il..,t Illg 1'0 .Ill dp,glt'.l!,dt 1011 

of tht' precedillg t('~t (üd('~ tlrlll~I(\\(>d illto (~fol II~(' "\Ilh tilt' 1)1,\ prO({'..,..,1I1 "11l11I1.tflll 

and DillclO (',\(.'1)(' :-,i IIItll.tt 01 , Ali (odt'~ tl'o('d dllllll)!, lllt' ('XP('IIII\I'lIt.., l('p()lll'd III tlll.., 

t}J(lsis \Vcn' testpd prim to tll<' \('~I)('(tIV(' lll11ll1g t{,:-,t, 10 V('ltf" I(J"\, f 1 ri ""'!'"IIldt III" 

corn'duess. 
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r;'~~ ~ ~çg c~~e!!~ ·src· arc r1a=e t~~ a!se-~.y-.ap;~a;e •. !::~'t 
~.~~7 •.. ~ ~~ ~es~ re5~.~S !r .s~c !l.e. F. ~:se~. 

'0' • l 2~::~ ES: :992 

r~~~_: ,.~~~ .cwer oo~-d 
r_~~-J :: t _=~p _pyer bCJ~d 
r::_~ •• ~~? :~cre-e.t 

• ~~-~~: ~! ~t~ra~!o~s c! ~~e ~~!~ CCdy 

_-::"'I:~=·-:"=-;"!;!:.=S't.aseJ -~";~.AX=Sf"""aXt -:rl.,CR=Sl!p::rl -:::=:'~=S(!.t.e: " 
.~"'_-:':._;:.:~:.t" 

.! :PS: -! S·ste! 
':. .. P" 

P~~ç -P • e"s~re t~e test SOL!Ce flle 1, preser.~ 
,p 
Pç'S ·SI':CI "ot. found" 
px!.: 

~c: (.~~ ~ .. op: r.opt 
r:: .. ~ 

:: ~ ... ~ S'opti ~opt. 
.~ ~ P" 

ec~c "r~~~inq unoptlmized verslo~!· 
c! .. a~.s="-t:· 

p.!5f" 

e~~o "ru~~irç optimized versions" 
:-: .a::;5:'0-0 -t.." 

fc' ~;rp :" lnt float doubl~ 
N. 

~a!e Sftype) in 
l"tl tcef:"-DTYPE=INTEGER";; 
flaar) tdpf~·-OTYPE:REAL·4";; 
~~l~~le) td~f~"-DTYPE=REAL·8·:; 

e~ac 

for ~roq 1~ orlq ""roll1 unrol13 fu.ed contr pipe plpebuf 
èo 

ca5P Siproq} in 
or191 t.t="-DORIG TST";; 
J~rolll} tst~"-DUNROLLI ~ST";; 
unrol13) t.t="-DUNROLL3-7ST";; 
:used) tst="-DfUSED TST";; 
contr) t.t:"-DCONTR-TST";; 
pip") ut%"-DPlPE: TSr";; 
pipebuf) t.t="-DPÏPE8Uf_TST";; 

Page 1 

esac 
[77 Slcflaqs\ S/t.t} Sltdl!fl Sfld"fsl -0 $fproq!.S{type!.S!opt! S!arcl 
f11 -5 Sfcflaq.1 S/t,t} S/tdef} ~fld"fs) -0 test.s S/.rcl 
if test -f test.s 
t.l'-en 

echo "cat t.e.t. •• > S(proqi.Sltype}.$(optl.src" 
cat. te.t •• > SfproQI.Sftypel.$(optl.src 
if test -f S/proq}.S/t.ypei.S/optl 
then 

echo ·"xecutinq $/proql.S/typ,,}.S{Op~}" 
S(prcg}.Sltypel.Sfapt.} » $(proq).Sltypei.Slopt.}.src 

e~5e 
echa "==> flle ,"SfproQ).S:typ,,}.Slapt)'" not found" 

fi 
els~ 

echo "==> file \"t~st. •• \" not found" 
fi 

do ne 
done 

do ne 

1>-'" .. 
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C te.t. o~ a collection of compatible loop. 
C Q CIse,. ,rl Jan 3 11:34:40 EST 1992 

'de:~re F7IME et1me 

'':'f'''pf c~ G 7ST 

',,·c.: 

7Y? A(,DOl). B(300:l. C13001l. 0(3001), 
13CC.l. '"(30DIl 

• ["'c! ~\qr L: 757 
-vPE. 13~~11, B{3CO.l.:, C(3001), D\3C01), 

Sl ,::l, f(3CC1) 
te ... :-~l" 
f ~ ~ ~el" ... '\ C':"'L3 757 

-Y" A(3è:Cll. B(300:l, C(30011, 0(30011, 
\3GOil, f(JO:l) 

f e'" ~ ~ ~ 

• ! ~('~ f .... S'J) :51 
-yoE A13J81l. B(30011, c(3001> , 0(3001), 

[(38Cll. f(3001) 
• (' ... ~ !. ~ 
'!.fce" CO"J'7R 7Si 

-YPE A-; B, C, D, E. T, F(JùOl) 
'e"~!! 
• ~ [.-je! PIPE '!'ST 

7YPE A, 8, C, D, E, T, F(J001) 
'f""'c .. ~ 
'!f~e! P;PEBvf !Si 

':"VPE A. li. BB, C, D. E, T. F(3001) 
Ir'"'d!! 

,-

~ 

: .... 7EGE~ 1, J, N 
~ASS, ~v~, INCR, 1TER 

"EA: 9EG:NI2l, E~D(2), OVERHEAD, T:ME 

~Asr 

'V.AX :3 ~~ 

~':=I. ' f 
~ ..... ~~ 

~ -...., ~e :. ~-er C'verf'f"aj 
-\_~ ~-:v~(?tG:" 

:- ..... :Vf(t:'-:: 
-.-; ~.\ ..... r-":I:, .. :: ... :.(~) - gE~;"{:l - 9EG:'1\2: 
,:.::-::) ::'~_"" ""'c:'':-':'" \: 

-r :hi- ~_~:< ~P3~ __ :!CR c~ :~e S~R 4/490 !! :,:: of 

:t"'~""'''': "'t'~.::~ .. :;~ 
"'::.:-~ t,:: -::":;5!:-, , ...... !._X, :,;:'t 
~"::_'H~-' :!~s: ,:f,' ''''.A..X4o',:oi,' :,:t(:',:~J 

'" -;: -:;' \ t, 

--'~- ~~:7:~ :~':7- :-:"':: ( ... 5:::\') 

:- 4o:~= ~ _= __ a~.2~ ~~e: a ~a~;~ cf v~~tc: S_l~5 

: '=~Â5 '~~', :,~~ 
-r _ _:e:a ~-~ =: :~e _~=~ ca_=_~at!~-

... ~~ t" : 

~-:":! :~" 
:,.:;" ~~ " :: .... ,,:.: "/1 

.::., ::--:( 

_:==-= ... ~5:er ~3~=_~a:~~- ~~; ...... s \.~=II!' 

::';': .. :; :S:-
-::-:: .. ~ := .. , '" 

~ , : 
,:::=:.' 

::l. \: \ '= " -
J:' : ~:, ..... 
.: \ : \ c a. t : \ 

_, 4: '.' , - .. :; \ : \ ..... \ ... 
5: :::, , 

9 ., 
\, 

•• 
E,: = C , .... -:\ 
t':- :::4o' '-

~ , ... :-: 

.' . -,"" ..... -: 

'" ... 

Page 1 

a se::~":; 
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'end!. f 
lifdef 

, , 
.v 

20 

30 

40 

sc 

60 
lendif 
'ifdef 

la 

20 

3:; 

c 

.: 
te"~:!: 

U"ROL:'! T57 
JO 10 I~l, N, ') 

A (1) < 1 
AtI .. l) = 1+1 

:)0 20 :;:=J., N, 2 
8(1)=,..-1 
3 (I ... l.) = ~ - :;:-: 

")e 3e ::1, t'l, 2 
C(;) = A(1) • S(!) 

C{I+l) = A(I+l) .. 8(1+1) 
JO 40 l < i, '< • 2 

Dn) < COl· 99 
D(:')) < C(I.:;') • 99 

:lO 50 1=:, "'J, 2 
Et:;) = C{~ ... 1-11 .... B(~+l-I' 
E(I.1) = C(N-Il • 6(1'-1) 

DO 60 1=1, l', 2 
,tI.l) f(1)· D(S·l-l) • E(r) 
FO.2) = f(1·)) • J('<-I) • 1':(1·1) 

UNROLLJ TS'r 
DO 10 1;-1, N, 

A (1) = l 
~(:.ll 't !"'1 
A(r.2) 1·2 
A(!.)) ,.J 

DO 20 r=:. N. 
B(1)=I'­
B(:-)) = ,,- -1 
9(;,2, = ... - -2 
BI:·3: = ... - -) 

:le 3: I=~, " ~ 
C(:l < A(I) • !l(I) 

CI;';) A(:':)·!l(';) 
:;(:+2l < A(I+2l - al ·2. 
CC~''''') ~ AI; ... 3, ... ::t{ ·~1 
C .~_. t.. ~ 

:::1:: < CI: • 93 
::r:.6) ~ :;:1:·': - q~ 

r: ... :: ::. :':.;, ... ~? 
'~-') ~ : ~~- ... ~? 

:. :=~, ~., ~ 
C(~·.- ... 3 , ... -:: 

..... : :.~ - ...:: ('-­.=) ~ : .. - :, .. 3 ( 
( • .:n :: :1'- :, . ?' -2-:, 
. :<. ". ~ 
\: . ..:> :; t"(:' ... :1,.:-: .. Ef:' 

~(:·2: 

q:-3) 
;" (: ... ~, 

F"(:.~l ... :',-:: .. Sf:.:) 
!" 1: .. 2' : .~- ...... E: :.;, 
:- 1 :.3) .. l.-,l: ... : E: ' : ... : 

'::=e: ~_SE~ 75: 

'e"= .. ~ 

.=:., '..t 
~ .... -: ... :~ :; .... -: ... 
3\'~"':·:\:; :-: 
:/,_:.:\ ;''l'~ ... : ...... ~ '.-:·6 
:r'.-:.:' :: :',-: .. , ... ~1 

!: ':: ;::­
t" : .. _} 

:/l .• 6-:' ... 31',._-: 
;- :: - .~ ... 6 -: 

... :::~: ::':t~ :5 

..... -- .. = 
•. :- ="= -

A • 
; 

. " 
;, . 

--
Page 2 
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- 3'::. .... 

' .. 
~ . 9 

9; 
;; - . E 

;" . <1 _ 1 - 7 

" ",- ~ - 2 

: ~ - ~ 
: . 39 

- B 
::: E 

~ '3) = q21 • 7 

" ".+ : 
a 
: P- • B 

': 99 
E ': - B 

A ".: - 4 
ô 3 

:;0 10 :=5, ~ 

:' :: D .. E 
cr:-:' = fII-2) • T 
CA... B 
::J C - 99 

C .. B 
A N·l-
8 r-

,.. r? 1 ~ ')G 

.p~d~ 

';' ;; !) + E 
fIN+I-1) = fIN+1-2) + T 

C A + B 
~ C .. 99 
E C" 8 
T D + E 
fCN-ll = fIN+1-il + T 

':fce~ PI~EB~f TST 
C ??~:"OG 

C BODY 

A N+1-
B = a 
C = A ... B 
BB = B 
De'" 99 
E C - BB 
T D. E 

A N+l - 2 
B 1 
C = A .. B 
BB = B 
De ... 99 
E = C + BS 

A = N.l -
B = 2 
C = A + B 
BB = B 

A N+l - 4 
B = 3 

DO 10 1=5, N-1 

.... 
comptst.F Page 3 Apr 15 1992 Da-57 00 

:: E:?::. ... ~ 

~i:-3 ~I:-~ 

::: • E 
:; • 99 

E = .: .. ES 
C = A • B 
SB = S 
A ,,_. 
3 = : -

r'{IIj ... :-41 :- ' ..... : -5\ 

:- ::.. E 
"'C"'-:-31 rc~-:-':·-

ferld1 f 

~ C" 99 
E C' B3 
-: ::...:: 
f(.,-:-21 f\v.-31·:-

C = A - B 
BB = B 
D =: 99 
E :: C ... Ba 
-; ;; 0 ... E 
fOtJ ... l-~ ~ = rn.+:-2' 

A 0,:-: - " 
!! " - 1 
C A • 6 
3B = S 
:; =- c ... 99 
E = C • 69 
7 = 0 ... E 
f CN-l) :: ~(N ... :-l) - . 

70 CC'-JT!f\lù~ 

CALL E7I"'E (E":JI 

comptst.F 

71"E :: END{ll ... E-..:)(2) - BEG:~(:} - BE:::;:' (Li - 0· ... ':0;0 ..... .1'\: 
BO WRIT!:16,90) N, 7I"'E • l~CJQ~O 1 :7ER 
C ENDT = MCLOCV,Cl 
C :!~E = ENû! - BEGIN - OV~Q~EA~ 
C wrlte vectcr leng~h and t!~e (in ~!cro~~cc~d~) 
C 80 WRITE(6,90) N, :,:r~E • :CCC:J 1 !~E.~ 
90 fO~~~TII1C,fll,ll 

E:ND 

.. 
PaGe .:. 
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,~ tf"''it!'l on a coll~ctlon of non-compatlbl~ loops 
C R al.en, Sun O~C 15 13,43:15 ~ST 1991 

'~C~A~e ETI~E eti~e 

f(!f'f CQ.IG Tsr 

'e"1d!.f 

7Y?E A(3000), 8(3000), COOOO), 0(3000), 
E(3COO), F(3000), G(3000), H(3000) 

'ifdef O~IGfIX TST 

le"dE 

7YPE A(3300), 8(3000), C(3000), 0(3000), 
/:(3000), F(3000), G(3000), H(30001, b, e 

ti:de! NAP .. E TST 
7HE AI3eCO), B(30C,O), c(3000), 0(3000), 

E(3COOI, r(30001, G(3001l), H (3000) 
.c"''J1f 
.~!je~ LS~ArVt TS7 

:'YPE A(3"C"CO), 8(3000), c(3000), 
E{3~::J), F(3;):)O), G(300G), H(3000}, a, b, d, e 

• f .... O ~! 
• ~ !:f'Ç' ~r-:;"' :57 

7YPE-!\(3COO), 9(3C02), C(3~OC), 0(3000), 
,!3C~~', t'(3000), G(30001, H(3000) 

• f' - .:: ~ ~ 
'~:~f'! V2~S~~ 7S7 

-v='~ At1;:'::;j, E{3C(2), P(30001, b, c, d, e, f, q 

• C' - - .. ~ 
:':E'::;E~ J, \, 

Q.\~t'", ......... _;,x, !:-.C~, :7ER 
:;cA:' 9é::;:~(2), E~J(2l, OVEll.uEAIl, TI!":: 

~;\S~ - f.~ 
,~ .. :.\X - (, c:: 

: : ',C::" 02 
:-:~ 

-- .p :'-pr ~v~r~ead 
-;.: : :v:: (P.!.~:') 
,~\~ -: .... ::-{E,.,.:)) 

... ~~- .. ;, ..... = E'\:J(ll .. E'::::;(2} - BEGIN(l) - 9E:G:'(2} 
t ~~a: c!cc~ r~!olut'o~ o~ t~e Su~ ~/490 15 1/10 of a secord 

~ .-. :-~= ... "'-~ ~eaa~"'C:!i 

.,.~""-=:(t;t, ~l P.A$~, '''..AX, :-';;:R 
'":::o.y.":t' BASE: ',I6,' ''''.A.X''',14,' INCP:',::4} 
1'\ ~::E. t-,-j 
~";'Vl..-{' ~E~7:~ :E'GT"'I -:-:~: (::SEC)" 

:: .. ~-t" :~e • ..:',:'0 ca ... ,:_ ... at:c ... cole!' a ra"';~ cf v~c~or sizes 
~: 5= '=~~SE ~v~', :~~~ 

- ... -fS :::::: ::~:ra:. .. ~ of t.~e ... ccp calc .. :a:.iof" 
=~~: E7:V~\~ :" 
........ ...... ...._ 4 ... 

~ .. ... ... - ~ , ... 

:~~ ~~=~-=~_s:~:r ~~_\~.a:~c~ ~e;!."s ~e:e 
f. __ t:'. :, .. ,:; "'5:-

." 

, 
":" , 

A(:' 
:; \ : 

.. , '. 
= ;t'-~· 

:..:: ... , , . 
? \: , 

~ ". ., ..... 

:;;;:~-:;-:"' ... -~: 

,-: .. : ' 
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10 A (1) 
DO 20 1= , "1 

b = A :) • 2 • 
B (I) b 

2e C (I) = b + 99 
:la 30 1=1, N 

30 D (I) = A(t-l-I"l) + 6 
DO 40 1:1, N 

40 ~ (1) = B(l) + C (1) 
DO 5~ I=l, '-: 

e = E (.) 
F (I) = e '* 4 + 2 

50 G(1) = e • 8 - 3 
OC 60 1=1, N 

60 P (l) = F(l) + G (1) 

'end!! 
lifdef '/1\.I'.'E 75T 

:0 10 :=1.., r-. 
A(!) 
aCI) = AC!) • 2 • 
CCI) = aCI) + 99 

;:Je 2 G : = .. , ... 
CC:) A(~-:+;)· 6 

• 0 (I) 

'* E.{~-:+~) 

ECI) !lC!· CC:) • :; (:) 
r(:) EC!' 4 • 2 

2~ GC:) EC:' 8 - 3 
38 1=:, .... 

3C 1.1 ,:) = F(:) ... G(I) .. E"-:-:I 
'e"dif 
'!.fèef LS"lA~V:: TS: 

rQ 1: ~=I, l\ 
a = 
b = a • 2 • 3 
A(:) a 
B (1) = b 
CC) = b • 99 

~o 2:) ::= ... , .... 
d = A('\-:+:) + 

e B(I}+C!;)·c 
El e 
Ft = e .. • 2 

2C G 1 e .. - 3 
:;'C JO : = l, fi,: 

3: ut:) = ~(::) .. G/:) 

'e"'d.!.! 
'!:def Er"r :5:-

l": 

le- ~ 

f_:::~: 

::J ~~ ... = .. , '" 
AI:; = 

:'0 2: :=:, " " ':) ,,(: ' • 2 
:: 1:) 3(:: . 
: (: AI"-:-: 
Er:' BI: 

-- -= .. , '. 
;" r: :: f: 

:: : 
.. [: ~ f: 

..... :=: 
-- -, . 

"' , 
;. - \ . ~ . 
::: .. '1<J 

:: ,.-: .. -
= 

e = 
e • ~ .. :; 
e e-

93 
+ 

. , 

fi' !:t .... -:+:} 

'.- .... 

. -: ... -
fe-=_: :':' :-:\_:: 

-_. 
partst.F Page 2 



u.. ... 
UJ 
t:: 
m c. 

" .( .. , , 
" 10' 
() 

J'." 
'l'U " , .. , 0 
01l> 

IJn; 
1., .. 1 

o ~. 
~ 1-1" 

~:! ~ .. 
.rI 
1. (l 
~., t (. 
,,' .. 1(\ 

111 - 'l 

" 1 .1" 
1 _., 

,l't""' ... ~ ( ) 
hl ttI l' ~~ 

"'. , ... 
Il.' .. r­
.J' t"J •• 
b..!.-I t Loo. 

- - '" - . i~l \1 ~ .. ( ) \ ") 
)..~ ~,... .. 
,. hl ~I "' •• 
il 0 ... ..,­
hl Il ,) - ,. 

\) il ... , 

:!~IIl'~:~'il 
.. li •• 1 l\.' 
tilt t. 1) 
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c ~ORErf: PARTITIONING TEST fOR NON-COMPATIBLE LOOPS 

I~TEGER N, l 
REAL'S A(3000l, [(3000l, ,13000l, B1, C, 0, El, f, G 
REAL-S BEGIN, END, OVERHEAD, TI~E, MFLOPS 

c: : ..... :':IA.: :n: :~?U';S 

~AS~ fO 
, .... J\X 'CCO 
:...;C'~ 68 

~~~_ CC~7:~E{BEGrN,RThCODE) 

CA~: CD~7:~E(E~8,Rr~CODE) 
CVEq~EA~ :: E~D - BEGIN 

.... ;;:~E..(b,5) 
~C~V~7(' VECTO~ LENGTH TIME (USEC) , l 

;: -;v: 7"[ :' .• ) >.EC7ION fOR VARIOUS VECTOR SIZES 
Je ... c .. - ~ASE, , .... .AX, INCR 

3~ 

CA:':'" CI-~l'!':ME (BEGlt-.:, RTNCO::E.) 

18 1=1, N 
A(: l = 

.... c 20 1=1, N 
9: = A(Il .. 2 + 3 
C = al + 99 
:: = A(N-I+1) + 6 
E: (Il :: B~ + C • D 

:;0 3~ l::::l, N 
El = E (1 l 
f = El . 4 • 2 
G :: El . 8 - 3 
,,( 1) = F + G • E(N-I+ll 

CA'_L CPUTIME (E>;O, RTNCO!;E) 
7:~~ = E>;O - BEGIN - OVER~EAO 

nR!7t(f,SO) N, T:::~E 
COV:-:·~~'E 

8: ~O~~~71:9,Flï.l) 
~,~ .. 
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... 
A'Y' 5 -992085652 c.code 

.•••••••••••••••••••••••••• ~::~.·a. =~.:e::~=~ ••.••.••• ~ ••••••• 

- ... ~::. ~ ..... '9 ""': ~" ... : , ::2 ..... : 
".':.~" 

~4 . J; 
:'.... ' .. "- .. , ~ <-:. ... J: ! + ... } 

" :~... :=:; !~=~; 4+~ 

' .. - i i 
!-: ... 1:=:; ~<=~; ~ ...... } 

= A;l~ ... a~i:; 

!--;.: {!::::i !<=~; 1 .... ·) 
':2! -:. C:(}1 .... 99: 

f, .... f!:=.: !<=-,j; !++) 
:31 -"::[N+~-!J+B ... +:-!:; 

!ç~ (!=., !<='-: 1++, 
_il _ C~,!-ll ... C2'~ ... ::'-i .... C3:1): 

!"::.: (!-=:; ! .... =~; i'+) 
;:; ~ !. ... ~ ! ( .. \:-1 ~ r", Cl' i . ) ; 

= C.34; 
le -a~'" '/ 

~3 "J ... :',. :~ ..... : 

1 ••••••••••••• • •••• ••••••••• ~~rolled o~ce ••••••••••••••••• ( 

... a ~.... (: 
! ~t ~: 
-'P~ A'~·: • RrN.l1, Cl[N+l), 

-::4 'G; = ~. 
!er (1=1; i<=N; 1+=2) 

AI!' - 1: 
"[i+lJ i+1; 

f,," (1=:; !<=N; 1+=2) 
1[i]=N-1; 
3\1+1] ::: ~ - 1 - 1; , 

for (1=1; 1<::~; 1+=21 
Cl,l: = ALiJ + 5[!J; 
c: r 1.1J = A[1+1J + 5[1+1]; 

fer !i=l; i<=N; 1 ... .:21 
C2ii] = rI(1) + 99; 
C2 [1+1] = Cl [1·1J • 99; 

for U=l; i<=Ni 1 .. =2) 

nr~.ll. C3[N+ll. C4IN+;Jô 

C3,i] = Cl[N+1-i) + 5[1/+1-1]; 
C3[i .. l; -= Cl [N"2-il + B[N .. 2-i]i 

~or (1=1: 1<='1; 1+=2) 
C~:i' = C4[1-:] + C2[N+l-l) + c3[1); 
C~li.l; = C4[1] + C2[N-1J + C3[1+1); 

for (1=1; i<='l; i++) 

orl"tfC"'d\r".C4[1]); 

1 J' rai'\ "/ 

1 •••••••••••••••••••••• ••••• unrolled three t1mes ••••••••••••••••• / 

na i n () 

,.,:?" .. 
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:'"':'?:: .\ ... - ~-: 1 =;. ,.: , 

::~" - ô 
::-!' (!=:~ :<=', -=! 

~:J: 

;. 
A i-: 
;.. ~-2 
Â ,: .. 3, 

li=: ; 
s 1. 
3 ,-
3 !,+ 
B t-- , 

fo= 0=:; 
C' " ... 
::[:":1 
~:fi"'2 
~.,i-3 

.. 3: 

!<=~; :+=4: 
\ - i; 

" -, -
" -

!.<-;;:to.; !.--=41 
Ar!.' ... 3 i 

A,~";' • ~ !- ... 
A f i"'2 .. 9 i"'~ 
Ar~.3 .. Bfi"'3~: 

for \1=:; j<=~; l-=~} 

:::2, 
C2[ 
C2 r -2 
C2, ·3. 

::: ... J • 9 ~; 
C:'I';' • 39 
:::\1 .... 2; - 99 
C: 1· 3, + 99 

!o~ fi= .. ; !.<=-\; ~ ... =4; 
{ C3d, - C1 ., ..... - ... 3~\.:.-i}; 

C3[!.-1 ::::\,- - 3~~-11; 
C::!t! ... 2 J ,- -!1 ... B[ .... -l-!,; 
C3'i-3 .::'--~1-B .... -2-!Jt 

for (i = Jo.; ~<=t.;, 1"'=4) 
1 C4 [! C"[~-: C',\ ... ,-!l .. C3î1~; 

,.: , :t. , ... 

C4 r! +: 
C4[1"2' 
C4[1·3] 

":4[!.j ... :,,~-l] ... C3(1·:], 
C"i+: • C2:N-l-i] + C3'1+2,; 
C4,i+2' .. C2 r N-2-i, + C3l 4 

... 3]; 

for (l-=:l; 1<=r..; 1 ...... ) 
prlntf("'d\~".~4[!11: 

/* IT'1l1n "/ 

1.····.····················· f~ged loop5 ·················1 

Ma 1 n (] 
{ 1 ~t 1; 

TYE'E A[N+IJ. B[N+11. Cl[N.1J. C2lN·IJ, C3LN+IJ. C4['1.1]; 

c4[01 = 0; 
for (1=1; l<=N: 1++} 
{ A[N-l+1] = N-l-1; 

5[N-l+1] = 1-1; 
Cl[I/-1+1J = A [N-1.1J • B[N-l+:J; 
C2 ["-1+1] = Cl [N-l+ll .. 99; 
C3[lJ C1[1/+1-1J" 5[N.l-1J; 
C4[iJ = C4[i-1J + c2[N+1-1] + C3[1J; 

for (1=1; l<=N; 1++) 
prlntfC"'d\n".C4 [1]); 

) J* ma1n "J 

.... 

/ •••••••••• ~ •••••••••••••• fU$ed a~d con~racted loops •••••••••••••••• , 

Paçe 2 
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- (: 
~ .. t ~, 

""Po. a, b, cl, c2, c3, C4 [f\.+lJ; 

":4 r::; 1 - 0; 
!c~ (!=!; l<=N: 1 .... ) 
\ a = ' ..... ·1) - :: 

r: • i - 1; 
cl a + b; 
c2 = cl .. q9; 
c3 : cl + b: 
C4~1: : C4[t-ll + c2 • c3; 

fc!' (1=:: i<=-N; i+·) 
pr.rtf("'d\"",C 4 t 1 J) ; 

1· .... ;t ~.. • 1 

c.code 

, ••••••••••••••••••••••••• !of:ware ~lp~ll~~d locp9 •••••••••••••••• ; 

- J. '"' () 

-";--.3,:-, C., c;', c3, d, C4 t \·:l; 

" 

.. .. ~: 

...... ", 

, .. 

". 

,,- \ .. 

. .. 

. " . - ~ 

;-, 

- , 
,,, 

, " 

, . -
,-

'.- .• 
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C4INJ C4 [N-l 1 + d; 

for (1=1; 1<=~; 1++' 
prlntf("'d\~',C4riJ); 

, /0 main 0/ 

........... 

c.code 

, ••••••••••••••••••• software plpell~ea locp ~1tr b~f!er •••••••••••••••• / 

maü Il 
1 int i: 

'lYPE a, b, bb, c:, =2, c3, d, C4 ~~+: 

/* prelog *' 
C4[OJ = c; 

a = {N+:} - 1; 
b = Oi 
cl a" b: 
bb = b, 
c2 = c~ ..,. 99; 
c3 = c~ ... t .... ; 
d = c2 .. c3; 

a = ("'+1) - 2; 
b = ' . 

" 
::1 a . r; 
<Ob b; 
c2 cl . q9; 
c3 cl ... ob, 

a z ( .. +:,-3; 
b = 2; 
c1 a'" b , 
bb -= b: 

a=(~·l}-4; 

~ 3: 

tO::!j .. 
~c: (!=S: !<\'; ~+'""\ 

~4 !-~ :4 !-~ 4~, 

~:=;;~~_ • ... c~;: 
c3 o. r", 
c: . -
a = l' ...... 
= 

~-: 

P-:' - _-:; 

- - '-! -, , _:. 

',_ -: t 

=: 
".-2 

a -
:: 
c... ... ~; ~ 

:2 ... =:: 
:! t.,-: ".-~ 

a;; ''""a 

----, 

Page 4 



1 

10 
<1J 
01 
CU 
a.. 

Cl) 
'0 
o 
U 
c.) 

N 
10 
«) 
10 
0) 
a 
N 
Cf) 
0) 

ln 
, 
n 
<l: 

l' . ., 
, l 

. 
'. " l' 

," il , ".. 

" , 
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Appendix B 

SP ARC Architecture 

III thi" rlppt'Ildl\ \Vt' 11'\'\('\\' 1 lit' ha~,\( l't'cil 1\1 t'.., ur ")1111'.., SP\ I{(' .II( hlll'( 11111' dlld lïi 

FOlfl'lL\l': rOlllpt!t'l a~ tlwy pt'itellll t(J tilt' SP:\H(' '1t'I\I'1 !/t'Hl, tl\(' ".,tldl IUS(' 

\\'of'k~tati()l, Il..,Ct! .1111111).', tilt' tl'"IIIl).', ul t(Jlhll\'I' l"uJI Il''Il,~IIIIIII.tlllIll'' d('", Id,. cl III 

C!taptt'l h III "lll'''I'qllt'lll <lPI)('II<lltl'" \Vt' PIO\ldl' "lIl1d.11 1111111111.1111111 l'l!dldllll', 1114' 

rl"lll.lIlllll.!!; dIt hltt't tlll,''> ,I!ld (')\IIPllt'l" 1I"t'c! "11111lL' \llii ,"P"IIIIlf'ltI'> 1111111" 1"L'dl" 

I)('itl\t'l tllI'> <lppl'II.\I\ 111)1 tilt' (l11t''> IIt,d It/llt/\\' cllt' 1111<'11"1'.) ICI III' lllllll'l,'It"II"I\" 

Hcllllf'l. Ill(' PIII!>""" 01 the,>,' clppt'lldl(I'" 1'> Il]('!I''' III IlilllIdl\(" 1111' ","11'1111" .. 1111''', 

ul ('cHh dlthl\('ctllll'<llId (olllpdl'I III '>ltlftll('111 d,'lcld lu P"IIIIII 1111.1"1"1.,".11111',(111111' 

rt'Sldh 1>1I''>t'lIl('d III ('h"pt"1 l, \\ Itlt IItI" 01'1('111\1'111 Illllld. \\,,1)('1-',111 \\1111" 1.1if'1 

dt'''( llpt lull 01 1 II<' :1P:\I«' dl ( hlt(·, 1 III l' 

B.l Base Architecture 

SPAHC. clll clt IUlI\ III lOI St ,d,d,II' Pli" 1,,>.,01 1\11 Illkt 11IIC', 1" <Ill "l't'II tlll 11111'1 1 III" 

:-. PC( i fi ( dt i () Il \\ li te Il Il d '> II u \\ 1)( 't'Il III 1 il 1 l'Ill (' Il kt! 1) \ "l' \ ( '1 ,d III tilt 1 II d' 1 III ( '1 '- 1 1 JI' 1 ( ',il Il l' , 

or tlll~ éllthlll'cllIlt' <tll' "lllld,1l III 1I1i1'I~ \\cl'''' Il' 1 1 If' I)L\ clltllllt'(IIII(' dl,,'ltI)('c\ III 

ApP<'lldn E [IIPIJO] l'II(' ,lit hlte(lllll' Il ,,{'II d{,II\I'''' 111.111\ ul Ih d""dl',11 k,tllli<'''' 1111111 

lit(' ('a ri Il'l Bl'lke\t'.\ Bise Il dlld SU\\{ dl(lIlk,IIII,'" Il',e,I,,I''1 \\IIIt!,,\\.., dt'ld\l,d 

hltlllllj('~. tlt-Itl\'t'd 1(J,ul" \\1111 Iltllcl\\t1lc llIII'llo( k.., d fl'Mlllll-', pllllI! IUPI""',"'''I dlld 

cl ft'w "P('( iet! 111..,11 II( 1 1 li Il " 1 () ..,111'1'011 t tll!J",'d d,t! d [\1111 ,~xl 

T lit' il 1 ( 1" t t '( 1 Il J(' li tI" 1 hl ('(' ..,('h ul 1 l'/-', 1'" 1 1'1'" /-',1 () I"t! Il 1 1 ('~~( '1 ! t ').1,1" t 1'1 "'. l.!, 1!lI,," !lu,t! III).', 

poinl l(·/-',I:-.tcr". ,llIei \\'llIdo\\{'d 11I\(>1~1'1 (t'gl'>kl" Î IJ(' Wlllc!owf'd 1").',1..,1 t'l~, tll(' 1111111f'1 



'l<l,bkIU' SPARC Hq~ist('r )JallH':-' 

plllllclr)' ,tltc'Cllrtl<, 

l.kllt tfWJ' id(,llt Ifi('1 plll pO:-'(' 
-- -- ----- --- ----:---~--;-

1:21 dl 10 17 wiudo\\' iu:-. 
1 1(, r2:~ III 17 wlIIdow loci\b 
1 H ll.i 
10 ,7 

... p 

fI' 

gO 

o(J Ot 
gO gt 

()() 

i() 

07 

wludo\\' llub 

glolMl ... 
:-.tcH k pOlllt('\' 

f, ,II 1 l(' poi 1\ 1 el' 
1 pt III li .. dd r('~ ... 

/('10 \rlh!!' 

dl\'lded 11110 tlll('(' ~lIb:-.!'\ ... III~, Ollt ... , tille! lo( ,d:-. 'l'hl' \\'illdo\\'('d lq:?,I ... kl'" ,lIC u..,(,d III 

(Olllllllltion \\'Itb l'I()«('dllll'''' ("'('(' l'.tI)ll' BI). A save ill:-.ll'll<tlOlI, (·\.l'('II1<'d cl'" peut 

,,1' ,\ I)JO(c,dllte' plOlllglI('. 1 Il.lII!!.,I·''' tll(' 1lIc1lhllJ("'" 1111<'1 11Il't.1t 1011 of H'gi..,tl'I Il li 1 1IIw\' ... '>0 

1 1i,II IIIC' (,dllllg plOC ('dIJJe'.., ollh 1)('( 0111(' t 1)(' (,dlc<l PIO( ('dlll<"~ 11h. tlllcl d 1\1'\\ ... c't of 

JIll ,d ... ,111<1 1lI11.., 1)('( cHIli' .t\ ,11\,")1(, III "tltll! IClIl. Il)(' '>cl\ l' rll\O( dit' ... fi !lI'\\ ... !tI< h Il tllll<' h., 

..,('t 1 Ill!!, d 111'\\ ..,ltI<h JI'>llllc'l !II/III III('old (JIll' .\ 'Olw"'polldllJg restore IlhfJIl< IHlIll1l 

t III' (ctll(·cl plll( ee!1I 11"'0 q)/Iog /1'..,1 (/H'~ f 1)(' ( .tlkr·.., 1<',1.',1..,11'1 111l1lllH'1 1111c'l />,..! dt IOIl dJitl 

Jt'dll< (''0 t III' ... Id( k \\ 11<'11 "II 01 t)((' Iq.!,I..,1<'1 ,>ch ,tI(·ldl('cl ,lIId lI1!ul 1)('1 UII(' ,.., lI'q Il 1/('<1. 
t!l(''o\..,ll'llllltlp<.,.,lIId till'oldt''''( \\llldoWh"pdled ('UII\('I:,('h 111<',,\,,1<'111 tl.lp" ",lwH 

tlil ,tfftolllpl 1'0 llI"dl' (U {('''(O«' tI }lH'\'IOIl'oI\' ..,tu!cd \\·llldO\\.J By <oll\I'lIll()!l glubal 

Illtq!,('1 .llld f1(),tllll/!, pOlit! \,dllc", tlll' /('f('II'!l«('d lI~illl1, ,1 I<'!!,hll'l oif:-,('I, II').!,I ... I('I gO. 

Wlll( h 1" Wllt'cI lu !'('Itl. h Il.,('d III ,H h\l'\(' t 1((, df('( 1 (Jf clh..,ulll(l' ,l<ldll·"'''II1).'. 

(·OIllPllt.tlIOII.t1II1"'(III. tlllll" \lhlclll1 ,dl ot till'il dctlrl hum 1('gl..,!('I'" O! !rOIlI 1 ~·I)il 
'olgll ('\ll'lId,'d 11l11IJt'dld(' Iwlcl., III 111 ... 1111( 11011" cille! put tll('ll /('..,1111.., III !('!!,I..,t"l'>, \Vith 

I)/WI'\(<,/l(lt l li. sethl !ïw<.,I'lhllll..,tIIIlIIOJI (OII"'!III(!'" :~:!~hJ! (Olhtclll!c.'1/1<1 clddl(,'o~('''' 

101 ,I(t'~ ... lu glol"t! d,If'! Il IOdc!" <lll 1llIlIlI'dlcltl' :2:2-bil (Oll ... LlIlI Jillo Il)(' hlgh l'lId 

01 d Il',!.',b!t'l <Incl pllh /(,10" III tlll' otlll 1 1('11 1>1t... hH ('xrlllIl'll' 10 )Odt! 111{' \\ou) cl! 

.l<ld!(· ... '> loc III!O 12 1 hl' !oIIOl\ Ilig (ode ... ('<{lIt'//( l' /.., Il:-.('<1 < 

1~11I,1t 11I1()rll\.tII(1I1"".I~h r"f\.lrdlll.~ th,. Il''' .lIld bt'lItlit of rt'gl,>tt'f 1\ IlIdo\\", l'III thl'o IIld't·rl.lIl ... 

1<If)!;,'I~ Ifrl'lt'\,1I1I tn (lur 1,.lttl' IIIM ,,, .. t',Hell [I)S~l(). h.. \\"/oIt'. III'!Hl. l'IH·t/oll] 
!III SI'\IH ·.L" ... ·lllhl~ LIII)!.Il.I!!," .. (>lIl('· "I"'r,llId,, l'ntpd.· tilt' rt'''llit ul'<'f,lIId, alld tll' tlr,..t up<'r,uld 

"1',, Ihn'" (lI'I'f,IIIt! 11I.,lrll, Ihlll 1'> .II\\.I!".I n'gl .. tpr Il,llll,' Lill! Tt'gl"I"f ref.'r('II'!' 1" pn'«('dcd Il) n 
i"'rtt'1I1 "0 I).!, 1 1 ('1.) 1 h,' 'l.hl () ''l',·r.lt<lr .. ,1 rrlt h 1 h,· 11I)!.h-Ilrdé'f '2'2 hill'> of JI '- OP"I.lIlt! .111<1 1 h.· '1.100 



1 ,\l'PENDIS B Sl'\IU' . \lU 'lIITI·.'CTl 'IlE 

sethl (X III( lo( ).l'{ Il 

Id [(,{Ii+(:t111(lo( l].(·;I:! 
Onl)' loc\d c\lId stOl(' 1IP,tlll< 1 ÎOIl'" c\«(I· ...... 1111'11101\ l'l\(' 1"".\ ,llItI ... 1<111' 111,,1111\ Il''11''' 

hclV{' two addl'·"''''lll!!; 1I10<!c'" o!w Ihell (\(Id" IIIt' «)1I11'IIh ui 1 \\() IIIII'!!,I'I 11·.1.',1"11'1 .... .111.1 

OIJ(' Ihet! Mid ... the (Olllt'Ilh of ,III IlItl'!!,I'1 H'I.',I"II'I .11111 .1 l:~ hll .... 11.',11".1 II1IIIIt',Ii,dl' 

SPA H(' pIO\'I.!I' .... IIU 1111 1',!.',I·1 1111111 Iph. cll\ Id!'. ul 1 1'111.1111.\1'1 III~I 1111 IIUII" ..... u 1111· .... 1' 

0l)('rcll iO\l" ait' (011"11111 kt! IlIllllllluJ(' l'Il'llli'III"I' 111,,111111 lull.... Il d .. ,· ... 1,.1"'" IIlldl Iph 

"I,'p IJI ... tlllcllOII mulscc. hO\\I'\,·I. III .... 1101 Il'.,·d III IlIldllpl\ \"II,d,J,,-. 1,\ ... 11"1.1111 .... 

1\l~\(·(\(L Il d()('~ 1111111 lph< (t!I()\1 h) (on .... t "Ilh h.1I0WI1 .II 1 11I11PI'" t 11111'. Il .... 111.1.', "('qlll'ill ,H, 

01 "hifh alld rldd ... FOI l·,\dlllpl,'." ',OIIlI(·-I("I'lllllllllplil<ltl"" 1,\ 111111\ 1'" IltllI ... I.III·" 

10 

sl1 'X ()~.l. (1. li:! 1 . ) • \ • \ 

... 11 IX o:!.I,Vt ():~ Ih . \ -, \ 

Sl1 " 
(;{ O:t (X o:!. (,{ o:! .\ \ -. '\ 

SP:\H(~ H'qlliI't,~ thelt dellel 1)(' "lIgllt'd cil 1 ()Idliig 10 Il ...... 1/1'. "11.\ 1<'11'11'111 III!! •• I,d.! 

1 het! lS Ilot pl'Op"lly (lllglll'd wdl (ellh!' cl ! 1 <lp 

B.2 The SPARC f77 FORTRAN COlllpiler 

SUI1 Il'''''''' tilt' ",lIl\t' 1 Ild,' g('llI'ldIIOIl dlld Oplllllll..I11011 1"11111010.1.',\ 11)1 ,dl ,,1 1'" Pl" 

ductioll COlllpJl'·I'" !Ol Si> \ H( '. ilnd III t III" .... ,.( 110\1 \\(' d('''( 1 dl(' 1 II" P,II 1 Il IIldl /,',(11111", 

which ,tff('(1 tlll' qll,tlll:,> of ((Hl<- L',1'11I'1,I1<'d 11\ 1111'''(' (1IIIIpdl'l" ()J ptllllllll.ll 1111 

pOltetll(t' III Ihl'" .... ('(tIOIl dl<' tlll' Il,111\(' ()pllllll/dlioll" tlppllf'tÎ 1,\ 1 lit' liT "01( 11(,\'\ 

(Ulllpilt'l will( II (tlfl'I 1 tll<' 11·,,1 1t',,"It... 1 ('l)(Jlkd III ('lldpll'I f, 

Th(, (O\llpIl('1 hd ... 10111 Il'\ (·1" o! "Pl IlIlII.cIlIOII. 1)(,~ldl'" 1111' Il'\1,1 III ",) IIpllllll/,tlIUI' 

l'IW"'(' Il'\,,,1 ... of 01'1 lllll!.dt IUII e\1(' 

01: p('('pl1ol,' optillllZ,tlioll. 

02: IH'('pl1ol,' (Illel glolldl opt 111111'.11 iOIl, ('XC 11l1hll!!; ('XI)J""'''''I!I\'' Ifl\ol\ III,!.', l!,1ol,tll \tlii 

(l\'k~ and pOIIlIc' .... 

03: 10\\,('1-1<'\(,1 ... of opllllli/cltloll ,dulI).!, \VIth optIIlIIZ,dl()11 (JI (.\1 111 ' ...... "01\ ... III\III\III)! 

glo\),t! \'.1 Il.1 hl, '., 1>11 t \\'I! li WOI"'! -1 Ii ... P (l ...... 11111 pl 1011 ... 1H'llIg III tldl' Il '1-'. el rd 1 ri)!, P' 'II JI 1'1 ... 

(lIld 



l 

" 

,\PJ'J·;.\'f)IX H. Sl'AUC AUCIIITECTfTHE 

04: ail optillllutioll" WII Il pointt'fs beillg traced during P01l11('f allaI) I>!:-, 

l,I'v(.I" ():~ <tilt! ().l rl 1 1110.,1 (dwcty:-' prodllc(' the sallH' code. ('xu'pt for ."itllatiolls ~lIch cI~ 
III whlllt (' PlOl!:lcllll ... tclki' tl)(' clddrt'''~l's of IO(dl vdridbl(·~ and 1 }WIl <ll·[('f(·I(·II(t· t!Jelll 

<:lol'dl IIpllllllldl Il III Idt'r .... tu optllllll'dfi(}lI" whi( Il UP('ldft· 011 ",!Joie IJII)('Ct!U[(· ... 

,I~ O\l\lo,,(·d 10 11et"1( l,lOf h". 1 !t(, (tHllpdt·[ do('" Ilot do Illlf'rp[u( ('dlll(1I .lll<lh ,,'" (t lit <1 

l'lXH) '1111' Opllllll/',tllIlIl" t!tl' «())llpd('1 p(.[forlll~ ctl(' lUOP-IIl\'cllldllt (ode 1ll01lOl\. 

111<111< t 1011 Vdll,d,lt· ... t 1 (,11)!,tlt (('du( t 1011. (Olllllll)\\ :-'lIl)('XPII,,,.,IOll cltllllll,lllOIl (Io( ,t! clllel 

,!!,Io",d). (OpV pIOpd.l!.,'IIOII (lo(ctl,tIlt! globctl), [('gl~t('! (t110IdtI0l1 Il''lllg lIloddlt'd ,e,ldplt 

(OI()IIII~., d"dd (od(' 1 Jl 1111 Il,tf 1(111, 1001' Il1Illllllllg, ,111<1 1 cld-l(·t Il! "IUII 1'llllllll,II1UII .\ ... t'p­

<lltllt- pd ....... Ildlldk', lodl' Ill-IIIIIII,!!, TIlt' 1)I'('pllol(' Opllllll/C'I t'lllllll!<ltC'" 1IIIIIt'( ('''''<11.\ 

jlllllJh, I·lllllllldk.., lI·dlllld,lIl\. lo,ICI" <tilt! ... tUI(·", d('It'\I'~ IIll[('cl( b,d)lt' (odt·. dol''' loop 

111\1'1 ~IOIl, lit Il Il'1'., Ill"\ hllli' IdIUlll"', lH'r!OIIlI" [l'gbtt'I «(J,de.,( Ifl,!!,. pC[ lOI Ill'- III"t lllC 11011 

.... ( Ilf'dIII Ill,l!,. doc'" !t-,t!-l fi li 1 1111' opl Illlll'"IIOll. p(·lfollll., nu~~ ,llllllplllg. tllltl halldlt·., (011-

.,1.111 1 pWpdJ.!,.ttloll [ \ ~ l' Sh] 

III .,ddlfloll III 1 lit' ,tI)(j"C' opt 111I11'.tIIOIl'>. tIlt' (O[lIp!lcI IlIIpl('\lIt'lIl" 1c\1I-!('( 111"1011 

\.IIl1lll1dIIOIL III Il!\(' ("p,llI"I!)!1. <111<1 loup li Il J'ol1illg. '} cld-lt'( 111"1011 l'11l1l11l,1I1011 1'" 1111-

pOll.II11 Iw( "1I"t· It lH'lp" III PIt'\'t'1I1 (O"t ly Iq~i~t('1 WllldIJ\\ o\('! Ho\\,,, 1,11,\.1'\\ 1 ... ('. III-lilli' 

1'\llclll~l()lI ,1I"'\ll'lllllllI<lt(·., pilH t·dlllt·u\t·IIH'cH\' bllt ill ,\(ldIIIOIl. If (lt·"k .... ,Ill 0P\!I)J 1 11-

IIIt.\ lOI 1llllht'l optlllll/tltIOIl"~ "lit Il 1I11'.t11" d~ p('('phok uptlllll/,dlOIl Luop 111I\lJ11I1I,!!, 

1" tlppllt'd 1o loop" wlll( h "cil hly t 1)(' 10110\\ Ill)!, 10111 (Olldll 1t)1t" 1) t IH'\' (Ollt cil Il ullh 

.\ ~lllgll' "d~1t 'dOl k. 1 Ii,,1 1". 1 ht'\ (Ollt.tlll olll\' ,,1 Idlgbt -11111' (odt' • .!) 1 hl'\ ,l!,1'llt'l cil t' ,t! 

11Imi lut t\ 1 Ilpl('" oj SIII\ IllklllJ('dldll'-\l·pl(,~(·II1.tllull «()(l(·. 1) II\('~ (O!lt .1111 t1U<lt III!!,­

pOInt ope[.JI 1011", dllll :) 1111',\ h,l\ t' "llllpl<- 1001' C ullI 101. Loop ... \\'1I1t Il "',111,,1.\ 111·· ... (· 

(OlldIIIO!l" dit' 1I111011('d Oll(t', tI 1 ()llIpil"1 optlOll ,dlu\\''' Itlgl)('[ 1(,\('1" III 1I111,,1I11l)!, 

BI.!ll( Il 1"1'( lit Il)11 t.tk(' ... dll'I t .dll'I ct (Ill!' III"I[I\( tlUll del,,\. \\'Itlt tll!' uptlUl1 t() lIot 

l"I'llIk 11\1' d<'I.t\ "lui III"tlllltlOIl Loctd 11I .... lrllltIUlI .... (clll o\I·ll.-tp ollll'[ 111 .... II\llIIIJll .... 

plll\ Idl'd 1 lit' ","1)"'1'<1111'111 lII~t [\lI IIOll dOl· .... 1101 Il .... 1' j II(' \',dlll' 1)('1111-', l(hI(kd Llkl·'.' I .... t·. 

SI' \B<' ... pn IIII.IIIUI\ ,dll)\\'''' 1 ull( IIllt'lIt ("('1 IltlUII DI IIltq?;('1 ,wei f10.t111l!!,-POlllt III 

.... 1111111011 .... 11\1' 1""11 .tlllollllt uf (Oll( Il! [('111 \' IWIII!!, IlIIpll'lllI'lIt dl IOll dqH'IIc!I'liI 'l'II(' 

11I~tllll 11011 .... ll\l'dnll'l fOl d SlIlI-1 IlllpkllH'lIl(ltloll dllo\\,., O[l(' d<!(!Itl\(' dllc! IJlI(' llllll­

tlphl.III\t' lIo.lIllIl!,-poltll OPI'I,lIlOlI to ()(illl IOll(IlII(,lltl~ Tlw!I'loll'. IIIC' Ill .... IIII(IIOIl 

... llIl'dllll·1 .... dl''''I).!,I\I'd 10 h,lIldk d .... 11\.111\ .1 .... f01l1 1::. Pl'''' of opl·[.ttloll" ,II Ol\(t' 1) cl 

hl.lI\( It \lI lu"d • .!).\Il IlIt!')!.(·[ 111 .... 11 III tlOIl ollll'i Ih,\II <l b[.1111 It Ul locl(!. J) "" clddltl\(' 

tl\).IIIIl)!. pUlut \)!lI'I"tlOli .• 1111\ f) ,1 1Il1l1tIpIHctll\t' f1ocltlllg-poillt Oj)C[,t\IOll l'lw c\('\uc\1 

111 ... 1111\ 111)11 .... 11\l'dIl1t,! Il,,ed h.\ tIlt' SP-\\{C (OlllpJ!I'[ 1'" tIlt' Ollt' dt'\l'Io»t'd h~ (;Ihboll'" 
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and ~1 IIchrllck (~('(' (,1I,tp' ('1' .)) [{; ~1 ~(i, ~ ll1c~~l. 

Mllitiplicat ion of \'al'iahks bj \'cU iahl('~ dlld dll di\ l~illl1:-' "lld lt'lll,lllldc'l" 01 hl'I 

than by pO\"('I:-' of 1 \\'0 al(' (olllpul<'d h~ (,dlill!!, :-'pC'( I,d le'Id' 10111 Ille'., .\ ... .III (""III ph', 

tilt' SP,\H(' 1)('1 fOl III rl Il ('t' fOi inlt'gC'1' 1111111 iph< <lI I\lll I~ ~11l)\\ Il III'\u\\ 

It'nglh (ill IlIb) CV( Ic'~ 

1 1 l~ 

;) ~ ,)~ 

-') 

!l 12 :l:~ 

1 :1 J(i 11 

1 Î ;t~ (i() 

The pl'('cl'dillg cyclt' (ollnb (\1'(' 1'01 lIollllt'gc\II\'C' mlll! Ipli('r:-.; lit',!!,"! I\C' 1lllllllpllt'l'" H' 

quire Ollt' Illon' cyeJt. fOI op('lalJd~ III' Il) :-'1'.1('('11 hl!:-' "lIci IIp III IUlll 111011' 1 \ 1 Il· ... lOI 

longer op(·rands. 
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Appendix C 

IBM RISC System/6000 

This apl)('lIdix :-,ullllllclril'(,s s('\'(,l'al ht'y f(·atm(·!. of Ilw IB~t HISC Sy..,tt'Ill/GOOO and 

i ts Il ett 1 VI' xlf 1"0 HTH AN ( 0111 piler, 1I~(·d to ('vcllua 1 (' 1 h(' pff(·( 1 I\'('I}(,~'" of coll('( 11\ (' loop 

1 ransfOIIlI,ltioll'" d('~< 1 dwd III Chclpt('r 6. 'l'IJ(' HSj(iOOO, cl!-o Il , ... kllOWIl, (OIll(· ... 111 cl 

INldt' l'cil 1).1,(' 01 IIIO<lt-b, fWIll a low ('Ild l\todcl :tW, 10 cl l11gh ('IHI. ~lod('1 q:W, Tht' 

p,lIli. IIletl IIl0c\(,III!-o('r! ill OUI (':-'P<'lllll('llls wa~ cl ~l()fkl ;j;)O Althollgh 11111101 ,\1 ( 11Ik(­

IlIlcll dllr('II'I\('!-o ("I..,t 1)('1\\('1'11 11\(' ... (' 1l10t!<·b, IIJ(' IlIelkllàl !>w"'('lllt'd III 1111'" ctpp<'II(h:-.. 

).1,('I)('rall.\ 'Ipplw ... 1 () cdl 1I10(kl ... , 111111':-'''' 01 1\('1 \\'1:-'(' Ilol(,d TIlt' 111101111(11 iUIl whi( h 1'01-
low!-o W,I:-' .'\11.1< I(,d plllllcllil.\ Irom IB~1 1lIc1llllctl~ Oll HISC' SY ... \!'Ill/til)OO I('(hllolop,y 

,\lit! !'t'llullllclll( (' t Illllllg [\II!-o!j(J, Ik190] A" III the PII'\,IOII ... c\ppt'lIdIX, "'(' !>.'/!,1II \\'11 h 

,III ,lit hllt,. 1111(' d(·!-o( lipllOll .H1d folio\\' Il wlth cl 1>11t'Î (Olllpilt'I d(,SCllptioll 

C.I Base Architecture 

'l'lU' IHM BISC Sy!-oI('1Il/6000 t'lIlplo)s a sup(,l'scalar pl'O«(,S!.OI' which i" di..,llIhut(,d 

MI'O!-o!-o s('\,('1 al !->t'Ill! (11 ... 10111 ( bips [B\\,!}O, (;090]' dn Instrucl ion (ad\(' ('llIt (1( 'l' j, 
,1 Flx\,d-Pollll ('lIlt (1"Xl'), cl FhttlIIg-Polllt {Till 1 (FPl1), f01l1 Dettet (',Id\(, 1'1II1~ 

(1)(·(· ... ). cl SIOI,Igt> ('0111101 l'Illt (S('(') . .lll Inpllt/Oulpllt IlIlf'lfcl({'llIllt. <lllcl cl (Io(k 

(11Ip, Tht' h,I:--\( org.ull/allOlI of the HS/(iOOO i:-- ..,hown III Flgult> (' l, 

Tht' «'(' (OlltalllS a brc\llch (Olltro\ Ulllt, (onditioll code J'(>gislt'r:-" 11l..,llll('tioll 

céldit" .\Il<llll ... tlllctioll trclllsl.lllOlIluokcl:-,/{k !Julfl'r ('l'LB), dloll!!; with tilt' ('('Itilct! COII­

lrol heUdW,\I(' fUI IlItt'ITuptS. FI,\(,<I- etlld floclting-poillt lIl:-.trlldlOIlS go to illstlUdiùlI 

hulf('IS III tilt' FXl' ,\lit! FPl' wlwJ(> the lII ... tructlollS call he cOIlcunentl.\' ('X('cllt(,d. 

160 
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FIXcd.POl~J ~:lIng Plll~~J 
Unit L_ Umt 

1 I"-~ ----J-~-J 
.----___ Data r=-:~~ ._ 
L MaIn Memory 

--------- ---~----- ----- -

FIgure ('.1: Tht' IB:\\ HIS(' Sy:--tt-llIjh()()() .\H ltlll'llllll' 

The llI:-.IIIHIIOIl "lllf"l .... Iht'III .... ('I\'· .... (till ('.\( h 11/1I1.llllllp III 1\\1·1\1' 1'111111"-, 1~1·""ld('., 1111' 

fix,'d-poilll <lllllllllet\( \lIllt. II\(' F\\I (Ullt.lill .... 1111' fi,l'd plJlIi1 Il'!.!,I.,lt'I ........ 1·glIll'lIl Il',!!, 

i:--l('1':--. <llld d,It,1 TLB 1 lit' 1-'\\ d('(od,,:-. ,lIld l'\t't lIt 1''''' ,dl fl\C'd IIIJ1III 1I1 ... lllltll()l\ ... ,,".1 
f1ocltillg· pU!1I1 IUcld clild ... tOI(' 111 ... t 1 lit 11011.... III .\(Idlll' III 1 II(' l, \ \ I)('II()IIII ... Pd!!,t l,il dl' 

llpdat<':-. 101 II\(' 1 \\'u ï LB ... cllld Pel,!!,I""".!'· Ilpd.II'·... 1111' ,."" "I .... () t li Il 1 01111 .... ,,1 IIJIII .... '·. 

Ill(' 1II .. t( hll\(,\ f1o.tllIlg-pollIl 1 t'l!,I ... 1 ('1',. " ... \\1'11 cl'" ..,,, 1 1'11<11111' JI·!.!,I ... I ,'1'" <111.1 1 \\,) dl\ 1011' 

Iq!,i~tl>l"" III .\(ltlltIOIl." li\I> l'lit 1\ pt'lIdlllp, ... luII' '11\('11t' "11.1 " 1111111'1111\ .... II)\(· d,titi 

qUl'lH' III litt' 1"1'\ l'II,d,I,> 1 lit' "'\\ lu l'',t't 11lt' Ilo.lIl1l,!!, 1'01111 ..,ltJlI· lIjlt'I"II')II'" 1/t'luII' 

III<' FPI' plodll«(· .... tilt' d,\I.\ '1111' ',\(1(' 1111\('011111' PIOII", ... IJ! \.1111''' dl'lWlldlll,!!, "1 H111 

1 III' lIIod(·1. hlll fOI 1 lit' \lud,,1 i-)(). \\ h'l hw" ... Il''''''' lOI 1 II(' 1,·..,1 .... 11\1' 1 lUI k J ,d,· Il \1 

Ill'rtl', 1\1 lhi ... 1<11<' 1111' PIU(t .. ' .... ll! 1'" dhl,' 101'\1'( 1111- Ilo"llIll2, 1'01111 "pl'I.III(1II'" ,il .1 

pCrlh 1<11(' {\IIywh('IC l'Will !O (iO \lFLOPS 

AIllOlIg Ill(' Illll<{lW !c,ltlll(' .... (JI tilt' H~jh()()() tlll hll"1 1111" dll' 1) IllIdllplt- ',l'h "t 
(,(lIIdit 1(1 Il (odf>'" 1 hfll <lIt' 11Itllldg(·d I)~ 1 Iw (OlllpJ!1'1 1I111( h IIh(· f',('IWI,tI plll PU'·I' ft ').',1 ... 1 (·1 .... 

11\ <1 \o,lIlj:-.lo[(· <II'< Illkt tu\(' •. !) Ilpdrlt(· 1/)1111'> of 1 (J,II 1 ,\lId ..,1()11' III..,I,llf 111111'" Ilpd,tI,· 

the COllt('1l1"> of ,li' addl(· ...... It'gl .... I(·1 Wllh tlll' ((· ... 1111.., f)f tI d '''''1'1 ,II 1'111<'1 Il fl'llIp"I,dlf)11 

for the addre.., ... of III(' lJ('xl OP('!clll(!, ,\IId J) ('OIIlJ!Olllld O!JI'I.t! I(JII'" Wlill II 1 (JlldJlII(' 

two aIlt hllH'1 IC o(l"ratioll'" rllld ('X('( 111(' 111<'111,\-' rl .... 1I1)!,1,· Opl'lcll IIHI '1 1 If'U fi' 1 Il ,div 1 1 If' 
pr()('(>~:-.()r <ail (''{('(Ht,> f01l1 lIhlllltllOIl .... 1)('1 (y,I,· ,\ IJlellI,h. d IO/!,I(,t1 lfilll!,"I", d 
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fiX('d-poilit 1/1:--1111<11011. etlld et floatiug-pornt instruction. MOI(·o\'l'l. tiH' floating-poilll 

III..,tlll( IIOll (<tll lH' ,l colllpound 1111l1tlply/add ill~trllction (Fi\lA). for cl cl totcll of 
11\,(' ill..,tll\ltl()l1~ 1)('1 (v(l(' 1 'l'II<' ('UIHiltlon (ode ~d., allow ",('v('retl conditloll r('gi~t(,1 

tllh'llllt!, 0!l«'I,lllom to Iw lI11d('lwily (\)JI( 11IIPlltly alld Ill< It'a:--ill?, p<tl'al1('li~1I1 1>('\\\'('('11 

fix('d-poilll ,lIId flo,dillg-pollll 11111'" '1 hl.., rlll()w~ Inetl\( 111':-- 10 ()f\('ll 1)(' fnlh' o\'('rlaplH'r! 

WII Il (OlllPIlI ,IlIOIt. ).!,1\'IIIt!, t II/' (·If(·( 1 uf cl Z(,I0-( yck bJcillcli d(·lcI~ 

A 1I111111pl) III..,tll1<IIOII leth('''' thw(' 10 ftV(' (yd('~, t10,ltlllt!,-poillt dl\lde ... (clll tctk(' 

IlIl)('U'('lIlo IW('IlI\ (\'(I('~. ,1Ild et t('Iïlllll,tflllg brclll<h WhHh 1'-> 1101 ct IH'T/F <ail takl' 

•• hout :--\X «VI Il'''' ('OIllP(JllIld lII~trll( 1 IOIIS u~(' tht' ~cUl](, fUll< t IOlletl IllIi'" a.., ~lllgl(' 
0p('I .. IIUII 111 ... 1111< t 1011"'. IlItt tIlt' t .tlt!,d (JI cl IOIl1!>Olllld II1..,t III( IIOIl 1'" Ilol cl\'cllicthl(· 

,'~ Il)(' lllput to clll()tlll'I IIlllltlpl\'/<tdd lll..,tlll(IIOII fOl Iwo cy('II'~. tlwlI·lolt·. cl ~{·Ii{' ... 
of (fllllpOIIJld 111..,11 \l( t l(Jlh \\'ullid 1..,..,1)(' ('V('ly ot 11<'1 (y< k. rel 1 hl'I t helll ('\ ('1" ( \'( 1(· cl'" 

1101 III,dlr wOllld lw t II(' (cl'C' 

'l'II<' pHH (· ...... UI Ir,,~ :t~ fI\.t'd p011l1 \('gl~t('r~ alld :l:~ floal 1I1g-pOlllt \('gl~I<'I"', élml ail 
,lIltllllwtl( 1'" dOllt' to c111t! fl(lIl1 tht''''(' I('gj~t('r'>. A floelting-poilll IOeld III"tI'UelIOIl i.., 

dOllt' b) t Ill' fi\.(·d-polnt 111111 ,\Ild 1 1J('1('[01<' (',\Il 1)(' don(' COllCllIICllt I~ \Vit h ci 1I0alllll!.,­

pOIJlt 11l,llll( lioll. pllJ\'ld(·d Ill(' f1(MllIlg-poillt ill~tIU<ti()1I do('~ 1101 dqH'lId 011 tir!' \'<tlu(' 

IWIII,!!, IO'lIlcd SI()I('~ ,I\(' <tl ... o dOl\!' by the fixt'd-poillt ullit. hllt ~ill((' If do(· ... illtl'leH t 

wlth tilt' lIo • .tIIl,!!,-POIIlI 111111 il (rlllllol II<' (',\C( llt(·d (Oll(llll('lItly.lklàyillp; III<' f1ocltill,!!,­

puillt \lllit h~ Ollt' (V( 1(· ,\11 fld,1f 11Ip,-I'0llll dl It 1 Il Ill'! i( III dll HS/(iOOO 1'" dOIt<' III double 

pl('( 1~1()11. c1l1t! 1111'1('101(', "'llIp,lc'-pw\ I~ioli clllthnH'tic IS clctlldlly ... lo'S('! lhdll double 

pll'(I~IOIl b('(,\Ih(' 01 tl\(' t',tlcl ill~tl\l(tIOIl~ I\('('dec! to COII\'('lt tlJ(' d()uIJI('-p\'('(I~i()1l 

1( .... IIIt.., b,\( h lu ,ill)!.\!- Pl('( i"'10n T11l' clll\'cilltelt!,(· of Wo.rllg ~llIgk-PI('( I~IOII llIlIllIH'I'" UI1 

tilt' ot 111'1 hdlld. I~ t Il,,t 1 cH lit' ellld 'l'LB llIi~s('~ ~hould Ol (Ill 011 é1\('r<lg(' !J,dl cl'" ulf<'ll 

,IIHI I\\H(' ,I~ 111<111.\ IIlIlIlh('I'" (,1111)(· lH'ld III ('el( Ir (c\llJ(' 1r1H' and 1I11'1lH'IY lM!!,!' 

TI\(' ... \:-tl·1I1 "d~ d [\JIll \\01<1 lJ\I'IIlOI':' blh. d 1'0111-\\01'<1 11I~1111( IIOIl-fd( h IJlI.., 110111 

tilt' lll~tn\(IIIJII (elllw. fi 0111' wOld dcdel hll~ lH'tW('c1I Ill(' fi,t'd-point IIl11t ,1Ild deltcl 

(cil 1\1' ,lIld ,1 t\\O \\'uld d,li cl bll~ 1)('\\\'('('11 th(' floatlllg-polllt lIlllt dud deltcl (cHllt'. The 
\JI~tl IH tlO1I (d( lit' IIl1lt.loc,lInl 011 tilt' J('l.l~ el two way :--C't-as,<o( Icttl\'(' 81\-1>\'t(· (el(iw 

Wllh .\ Irllt' "'1/(' of (il b)I('~. ,md tll/' ill ... tlll( 11011 'l'LB i~ el :!:~-(·Iltr~. twO-\\'cl) ..,!'t­

<I:.:.on ,III \ (' ( ,1< 1)(' 

TIlC' d,.t.t (ache elllploy~ cl fOll1-way el~~o(iativ('. titl\-hytt· dctta l'ad\(' hel\'ing 128-

hy\t' IIII(,S. Ee'\ li of the four 1~~-III1(, ~d:-. of 161\ hyt(·s corr(,~poI1ds to ,1 I(il~-byl(' 
-----------------

1,(,I\I'rl' .Ht· MtUdll) four (·ollll)()I\I\(llII ... trllrtloll~ IIIl1ltlply/adJ, IJIUlllpl)/~ubtract.lI('gal ... c lIIul­

tipi) ;.\\Id .. \1111 nq,!;.\!I\(' 1IIl1l1lpl) /-'lIhtr.\(·t 
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Jll(,ll1ory Ildgc. TlwrdOic. allY pd[li( 1I1d[ l\Ilc f[olll 11\('111111 \ (.III gu 1111" .111\ 011" ,,1 

ollly four lillc:-, in 1 lJ(' Cd( lit'. ('a( tH' lillt'" d[ t'Id 11t'\ ct! hOlll 11ICII1;.1 \ Il!\('.11 .1 1 1111t'. 11111 

tlH' IMIIÎculdl \VOId It'It'I( lIu'd \\llhlll tIlt, 1 ('qut'"lc'd 1\l1t' 1" 1 1"11..,11'1 It,d 1" 1'·l~I..,II'1 111..,1 

Both Ih(' IO.ldill)!, (JI' (<I( lit' 11I1t'" .tilt! tilt' \O\,\ h.\( k 011111('''' lu 11\('111(11\ '\1" 1,1111.-1",1 [u 

llIilliIllI/'(' ,d( ht'-llI\(, Il'pl.ll ('IlH'lIt 1111)(' lïlt' I.I( lit' 11""'''' 01 Il''''''[ 1\"1 "111 h 1 ..,,·d \ 1 1\ 1 ) 

lillP-f('pleH t'1I)('1I1 polI( \ tlllt! " (OP\ hd( k !JIIII( Ipl,' ..,\ll Il 1 Il.11 "111\ 1111.011111'.1 11111'''' 01[1' 

Wliltell hel<).. I() 1lll'III(1I~ ,II tll(' tllll<' 1 lit' 1 (''''P''I tIlt' 1111('''' .III' ,'\.p,·III·,j Illtill 1111' 1.11 1\1' 
Load:-. [rom (<1111(' 10 If'gl"lcl 1,t1.,(' Olf(' (\1 k. huI il [II<' 1'·<jII('..,[I·d IItlid 1- Ilt>1 plt''''('111 

ill Ill(' ct\t!w tlWH' i" tl (kl,1\ uf ('Ight <,\1 le", l'fUll 1 1111'11 Oll ..,ldl"'(·II'II"11 Il''1III..,h 1"1 

\\OId" \\Ithlll tilt' Icqllc'okd 111lt' .\1" 'o"II'ofwd III tlllt' (\11(" .1" III 1 lit' PII'\ 11111'" 1.1'01' ltl 

:-'llppOlt Ihl" hl,!!,h Il.111..,1,'1 l.th'. III<' ""'o1t'11IIh,'''' ,'1111t'1 d hl Inl III I!~ IlIt 11111·1!.\( " Itl 

tht' lI1,1( ItIltt"" IOIIl-\\ cl.' 11It('IICtI\!'d IIH'III()1 \ 

The TI,IlI"i .. t IUII !.U()).. .. ..,l!!(' BIII!I'I ( 1 LB) 1'" ,\ l '!~ "11\1 \, -.I:!h 1,\ k, \ \1" Il .1\ ..,,1 

,1f,"'Oc\ <1 1 1\'(' (cl( lit' 1 11.11 1 ('1 !l1I1'" IIldpplllg Ildulllldlltlll 1)('1 \\(','11 \ 111 Il.t! "11.1 ! ('.t! ".\dl ('..,..,t'.., 

fOI tilt' Il 10..,1 It'( ('Ill h It'q\l\'..,I(,d Pd!.',('''' Il Ill<' \ 11111,t! "ddlt"'''' (II " 11\ l'''l't' 1'" 111'1.1 III 

Ill(' l'LB, 11\('[('1.., 110 .\('Id\ III d,(<''''''III!', tIlt' II'qll('..,lt'.! p,,!!,t', il 1\ 1'" 11111 tilt Il' 111('1" l," 

(klà~ of :t~ ('~( h'", ",hllt'lll<' llldpplll!', IllfOllll.lllOl1 1'" kl( 11<'.1 110111 III<' It''''IH't 11I"l'dl'," 

fila» tahl,', FOI "'t'qll('IlII,dl~ d«(,..,..,(·d d,lId, III<' , .. ( II<' 1111"'''' f/\('IIII''''\ l, 11111111 111l',11t'1 

than t.}1t' 'l'LB u\('IIlt',\(1 FOI (·\..tillple, lUI dOllhl,' p\l'( l"'If/11 .!,Il" It 1L',liI 1,\ !l", P('I 

1111 111 1)(', ) <1 (il ( 1 \(' 1111 ,,:-. ( ,\\..., III P, cl Il ('Il', li! ( \ ( 1 (' (k 1 d \ \\ 1)\ tI t\ O( ( III " \ "1 \ ,1 \. l , '( '11 1 l '! ,". f." ) 
<laid Itt'III"', \\ h("('d"', ,\ '! LB Ill...,'" (.lll"'lllp, " t hll 1 \' \ \\u ( \ ( l,· d(·j,,\ Il (lltid tlt' III (Jld \ 

('\'('1)' :)1:2 11('111'" (Ih/~) 1I0\\I'\t'1. \\'('lt' III<' "tll<k 11\ 1,\ 1 t'.., ,,( d' II/' 1111"'''' d!ld d II.B 
\lIi:-.~ \\'Olllt! 01 (Ill' f(lr ('dt Il Iklll It·<JIII·..,I(·d, dlld 111<'1t'IOI(', 1 LB II\t'lIlI'<ld III 1111'" t .. ..". 

wotlld dOlll1 Jled (' 

C.2 'fhe xIf FORTRAN Compiler 

Althougb th(' XL ('Olllpt!(".., .III' illlf'W IIll!' of (olllpll."..,. tlwll UII).!,IlI" ,11(' \\Ith IIIt' 

PL 8 (olllpilc'I <1('\ t'\opet! fOI 1 Il:''.1 ':-. KU} 11I1I11{()lIljllllt'[ [A IIK~. 011 \1 t 'HI. ILJ(ls~l ï Ilf' 
pclrtÎ( nllll FOHTH.\:'\ \,,'1..,1011 \V(' dt''''( 1 tilt' II<'J(' 1.., .tll (',If Iv \,,'1"'1011, \"1 1 01 Will' h 

hd'i ~1lI( (' I)('('JI IIpgl dt!('<! [IH\l tHl] 

'l'II(' "If ((llllpil!'1 hd.., 1 \\'u 1('1'('1.., 01 Opllllllz,tf 1011 NOOPT,ol 110 oplllill/"! 1011 dlld 

OPT, TIlC' optÎllILUtlÎUII" !Jt'I fUI Ill<,d h,:. xII ,[J(', Il..,lllg IB\1 j('!Illl1llJIIJ).',\ \.dlll' 1111111 

I)t'ring. ~tralght{,lllll,!!,. (Olllll,()1l .."d'('XI)[t·~"'101i (·Iilllill,tlloll, (ud(' llllJ! II}II 1 l'd'''''' If l,dl()11 

alld St.If'I1gt h [('<lItt! IOIl, (Oll"'! cllit pl Oj>el,!!,cllj()1l , ..,Iu\l' lI\(Jt 11111, d('"eI ..,1 ()ll' ,,11111111,,1 I( III 
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dPdd (udf' 1'\1111111<11,1011, III lilling, global rl'[.!)~t('r dllocat lOTI aIld illst rue! 1011 ..,dwdllling 
V'lltlC' 11111111)('/ I~, IBM'.., II'rll1 for local (oIl..,ldnt propagation, \cHai ~lIb(,Xpl('..,~ion ('lllll-

1 1 le Il 1011, ,Llld 111..,1 Ill! IllllI foldlllg IB:\l tht"; dl(' telIn ··-;traightclllllg"' 1,0 It'fn to tl\(' 
Il',.11 dll).',t '1111'1 Il (JI pl U).';I ,1111 ( ()de 1 () 1l11l1111liz(' bl clllC hlll).'; logi( dlld 10 ( Olll blll(, ph) ~l< d lIy 
..,tîltt/,.II' lllcH k.., of (od(· l'lit' \t'IIII "(od(' IIIotion" 1.., Il..,Ct! 10 (('It'I 10 \OOp-lll\'dllclnl 

c()d,' lf'I1I()\',d !I()IIl WIII1111 .1 loop H('cl~~O( 1allOll I~ tll/' !('dl'ldl1,!!,llIg of tl "'('(PICIl«' 

o! (,dc IlI,tlIIIII'" III cl ..,llb..,( 111'1 "Xpl(,~"'101I ..,0 d~ to plodlH't' ,J(ldltlull,d (,llI(!Jd,\tt'~ fOl 

(0111111011 "'l1lw\PI('''''''IOII f'lllllllldtIOIl. Stolt' motloll Id('1..., to thl' 1110\1'1111'111 ul ~Ior(' 

III..,t 1 III t iOIl" Ullt "ICII' loop"" 

TIIt'l!' ,11(' of (0111"'(' .... (·\(·1," WdyS th(· plOg,rdIllIlH'r (clIl llllpn)\1' the ('f['('CtIV('Il(''''~ 

of (OlllprlC'I up! 1I01Z,J1 1011: cl !('W of 1 h(' le~s COlll1l101I Wdy~, wlllch clJlUly to xlf ar(', for 

t'x.lIllp\c', 1) 1 ..... IIIJ.!.lIllplJ('d DO iIllllputjolltpul ~tateJll(,llts, ~lllh <l~ WRITE(3) (Aer), 

I=l,100), I,dl\t'I' thdll ,III ('xplic il DO loop, ;J) ll .... ing REAL*8 Idtll<'r \.!t,lll REAL*4, ."1) 

d(·flll 1 Il)!. c (·, .... t "lit OIH'rdlld" <1.., lo( dl \'c1II<1bk~ r ct! b('1 t hall glnlMI \'dll<lll~('s (tll<' (,ulllpikr 

1('( oglllï('''' 11111\ lo( ,t1 Vell 1.1111(':"\ c1~ hrlvlllg a COIl~1.,Ult VelltH' sin('(' OIH'lands in COMMON 

or 111,111 "IJ.!.11I1Wllt Itsl (.-III (hrillpP), 4) idelltifying COllllllOII f,ub('xpJ('~"iol1" hy cith<'l' 

1'111 t IIlg t h('llI at t Il<' Id'\. of ,Ul ('xpn·~~ioll or witbill parent 1}(,~ls, e,g., 

A=B*(X*Y*Z) 
C=~:*Y*Z*D 

,Ii) lIIllollillg ~Ill,t11 l()oJ>~ (lIl1Wllillg I~ dll optlOlI III Id\.er vcrSlOllS of tht· compiler), 

ln avoldlllg Illtcgt·r 10 tlo'llillg-pOllll (OIl\'('r~,'OIlS, and 7) llsing tcmporarics to MId 
Ilt'g,t\I\'t' (OIl:-.t,Hlb ,(11/)('1' lh,1I1 ~I\htrd('t.ing I>o~itlv(' constantb wlthin dB ('Xpref-,SIOB. 
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Appendix D 

IBM 3090/VF 

The purpos(' of this clppcllcllx is to c!esnil){' the e Il,11 ac t.1·11~1 ie s of " \ ('('1 DI Pl (H 1'''''''''1 

which diffen'Iltiat('s it from t.ht' drchit.t'ct IIn's d('sc rilwel in t1u' pll·\'IOII ... "ppI'"d\( ( . ..,. 

In pariicular, we de:-'C1ibe the spc'('(,,1 f('al I\(,('S of th(' IBM :m!lOjVF ,,"d II'> \'S I,'OH 
TRAN compil('r. 

D.l Base Architecture 

The 3090 is a high-pt'rlOlïllcll\«, IlI,tillfrallJ<' (OIllpllt('[ with V('C 101 plOC (':-''''"I.L', ("p" 

bility. Although tIl<' IllrtcllllH' 1" t.arppkd tow(tr<l~ 'if \(,lIti:-.l~ cliid (·III.',IIII'C·I"', Ih 1)('1 

formanCt' IS les,> tltall th,ll, of !ll 0:-' ( :-'lI!)('I'COmpll(('I:-' [J)OIlX:-I] 1'1](' (OlllP,Ilf'1 Ihell 

cOllles in sC'vCl'dl mode}'i "'palllllllg il. 1,III,!!,C' of 1I1l1pl()(,(':'~()'''' to 1I11dl IPlo! c· ... '.ul:-., 1111' 

mod('} IKO, to wll1ch w(' h<id é1((·:-. ... , h.t \1llipto«· ...... O[ \,C'["'IOII, IlIl1 Il](,1(' 011(' '>('VI'I,d 

multIJHoc('s:-.ur lIIode\:-. ct ... w('l1: Illodel :WO. IO(), ,llId hO(). Il,1\'llIg 1 WU, 10111, <llIcI ',1\ 

!>l'OC('SSOI':-', I<·~,p('ctl\ely. F101II il PI'Op,lillllllH·":-. pUlllt (JI \'II'W, IIIC' ;H)<j(J 1" Ilk(' 0111\ 

oth(>1' Syst('l1I;:no. ('\;cq>1 Ihc\t It h,t:-- clddlliollcd J('!.!;i ... t<·I ... cille! 1I1..,IIIIC 11011.., 10 ... llppc)!1 

the V('ctor Fa< dit y 

'l'Il<' ~t.c\lldclld l'egi'it<'I cOllfigul'rllioll COIlSI"t ... 01 "'lxlc'('11 :t.~ 1111 /.',1'11I'1,d pllllHN' IC'/.', 

istcr~ wlriclr can \)(' pal/cd to fOI III eip,ht (,.f-blt l('gi~tc-I:-' ,llId f01l1 Id bll fI(),Jf III).!, p011i1 

lcgist(,I'~ Th,· 'itdIICI,lld ('O/di!!,urc\tloll rtl ... o (Oll'il"t,,, of "lxIC'('1I :~~ 11I1 C olillOlll').!,I ... lc·l .... 

l'egistpl:' fOI cl CPt: 111l}(,[ cllld tl/ll('-of-drly (10('1-.., ,t/ld li PIO).!,ldlll SI .II Il'> \VOld (l'S\V) 

<ontaining tl\(' lIl~tt uclioll (,Ollllt('1 Mid ,,1 dt Il'' flrlg:-- l '1 1 If' :H)()(), \!od,'1 1 ;-.)(J.J. "P"I ,,1 C " 



A l' l'l';.\' /)/ X/)J H.\t :J()!)(J/V/<' 

\\ Il.h .\ ( y( 1(, 1 1I1H' of 11.:) Il <LIlo",('collCh, lH'rtllltt IIIg ct '>( dlar 1)('.11- PPI [OllJl,lIj('(' 1 cl'" of 

h'l \1 FLOPS 

'1111' ~1,-k('11 V('( tOI II'gl,>t('r~, ('MI\ ()lIlprI~('d of '2:)() f(illl-b~j(' ('kl!Wllt". t)[()\I(\.-" 

Ihl, 1)"If'" ()I L.,>I 1I\1'lnOI\' ln tll(' IIlrl(hllJ(' Ecu!t of tlll'''(' Iq!,l"tt'l" 1" 1"!J,tlnt"! "11"'­

t<lllllll).', two Il',111 cl«I U ,,>.'" ,tlId 011(' \\lltl' <1«(''''> PPI (\, k [P\I~H"", 111 1 :"1'] \1 tl\(' 

lH'xl It'\'I'1 ul tllf' Il!t'1l101\ hlt'I,II( h~ I!, d r)(il, \':-lt, t d( III' OJI 1111' ,\t)lI(I \ltJlÎ('1 "­

d,tI" tlclll,>I'·I ... I/I'I\\"·(·11 (dl IW.tlld IIWIIlOIV Il ... trlg 1~~-I.\I,·IIl\l''' 1,,·t'llllllll~ dl 11lt'IIIOI\ 

clddH",'>('''' dl\I'>lhll' 1,\' I~:-. ï I\{' (cl( Ill' 1'> 1 \\'d\ cI ...... O( 1.111\1' cllI,1 h ,ll\icl",l 1111,; 12,"\ 

,>('h, d.II.\ 110111 clddll''>'>(''> wltl( li .II(' '>('!l,lldh'd hr mlllt Ipl('", ot If; kd,,!'\ II· ... (()llIpt'll' 

lOI "'Iid( 1'111 t hl' ,,<.1I1t' ,('1 01 10111 (dl II(' 11111''' [LS~ï] III!' t dl lit' Il'"I'~ d 1 l'd,,t -Ik( ('lIt h 
I: ... ('d (LHI') 11111' j('pldll'III('llt poll( \' <lIHI lop\-I)d(klill'III()I\ IIp,I.\t(' 1'0111 \ It -ll!>pll('''' 

d,d" lu 1 lit' V('I tOI LI< dll\ ,If d I.d(' uf (,Igltt bvk~ PI'I (\( k, \\Itll 111·gllgtl)lt' \'\('111(,(111 

TIlt' 1l1,1'llIlllIll PII)('IIII,'d Ildll"lt'l Idtl' \)('1\\('('11 lI)('lllut \' .1I1d (d( h<' 1" Ih 1,\ It'" \'\('1\ 

Iwo \ \'1 1.·:-., wilh d III \1 1(, o\('lllt'dd [LS~ï] \\1\('11''''> \'('1 tOI 1 t',!.>,I"1 t'I 1('11"1' Il'dllt ('" 

VI'( tOI l''dd dlICI ... 101(' III ... t 1111 1 Hill", W!II( II t,iI,,(' dppI<J'lllldtl'h .1" IUIIl.'. tu 1'\,('1 litt' " ... 

\t'(tOI dlll!tll\l'tl( 111"llllltloll"" (dl lit' 1('11"'" 1('c!IlII':-' IIIt' 111111' ]Ci"! III 'dl IW-lllI'1I101\ 

d,d"tltlll',lc-l.\\!tl(!t1'> Il,()III\O\I'\\II'''''!H'I ,H(('''''' :\Lllllllll'IIIOl\ 1"'<I\lltll,tlllI('IlI-

01\ ~\"'tl'Ili "lllt hl'> .1(11''>'-1'" tltlc)ll~dl (wo-Iev('! pdgl' Illdli ld\'I,'" OIl\'llIéllll-11ll'llIOI\ 

".(('~'> (.Ill Ill' '>11,>tdllwd 1"'1 (\(lt' (1'1111<'1 1(',\(!lllg (JI \\lltlllg) Llk(, \ Il t Iidl 11j('1I1-

I)J\, (',p.llldt·d llll'1110I) (Ill l'\\ldlldt'd "hJl.lgI'. III IW\I lt'llIllllUlo!!.\) 1'> d Il',11111(' of 

S\..,II'llIr~ï() \ \ dllhlll'lllllI·tltct! \\d', 1101,1 pdlt 01 tll<' IJllgliJdl S\,-t('lllj,)/t) .ll(hll{'(­

tllft' \\'1111 t'\'p'"ld('c! 1l1l'11IOI~, !.lol k Ildll'>[('I" (JI ( 111,.\ III ItlollOll"h !JI 11\-\'\'1<' Pd,!!,(·" 

"III!(' tlll' Plt)«('''''1l1 w,lll.., '1'111''''1' 1 l ,11I'>kl " ,)('(111 dll('llh \)('t\\I'('1I t·'Pdlld .. t! 1l11'1l1UI\ 

"Illi 111<1111 Ill<'lJlOI\ dt d l,dl' (JI UlI(' Ijlldd \\Uld 1'\'('1\ Il)l11 (\1 I," ['1111 ",h] 

'l'III' \ t'I t \)1 l-'''I tlll \ 1 dll \)(' \ Il'\\'(,(] ,I~ clii "ddllllllld] Ill"'! 1111(11)11 ('\('( lit lull (ol1l­

pUIlI'II1 lit Ih.' bd"'" IIldlllllll' ("t't· 1\l',IIII' Iî!) FOI ("dlllpk tl\l' \('(IUI 1r. ... llllltIUll" 

,Ill' t!c\ot!l'd ,dollg \\1111 tl\(' '-,(d]dl lII"tlll( tl(}rl~, 1))11 ollll' tlit'\ dll' r!"lodcd, till'Y ,tll' 

I l .1 ,,~('d t (1 t II<' \ ", 1 () i !:cI \ dll \ t () 1 t" \ '1 Il 1 1 \1 Il \ ... Il: d IC cl t ('d III t 1 \t' Il!.', III \' , ,dl III" t 1 Il ( 1 1 () Il'> 

,\1 (' kt ( Ilt'd Il (II II ( tl t II(' III 1 1 \t' ( cI"(· Il t \ {'( t u 1 1lI'" t 1 11 ( t 10 Il',, () pt'I cl Il d.., (" Il \(' (' 1 t 1 J(' 1 fl OlJ 1 

\llll' 1)1 tlll' \1'1 tUI I:d( tlll\ '" Il')!.I..,kl.., tWIll (JIll' ur tll(' ,\O~l()',> ,>(,ddl Il').',111'1 ... ,01 hOlll 

1,1I11l' l'hl' \('(tlll l'd,tlll\ IlcI', \() \1'ltOI tq_.,I~t(·I"" 1 flo,t1lllg-pUIII! Il'l',lè,j,'I'', <l11I11() 

"I,d.il 1('!!,I"fc'I" LI< Il l'II'IIlI'llt 01 cl \1'1 tOI i .... :t~-lJlh \\'1.1(' \ "llI!!,k \1'1 tOI It'gh\('1 

l,III hlliti ('11111'1 d ,I~ lnt '1Itl'gl't (Jt '>huIt tl',ll. ,Illd ,1 pdll of l'\l'II-udd I('!.!.I"'!I'I'> «Ill 

1101<1 ('ltlll'1 ,\ li 1-1>11 \1'( l(ll plutill" 1)1 t\\lI llill,uy 11111'1-',1'1 \('( tOI" (JI Il IUlIg 1(',11 hl'(' 

FIi!.IlII'!) Ih) l'III' ('t( 101-11/11,'1.- l'!(j/',II l'('Olll,lltl'''lIIcl,>k \,lt" !hdl (dll hl' Il,> .. d tu '>"I('('t 



T 
1 

:\PPENDIS /J, IB,\l :WfJOj\'F 

!> .... I.r 
InstructIon 
l.JI.r<..ullOn 

VC<.lor 
[nslnu..Laon 

1 xo.ulion 

VC\.lUr 
Keglslcr; 

( ~! '1 ri l 

IBM 3090 CPU VI' l, r 1 lit 1 

a. CPU 

4-__ • I /! •• 

[-~-- 1 VHlor AlIl\-ll" ( nUIlI 

Fip,Il1'(' D,I: '1'l)(' IB~1 JO!)!) ('Pl <111.1 Opl iOll,iI \'('c tCII l'dc dit \ 

Ih; 

\ f\ lt. 
\1 .... 

}.(("ttl'\k'i 

1 ::! 

which ('lel111'lIh of 1 IIC' \'('C tOI Ic'p,i..,1<'1 dJ(' 10 II(' 1'111< ( • ..,.." • .1 dllCl lOI (Iw( klll!.', 1111 C·IC'IIWIII·, 

that clIC /,(,10 I)('foll' d <11\((1(, c\>,'r,lIlol1 1'1)(' l'ltI()I-.~I(/II/~ IfIJ"lf 1 IICllcI", IIl1tl"lllC'lcI, 

SII<.h a~ .t llla..,h-llICld(' IJlI. <1 (011111 to (1I1I11ClI Il)(' 1I1111dwi cd C'I"IIII'II\o, \\1111111 ('dC Il 
v('clor rq.!,I..,t('1 th,ll dJ(' (0 1)(' 1'1<)((·..,..,('cL <lll 1lllc'llllpllClIl IlIcle\. dlld 1.111<': CII)('I.ilIIIL'. 

sy~t('1Il and <lpplJ(,l1lo11 plllglclili "I.dll'" '11)(' f'llhl/-llIl!f'II'J fIJI/III k('('p" Ild( k CIl 1 1 If' 
tillH' "I>I'1l1 ('X('( 11111ll', \('( lOI lll'111!< 11011' dllt! "III( lC'lIlt'll1l'd ('\('1\ IIIIC 1')',"( 1)1111 \\1,,1,· 

rl \'c'( tOi ill:->IIIIC (1(111 1.., IWIlI/-', C'\C'C III "cl 

III p,CIH'lrll, \('C I(JI Il)..,1111((1011', .III' "\dd"hl(' III CIlIC' C)j 10111 101111<110., J) VS'I I)IIf' 

opcra Il cl III .., 101 élp'c·. t 1)(' ut Ilc '1 • d' <III \" 1 Il d '. ('C tOI 1").',1., t ('1. ,!) vv .d 1 0pc'I" III l, III \C 1 1 CI) 

legi~t('ro.,. :1) QST (1111' iljl('l.llld ill ..,1,)[,,12,('. 1 lit' otllC'l III ri ..,( ,ddl )(').',1 "Ic'I .III" {J QV "", 

op('rall(l illo.,c.-dtll H'gl.,tt·l: IIr( otllC'l. d'rllI\.1I1 ,\ \'1'(10/ lf',i!,I..,I(·1 ,\cldltICJlI, ..,111)11.11 I)C,II 

lIlultiplHtltlUll. <llid (OIlIPdll-CJIl O!H'I,t!IUll.., ,11(' dV,,!I,.II!r- III 1\\'/,1\,(' 1'(·I..,)lllI'-, ClIII'I"1 

~V('tI()r rq!,l"tf'l "IP'\( il! alld \'·C I"r 1I1,~ ... k p'l!,I"I, r ""/1' ,lr" 111<101,1 d, l" /1'1, III f,,) 1 III .\fl'II! \1,,,1,1 

Ii\llt:, th!' (,IP,\(,t~ ,Uld P').!,I"t, r "'//' ,If/' l:lK "l, /II'lIh 'I/Id I:lK II/h, ....... """\1011 
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:\JlJlFSI)I.'\ f) IH\1 :J()f){)/\T 

l'dl li det(" fotllldl 1111/,\1\ Illtq!,I'1 ,lIul "hOlt dtld IOllg f!Oi\(IIIp;-poitl( fotllldl", <11\ l''IUII 

1" tI\otltl,dll!' III ('Iv.hl fotlllrll" Alto).',I'1Ilt'I. tll(' \C( tor 1Il~(tll( 11011 "ct IOIl"I"'" (JI 171 

1I1,,1111( 110/1". "" d fll,,1 OIr!('1 clpPIO\llIlcIlIOIl. Il)(' tlll\(, Il'qllllt'd tll 1',1'1111(' <1 \('( 101 

III"IIII( 11011 1" '!' (\,1(',> ((J'o('llw.ld) p\ll" 1 1 \( Il' P('I l '!<-ll H'1l1 Il!t'w,dl('1 [<;H\\':-Ih] 

\'/'<11'1 III'.!II\<IIIIII" "111'1 • .11' 011 '11)( Idud" 1'/1111'1 III Il'~~I,,tl 1" III III 111('1111))\. Ill<' 

f(',>ldt.'ld \1,,1'11 1,11'11j('11\o. .t1\\.t\" ,l',11 tll d \('dOI Il',12,1',1('1. ('\1 ('pt \\ 111'/1 1 II<' Il''·,fdl (lI 

.. \1'1 I/)I '1IIIIpdllo.,()1I 1" ... 1'liI 1" tif(' \('( lUI Illcl"\.- Il'gl..,II'1 \('11111 1I1 .. IIIH 11(J11" 11<"1' (Iii' 

IH\1 '~7tl', 1'\II'lId('cI 1 L! 1111) \11111.1\ "dtll(' .. "llll', [IH\1.'\7] \kllllll\ 1" dl «,,,,,t'tI III 1111(,1' 

IA.I\'> /) ""ll'wlll I.t! "dcll 1".,',1 Il!!. will'Il \('( lOI d,dei ('1('1111'111 ... dll \,)( .lfl'cI III (IlIII IgII(lllo., 

1(J(dIIOII'" III \lIlll.t! ..,1111 dl'," III III !uI,IIIUII', \\1111" ''\l'c1 III lIiIl ... ldlll "111<1(' !) Illld('1 

1 (JI rll 01 (lI d 1 li 1 III d" \.- 1 Il 1 dl 1 C ... " 1 Ill', (,1 \ 'Ill!' li t" Il 1 l' 11 III' 1 d \ 1'( 1 (II 1 l 'g 1" 1 t' l "Il d III cl III 

Ill! IlIIlI \ dlld i1ll1dlll' 1 dclcl 1 1''''''1111-',. Il'''11112. d "('1 ul drldl(",,,(,,, bU1i1 d \('1 :(11 1 1'!.!,I,>t!'1 10 

dl 1('"'' cl ,II " ,'11'1111'11'" 111.JI dl(' 1(I"lIl'd Ictllrl(llilh III Illt'lIl\ll.' 

ï Il' dddll""t>l d \". lOI 1l1 ... llll.t)!.I'I', tllt'dcldl('"'' (If Il)('111.,1 t'11'1I11'1I1 tu II(' PII)(I'" ... ('d' 

Ihlo., <1.1<111'"'' 1" ,>IIII".! III (J!1f' .. 1 tl)(' Ifl ,l'.f'II('I,t1-PI11\lt l"'l' Il'gl'-oII'I''' dI1I1 "" d \('( lOI 1'" 

IH'III).', PII)I (' ..... l'tI 1 \)1' "ddl(,'" III tll<' !!,1'lll'ldl-PIII p(l"'(' Il'!.!,I''(I'I 1" 1I111\'lllt'lI1<'cI. Ill<' 

lllllldH'! Id f 1('lIwlIl J!1)"'ltltJlIo., III ,t(lldPt' 1)('('t!I'd to cl," ""l t' flUtll tJlII' \('t I(JI 1'\1'11)('111 lu 

III<' 11<'\1 1" 1 .dlt d 1111' ,II,,!, 1 Il! .III 111'11 IIldlll\ ',IOII't! Ifl 1 (l111l1111'lIlc1)(}1 (Jlcll'l (Il\(' 

H)HI'I< \\ «(JIl\I'llIlllil) 1(111111111' .11(' "I(ller! (IJlIfII-',IIU\I"'\.\ \\1111 d \('1ll',11t 01/11 dllcl d 

"IIIdt, (lI 1111<'. dlld 1'1\\' .III' IItlll\lllIlll'.lllJII" \\,1(11 d \1'1I!.!,1" 011/ dllrl li "llllk III III "01 

" 111\\ PII)/I''''''I't! III 1f'\I'I .... · flld('! 1 Ill' ,,(lIdt' 1" 11111111" 

( 'Ull \ ('1 1 1111-', " 1 t',!.',I" 1 1'1 li cl, 11 (",'-0 1 1 l " "II Il "gl' d d dl/ ' ...... III \ oh ('" I! Illl t 1 p" Ill)!. 11lt' \ ('( 101 

"tlld/,Il\ 1IIt'Ic'!!,i..,lt'l "lit' SII1II'Ill',I"I/'1 "1/('''d]''cll'0\\('1 ofl\\(}(:!2 l'dl L!-Illt 11'12,1"11'1" 

<1 Il d '..1 \ 1 Il 1 (, 1 1" t 1<' g 1" 1 (' l ,) 1 III' 1111 Il' Il If' Il t 1)('1 \\ ('( 'II '> Il ( ( (',,, 1\ (' \ ('1 (() 1 (' 1 (' Il f(' Il 1 cl d (II (",.,{', 

1:-, <llll"llldt I( ,dh (illlIpllftod 1,\ 1 lit' Il • .11 ""I(' li\ c,bdllll).', tll(' 1t"\1('( t 1\1' Illllnl)!,1 \JI l'Ih, 

1,'111 "'.11111''''- \1 tilt, .,Illd" l,il d 11(),dlll,t~ (JOIII! \('( loI III Iht' 1(11).', 101 Il 1 cil 1.., Il) (lil I\JIO 

lil hlll.!I\). 1111' 1 III I<'''IH 1\ \t!1 Il,1.', "c1dll'''''' III( 1('11]('/11 h ,'\011\1"" (01 IlllOIlOOI 

\\'1\1'11 cl \1'( lUI 1" lo,\(kd IlIlt) d l, l',I"lt'l. Ih 1'11'111('111-- (J( (IIJ>\ 1 (lIl"I'( \111\(' 1t',l!,I:-.I('1 

pO"llltllI .... dlld 1 II/' 1I111ll1't'l III ('!cIlII'liI, IOdd( d 1" pl.I< ('d III 1 ll~' /'f (/111 (1111111 'l'hl' (Ollll( 

(.III 1)(' 111\ III\I'l~I'1 Itulii /"!I) Up 10 "1'( 1 1!1I1 ',1/,' Ill\' /'1 do!' 1111, l' 1/11/10/1 II/dl 1111<11< dIt'" 

!ll!' 1'11'1I1<'!1\ III Ill<' \,'( tO! lt'!!,I-'!(,1 tH 1('11,1',11'1" (11I]('llIh IIt'llI.l', PIO«·...,,,l'd l>111111!~ 

1ll"IIU,IIUIi ('\"( 111101\ III<' \('( lOI 111I1'lll1p\l\lll IlId(', IIOIlll,tlh "1,111,, ,II /,'Itl 01,1\.111«'" 

U!lIIlI1 I('dll\('.., Ill\' \('<lUI (UIlIII. "lIt! (hl'II I.'..,el ... lu /,(,10 If d \l'II()I III"tIlUIIOIl 1" 

111\('lIl1pl('" 1111 .111\ 1('.10.,"11. Ill<' \t'( It>! 11I11'llIlpllUlI Illd('\ IIldlk" tlll' (lollil 111,t! \\d" 

I('d\ b,',1. .111.1 ("1'( IIt!tlll \("·.II11l<'o., IIUtIl th,t\ pOlllt ",l!t'Il Illl' 111,,1/1\( 11011 1" 11'1"11('<1 
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. \J>I'E;\,J)I.'\ J) l/J.\! ,'lOf)(J/\T 

\'('ct()l~ \\ Il\( h .lIt' 1\l1l~(,1 th,11I Iht' 11111111)('1 01 ('11'II\I'lIh d (('f~I"I('1 (.III hold .III' 

pro('(,~,,('d III '>t'( IIUIl", "Ct lioll kllgth \dl!t'" flOll1 IlIucll'! 10 1111111<-1. 11111 "'"'h t,l t'III1'lIh 1" 

a (O1ll1l10!1 ~l/t' SCI 1 1\111 1 Il)!. J('1(,1~!o cl It'( hlllqtlt'ltJl plI)('''''IIll!, \('( !Ol" ,,1,111\ kllg!" 

ill '>C( 1 i()II~, \\'1[('1(' d "t't t 11111 1" ('11/1('1 tilt' 1111111\"'1 01 1'1('11 lt'I tt " 1 Ild! (.III lit' 1\1'1.1 III .1 

'('CIOllt'!.!,I"!('1 uI,lul Ih('I.I,,1 "t'c 11011 ..,(lIll(' 111111)\"'1 (II ,'1"1111'111 ... gl(',tf('1 1110111 ,'C'lc,11I11 

I('~s t h<lll tilt' "'('( 1 1011 "lit' III Ille' [II,\t hl[lt' :"('t 1 1(l1I111~ l' >""1111'1 I[IIC'''' ,tllc,.1 ... 1 III' 11111I1I1l', 

I('ft'nllll?, lu 1111' \\'.1\ III 1IIIIt li \(·ct"l .,c'( Il'1/1'' dl,' .,1 [11'1't'c! 0111.11 Il''111 III<' "lll',III,i1 

\('<101,101 J>1()(c ... ..,IIIf.', III .,,'C IIOIl "1/(' III' 1('I\\t'llh ,\11 "\,\111\.\(' ,,1 111111' ,C', 11 11 111111', l, 

"ho\\11 I)t'Ill\\ lu 1 lit' 1(,111", ,1 I()t'Il \\llIt li ""1101111" cl "'"llpl(, It'cllli "ddlllclIl, 011111 

10 III<' Iighl 1" ellI ('qlll\cll"111 lu"!,, \\1111"11 III F()H 1 H \ \ .1', Il IIII!,III 1"1',11.111\ III' 

P('I fOllllt" 1 

DO 1 () 1 = 1. :-.. !lO 101 l, \, l','" 

10 ('(h) -= \(h) + lI(h) D() III h Il,I! \11\( \ 1 l'.';) 

10 (',h) \(hll lI(hl 

'l'Il<' \1'iI) cl loop 1.., dt t \I,dly "q!,IIH'lltcd 1" Illcll( ellt'd 1,\ l "It' c1',,,c'II"'" Iclllglldl'c' ',l,JI (' 

IlWllt" IH''\I 

L CO, :\ 

1:\ ( ; 1. \ 

L.\ (;2,11 

LA ( ;:\, ( , 

LOO l' VI,\'( T (;0 
\'1,1> VO,(; 1 

V.\D VO \'1),(;1 

\ S'I 1) \'0,( ;:\ 

IH' '2 1 ()() l' 

Fi l ,>t . tIlt' g( 'lit '[ ,t! [('gi" 1 ('[ (;0 1" g [\'" fi Il [(' \'( 'r 101 [t'Il).',1 Il. clii tI ( ; 1 (; ~ 01 l' l','" 'II 1 1 JI' \'01 ',r ' 

clcldl(,~"t'.., of 1 lit' tl\l('(' 1t'1('\cllIl \('( 1111'-0 'tlJ(' 111'0111\,11011 \1,\'( '( (1 ""ri \'c', 1,,1 ('''11111 

,lIlel 1 :pd,tt(,) IOeld.., Il)1' \('( 1111 (UIIIII 1\ Il'' 11\1' 1(' ...... ,·1 ,if 1 II\' \f" IC)I 1"IIl'1 Il ('III" IIl<'tI III 

l!,('lIl'l'éd f( ).',1,,1/'1 I('IU) dlld 11[(' "'1'( 111111 .,1/(' (cl).',cllIl, !\l1 1 lit' \hcl,'I.1 ,(,! 11111 ',II,' 1" ')~I(') 

It ['(,dll«(· ... 1 lit' (Olllc'III" ,,!IIJt' !.'(·!It'I,tl!(').',I..,I('1 \1\ 1111' IIIIIIII)('! 111..,1 l'Jeld,d 111111 11\1' 

\'C( I(JI 1 UIIII!, ,1I1t! !lllcll!, Il ",'1.., 1 lit' (ulldJf I(JII C udf' (JI t III' JllcI( 111111 10 Illdl' ,d, \\'1\1'1/\1'1 

tIlt' 1It'1\' gell(·I,d-lI·gl..,lc·1 (OIII"llh .lIt' Il'IU III!' 11C'\1 1111/'" 111,,1111,11\111" "l" \'" lOI 

floallllg-pulIiI Ill ... II\I( 1\1111'" \ 1 /) !""d', cl '0,'( !1'JlI III \'" I(JI A IIUIII ,,1/JlcI).'," \':\1) "rltI.., 
to th<ll ~('(IIOIi d ... (·(tIOII (JI l'('(tlil B 11I1l1i ... t01 ,I)!,(' dlltl 11'111111" 1111' [('..,Idl If) 1.(',/,,1 

[('gf~t{'1 ZI'IO VS'! J) ... lolt''. 1 hl' 1('''ldl lIdo ,l ',('( 1 !UII of CAlle! IcI..,II" tH' (BI .tll( Il 

011 COlldltioll) tl· ... !... t Il(' (olldll101l (od(' ",('1 l,v \'1,\'( '{'. Il lt 1'" ~. ).!,"III'I,d Il',!!,!',!, 1 



f , 

--- ----- -----------------1 
VC<.lOr 

VMR Regl'Ier Mcmory 

ï-l 
-~l 

: 
--- ----

VC<.lor 
Mcmory RCgI\ICr VMR 

_~-=_ =lfj f~ 
---- l-f~:~ R 

-~~_-l_ ~ Il 

-EJ t~ --, 1 , ' , ___ : ~ _______ : _~ __ ~ __ : J 
C' . a. ,ompn>SSIOIl b. Expansion 

lïU 

/1'«1 h gWdkl 1 li,1I1 /1'1(1,,1 dl. dlld 1 II(' 111"111(( 1 1011 III ,'ll( Ill' ... bell l.. i':d< Il o! II\(' \ ('( lUI 

1I1 ... 111\( IIUIl'" "cI\.IIl( 1· ... Ill(' \1'( Il'1 .Iddl( ....... III IIt(· g('I\('I,d 1('gl ... II·1 III 1 Ill' fll ... 1 ('kllll'lll 

01 1 It(· 111·,1 "('( 1 1011 "II 1 Ildl plUt (" ..... 1 II/-', ("" (Olll 111111' dll('( th fIt/Ill Il 1 li' "P( 1 1011 lu 1 Ill' 

1l(·,1 

'l'Ill' Hl~HJ h,l'" ""'\('Idl Il1ldt III cHI 1l1l1lll,tlIIlll UIWI,t!I()II" III(' .\1.\ \1.\11 \1 .tilt! 

~11;\;1~11'\1 ujI('lc\IIOII" Pllldlll(' cl 1(",1111 "hlrh 1" tlJ(' 1I1cl'\llllltlll (Il 1I1111111111111 u! cll1 

,·Illllt· \(·dll!. 11·/-'"11"1(· ... ,, (lf ",('<111111 "1/(' \('(T\IIÏ, \ 1 L plotllll(· ... tlil' ... 11111 (Jf ,dl 

1·1(·llll'ltI~ III e' It'( tOI. 1\lwlt "". \1( LI Ill!.) \:\1) \('('('\1\ L \1 Jo. l'Iudlt«(,,,, III(' ... 11111 

01 t 1\1' plodlll 1 ''!l'IIII'l\h (Iid "1111'.1 LI Ilildt '1dl Ill/-', cl pdll u! 1 ('( luh (11\1' IIIJI('I UI dlll 

pllldl1( 1) 1111' 11IcI"1 (lI dl( 11111111.111011' .111,,11(,( t 1 Ill' lOlllldllll!, ('lllll \\111'11 <lllti \\111'1(' 

Illld('IIIU\\ III ult'III\)\\ lH III! 1 Ill' 1(",lIlt III IllI' 111,>1 pllcl"l' III clil cil (lillllll,tlIOll 1" el 

1I1l1111 ... 1 Id 1'0111 I.ti "11111'" (II {) 1'1('1111'111,>. \\ lil'l" JI 1 ... t I\(' 1(·I1).!,1 Il Il! 1 III' PI!H'IIII" (I·.g . 

JI 1 101 Ih,' \(PHl\. "Ild l'dltled "'11111-., ,Ill' .1(1 Illll\ll.llt'd \l"'llIg tll(' Ill .... lllll tlUli Sl':\1 
l'\H 1'1 \1 "'( \IS \\thllll,e,h 1111' 1I· ... 1t!t{lII1 cllllllllIll.tllOlllillght 1)(' ddkll'llt t!trlll Ih,ll 

01.1 ..,t lit 1" "('(IIWIlI l,tI .II (1lIIlIlI.tlI011. 1 Il(' \ C( lOI a( (1Illllll,tlIOII h dllJ>1I1 dt dldl' dnd (<III 

II(' Il'pll( c1lt'd h\ 1111·dll-. (lI cl (Ill J(· ... p(!lldlll~ "( cdell \<lOf! 

.\lthuIIL',!t Illclll\ \t'(tUI 0!lt'Icltllllh pI'lfollll tll<' ~{1I11(, .l\ltllllwtH 0PI'!cltlOll 011 <III 
('11'1111'111.., III cl \1'1 tOI, "'01 1 li' dl'plildllOll'" I('qllill' Ihell dll Opt'Icltioll 1)(' p(,l'follllcd 011 



• 
.\l'I'E.\ï>1.\ f) IH\1 :ll}l}O/\ J.' 

~(·I(·( tt·d (·I(·IlICllh, 1 wu Ild,I'~ uf hellldltlll!, 1 I}('~I' "'11 Il.lt IUII'" dit· Ihllll!, 1 tllltlit Itlll,d .1111 II 

III<'IH dlld pt'llollIIllI!!, ('1('111('111 ('\11<1111011 FOI Illlldltlll\l,d dlltllll\l'tll, tl\l' "pt'ldll,'11 

i~ P('lfOlllll'd "II .dl (·!t·11I(·111 ... ot .1 \(·(tOI, dllt! It .. ·"tll ... dl(' UII" It'IIIIIII''\ Ill' 1 lit' Ilt·III'. 

~('I('( tcd FOI l'I(·(}H'II1 ('\tl,\( IIOIl, tilt' 1·1('I!II·IIt ... It'IIIIII('" 1111 .III "IH·I.IIIIIII dit' ... t·I,·t It·t! 

e\ll<! (OIllPI(· ... ,I·d pllt)\ lu 11\1' UP(·I.ItIOII. tllllu\\lIlg tl\l' 1'!H'I.III.I\I. tilt' It· ... lllt ... dit· 1'\ 

palld('t! cllHI 1t'!1111I1'<I tu 1111'11 tt .... pt·1 11\1' 111111." lOI dl 11111'" ("'1'1 /'\[',1111' I)~) l'lit' .\0(11) 

pI'lfortll'" (UlIdltltl\l,d Upt'Idtlll\)'" IH,II! \\d\., 1\"11I.l', tilt' \1'11"1 111".k II·!!.I .. I'·I 

D.2 VS FORTRAN Cornpiler 

III 1 III ...... t·( 1 lU\) \\t· dl· ... 1 1 dH' 1 II<' 111.1 Il'1 pltt[',ldlll dlldh "'1'" (dp.dllltlll''' ul \ S 1· ()/l 1 Il \ \ 
VS FOHTIL\\ 1'" 1 II<' Upllllll/lll.!.', dllt! \ (·t IUII/III,l!, 111I11!>dl'l 1111 Ilnl '., S\ ',klll;'!'ili dl 

chilt'tlul(' dlld. III pclili Illdl, 1 lit' (IJlII!>dll\· ... \()IItl/\ 1: .,,·IIt·., III .01111'111"1 ... \\1111 IIt"11 

edta(!t(·d \t'( lOi l'd( I11111'" \11 IIlIP()lldlil 1 dp.dnIIt\ .,f 1111" (111111,111'11" Il .. l "p . .lIIIII\ 

10 \('(I(Hl/t' ,!!,(·I\I'I.tl PI111l\1"'" '·11.!.',1\)(·(·11111' dllt! "'!t'1111111 dppltt .1I1t,11· \\1111('11 III 1 {)I( 

TIL \ \ ï ï 1 li(' ( 1 HII P il 1 '1 pt'I t li 1 Ill" 1 III'" 1111 \1 1 II) Il 1, \ 1 cil '1 il il \ III! " 1)( ) lUI '1 " \\ Il 11111 1 1 \1' .... 

dppli(,tllOll" Ib.1I l,III cllld ... llu"ld 1.(· \( 1 I.III/l'd 111I111" jlt'lltl\llI"" t ( .. /<111.11"11111 011111 

~('I1(·leltll1.!!, ... IIIL,!,I(· \1'1 tOI Illdt !IIII(' tu.!(· 11111'\('( \ltlUl1 1.\ IÎW \1 .I.I! 1.11 dll\ Ildld 

\\e\l(' \'(·(toll/,tlIUIl c1II.1I~'-I'" c11111 «()d('l'('I\I'I,Jtitlll c1)(' P( IIII!IIII'.I 1,\ III( 1'J!llptl('lll\d\ 

\\'1[('11 1 lit' \'F( ''('01{ pcll(\IIWll'l h l'd''''I't! ri ... clll I!pllllll.d dl l.!,lll 1 It'II 1 lu d ' .. II 1 .dl,·d "1 dl 

dlog('d" (Olllpd"II'JII pl()I(·dlll(· ',11111<1'" \'<';1'2('1,(: [\1 1 (::-,\ IH\!"\ \I,(;;"ï[ Ik"'ld,·" 

th('\ï':("IOi{ PclldllJ('II'1 111\''''('(,11.,11/1..',1,<1 plot •• IIII."t.,!,I·olllt 1 l'dldll!"11 1 1.'I'l\ili,,1 

fllll!llUll'" ..,ll( li ,l'., lhl' 1(·\/·1 ul "pll!!II/cltl(III, \\111'1111'1 IIllllpll"1 dlll'I 11\1', clll' '1\11'11I'd 

tlll' t\ pt'''' ()I IJ1\tplll \('1>1111'- pll'l"'I1'.\ (1I11"t'<jllt'liI 1(1 (tlllljlll.i1I1111 cliid ,dd,1 

Du! t1lg 1 III' (OllljlILtll(l1\ pIUI.",'" IIIt' \ '" 1 (>}{ 1 H \ \ ,IIIIIIIlI"1 PI"'I·I·tI" 11111/1W,11 

fOlll ... lel.!.',I· ... OI"'UIII(I' lude cl Il .. " "1', /) (,111-\",1111\ .111,,1'-,1, !) 1111111('11'" rI"II'(111I1I I} 

... lIppoII(dJlIIII c1llclh ... l ... dlld U \('(11/1 (\1'111111111 ... 1·11··litlll flll\I:-.1j 

DUllllg IllI' Iii"" -.tclp,r' 01 <111.11\'-'1'" t 111' (1)111\111,'1 lu.,,, ... 1111 ,1111<111'1\1, Wllllii 1I11!!,ltl 

IlIdk(' loup~ II1('ilg!lll(' lUI \1'( tIJII/,1I1011 "';(·\('I.t/I\p(·" Il! "1111.1111111" IIldk,· d II/I/il III 

('lip;lhl(', fOI t'\c1I11pll' bl"I)1 III· ... 0111 01 <1 11)111> dlllllllrl .III 11111"1 1<l1)\! III I,d/ k\\cli tI.., 

withlll cl loop, luop ... ollJl'I Illclll DO lUllp'" Il/lIp'" \\1111" II)0p 111,11'\ 1'111('1<1111/11 «(JII 

trol ('\PI(· ..... >!OI\ olh('1 Illdll 1\ 1 i:(:Li~·1. 1()Ulh \.\1111 IIldllllJ(,11 \dll,'!.!I', 11J/'ltl\l,llI'rllli 

EQllIVALE\;('I': ~ldll'll)(,Ilh 1/0 ... I"I'·IIII'II\'.. 1 1)11Ii'IIlt-d III d'"I~',IJI'd (;0 1 () ',1"", 

Il](,lIt~, ... llbI01\IIII/· (,dl", ('\1('111,,1, 111,11 IIIIIIII"'}( 11111111011 1I·!(·II·II I I· ... cliid 1.·1"1/'111(' 1(1 

CIIAIL\( ~TEH det! cl Il <111\ \J! t l)(',,(' "11 Il,tlIOIl''' ('\1,,1. 1 II<' IOf/p 1" Il,,1 \,.1 IJII/I't! c1lld 



1_" 
1-

II\(, 1('lIlrtl'k "1:1'\1\:-';",01 IlIlrlllrllyzablc, 1'1 annotat<'d af.idt' tilt' Corref.»olldillp, Ill\(''' III 

1 1/1' «()!lIpd,·r .... 'v('( tOI clll.-llY"'I'" It'!)(Jrl ,4 

'II\(' "'('(Ulld l'h,I''(' of \'C( 1001Z<lIIOIl 'iIletly.., .... 1:-' rCC\lI'I<'II(1' (1\I<lIY:-'I" .\ 1('lllllt'IIC(' 

l', ,\ p,IOllp "t (J11" 01 IlI0lt' ..,1,11('11)('111.., fOlllllllg rl dqWlld('II( (' (yl It' \ de[>('IIc!('II( \ h 

... .-liti 10 IH' ((/// lit! il, ,\ lu()1' If 11.(' dqH'lIdf'lI( J('.., IIlvol\'('<\ III 1 II<' It'Cllllt'II( t· .11(' (<111..,(·<1 

('11 I\('I 1/\ t 1 If' l(j'lp (JI 1/\ "'{JIIl(' 1(J0p dt ft dl'('I)(,1 1('\('1 of 1 1<'.., t 1111-', 1 )1111111-', 1 ('( 11111'111 (' 

dll,dy"',,,, 1 III' (OlllpJ!('1 Il':('( h fOI \('( IOII/dt iUII <Ill\' DO Iuop lOI \\ lll( li dl II·cl ... t (JlI(' 011 Il(' 

lulluWlllp, (OlldlllOlI'" ('\1,,1-, 1) TitI' ]OO!> IOllldlllS <Ill 111I1)(1·,t!\,t1JI(' Il'( 1111t'IIII' ~l(lll\ 

1\'111'''' (jf 1('( 1\11('11«'" cll(' 1J!I',d"d)!(" !tOW('\(,I, d" wdll)(' d(,..,( 1")('<1 III tilt' III"{ "'('( IIUIl 

!) 'l'Ill' l\l0l' Il'''''' ,llIllldlll II(ill \'dll.dll" \\lli(1l llludlfl"'" 11Il1,'! DO-Ioop Pdldll)('I("'" \11 
wdll( 1 \1 JI 1 \dll,tlll('I" ,III 1\'Il-:(;I·:I{', \dll,lhl(' \\hl( Il 1'" III( Il'II)('I\It'<I (01 <1('(11'11\('1111'<1) 

il\' .1 Il,,(''' dlll\l\lllt ('d( Il 1 li III' cl loup 11('1.11('<" ,])', il .. /{, clll' c!P!lI·lld(,!)(·.., III (Jull'I 

loup'" whl( Il PII'\('lIt ,III 11111('1 lo()p \\'11 h d('!l('lIdl'lI( II''' tr01l1 h('IIII-', lllll'If hdll,!2.('d Luop 
1111 ('1 ( IIdlll;(' 1:-' dl ... /) cI('!'>1 1 dwd III 1 lit' I\t'\! :-'('( 11011 \\'!J('II <1 loup (<1111101 Ill' \ ('( 1 ull/('d 

1)('(,111"'(' o! cl 1('(1111<'11«', tlw (()IIi''''pOIICIIII).!, hlw", 011 IIU' \,(·(tUI ,lIldh .... i ... l(,puII cil!' 

111.11 kl'd "HE< '\{" 

\)l1llllg 1 lit' 1 hll d pll,t:--(, of .lll,d'y :-.i.., 1 Ill' (Ulllpr!(,l' (h('( k-, lOI 0P('I dl IUII'" wlll( h (\II' 

..,1I1'IHJlI .. hk bv ('11111'1 Ill<' (0l1lpll('1 or IIJ(' \','(101 1I<lld\\,<l.I(', 'III<' IypI':-' of O\!t'J',t!lOlh 

lJl (IJlI'~III)(t ... WIII(!t,t!(·I(·j('(It·dfol \'('(101 PI{)(,I':-."Ill/!,cli/' 1 ('1 {,IIII l\,p('..,ofL()(;J('AL 

11'1 ( 11('''' UI ... I()J('''. HEAL" 1(1 01 ('O\ll'I.EX .. :t~ 0p<'I,IIIOII:-'. /'l'ILlill Iy IW'" of 1I01l11l(1t\('-

11\(' ..,lIb,,( II[>h. ('11""1 11111111"1< III-Iltli' fllll( 11011:-.; !('I<lliulI,tI ('\IJI(''''',IOIl''' Illdt 1I('('d 1 ) 

IH' :--\(J1('d (!Ol (·\dlllpl(·. L=A GE B). ,Uld 11II:-'dll).!,llt'c! d,da 1,111<''' ou 1111' \'('( lUI ,,/I,d­

\"1:-' 1t'f)()11 Wlill li (1111(''''PIIII<l {O 111I..,IIPPOI!t,d o(>I'I'<ltl\)ll'- 01 (UII..,IIIH'" dlf' 111.11"('<\ 

.. \ '''' SI' l'" 

TI\(' frll,tI ph":-'('ol \('( IOII/clllon dll,d):-.i:-'I:-' (',dkd tIlt' \'('(IOII/dlloll..,('II·(IIOII ~Idp,<', 

1)llllllg 1 hi ... plt .. :--I' Il! IUIllpll,tlloll tlw IUllIpdp! ..,(,1('(1 ... loup'" fUI \('( !ull/dIIOIi Ilc\,,('t! 

tlpOIi I()..,! \OIl"'It!('ldll()lI:-. (III 1('1111:-' ul ('PI' (,\(k:-.), Il IIIt' :-,(,d,!1 \1'1"'IlJII 01 <lloojl 

1,'\..1· ... Il''''''' 1 III\(' Ihdll II\(' \('( IOII/'(·d \('1"1011 d loop Will 1)(' (',('( 111('(1 III "'I,d,lI 1110d(·, 

1 (', \\II !Jllllt Il'''lIlg III(' \'('1 tOI Fdl rlilv !J,il t! \\ ,\1('. ,tilt! 1111' (()IJ(':-'pOlldlllg 1111('''' UII Ih(' 

\ ('/101 tllldh :-'1'" I('PP! 1 \\ III \)(' 111.11 ,,(.t! "SC.\ L" If cl loup Jo., ('''gllll(' ,lIld (Ih! ('fI(·( {I\'(' 

!Ol \1'1 11I11/d11UII bill "'ulll<' tllh(·( ('!tglhll·luop III (l\(' 1()1)!l 111':-'( \\'111 \lI'lcl \1'1 hlgll('1 

p('lfo!III<1!\(C" tll\' loup \\111 ... tdll)(' ('\1'\ Il\l'el \II "'I,dell Il\Ucll', hlll 1111' (OIII· ... pUlldlllg 

Il!lt,~ Oll !1I1' \('( lOI <1IJ.lh"'l'-> Il'pUlt "rli hl' 111<11\"1'<1 "EI,I<;" OIIr('I\\I"'(', if IIJ(' luup 1 ... 

... (·1(·( t('d tlll \('t 100Il,ltlOll, tl\(' IO!II''''po!JdlIlg llll('" (lIl tlll' \(·(tOI (111.11\"1'> 11'!IIJlI \\ill 

Il ht \ ,'11 <lI ,lt\.t1~"'I'" rl'ptlrt \ ... !!."llt'r,lt<'d hJ tilt' (1l1l11lllPr \\I!t'Il \It(' follll\\llIg par,lIlIl't"1 1" l'.I. ...... !'<I 
hl tlt,· ',lt,tI,,!!.,·,1 \"I\qlll.llioll l'r,l(''dur,' VEC(REP(XLIST) 



1 

1 :\PPESD!X n. lB,\! ;Wf)O/\T 1 ï ~ 

IH' Illrllkt'd "\'E('T". 

D.2.1 Autoluatic Vectorization 

\\,h(,I)(,\,(,( \'S FOHTH \:\ hwl ... 1 loup \\ hl( It (tlllilul IH' \ C( tUII/I'd IH'( .111"'(' 111.1 Il'( III 

\'<'\.«(' !('lcilioll ... llIp. II dIIIOllldll(,t1h 1(\(' ... lu ))jl'olk 1 lit' Il',1\11''1111'11'0111,1',\)111' III "'1·\I'I.ti 

('0111111011 \'t'(IOll/lIlg Il,III'''!')\ 111.11 1011'" III dddlllOIl. 1111' IOlllptll'l p"llolld'" tlllwl 1(' 

lall'd l)pllllll/,tll()ll'" 10.1,111('\(' 1)(' ... 1 pt'llulllltllll(' flOll1 IIJ(' \,., lOI Fd' tlll\ Itdld\\.tIC' 

TIlt' type ... (lf IIc\lI ... ftJlllldIIOll ... dlltl Opllllll/"tliolh pt'I fOI 1Il,·d 1,\ II\(' (011'1111"1.111' loop 

... ,'kctlull • ..,t.t\"1I\t'1l1 I,'uld,·tlll).'.. loup dl ... tttlllIIIOIl .... "tldl (·\pdll"'ltll!. Il, ,ulI\"I"'IIIII. 

Ih" uf (OlllpUlllld 111 ... 111111\(111 .... Il'ol' 01 J('dll' 11011 Up'·ldlllHI .... dlld 11111111"'11 Illll,111l1I 

1 ('( O,!!,lll 11011 

Loop Selection. If III(' 1111\,'1 luo\> 1 .... Ilot \('( 1IIIIIdhl(" 1 h(' (Ulllpd,', ",dl I(H,k 101 "" 

Ol\t,,\, loop t h,lI I~ '1'1)(' [OIlUWIIl).', l(Jo!> 1.., <III (',\,1111 pit' 01 ..,1\( Ir .t "'11 Il,dlllll 

DO 10 1 -= 1. 100 
no IO.J ::: 1. !III 

10 Z(L1 t 1) . Z(I..l)· X(I .. I) 

Statellleut Reorderillg. 'III IJI"d" 1),1( k\\'dl.\ d"p('lId,,"( 1(",,1111' (Ollll'Iki \\dlllll"11 

[('Olt!(,\, ill~tllJ( tlOIl'" FtJll'\dlllplt' II\!' 'Ollll'dl'I \\'t1I"'\\II( Il II\(' 1\\",t.d('IIII'III.., \\1111111 

tll(' loop ... hU\\1l 1)('1"" 111111,1"1 III il·dll'·' 1 II\(' !I,,\\ r! 1 'I)('lId"1I1 \' ,,1111 111'\1 ... 1" IH'I \\('('11 

('hollH'lIt ~ of éll J'dy 8 

DO 1 () 1 .- '2. 100 

.\ ( 1) II( 1 1) • .1 0 

10 11(1). ('(1)+,10 

Loop Distribution. SI cil ('IIl('lIt... \\ Il hi II loop ... \\ II\( Ir 01'" 1101 11111111" 11\ d "1'IH'lIdl'llI \ 

1('latiun:-.hip (\\(' pl<l,('<1 ill d ""'Pdl<ll(' loup .... (1 t Iidl 1111' .... (· .,1,tI"""'/lI ... (<III III' \1', lOI 

I/,('I\. 'l'Il(' t\\o ... 1 dll'lIll'ill ... \\ II hlll 1 III' Illop ,,110\\'11 nl'\I. lur ('\dlllpll" \Vdl Ij/' pld( ( . .j III 

~('pct\'ilk IUOlh Il) 11\1' (Olllpt!I'1 "'Il 1 Il,t! 1 III' 111..,1 ... I,tI"III(·It! '.III 1H' \'('1 IOII/I,rI 

1>0 1 () 1 1. IjlJ 

1\ ( 1) -. \ ( 1) + L (J 

III BUtl) .11(1) t LO 

Scalar Expansion. TIH' lIc'xl ",\,11111'''" .... 110\\ ... d 1 (j(1.· '''l').',III1'IJ1 \\'1111 III'" IIlddf' \1'( I(JlII 

able by Il..,ill!!, :-.ccllctr ('XIMIl~ioll. A ... d 1('..,1111 011 hl.., 1 1,1I1 ... lollll,t!IOll. 11\1' ... , ,tI,ll \dll,t1III' 

T i<; expalld('d Illto a t('lllpOI,Il) illld) ",0111,11 11\1' loop (<Ill 11ll'1I 11(' v,', IOII/'I'd 

-



1 

APPE'VV/X J). I/JA1 :W90/VV 17·\ 

DO 10 ] = l, 100 

T = H(I) 
B(I) = A(I) 

10 A(I)=T 

IF' Conversion. If t h(>I'(' "xi~t~ ct COllt roi <!('[wlIdellc(' III tilt' «)(k ~('?,Ill(,lIt a~ ~ho\\'\1 
10 III!' Idt. Iwlow. IIIC' (Olllpil('1 ",dl (Oll«'ptually (Ollvert 1110 <1 dal<l c!"p('lIdc\I(c. cl'" 

... hoWIl lu 1 Il(' Ilghl, tt fOI III whl( Il ('<III \)(' V('( tOllz<,d. III tlll~ ill"I<lllf (' 1 Ill' ((1 III (>Ikr trlhC'" 

,ulv,tlIlrll!,(' (JI III<' V(·( lOI F(H t1lly' ... \'('(101' llIa~k I(>gl ... t!'l ~dljllg Il. \Vith 1 lit' (>ledical<' 

:..1,,11('111<'111, .ll1d 1 h('11 Il:''1II/.?, Il to ~('Ic( t 1 II<' aff<'( tpd el(,ll\ellb, ",it il 1 hl' ... \tlh(·(1' \('11 t 

... I,lkll ('Id ("'('(' S('(IIOII n.\) 

Defore Conversioll After Conversion 

DO 10 K -:- 1. j\; DO 10 K = 1. ~ 

IF (A(K) <:'/' () 0) CO '1'0 10 1,0(;1('(1\)= ~OT (.\(1\).(;'1' (0) 

10 A(K)=II(h)+IO 10 IF (LO(;IC(h)) .\(h) = B(K) + 1 () 

Use of Compound Instructions. SOIll(> ill:..tlU<lIUI' '. ~1\(1I d ... :\lt"LTlI'I.Y ":\1) 
ADJ). dit· 1H'IIOllIll'd (01)( III lf'lIlly ill h(udwale, alld lonp ... ,,11('11 (\.., t II(' 111<111 IX III Il 1-
Ilpli(,l1ioll, :,!lowlI 1H'I()w, (élll t,d ... (· <I<I\'clllld.1!}' 01 th(':,(' ill"tlll(fioll:" tu 1',('( IIt(' cil dll 

0lh'I,1I1011 l,tI(' 'IPPIO(\( hi Il).!, tll\' 1lI(t< hllll·· ... p!'clh [H'lfOlIl\rlll«' lall' III 1:11.., \l(IlIICH-

1.11 III:,t.III«\ Ih!' :\1< Cdl :wq() (',('cllkd tht' 111,1111, lIlultlply loup ,Il d Idk (JI .")0.('1 
~1 FLOPS. «()IIIP<1I"d to 1 lit' 1Il,t( Itill('\ 11\('0\('1 i(.t! pec\k St <lIaI pCllolIll,IlI(,!' 1.11<' ul Il!) 

~lFLOPS. 

10 

DO 10 1 = l. 100 

DO 1 () .J = 1. 100 

t '( I..J) -= 0.0 

DO 10 1"': = 1. 100 
('(I,.l) = ('(U) + A(U\) * B(l\,./) 

Ose of Heduction Operations. '1'1)(' (Ulllpl!<-1 It'«)~III/I'~ \\'1[('11 cl'llalll type.., ul 

l('d\ldlOIl O[>CI,IIIUIl:" (\". (l('1 fOI Ilwd, "1I(!t à:- /) ~1l111 of \l'etUI C'\Clllt'lIt.." ..!) ..,11111 of 

"'qll,1I1':- ni \t'tIUI ('l''\llt'llb, ,\lIt! .1) :,«t!<11 (l\llH'l) \l!odllc! ~)I Iwo \('(Io\':.. III tl1<':,t· 

..,111\.111011"', Ill,\( !tllll' 111,,1111< IIOIl'" ,\II' ).!,(·lI(·lct!l'd lu 1.11...(' ,,(h,\llld~(' uf Il)(' "P('( I,t! \t'( tOI 

1t.lld\\',\It' dt'''Ip,lIl'd til !lCd()111l 1 111''''1' ()IH'I"tl()lI~ 'Ill<' Iype ... of :,t.II('IIl<'lIh 101 ",!tlch 

It't/II( t 1011 0(>('1.11 Itlll:-- dl(' (ll'I 1'(111)('<1 .III' 

SUM = SUM + ACT) 

SUMSQ = SUMSq + ACI) * ACI) 
SUMPRD = SUMPRD + ACI) * B(I) 



r 

:\PPESJ)1S f) W.\l :W!)()/\ï,' 

Sinn' tl)(' ordt'[ 01 11lt' cO[llpulcll[OIl III ,\ \(,I!tHI/('d It'dlh 1I\lIllIpt'I,1I IlllI h "tllc'lc'1I1 

than It 1'" fOI ci ..,(,dM [1'</\1( 11011, th(' [t':-tlll~ of ,1 \t'!lO[ 1 ('dllll 11111 1111.l',1I1 ,d"'ll Ile' 

ditfel'('nl \'('('1 O[ ~lIlllllldl 1011, 101 t'\.rl[llplt" 1" t!Pllt' h\ ,lddl!l,!.', c·\ t'I \ 11
1

1. ,·11'111"111 dllel 

tl[(,11 rld<!lIlg P,II 1 I,d ~lllll"; \\ hl'[('cI.." ..,( ,d,Il ~lIlllIlI,,1 101l 1.., dllll" ""·'IlIt·lIll.dl\ 

Intrinsic Function Recognition. 'l'II\' \'S FOI{ rH \:'\ 1 lIlIlptll'l .d·," It'( ll~·,III.'C'''' 

~ t é\ Il d cil d i lit [ III ~ [( (' 1 ( 'Ill ( 'Il l ,\1) 1 l ,III'" ( t'Ill'" Il l ," f 1111 ( t III Il''' 01 Il d 1 1 >Ill Il li 1'.., 1 Il l 'III 1" l ,dl.., 1 Il 

1 II(' ( ù III P li t'I ':, ~ l ,\1 \( 1" 1 d 1 ri li cll Y S \1 \( l' t Ill' ( (Jill il" ('1 k Il li \\.., 1 1 \1''''1' 1\1111 Il \l'''' li 1 01 Il .... tll ," 

\'('CIO[17"11H' loop III \\hl' Il 11lt''''I':-lcllt'llIt'III-.'I(IPC'''I, 111.tI 1"', il 11\1'11' .III' IllI"II\I'1 1""11 

dqH'H<!t'll( H'" 1 Il 01 IlI'l \\ I..,t' pl ('\ ('1l1 \ t'( IUII/dt 1011 

D.2.2 Additiollal Factors Affe(·tillg Vector PprfOrlllallc(' 

~hL< li of tltt' \\OIh J(·qlll((·d 10 \('( 1011/c' .III ''llplll .dlllll pl.l!.!,ldlll 1'> pI·II"IIIII·e1 .1111 .. 

Illaticrlll) hy 11[(' VS FOHI'B.\'" IOlllpd(·I. hO\\(·\('I. tlwH' "Ic' 1I111l!,lcllllllllllt~ pldl I/Cc"', 

which Ilt'Ip tilt' (olllpdt'I lu do cl I)('\lt'I Juh (JI \(', llll1/d'I.1I1 1) III 111"11\ 1.1,1· .... \1'1 1 CIl 

dilt'ctiv('-.; (,Ill lit' Il''I'd I() pllJ\ld(' tilt' (OIlIPII"1 \\'Ilh 11110111101111111111.11 l', 1", 1IIII,dlili 

dfl(lt'II! \t'dllll/"tJ()11 '11111'(' ..,1 li lt elllt'I 11\1· ... .11(' ASSUME COUNT IGNOHE dllcll'REFr..H 

ASSUME COUNT "'P('I dll''> <l \,tll!l' 111,11 1'" tu Ill' Il'>('11 lUI \1'1 lui 1,0,1 oIll.tI\ ,l, \\IIC Il d 

1)0 l(lo!> it('ldt 1011 (011111 (cllIlll,1 1)(' dl'I('llilllll·eI dl 'C1III!,III' 1lIIIt' IGNOHE 111,11111 1',11\1' 

'Olllptlt'i tn 1~!lUI" "111'1 dl('c1 e1qll'lIlkll' IC", III Il I)() Ipllp . .t\tel PRt.FER '1)1'1 tlII', Il,,11 .1 

DO luop 1)(' pltH (',,"'I·d III \('11111 Illllclt', ri c'lle,dllt' (JI"" ,"dl 11I1,clI' II l!.tlclll'" Id clI'I 1 

"'101\.., 1I\,\(k tI" ,\ 1<''''lIlt 01 \ ('C tOI (u ... 1 dll,t!\"'I" li \}III'I 1 ... ld'''I l'Id "\1'1' "'o\C1II'" ,IIIlIrle! 

he' t1s(·d I,tliwi Ih,lllllldllf'(1 (·\plt·"'>I(II." dlll'''''''C''' 1111(11)..',111"1 11)11110111 1 " 1 III I·\.tlllpll'. 

\(1+1) - \ 
1 1 1 1 
\( 1) \ 

\\,11('[('<1" 1001' 1I11101lIlI!!, 1.., .lll 1'11 1'111\ (' opl 11111/01111111 I(J Il'dllt' Il',,1' 1'\ j·IIIC'.tcllll ..",ddl 

(ode, il htl~ ,Ill ,uh('I"" III'Il<l( t 11\>011 \t', IOII/c'd 1 Ild(' ( ... c'c' ('1ldl'lc'! -1 '-ic, 111111 -1 II) 1; 

If pO~"rll"'. t Ill' plO!!,1 dlllllWI ..,!tolrld d\ Illd luop.., \\ II Il IIC'I dl Hill' 1111111.., 1 h,lI (dlllllll Ill' 

d(,t('[llllllI'd ,t! 101111'''(' 1 1 Ill!' Il tif(' I\l'Idlill" 111111111" !lClI "'}lI',rllI'd. 1 1 JI' ICllllprlc'l Il.1'' 

110 illfOllll,tllolI lipOIl ",11f( h II) hd"(' Il'' I(J"I <llldh"'l" CIl ,'II,L·rI»!,' 11I'"lc'" IC)I'lh .\lld\ 

1'1<'11)('111-. ..,"u1IId Ill' dl ((· ... ..,t·c1 lI"'llI,!.', 1 II(' 111111111111111 ,lllcI,' \ l.tr!.',c' ~I Ild., IIdlrl'll.., • d,III' 

UttlI7(ttIO!l Il) t rlU"IIl!!. (cI( 1\1' 111\1''' to lit' kIl IlI'cltlt,tI Ilhf·h' \\ IIIIIClI Iw 1"'1'" \"eI 1.1,,11\ 

S) \'('('tOl ~Iültl.!!,t' 1('lt'lc'lll t'''' ..,!tollid 1)(' d\OIt!,·d \\ It 11111 Il Il !!'I IIHI\>" 

'jOn tilt' ;!(l!JO. Il l!> tllf' kllgth of 11\1' IIItlfhll\l'\ IIltt'~I'r f\JIII 1 1 fi Il 1'1IJf'IIIJI' 



Appendix E 

DLX Architecture 

III t.11l~ fil\;11 rlPP"I\(ltx \VI' d('~cnl)(' Ill!' IlIcllll [('atmes o[ the DLX .Udlllt·<1I\I(· .tlld 

"1'«(' ('olllpill'I Il,,>('d ,bll ing 1 lit' ~illlllial iOIl t«'sls <!('SCI ilH'd in ('!lapIn (j. 

E.l Base Architecture 

DLX I~ .t ">llIlpl ..... ( .tI.1I ,lit 11111'111111' Illkll(kd tu IiIIl~lrdt(· tlH' 1110..,1 uIIIIIIIOli Il'ct­

IIIJ('~ 01,1 !('dll«('d III ... tlll( Illll! ",'1 1\J111\I\111'1, (JI HIS(' [IIP!IO] J)LX IId ... 111111\-I\\() 

:t'2-llit 1-',(·I\I'I.II-pIIII)("'I· 1(,~I"It'I'" (CI'lh) HO H:1l, (lIld Ihiil~-I\\u lI\lt1II1I/!,-plllltl 1 ('/!,-

1.-1'.1 .... Fil F.~l FoI( It lIudlll1g p01l1l 1 l '.!!, 1'" 1 1'1 1 dll 1)(' Ihl'd IlIdl\'Ic!\l,tlh I(} l}(jlcl d "'11Ip,1<-­

plt·( 1~11I1l (:~'2 1111) I\Udl Ill!!, pOllil IIIIIIJ!WI ,li "'l".\ III 1'\ ('II-odd pdll lu hui cl d doul']('­

plt'( l"llllt (Il'! ! It) 11111111)('1 \ ~t·t ,,1' "'pl'( Idl 11',!!,I..,tl'l" 1'" ,\\.\lldhl,· lUI d( 1 1''''''1 Il!.!, ... t.iI " ... 

IIt!OIIIl,IlIIlIl. DI\\' III l'dIt\( Irldl tIlt' FP ..,1<11\1 ... 11·,!!,I ... tt·l. 1" 1I~\·d lUI I)"th l "III (><lI{· ... <llld 

(''\lt'ptlllll'" \lllIlU\{'llll'llh lu/IWIlI <1 ... Idllh H',!!,I"II'l 1II\1~1 1,(' tltlulll!,h d CPH III 

,Iddll 1"1\. 111('11' 1'" " !1I ,1111 Il 111 ... 1111, t 1011 1 hrll \(' ... 1 ... t ht' «()IIIPclll~{J1I IJlI III t 1\1' Fil ... 1 ,tt Il ... 

II ',!!,1 ... 1I'1 

.\III\\I'III(lI~ ,dl'\('II(e" .\1(' llIlOlI).!,1I IU,HI ... (JI .,tol(· ... I)('I\\·('('1l \lI1'lIld!~ ,lIId ('illlt'I 11j(' 

CPlb 01 IllI' FPH., .\«('~"'('''' ill\'ohlll,!!; 11lt' (;Plb (cllI 1)(' lu cl I)~tc. d h,dt\\lJl<1. 01 

,,\VoId 'l'II<' FPlh t .lll 1)(' \o,\(kd ,llId ~t()\(·d \\1111 "Illp,I,'- 01 dOIlI,!!'-!'I"( hioll \Voldo.; 

\tt·llllll.\ 1'" il\ It' ,lddll·" ... ,d,ll· III "hl)!,-t'IlI!J,IIl" IIlOt/t' willl cl :~'2-llIt ,\(Idl""" .\lld. ,dl 

1I1t'111I1I \ ,It «." ... ( .... IIltl ... t 1)(' ,t1lgllt'd 

Ilkl' 111 ... 1 III< t 1,:11 (Jpl'! dt lllll'- (OlllPIUII 10 IIHht HIS(' ,HclUI('( 1 1I1('~" DLX Upl'I (II iUII.., 

(.III IH' dl\ Ielt·d Ililo f01l1 t 1.1'-,,(.... !) 10.ld ... ,\IId ~t()I'(,~, 2) AU' 0PI'ldt iOIl .... . J) hl'dll( lit" 

lïG 
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and lump" . .tlld 1) !Iu"l lllg-pOlllt Opl'),lt 1\111" 

:\ny (;PH 01 "'PH 1.111 IH' IUddl·d 01 .. toll'd. hlll 111"dIIl,l~ IW h" .. 11(1 1'!l"1 t "111\" 

thl" It'gi .. tl'I 1" Il1dt!l' III ,t!\\,I\" hold () PL\ h"" 0111\ " "llIgk ".\.\1\'''''1111.', IliI,dl·. 1,,,,,\, 

1 q.!,hl ('1 plll" Il, i"t "lglI('d "11,,,'1 1 Ltlh't>ld .tlld 1,\1,' Ip'\,I" 1011 III" 1,,\\, 1 1',,,lllill ,,1 .1 

r(,~I"tl'l \\ 11Il(' III<' IIpp!'1 pOlllOIl 1" Idl,',1 \\ Il Il 1'11111'1 II\(' "I,l-!,II .'\1.'11"1,,11,,1 1111' IUoId.·d 

\rlltH' 01 /('10". dqH'lIdlllg IIjl\lll 1 III' Ill\( odl' \ lo,ld 1111.',11 IliIIIII'dl.!'" 111"1 III' Il',1\ 

IO,-ld:-. thl tl)p h,tlf o! d Il'g, .. ,1t'1 \\hlle .. 1·llllIg 11\1' lU\\\'1 Ii,df lu /.'1" 11111" ,,11,,\\ 1 lit', Ih, 

fOi ll1<1t III Il of d full :~2-hll «()I1',ldlll, \\Illi I\\u 11i',IIII! 11(111" 

l'l](' D\ '\ dl( 11111'( 1 lil(' Il,, .. rl (olllpll'l(· .. d of \ LI' 111"11 Il.11(111'',1111 hit 1 1111.', III,!.'. 1. ,Ii Ill' 

(') .II 1011 .. dlld ,,11111 Opl'I dl il li 1" \11 \lI 1111''''' 111,,11111 1 I\JII'" dl " "111\1'1 1"1.',1 ... 1"1 t " 1"l~l"t "1 III 

IIIllllt'dl<l1(' III dddillllil. till'I" dl l' 111\1\\' 111,,11111 1 11111 ... 1" (OP' d,II d Iwl \\ .'.'11 CI' \{ ... "Ild 

FPlb "lId t!,t!d-(OIl\I'I"'IOli 111"llliI IIIlII" III \l1l1\.11 LILI I)I'I\\"I'!I ""'1'1., dlitld,," I ,\,. 

pl ('(,)"1011 ('OIlI!>dll"UII 11l ... 111I(IIUII·, 1'1'IIIlIIII.t 11l"',H,d \lllll!,dll,"11 01 1 lit' \,dlll''' 1111\\11 

H'gl"I('1 ,lIld pLu, tilt' 1('''ldl Ililu d Ihll.! !l'l'l..,t,·1 1111111<' dlld tl il 1."".' Ik'dll"" 

(OIlIP,lIi"OIl III"tllltl!t'II" '"t't" d l''!.',I,,I''I 111<'\ "II' "dl.,d "1'1 "'III,tI "'1 l,'" 111.111 ,,",1 

.. 0 fOI 1 h l'IWI l' dIt' ,d"'ll 1IIIllWclldl.· IPIIII" ,.! 11\1' .. " 11I,,1111! tl"ll" 

E\I'I IltlUIi IIJlIIII,I 1" dl 1II,,\,'d \\1111 111111 )1111'1' III~tll\l11 '11" .llIcI -"'\"1.11 1".111' Il,'''' 

h<t,,('d Il(H)1l 1111' Il''Il.1i lu/',t< ,Ii 1 \Jlldlll"ll" l'/jlldl. Il'''' 111<111 l'l, 1 \\'1 ,d Ilw jlIIlIP 

III .. tllllllllll" ddl'IIIIIIII' Ih"11 dt'..,lllldll"ll "ddl"'" Il'''"I!.!, d !h Ilii (I11 ... t'l ,,""t'cl 1 .. Ilw 

p rll,!.',1 ,II Il t U 1I1I1t·1. t II<' 1 1111.\ 1" d p: d III 111111 i', d Il ri 1 III' l, 1 III t" 1" d jlllll P dl\( i 1111 k \\ 1111 Il l', 

Il:-.('d fOl pl IH 1'c!III\' l,dl ... 1 u 101.11 l' .1 Il'111111 "ddl t'", III 1\ ~ 1 F"I III dll( III'''' 1 lit' t, .lIdlllull 

1" ",H'( dH'd 1)\ It· .. IIII!~ .1 lt'l',I"I"1 '(JIIICI' 1111" .. 1 1"1 /1'1(1 (JI !l'nl/t'II) .1 \,dll<' tll.ll 1 

olt(,11 th(' /I· .. ldl (If d \HI'\ \1.11'" "lllpdlt' 1".111' Il Idll't'I ,lIldl' ", ... dIt' .... pI 1 IIlf'd Il',1 Il ,l' .1 

lh-hlt "lgIII'd Il!! ",,1 tlldt 1" ddd,'cl III III<' 11!"l~ldlll «1111"1'1 

FllJdtlll).',I'0lllt Ilhtlllltltlll', IIldllIPIlLllt' 111),illIll.', \'(llill 11·1.',1 .... 11'1 ... .111.\ IlIdll,\1I' 1111' 

t,\IH' of PI('I 1"1O!l SIIl!!,I\' pitt hl'III I)Pt':,III'''I'' '.Ill Il'''' .111\ (II IIIf' 1I'1',1',11'1" ,,1111., 

dUllbk-plt'( 1"11111 UIH'ldli<lll' Il''1' "111\ .1111'\1'11 ".Id p.lll dl" Ijllldll,t\ 11\ 1111' 111111d)('1 ,,1 

tll«' ('\('11 1(·gl .. II·1 l'Iu,tllll:!, plllili l\Jdd dlHI ',l'III' 111',1111' IHI1I" 11\11\1' cldld 1)('1\\1"111111 

f1U(t1IIl).', pUIIlI It'gl"tt'I" dlld IIWIIIIII \ Il\}1 Il III "111!...t .. dllcl d'III1.!,' l'II" 1"11/11 \\,111'1".1" 

1110\(' 0IH'ldtloll" !Op.' flu,11111P, jJIJIIII 11'L',I ... lt'l" ICl 1111111 Il')!I',II'I', 01 III<' ',,\1111' t\'pl 

'1'111'('(' (\J(' Upt'ldlltJII" tl) 1110\,' <1.1"1 1)('1\\('1'11 .1 "llll',1,' 110,11 IJIL~ P'lillt Il'l'I,,II'1 dlld .III 

il1t('~('1 1 (').',I ... t"1 , llilt 1I1<!\ III!.', d dUlllllt' Plt'( 1,IIlIl \,dllf' 1" I\\'J IlIlt'j.'I'1 H'P,I"II'I'" If'ct llll ", 

two ill~tlll(llUlI" 1'111'1:',('1 IlIldllph' dlld cll\"l( 0P"I,ill(lll" \\{Jlk 1111 :t.! 1111 Iq!,I"II'I, 

cl" do (UII\('i',\(jII" lwI\\t'('llllIlq!t'l dlld fll)dllll,!.', pllllil 1ll'dtlll)!, plllll1 <l1I1'Ildl l ', '01'1 d 

bit ill Iht' "pt'(irll !lodlllll-!, !J0IIII "t,dll'" ll'L'I-,II'I dllfl till" IJ\I 1" t " .... 1 1 d 11\ tlil' Illdll' Il 
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:\/'1'1',.\'1>1.\"" fJL\ 1\ lU '11/'1 ECTI'UE liK 

Opl'I<llilill'> Blalllli FIIMlill/!; POIIII 'Ifllt' ttlld Br<llllli l'ïodlillg POlllt F,d"l' 

E.2 The dlxcc C Compiler 

A"~('lld)h Idll.!!.lId).!,l· lodl' for 1 Ill' J)LX ~IIIlIlI,ttol 1'> ('!('ftkd ""illg cl "1)('1 l,II \ 1'/"/011 

of (;:-\1; (' lOlllpllt'l (\/'/"1011 1.:~7), «tllet! dlxIl, olll/ille" wlth <1 Il,1( k ('lId fOI J)LX 
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