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Abstract 

W(' pl'OpOSP the lise of cydic intel'val gl'aphs as an alternative l'epresmtation for register 

allocatioll. TIH' "thickllcss" of the cyclic interval graph captures tlt(' notion of overlap 

lH'twpell live l'alll.!;<'s of variablps relative to each particular point of tin\e in the program 

PX('CII tion. 1 t is efrective in capt urillg the regular pcriodic nature of loop·\'arried depelldent 

livt' rétllg<'s foulld in loops. 

lJlllike Chaitin's appl'oach whel~ the spilling and coloring phase can .. Jternate several 

t.illH'S, we 11I'OPOS(' a. two-st~p register allocation seheme based on the eyclÎlt interval graph 

J'('I)f'PSPIlt.a.tioll. Thp fil'st step is the spilling phase. The spiller uses the \('xact times of 

oVt'dap l)('twP('1I int<'rvals to discovel' opportunitirs 1,0 avoid spills by illserting register move 

illst l'uct.ioIlS. 'l'he spillN il> followed by a coloring phase, One of the colorL~ f!; algorithms 

dpVt'lopt'd, tht' f~1 tCO\'('1' ,ilp,ol'it.hlll, mak(ls use of the cyclie intervals to find a llcar-optimal 

l't'/!,ihtpl' allocation !Ol' illllt'l'lIIost loops which havc no embcdded flow of control. 

As most scÎpntilic codp hl)(lnd a lot of time ('xeclltillg loop structures, it is most crucial 

t.o p('('fol'lll w('11 Whl'II l'<'/!,Ïi>tel' alloratill/!, for it. A gooe! spilling, algorithm and a close 1,0 

optimal mlol'ill/!, aJ!.!,ol'ithlll Îi> invaillahle in minimizing, the cost that lllay be inclll'red while 

pNfol'mill/!, l'P/!,istN allocation for loop structurcs, Millimizatioll of spill code often greatly 

illcn'asps t hp IH'I fOl'mil IIrt' of the co<lP. Our proposee! spilliug and eoloring seheme is very 

wl'II suitp<! 1,0 t h('~(' 1001' stl'llctllrps, and ('ou)cl 1)(' IIscd 1,0 l'cap maximum benefit wheu used 

ill t.alldl'lll with loop ~clH'dllling, alp,orithms [NG93, Nin93]. 

A collectioll of l'l'al prov,ram loops are used to test the effectiveness of our apprnach. 

1"1'0111 OUI' lilllitl'd l'xpel'Îmcntal l'csults, we find that the spiller g,enerates 37% to 56% 

f('w(ll' sll'ill st.OI't' inst ruct iOlls and about 90% fewer spill load operations in comparison ta 

COIllIIH'ITial cOlllpillll'S. \Np abo observe that on the average the fatcover coloring algorithm 

1'l'<!lIil'(,s [).2% Illon' rl'!.!,istcl's than that l'cquired by an optimal coloring algorithm! 

Ev<'I1 thollgh Wl' l'orus Oll loops which consist of single basic blocks in this thesis, we 

PI'0I>OS(\ ways of pxt{lIHIiIl/!, our method lo register allocate for loops having embedded control 

Oow. 

Il 



R ' , cesurne 

Dans cette thèse nous proposons l'usage de graphes d'illü'rvalll' cydiqll<' COllllll" 1II1't.ltO<!" d" 
modélisation pour k problème de l'allocatioll des l'CgÏiit.I't'H l'pli{- il la compilat.ioll. lin ~I'aph(' 

d'intervalle cyclique sc définit sur un espace t.empor<'1 et 1'"{-pa.is~iI'lIl''' d'lI11 1.<,1 /!,ral)lt{' il IIll 

moment précis reflète le nombre de variahl('s qui co{\xistellt il ('(, mOIlIl'IIt. l'xac\.. (~"s ~I'a phc's 

réussissent à modéliser la périodicité d'UI\(, boudl' l'II plus dl' !,OU t(,llil' 1111 ml'I'ha 1\ iSIlIl' (1" 

représentation pour les variables dont la durée d'<'xistplI('(' :-;'('1.('1111 l'lilI' m1lltipll's iU'ratiolls 

de la boude. 

Diffé!'ente de la méthode de Chaitin Ol! les phases de d6hord('llIcllt ('1, d(' wlul'atioll 

peuvent être répétées à plusieurs reprises, llOtJ'(\ technique fOIl<!{-(' l'lilI' Ips ~I,(tph('s d'illt.pl'valip 

cyclique ne requiert que deux étapes, L'étape dt' débordpllHmt s'('fr('ctlll' ('Il IItilisallt I"s 

bOfllE'S précises de chevauchement entre intervalles, C('ci llerlll{·t. l'idplltificat.ioll <1(' I.l'alllif(,l'ts 

de registres Qlli limitent le nombre total de d(~bol'dclllellts. À la suite d(' l'M,ap(' <1" M-hoJ'(I('nll'llt. 

vient l'étape de coloration. L'un des algol'it limes pr{-s('lIt{,s (1 'algol'Ît Il Il Il' Jal('()m'/') pl'l'fOrllll' 

de fac;on presque optimale pOUl' les bondes Il's pl1ls ('lIIboît{'cs qlli SOIlt. salis op(.ratiolls <1" 
contrôle. 

Étant donné que les programmes de nature scicntifiqlll' émlllPlll. 1111(' I.I'('S /!,ralld(' pal'til' 

de leur temps d'execution sur des boucles, il ('st primordial d'avoir 1111 al~orithll)(' p"diH'llla.lJt. 

pour l'allocation des registres à l'intérieur des boudes. Un bOIl al)!;orit.hIl\P <1(' d('hol'dPIIlI'IIt. 

et un algorithme de coloration presque optimal SOllt indispl'Wiablps pOlir lIIillilllisl'J' l'illlpU'IIII'IIt.at.ioll 

des boucles. La minimisation cl u code de débordclIll'nt rcpr('scnte IIll p,ai Il Sil hf-ltaIl tif'1 dalls la 

performance des programmes. En particulicr, notre lII(.thodolo~i(' produit d(',", W:Î/IS quasi­

optimaux lorqu€' utilisée conjointcmcnt avec des al1!,orithllJcs calclllat('ur d'('c!d'a/lcil'I's, 1.1,1 

celui de [NG93, Nin93]. 

U ne série de boucles soutirée de programmes existants l'st utilb{'e pou J' vi'J'iliN 1'{'Uicarit.{. 

de notre approche. Pour le débordcment, les résultats expcl'ime/lta,lIx i/ldiqllPllt ((11(' /lO!./(' 

méthodologie génère de 37% à 56% cl 'instructions .le stOl'ag(! eu lTIoillf-l pt ('lIviroll !)O% 

111 



d'imitnJ( tiO/Hi dl! ('hal'!!,f'rnent en moins par rapport aux compilateurs disponiblè sur le 

tIIarch{'. l)(' plllh, l'II (,olllparaison à 1111 algorithme de coloration optimal, notre algorithme 

cil' color:.tioll Ile n-qlliNt, qUl' 5.2% dl' r!'gistres CIl surpluR. 

C(·tte thi'se n'(.1.udif' que I('fi houcles d'un seul bloc; ccpendallt nous proposons des 

modificatiolls qlli 1)('),lIlettraient des structllJ'es de contrôle plus complexes à l'intérieur des 

"0Ild('8. 

IV 



Acknowledgments 

1 first met Prof. Guang Gao in the fall of W90. He was t<'achill/!, rOlllput.P" (tl'('hil<'('tlll'(' CI 

subject in which 1 had no backgrounù. Amongst ail th<' COlll'S<'S that. 1 1.001\ t.hat. SPllll'sl('l', 
Prof. Gao's lect ures \Vere undoubteùly the mo&t captiva tin/!, il nd dyn<tlll k. Il is ('II t. husiaslll 
for research and knowledge is very contagiolls and haH I)('PII t h(' kt'y fart.or i/l "loti va ti Il!!, /Il(' 
to work in the area of high perforlllance (,Olllplltill~. DuC' 1.0 his ('/lOI'1lI01/:' patiC'/I(,(', 1'1'(''1111'111 

discussions a.nd sound advice, 1 havp !?radually hecollle more (,olllid<'ltt of Illy l"l<1PI'&I.rIlHlill!!, 
of compiler issues, 1 am indebtcd 1.0 Prof. Gao for his ullfailillg support fol' t.Il1' past. 111/'(,1' 

years, 

This thesis could not have materialized without the hl'Ip of Prof. Lalll'i(' 11(,11111'1'11. Id"as 
and algorithms mentioneJ in this thesis evolved dll1'inj.!, nl('('tillj.!,s with l'wC )(<,//<11'(,11, Prof. 

Gao, Erik R. Altman -- a fellow-student., and Illyself. lllteradiolls with Elik ha:-. llIatll' 
work on this thesis enjoyable, Despite his busy sr\H'du!(' alld ail iIllIH'lIdinj.!, (,olllpl'('hl'nhivl' 
exam, Erik has always found time to diHcus& con('l'\'IlS and <ju('st.ioll& fi hou t. 1.11{' tlH'sis 
material. Ile also pl'Ovided IllC \Vith a bu!>('r stalldalOll<' :,ystPIII \Vit.h his ('olorill/!, alp,OI'itlllll 

that complemented mine. r a.m also very I!;ratt'flll ln DI', Qi Nill1!, fOI allswP/'ill/!, Illy 
innumerable questions about his papl'rs, 1\(' 1\('lp<,d Ille &('I(,ct, a//d p/CH'P:':' IH'//chlllilrh fol' 

the experimental sectioll of the research. Informai talb \Vlt.h DI', (;ovilldl.ljall Halllaswa//ly 
has provided different and llew persp(lctives on VariOl/h pl'ohiP'//h, Int.l'J'actioll:' wit.h Ho( h 
Archambault, Dave Gillies, Uob Blainey ancl Andrew M('Lpod of tll!' Lanf!;l/rW' '!'('('hllolo/!,y 
Lab at IDM Toronto helped mc to /!,ai/l a Illon' prartical Ilndpl'standill/!, of t.hl' rl'/!,iHt.pl' 
allocation problem, The technical and romput('/' SUppOl't pJ'ovic!"d hy .bu'pk Sla~ ,,:f,('win~ 

and Charles Arsellault have bC(,Il invaluab!(', 

1 \Vould also likc 1.0 take titis opportunity 1.0 thil,nk al1111y fricncls. Sha&hallk N('/llawal'ka/' 
has been a perennial source of encouragement and strength. B hallla Srid "amll, DI', C:ovilld rajall, 

Eric Masson, Sanjay Gupta, my officc- mate Larry Baer, and ail thl'llIl'llIlH'l:' of 1.\11' A d va III l'd 

Computer Architecture and Prograrn StIucture (ACAPS) I.lh a~ w('11 éL& 1.111' VLSI Ia.b IIiLVi' 
been more than helpful and have made the atmos pherp al. &ehool vl'J'y l'I1joyahll' fCH' Hl l', 

v 



IUhpitp of 1,111' c/h,tilllu', t./IP hUppolt provided hy Illy parents and brather has been l1lost 

pl l'douro.. 1'110111' rallro. ("wm Illy parPIltr-. ami vÏhits frolll my brollter helped to put life in 

lH'rHIH'rt.iv(~ dllrilll!, tryillJ.!, tillll'ro.. 

\'1 



Contents 

Abstract 

Résumé 

Acknowledgments 

1 Introduction to Register Allocation 

1.1 Gcnerallntroductioll 

1.2 What Is Register L\llocation'! 

1.3 Tenninology 

1.4 IIistory Of Global Registcr Allocation 

1.5 Evolution Of Chaitin 's Global Allocator 

1.5.1 

1.5.2 

1.5.3 

An Informai Deflcription Of Chaitill\ AI~ol'ithlll 

The Original Aigorithm By Chailill ..... 

Brigg's Improvcm<'lIt '1'0 Chaitill's i\l~ol'jthlll 

1.6 Motivating OUI' Approach ........... . 

1.7 Summary Of Chaptcr And Stl'ucture Of Thl'f,jf, 

VII 

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

11 

111 

V 

Cj 

7 

I~ 

Iii 

1 !J 



• 

2 Introd uction A nd Background 

:,U Cydic IIIU'rval (:mphh 

2.2 A For fil al Pl'ohlplll St.at<'II\ellt 

2.a F<'iÜllrI'H Of Cyclic luterval (:raphs 

2.'1 SlIlIllll<lry ............. . 

3 Register Allocation 

:1. 1 TI'J'lllillolof.!,y 

a.2 'l'lu' Fat-CoVl'1' Colorill/.!, AJgorithm 

:L2.1 

:1.2.2 

Ali ExallIple ..... . 

'l'h<'orptical Background 

:J.2.:J A J)(,sCl'ipfioll Of The AIg,orithm 

a.2A Sull-Opt.illlal PNfol'lllétll('e Of The AIg,orithm 

:1.2.5 An Im(lrovcd Fatcov('!' AIgOl'ithm 

:L2.() TIH' IlllplemclIted Alf.!,oril.hm 

:1.2.7 Main Dat.a St.ructures Uscd 

:1.:1 '('Il<' c: l'l'pd Y Colorillg AlgOl'ithm 

:J.:l.1 A J)('scription 

:l.:1.2 'l'Il(' Impl(,l\lclltpd Algorithm 

:1.:1.:1 Two Import.ant Steps Used By 'l'he Greedy Al/!,orithm 

1\'1 ai Il Data Stru(·turef, llhed 

:l .. j Assumpt.iolls And Caveclts . 

:1.5 SlIlIlmary ......... . 

V III 

21 

21 

22 

23 

27 

28 

2D 

29 

30 

32 

32 

33 

35 

38 

46 

48 

48 

49 

50 

51 

54 

54 



4 The Spilling Phase 57 

'1.1 An IntrodllctioJl '1'0 TI\(' Spillin~ Pha~p 

4.2 Chame!col\ Intl'rvals, and H<'/!,istN Spills 

4.3 'l'Ill' SW(,l'P And Split Aigorithm (il 

·1.3.1 The Probkm l)('linit.iol\ (il 

,t.:L2 An OVPl'vipw iii 

(") 
,~ 

4 A J mplelllentation Dpta ils li 1 

4.4.1 The ImplellH'llU'd Sweep Alld Split. AI~lll'it.hlll iii 

/1.4.2 Two Important St.eps Uf,('d By 'l'II<' Spillpi 1i7 

4.'1.:1 The Data Stl'l1ctUI'PS U~('d (iX 

4.5 OptimizatiollS And Caveab 

SUlIllllary ..... '/'1 

5 Results and Analysis 75 

5.1 Performance Of Swepp And Split Spillpl' 7(i 

5.1.1 Obtaining Interval Graphs 7(i 

5.1.2 Assulllptions Made 77 

5.1.:) Hesults ...... . 

5.2 Performance Of Variolls ColOl illp, AIp,llrithlllS XI 

5.2.1 The Coloring Alp,orithllls . HI 

5.2.2 Obtaining lnterval Graphf, 

5.2.3 Assumptions Made 

5.2.4 Resulta Of Standalone (~oIOl'('rs 

5.2.5 Results: Cornparison Witb COlIIlll<'rcial COlllpih·l'~ 'JO 

0.3 SUll1mary Of Main Poilltf> .... 

IX 



• 
6 Extensions And Enhancements To Our Allocation Scheme 

G. t A lIirrarc:hic:al Coloring Approac:h For Other Constructs 

n.l. t Cl'cating Ilierarc:hical Intcrval Graphs .... 

(i. J.2 Cl'catillg lIieral'chical Cyr lie Interval Gl'aplts 

95 

95 

96 

99 

n. t.:I Spillillg And Coloring I1icrarchical Cyclic Interval Graphs (HeIG). 105 

(LI.4 ExampiPs: Colol'ing IICIG 109 

(i.2 A Modili('d A fJfJ/'oach For Coloring 

6.2.1 Suh-optimality Of The Inside-Out Approach : An Example 

H.a Jlaudlillg Anay Slibscripts within 100p8 

().:J. t IntroducÎng An Example ..... 

O.:J.2 Applying Our Method On The Example 

Sumu\al'y . . . . . . . . ..... 

7 Related Works And Conclusions 

7. t }t(llated Work 

7.2 Couclusiolls . 

A Lert Edge Algorithm 

B Creating Hierarchical Interval Graphs From Code 

BibJiography 

x 

116 

117 

118 

120 

120 

124 

125 

125 

128 

130 

132 

141 



List of Figures 

1.1 Chai tin 's Global Register Allocator . . . . . . 

1.2 Explaining Terminologies With An Example . 

1.3 USillg Chaitin's Algorithm Ou Au Example 

1.4 Usillg Chaitin's Algorithm On An Example 

1.5 USillg Chaitin's AIgol'ithm On An EXé1mple 

1.6 Example For Chaitin's Aigorithm COlltinued 

1. 7 Example For Chaitin's Aigorithm Continued 

:1 

·1 

Î 

(() 

Il 

1.8 Sub-optimal Performance Of Chaitin's AIgol'ithm On A Slllall Exalllpl(! 1:1 

1.9 Briggs Impl'ovement to Chaitin's Algol'ithm 1,1 

1.10 Impreciseness Of Interference Graphs .... 

1.11 Impreciseness Of Interference Gl'aphs Contd .. 

1.12 Impl'eciseness Of Interference Graphs COlltd .. 

1.13 Introducing An Interval Graph 

1.14 Cyclic Interval Graphs ..... 

II) 

iii 

17 

IX 

I!) 

2.1 Flow Diagram For Register Allocation Dased On CycJic Intorval Gmplls :lI) 

3.1 An Example Of Applying The Fat Cover AIgol'Ïtinn 

3.2 Sub-Optimality Of The Fatcover Colorin~ Algorithm 

XI 



:J.a IIIlJsl.rati/lg A Modific(I Fatrovcr Aigorithm 36 

:lA IIlllstratillg A ModHied Fatcovcr Algorithm 37 

:t5 NlImbcr or Fatcovers Pel' Cyclic Interval (Worst Case Situation) 41 

:J.n J)itta Structures Uscd By FatC'ovcr Colorer. 55 

:J.7 Da.l.a StrllctuJ'Ps U Hcd Dy Greedy Colorer . 56 

1.1 An Examplc of Register Spilling and Register Floating 59 

4.2 An cxamplc of introducillg spill code. . . . . . . . . . 63 

4.:1 Finding The Thicklless Of Thc lnterval Graph At A Time, t. 67 

'1 A Dat.a Structure Used Dy The Swcep And Split Spiller 69 

1.5 US(' Of Val' List In The Spilling Phase . . . . . . . . . 71 

4.n Finding Out If A Spilled Interval Requires To De Stored And Loaded 72 

5.1 Performa/lce Of ColOl'crs On Several Schedulcs - 1 . 90 

5.2 P<'l'fol'll1éUlee Of CoIOl'crs On Several Schedules - II 91 

5.:1 COlllpa.ring With XLC and CC Compilers . . . . . 93 

n.l Cl'('ating J1i<'J'archical Graphs For Nested Loop Structures 97 

n.2 CJ'('at.ing J1i('J'aJ'('hical Dlock Structures For Nested Brallch Structures. . 98 

n.a meJ'al'chical Cyrlk lntcl'val Graph Of A Doubly Nested For Loop . 100 

n.-' Conditional - Case 1 : Constraint At Eutry 101 

n.5 Conditional - Ca.se 2 : Constraint At Exit . 103 

n.n Conditional - Case 3 ; Constraint At Entry And Exit. 104 

(i. ï Cakulating Width Of lIicrarchical Interval Graphs 106 

n.H Lift' Of Hegisters Withill A FUllction Block .... 108 

(i.n Example: Coloring A Hiel'al'chical Loop StructUl'e 110 

xii 



6.10 Example Continued ........ III 

6.11 Coloring A Conditional Statellll.'lIt. 11,1 

6.12 Coloring A Conditiollal Embeddl'd ln A 1.00(> • 11;1 

6.13 Suboptimality Of The Illside-Out Coloring Scll{'llw II ï 

6.14 lIandlillg Subscripted Variables - N aivcly II!) 

6.15 Period And Graph Of Loo}) 1 ~ 1 

6.16 Final Register Allocation 12:l 

B.1 (1) Creating llierarchical Block St.l'nrturcH For Npst<'d Loop St.rlll'tllrps . 1:1:\ 

B.2 (2) Creating Uierarchical Block Strllctures For N<'st.pd Loop St l'II ct. Il l'PH . 1:1,1 

B.3 (1) Creating IIierarchical Block Structur<'s Fol' Nest,('d Brand, SI.I'II(,I.U('('S 1:1;, 

XIII 



Chapter 1 

Introduction to Register 
Allocation 

1.1 General Introduction 

With the advent of new architectures, more emphasis is being laid on the development of 

pOl'table optimizing eompilers. Such compilers comprise of two broad stages . 

• 1'h(, "front-end", which is machine independent, translates a high level source program 

into an intermediate fOrIu. Syntax checking is pcrformed at this level. 

• Next, the "back-l'nd" performs varions kinds of optimizations like dead code removal, 

JUIIIp optimiza.tion, loop transformations, and register allocation on the intermediate 
("0<1(·, Finally, the int<'l'Illediate language is translated into machine code. Of course, 

this stap,e {"('Cjllirl's knowledge of machine specifie information. 

Uegist,N allocation is thus a. phase of the back-el1d of the compiler. This phase plays an 

important roll' in cOlllpil('r optimization. In faet, for modern high-performance processor 

archit<·ct.u\'(·s, r<'p,ist.er allocat.ion has becn viewed as a technique which "adds the largest 
sinp,lp improV<'llll'ut" among varions mmpilel' opt.imizations [Hr~O]. Technology advances 

in thp past d('C,Hlp hav(' widplll'd the gap bl'tween the speed of the CPU and mcmory 

(DRA Ms), and t his p,ap (a fOrIll of the Von Neumann bottleneck) L expected to continue to 

p,row [II,]!"]. Tlw{"('fol'e, the hellcfit of keepin/?, variables in registers, which are high speed 
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on-chip mel11ory, is incrcasing. Thus the impact of /l,ood rl'gistl'r allocatioll stratc/!,h's is alM) 

increasing. 

In this thesis we focus on registcl' allocation tcdllliqIH'H. Wl' shaH aSHllll\(' 1 Ill' PI'('SPIICP 

of RISe architectures as the target platform in ail of our l'xampl('s 1l1l1('HS il is lIH'lltiollPt! 

otherwise. 

The reader will first he introduced to thc l't'gis ter allocation pl'ohl(,111 in S('ct.ioll l.:l. 

Some terminologies which are uRed in the thesis are mentiolled in S('ction I.:J. Spct.ion 1.,1 

discusses reg,ister allocation from a historical perspl'ctive. In Sp('t.ion 1.5 wp dhH'USS (:hait.in ':-, 

well-established register allocation metltod along with SOllll' lilllitationH alld pxt,PlIsio1lH. This 

lays the foundation for and motivates a presentation of 0111' fl'élllleWol'k for rpp,iHt('l' allocat.ion 

which is based on cyclic interval graplls as discllssed in Spction 1.0. Fill.\,lly, SPl'l,ioll 1. Î 

outlines the general structure of the l'est of titis thesis. 

1.2 W'hat Is Register Allocation? 

In many compilers, aftel' the back-end is invoked, the intel'lnediate f01'l1l p,<,nl'I'él.\(·d hy t.!tl' 

front-end undergoes a transformation in which vël'iables or OpCl'anc!H of illHtl'll('\,iollH a.n' 

assigned "pseudo reg is tel's" . At titis stage it is assumed tltat Ut(' é\.l'chil,('l'tlll'<' Ims a1l illli nit.<, 

supply of pseudo or symholic rC'gisters, This transfOrllll'd intpl'lIIcdiatp ('Oc!<' iH Il~;('d hy t.h<, 

register allocation phase of the optimizing back-pnd of the colllpill'l'. Sinc(' al'('hil,pcl,ul'<'S 

cannot have an infinite supply of rep,isteI s, the (lspudo !,pg,isteff; us('<! IJaV<' tn 1)(' lllaplH·d 

outo the actual number of rcgisters a\'ailable 011 the té1l'~pt llIHchiul'. This is t.hl' fin;!, haHÏ<' 

pl'ohlem of register allocation. 

The registel' set available on most RISC-based machines t(,lld to bp slllal\. Fol' PX a III plI', 

IBM's RS6000 workstatioll has 32, 32-bit general purpose reg,istcrs and :J~, (jtj-hit. floa.t.illp, 

point registers, Due to it 's faster speed of access, we a.re tcmptpd to hold as many va 1'ÏahlC's aH 

possible in rcgisters. Howpver, as there arc only a limitcd Humber of !'ep,ist(!!'s availahl(', t.his 

critical reSOUl'ce must he used judiciously. In a HISC architpctlll'<', IIlPlIlory load alld l->t.oJ'(' 

operations as weil as ail otller (AL U) instructions il rc lH'rforHlpc! IIsin/!; 1'('p,is1,NS. i\ss 111111' 

that at a certain point of time we Ilced to !Cali in a variabl(', x, l'rom I11PlIllJry. x !tas to IH' 

read into a register, hut registcrs aheady hav(' valtH'f> in t!tpm. Al-> pl'o/!,Iaro l'xI'('\ltioll 011 

most traditiollé'l architectures can not continue without x bpill/-!; !'<'ad, WI' haVI' 1.0 d"visl' a 

way of making an occupied register available for il. Olle optioll if> to stc))'(' ft variahll' tltat. is 

heing held in a reg,istcr, to mcmory. This proccss is kllOWlI as "spjJ/ing". Spillill/!, l'l'l'l'l-> "l' 

a register which can then be reassigncd to the new variable, likc x. Makillg a good ('hoÎ<'(' 

of variables to spill is an important problem of l'cgister allocation. 

2 



• 

In HllllllrlfLry, we look UpOII t.he register allocation problem as the followil1g two sub­

prohlf'lIIs : 

• (1\) Given a program, we woulcl like to assign tllC minimum lIumber of l'egisters to 
the pl'Ograrn variables. Regardless of the actual number of registers available in the 

é1l'chitectul'<', wc wish to redure the number of l'equired registers ta a minimum possible 

number. This has some important applications. For example, whell allocatillg registers 

intcl'pl'OC(luurally it is bencficial to allocate a minimal number of registers ta each 

proced Il re. This l'cd lices the amount of register saving requircd at procedure call 

t.iIllC, alld C.Ul alsu impl'Ovc interprocedural register allocation [SII89b, Ch088] . 

• (H) Unlikc in (A), in this case we assume that there are k registers available on the 

target machine. The minimum l1umber of registers requircd to map cach variable to 

a r<'gist.er may exceed k. lIence, spill code has to be introduced and our objective is 

to kecp the total cast illcllrred by tiie spills to a minimum. 

'l'lw ahov(l Ilwutioned informai problem st~tements are stated precisely in Chapter 2.2. 

s~iII code 
~ 
~ 

\ 

renumber build coalesce s~ill cosls sim~li~ selecl 
..... ~ 1+ ~ .. I~ ~ 

Figure 1.1: Chaitin's Global Register Allocator 
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1.3 Terminology 

For the purposes of this thesis we define sOllle terlUS. Th(' pipet' of ('{}(\(, shown 1H'low in 

Fig. 1.2( a) is used while definillg some of the tenus. 

a = ... (sd 
b = ... (S2) 
... = a (S3) 
... = b (S4) 
... =a (S5) 

( a) Code Segment 

Figure 1.2: Explaining Terminologies With An ExumplC' 

• Live variable: A variable, a, is born at the point p wher(' it is defilll'd in iL prop;I'fUII 

and it dies at the point whcre it is last used. ais said to be live al points alolll!, th()s(~ 

paths of the program startillg al p where ils value can he lIsed. Fol' illstalu'p, il is 

born in 81 and dies in 55' a cornes alive at .'l1 - that is at its' point of hil'th. 

• Live range of a variable: is the duration of liveness of the variabl('. 'l'II<' liv(' ntll/!,<' 

extends from the point of birth of the variable till its point of dcalh. In 0111' (lXéHlIplp, 

a's live range ~xtends between statemellts .':il alld .5r;. 

• Def- Use chain of a variable: The def-use chain of a variable is t.1I<, "S(·t of lises, li, of a 

variable sucll tllftt there is a patl! l'rom p ta s that docs Ilot rcdcfillc it" [ASUHH]. III 
our example, ais defined at SI and this definition is Iinked with ils us(~s al. stat.pllI<'lIt.s 

83 and 85 to create the def-use chain for a. 

• Interference b('tween variables: Two variables arp said to interfer(~ at ft point fJ of tlH' 
program if they are bath live at p. In our examplc, v<.triabl('s a and /) iuterf('f('. 

• (Regis ter) interference grapl! : is an undireeted graph in "whicIJ tJH' II )df'S an' 
symbolic registers and an edgc connects two nodes jf one is live at ct point wlu'rro 
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t/w ot/wr is clcfillcd" [ASU88]. il. and h of our example are two interfering nodes of 

th(' illterfNCIH'e graplr (Fig. 1.2(b )). 

• Degree of a Hode : ifi thc total number of ncighbors of the nodc in an interference 
gl'aph. Each n('igh hor of a node if) connected ta it wi th an edge. 

• 8[JiIl cost of a Iloc!e : is an attribute of the node. It is the cost incurred to store the 

variabl(' to lIIelllory and reload it from memory. 

• 8pill code: cOllhist of thc group of instructions \/hich store and load a spilled HO de 

1.0 and froll1 the memory respectively. 

• IJasic bloc/; : ifi t.he smallest sequence of statements which have no flow of control. 

• Global ['('p,isl,pl' allacator: A global register allocatar assiglls registers to all the 

val'Ïahl(ls ,1Ild compilN gcnerated temporaries of an entire function or procedure. On 

the otller hand, a local register allocator works at the basic black level. 

• l,oop cétl'ril'd clepeud('lIce: is caused when a variable defined in Olle iteratioll of a loop 

is ubed by a followiug iteratiol1 of the loop. 

1.4 History Of Global Register Allocation 

A uumher of researchers have lookcd into the memory and register allocation problem [Ers90, 

Fre74, MBR:l]. We 1'('fer the l'cader to Chapter 7 for a detailed survey of work beiug done 

in t.his iU'('a. At this point We concentrate on providing a historical perspective of global 
regh:itel' allocaton;, 

.John Cocke rétllH' up witl! the idea of transforming the register allocation problem to a 

graph ('olori 1Ip, pl'Ohlem [Ken71, Bri92]. An interference graph is created such that the nodes 

(01' v('rt.in'H) of the p,raph ale live ranges, a.nd edgcs exist between those nodes which are 
liVl' sillllllt,\lIl'olH.,ly. If theJ'(l arp k hardware registers available 011 the target architecture, 

tll<' p,oal of t.he l'('gi~t.<lr allocatol' is ta map the k registers to the nodes of the interference 

graph. ThiH ÏH (\rcomplislwd by linding a k-coloring of the (interfeJ'ence) graph. Each 110de 

of t Ill' p,mph b colol'ed wit.h one of the k registers a.nd no two interfering nodes can receive 
t.h(' salll(' ('0101'. 

Whi1(' wOI'kiu!!, on thE:' PL.8 compiler, Gregory Chaitin at IBM, T.J. Watson Research 

C('ntl'l' at Yorktown lIeights, dl'velopcd the first complete global register allocator. Chaitin's 

global allo('ator also uses the graph colorillg approach, and spilling and coloring is performed 
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in a coordinated fashion [CAC+81, ASU88]. This work laid thl.' fOllndation fol' IIIll~t. fllt.ul'!' 
work done in the area of register allocation. OVe!' tillle, Cha i tin illlpl'ov('d t I\(' ht'II ris tin; us!'11 

by his original algorithm [Cha82]. Otll<'rs, notùbly Bl'i!1,!!,s, Bpl'IIst('in and, Nirh.('I'M\1l ha\'!' 
improved and extended Chaitin\., algorithm [BCKT8D, nGG+H!), BC'L'02, Nir!)(}]. Ol\{' ofth(' 
more significant impl'ovements included redllcing the élmollnt of spill ('mIt' P,PI\('\'l\t('d [Bri!12]. 
Today, widely Ilsed optimizing compilers like IUf ... l's XLC and tlw GCC ,lVail of Chaitin's 
method of register allocation. 

While Chaitin worked on the interfercnce graph appl'Oach to l'egist.PI' alloca.t.ioll, FI'pt! 
Chow and John IIennessy developed the priority basNI global 1'I'p,ist.<,1' alloca!.ol' [ChoH:J, 
CH84, Ch090]. This allocatol' is also based on tlJ(' )!,raph rolorillp, 1IH't.holl, hut. dill'!'I's 
significantly from Chaitill and his successors work in the spil\ing tpchni<llH's IIS!'(\' EX!.('lIsions 
and modifications of titis work have been reportcd in [ChoHH, C:SSHH, LIl8n]. 

1.5 Evolution Of Chaitin's Global Allocator 

As the work presented in this thesis is based on s01l1e hlllitations of (!hait.in's a.PPI'Oé\('h, \V(' 
shaH tirst review his method and then motivate 0111' a.pproach in Sp(·t.ion Ui. 

1.5.1 An InformaI Description Of Chaitin's Algorithm 

The essence of Chaitin's algorithm is probably best understood through an oxal\l pIe. i\ ft,PI' 
presenting an intuitive description of the algorithm WI.' will go through an l'xa.mplp whirh 
will help illustrate the details of the algorithm. 

Assume that the targ,et architecture has k available registol's. Givell ail illpllt. sPI. or 
live ranges, the algoritlull first build& an intcI'fercncp )!,l'aph, and :tnnot.at.ps thp Iloclps \Vith 

information that is IIsed by the coloring phase. Next, the inter/i'renee ~raph is colol'(,c1. 'l'his 
phase is the core of the allocation algol'ithlll. Thp intNfcl'('II('p p;raph ih J'('pl'at.pdly l'('duI'pd 
by removing nodefi which have a dcgree strictly less than 1.:. The I(,<thon h, I)(·(·(tu/,I· if a 

node, n, has at most (1.: - 1) neighbol's thcn it is always por-,r-,ihll' to ('0101' Il with ft ('0101' 

distinct from it's ncighbors. 

If at sorne point the graph can't be reduCl'd as ail the llodps in t.he partially l'pdul'(ld 
graph has degree ~ 1.:, spill code has t.o be introduced. A 1I0de ifi dIOS(~1l 1.0 1)(, hpill('d and 

spill code is generated for it. i\ node ha.villg a lowcr spill cost is iL h('tt('1' l'tlndidall!s fol' a 

spill than anode having a higher spill cost. The illtcrferenœ graph if, t.heu rcmnstrurl,('d tu 
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rcfle('t the II('W conflicts of the spilled live range. The coloring process is rerun on the new 
iliterferencC' gl'aph. This two step spilling and coloring process is repeated until a k coJoring 

of the interfcrcncc graph is fOtlIld. 

LIVe Ranges Instruction number 

r.;:~= 
(1) 

,---.x3= (2) 
x3 rr==*Xl = x3 ... (3) 

L·=X4. (4) 
x1 LeX2.X. (5) 

x3 = x1 ... (6) 

x2 x3 L:: .. ='" (7) 

x4=x2 ... (8) . 
x4 ----. .• =x4 ... (!:I) 

(a) Original Code With Live Ranges 

Live Ranges 

~==*x2 =x4· ... 

'---t-___ "'"""'"i.x5 = x1 + ... 

x2 x5 

1 ~:. =x5" 

x6 = x2 . 
x6 
--. .. =x6 - ... 

Instruction number 

(1 ) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(b) Renumbering x3 and x4 

Figure 1.3: Using Chaitin's Algorithm On An Exarnple 

1.5.2 The Original Algorithm By Chaitin 

Fig. 1.1 illustrat(·s the flow diagram of Chaitin's register allocator. This diagram is similar 
to UH.' on(' !>r('spnted by Preston Briggs in his thesis [Bri92J. An interference graph is the 

expecte·d input of the algorithm and, a colOl'ed iuterferellcP graph that may have undergone 
transformation due to spill code insertion is the output. Vv~ use the cxample in Fig. 1.3 to 
underst.and tl\(' various stCpb of the algorithm illustrated in Fig. 1.1. 

• Uenulllber : Ali the live l'anges of a function are given unique names. This allows 
great<,r lIl'xibility ilt assiglling different registers to live ranges arising from a. single 

7 



(c) Interference Graph (<1) Aftt'r Coal('seillg 

Figure 1 4: Using Chaitin's Algorithm On An EXé\.lIIplp 

variable. If renumbering were not donc, thcn ail thc liv(' ('angcs of a single variablp 

would have to be assigned the same registcr and titIs crcatcs an IUlIlec('ssary foustmiut. 

Fig. l,3( a) shows a code segment and thc livc ranges of the prop,J'it1ll varia.hlc's, x:J 

and x4 have two live l'anges each, Sincc thc numbers or ail tlw Iivp /'éLng(~li IHllst III' 

unique the live range of x3 that cxtpnds bctweell statclllcuts 5 aud 7 is ('('ulllllhp!'"d 
as x5 in Fig. 1.3(b), Similarly the the livc l'ang<.' of xtl betW('CII statpIHPllts H ami !) is 
renumbered as x6 . 

• Build : An "Înterference grapli" graph is bllilt basNI 011 thc livc l'ange informiLtioll. 
Recall that each node in the graph corresponds to a live range of iL pl'Ogram variahlC', 
An edge between two nodes in thc graph rcpres~nts intCl'fereuce hel,w(!(!Il the two liw! 
rages. This means that, the two interfering live ranges cannot ~Imre the liallH' rpgiste/' 
and must be assigned different registers. 

The interference graph of our example is shown in Fig. 1.1(c), 
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0 Node Color 
R 
0 
E x3 R1 
R 
0 

x5 R1 

x2 R2 

x4 R2 

x1 R1 

(e) Hccluccd Graph whcn k=2 (f) Final 2-coloring Of Graph 

Figure 1.5: Dsing Chaitin's Algorithm On An Example 

• Coal('src : U IIncccssal'y copy instructions are eliminated if the source and result live 
ranges do Ilot intcrfcrc. This phase reduces the number of nodes of the graph. 

In our examplc statemellt 8 is a copy instruction (Fig. 1.3(b)). x6 can be coalesced 
with xi as the result. and source live ranges don 't interfere. The coalesced no de x6 is 
l'emoved fl'Olll the illterferencc graph as &hown in Fig. 1.4( d). 

• Spill Costs : Each node is êlunot.tted with a spill cast, which is used ta choose a 
110<1(' if olle necds ta be spilled. SpilL costs are calculated on thE' basis of heuristics. 
Accol'ding ta olle such helllistic, live ranges of va.riables which arE' used in deeply 
<,mbpdded loop nests are given a high spill cast as we would prefer ta hold it within 
a. rep;istcl' rathel' than la ad and store ît during each iteration of the loop [Bri92]. 

FOI' the sake of simplicity, let us assume that aU the nodes of our example have the 

saille spill cast. 

• Simplify : This phase l'educes the interference graph and is the key ta the coloring 

PI'O('C88. 

If t.here are k rc!!,isters avaiiable in the architecture, then nodes having a degree < k 
an' repeat.cdly rCIl10ved from the graph. The degree of anode is given by its number 
of ncighbors. Thc rationale behilld removillg nodes having degree less than k is if the 
110<1(' t hat is b('ill!?, removed has (at most) k-l neighbors then each of the neighbors 
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Old live ranges Nt!w live mnu"s 

~-> 1 
Si"LINt' 

1 
,5 r .~ 1 
l k2 1 l .~ 1 
l .1 l .1 

lI] J r 
.1 

l .4 l 9 

! 
.1 

1 

* ahOlhn 11110 1 
~ I11I1UOS ul .... , 
.~ 

* 

(g) Modified Interference Graph (h) Spilling Whcn k=:l (Ollly SOIl\(' LiVt' Hall!!,(':; SllowlI) 

Figure 1.6: Example For Chaitin's Algorithm COlltilllU·d 

can receive a different color. This leaves the last calaI', of the li colol's, fol' t.hp !Iodp 

being removed. 

If we encounter the situation where there are no Ilodes in t.he gmph havillp, a d('p,1 (lI' 

less than k, then a llode has to be chosen a~ a spill llode. lleuristirs i!lvolvinp, spill 

costs of llodes guide the choice of a spill Ilode. The ehoscn lIod(~ is Illitrk"d 1.0 1)(· 
spilled and is removed from the gl'aph. Thp graph rcdllctioll IHO('('SS th(,11 ('ollt.illll('fI 

on the resultant reduced subgraph. 

At the end of this phase, the graph is complctely reùuced sa !,ltat il 1)('("(JJlH's ('!II l't.v. 

Generally, tllI'ee ta five iterations of the algol'ithm may he IIcecled to k-colof p,raphs 

of real world benchmarks. Only a few bcnchmal'ks l'e<!uil'(! 1II()1'(~ thall 1.('11 1.0 I,w<'1 VI' 

iterations before a k-coloring is foulld [Cha82, ABGM9:J]. 

For the pUI·pose of our example, assume that therp arc two availahlc hardwéln' 1'('p,iSt.<'I'fI, 

1'1 and 1'2. We need to simplify the illterferencc J?;raph of Fig. 1 A( d). TI,,· lIode~ x:l, 01' 

x5 can be chosen ta be removed l'rom the graph as they have th(' higheHI. d"p,I''''' ~ ~. 
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(i) Interference Graph Updated After Spilling 

Figure 1.7: Example For Chaitin's Algorithm Continued 

Let 's say that wc l'emove x3. This leaves us with the pal'tially reduced intel'fel'ence 

gl'aph shown in Fig. 1.5(e). Now, we must l'emove x5 as it is the oIlly no de whose 

degl'cc < 2. Then, we have an option of removing either x2 or x4 and we first choose 
x2 and then x-J. Finally xl is removed and we are left with an empty graph . 

• SeIpel: This phase assigns colors to the nodes in the reverse order in which they have 
heen rcdllced. Each Hode gets a color distinct from its' neighbors. Assigning a color 

is eqllivall'nt to assigllillg a lCgister and henceforth we shaH use colors and registers 
illtel'chall~eably. 

The no<le8 of our example are colorl'Il in the reverse order in which they are removed 

from the v;raph. Fig. 1.5(f) shows the final 2-coloring of the graph . 

• Spill Codt' : If at any point, the interference graph fails to reduce as the degrees of 
ail the 1I0des of the subgraph are greater than k, we have to introduce spill code. For 
('a('h variabh' that is chosen to be spilled, a store instruction is added after the point 
of dpfinitioll of the variable and, load instructions are inserted before evel'y point of 

t1bP of t hl' varia ble in the live range. This splits one live range iuto two or more shorter 
live l'angt's. 

For illst all('e, lct liS illCl'case thl' number of interferences of the nodes of the graph 

of Fig. l..t(cl). Fig. 1.6(g) shows the modified graph. If only two hardware registers 

art' available to color the graph, then the simplify phase can not remove any of the 
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nodes as their degrees are aU > 2. At this point, we haVl' to choosl' a no<l(' t.o spill. 

Assuming that the spill cost of ail the nodes an' t.II<' hall\(" Ipt 's S,IY WP chom;(' t.o 

spill x4. Spill code may be inserted for x·l so that. tIl<' singl<, IOIl!?, li\'(' \'ë\n~(' for ;.:., b 
replaced by several several short!'r live ra,llgcs as shawn in Fig. I.(i{ h). 

The change in the live range information cllangt's t.h(' structllJ'(' of t 11(, int.pl'f('l'('n('p 

graph as shown in Fig. 1.7(i). So, the interferellct' graph is lIIodified and t.h(' algorit.hlll 

is executed on the new interferencc graph. 

Spill code is not inserted aftel' eacll spillnode is chosen in the simplify sta~('. In81.(,<ld, 

chosen spill nodes are marked and spill code is insel'ted ail the srill d(·cisions hav(' 11('('1\ 

made in this phase. This of course, avoids repeated n'('Ollstrllctioll of t.IH' in!.t'I'f'('I'('nc(' 

graph. Instead of splitting a spilled node into several smaller liv(' rall~(,s illllll('diat.('ly, 

we choose to depict these smaller live ranges as 011<' larp,e conp,lolllPI aI.l' nod(' titi 
the end of the phase. This makes the graph im pl ecise and il. do('slI't. 1\('( PHS a rily 

reflect the true state of the program at all t.imes. In th(' COIlt.('xt of 0111' pxamplp, I.wo 

shorter lie ranges replace the live rangt' for x·J (Fig. I.(j(h)), howPvPI' t.his ('hallp,t' is 

not reflected in the illterference graph until the end of the spilliu/!, phaH{'. At. t.h .. ('luI 

of this phase, the intel'fel'ence graph is modified ta accurately r<,(le('1. th(' ('ha.u/!,l'd liv(' 

range information due to the spilled live ranges. 

1.5.3 Brigg's Improvement To Chaitin's Aigorithm 

Essentially, Chaitin reduced the l'egister allocation proolem to a graph coloring p\'ohlpllI. 

However, the k-coloring of a graph, whel'e k is assull1cd to he the IIl1mbe\' of '·P/!,iSt.NS 

available on the target machine, is kllown ta he a c1assical NP-rolIlplpt<, prohl<'fIl [G.J7!>]. 

Hp.nce, the coloring algorithms employ heuristics and may not providl' optima.l l'<'slIlts in ail 

cases and, Chaitill's algol'ithm is no exception 1.0 this rule. 

As an example, Ken Kennedy, of Rice University [Bri92], construcLed a very simple 

diamond shaped interference graph which causes Chaitin '8 alr-;orithrn 1.0 pNfol'T1I Sil h-optimally 

in two respects : 

1. Failure to find a k colol'ing in sorne cases even whcn one pxists. 

2. As a side-effect of being unable to find a k-coloring, unIlecessary spill code is gennJ'ated. 

We provide such a similar diamond shaped graph in Fig. 1.8. l,ct us assume' that W(l 

have only two colors, red and green, available for this graph. Dy inspcdion, W(l giVf-' Xl the 
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An Interference Graph 

Figure 1.8: Sub-optimal Performance Of Chaitin's Aigorithm On A Small Example 

color rcd. X2 and X4 can be assigned the same color as they do not interfere with each 

other, but they must receive a color differcnt from the one assigned to Xl. So, the only 

col or that can be given to X2 and X4 is green. Finally, X3 is colored red. 

Unfortullat<,ly, Chaitin's algorithm fails ta find a 2-coloring for this gl'aph. As there are 
no nodes in the graph whose degree < 2, we will be forced to spill anode. Assuming the 

saille spill cost for aIl the nodE's, we choose to spill Xl. Once Xl has been removed from the 

graph, the otller nodes can be reduced very easily. This example does not daim to show 
that a 2-fOloring of this graph can never be found. It could, using some heuristic other than 

t.ll<' one IIsed by Chaitin [MD83]. 

If we werc to ask ourselvcs why Chaitin's heuristic fails to color this graph with two 

colors, wp notice that the heuristic used in reducmg the interference graph is the root cause 

of this problem. Since nodes with degree strictly < than k can he removed from the graph, 

it is illlplicitly assumed that every node that interferes with the node being removed, say 

ll"emou~ , is going tü be assigllcd an unique color. Different colors don't necessarily have to 

be assiglled to Ill'ighbors in aIl cases, they could share colors. If the neighhors of nremove 

do not illterfere with each otller, then there is no reason not to assign them the same color. 

Illstcad, Chaitin chose to he pessimistic and assumed that allneighbors of n"emove conflict. 

Preston Driggs sllggested a very simple and elegant solution to that overcomes this 

suboptimal behavior. Fig. 1.9 is taken from his thesis and shows his suggested improvement 

to Chaitill's algorithm. Notice that the only difference between Fig. 1.1 and Fig. 1.9 is that 
the spill ('Ode dccision is made after the select phase instead of after the simplify phase. 

With this improvemcnt, the simplify phase doesn't make any spill decisions at aU. Nodes 

arc removcd fJ'DIll the graph even if their degree are 2: k. Spill decisions arc delayed till the 
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spill code 
~ 

!~ 

~ \ 

renumber build coalesce spill costs simpli~ select 
-+ .... -. .. ~ r. r+ 

Figure 1.9: Briggs Improvement to Chaitin's Algo\'ithm 

select phase. When the select phase is illvokp-d, colors are éissigned to 1l0dPH in the l'eV<'I'!W 

order in which they have been reduced and, a node, say 1tcolor, is éu;sig,lIed a color difl(·"('II1. 

from aU its neighbors. This is the crux of the solution - we arC' 110 Jong('r hotllPred if 'I/,("o/()I"S 

neighbors have been assigned distinct colors, ail that wp arc COIl('CI'ned with iH that n( (jlm' 

receive a color distinct from aH its' ncighbors (as U CO / 07 interferes with ils lIeiJ!;hhol's). 'J'his 

leaves us the opportunity to color neighbors of a lIode with the same ('0101', and of eoUl'se, 

this leads to the reduction of unnecessary spill code. 

Keeping Brigg's modification in mind, we take another look at the exampl(' ill FiJ!;. 1.H. 
Instead of spilling Xl when there are only two coJOI'I; availabJe, BriJ!;gs 1'<'lIloves il from th(! 

graph and continues the simplification proCl'SS. AssufllP lhat wc rcmoyc lIode X2, thell Xti 

and finally X3. Then the nodcs are colorcd. X.1 receives the ('0101' l'('d. X1 iH coloJ'('(J gl'('PlI 

as it interferes with the red node X3. Next, X2 if, a\f,o c:olol'<,d gJ'('ell as it illtl'l'f('J'('b with 

X3 but not with X2. When we encounter the Bode Xl we Ilotice thal il ('an tH! assigncd 

the color red as it is different from the colol's assigned to ils' nciJ!;hhors. This béW{!S liS frorn 

spilling anode. 
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for 0 { 
b = (1) 

= c (2) 

a = (3) 

= b (4) 

c = (5) 

= a (6) 

} 
(a) Loopl (b) Interference Graph 

Figure 1.10: Impreciseness Of Interference Graphs 

1.6 Motivating Our Approach 

ChaptNs 1 throllgh 5 focus on register allocation for loop stmctures, especially "perfect" 
loops. In t.his thcsis we use the ward "perfect" ta mean basic blacks which do not have any 
(>mbcdded flow of control. 

N ullIPrically intensive real world benchmarks tend ta have a very high number of 'perfect 
iunermost loops [H uf93] and heuce we zero in on the allocation problem for these structures. 

lIuff stlldied DO loops in the Lawrence Livermore, SPEC89 Fortran and the Perfcct Club 

IWlldllllarks. Th(' DO loops that he focuscd on had acyclic loop bodies with no procedure 
{'alls, and assip,II<'d or rompu ted p,oto statements. Surprisingly enough, out of the 1525 100ps 
t.hat. II(' isolat.<,d, 2:~% of thplI\ had loop carried dependences and no conditionals. while 70% 
of tll<'lII had lwH hl'I' 1001' caniNI dependenccs nor any fOlIditionals. 1J0th thcse kinds of 

loops rail IIlId<'1' our cat<,p,ory of perfed loops. Due ta the high percent age of occurrence of 
pl'rfl'ct loups they merit special consideration. These programs spend a lot of time executing 
th<, loop Bt.rnctuH's, tl\('rl'fore it is v('ry important ta obtain a good registcr allocation for 
this Btrurlurl' so t.hat thl' best possible speedup can be achieved. 

Whill' studyillg Chaitin's interf('rellce graph coloring approach ta register allocation, 
w(' iUVl'stigatcd a r('pres{\lltatioll different froIll the interference graph. The representation 

rhos('1l by II~ works weil for perfect loop structures. Here are our motivations: 
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o 

l( 

, , , , 
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1. ___________ .. _____ .. : 

Instruction Il 1 2 3 4 5 

(c) Interval Graph For Loop 1 

Figure 1.11: Impreciseness Of Interferencc Gl'aphs Contd 

• From our point of view, illterference graphs do not encode any lIotioll of th(' l'('Iat.ivp 

time of overlaps between live l'anges. As an example, we r('f('l' to th(' t.wo 1001' hodiplî 

shown in Figs. l.10(a) and 1.12(d). The live l'ange of c in 1001':'>' (of Fi/!,. 1.1:.>.(<1)) 

extends from instructions 2 throllgh () of each it(,l'ation of t.!w loop, whill' (' in 1001'1 
(of Fig. l.lO(a)) is defined at instruction 1) of OIlP itPratioll and us('d hy instruction :.>. 

of the following itel'ation. The live range of c of 1001'1 lB I>plit into t.WU SI'/!,IIIPllts pl'!' 

iteration as Îs seen in Fig. l.ll( c). The interfercllce graph ('l'(,,tf,('c1 fol' hoLh th(' loops 

are exactly the same (Fig. l.10(b». IIOWCVCI', when wc sel' th(' Iiv(' J'allg<'s of tll<' 

loops in Figs. 1.11( c) and 1.12(e) we get a pl'ecisp pidure of the tinH's of oVNlap of 

the various intervals . 

• The exact times of overlap of live ranges is very Ilseful in developing pfrN,tivl' colol'illg 

and spilling heuristics. This \:> particularly truc when olle cOllfoiders how to ('ff('<'li vply 

model the live l'ange of a loop variable: its Iifetime IIlay croSI> Ut<' hounclary of 

iterations, and it may be defined and used repetitively at r('gular illt.l'J'vals. L(!t 
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for 0 { 
c = (1) 

b = (2) 

a = (3) 

= b (4) 

= a (5) 

= c (6) 
} 

(<1) Loop2 

Live ranges 
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1 
1 
1 

a -----j()(: 
)( 
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1 
1 
1 

------K)(: 
1 
1 
1 
1 
1 

1 1 
1 1 L __________________ _ 

3 4 5 

(e) Interval Graph For Loop2 

Figure 1.12: Impreciseness Of Interference Graphs Contd 

tlS cOllsider allother ex ample to illustrate this case. Fig. 1.13(a) shows a loop with n 
itel'a.t.ions. FOIII' scalar variables al'C defined and used in the loop: Xl - X 4. Note 

that in t!IP case of loops each variable has a sequence of live ranges that correspond 

lo diffel'<'lll itprat iOlls of lh(' loop. For exa mple, the live range of the variable X 4, can 

he split iuto sl'wral hC!!,IIlCnts. For the first itcrat.ion, X4 is dcfined outside the loop 

and dies al, instl'uction 2 within the loop. This is one section of X Il 's live range. In 

addition, for pach itl'l'atioli 1 of the loo{>, X·I is ddined in instruction 4 of iteration 
i, alld is H\'c !>('twCl'n titis dcfinition and the last use in instruction 2 of the following 

itpration i + 1. Thl'l'(, is a similar !>ituation for .\'3. In order to accurately capture this 

infol'll' ation in our approach, we would like to find a representation that incorporates 

thl' l'('!?,ultll' ppriodic llctturl' of variables that are defined in sorne iteration land last 

1Io.;('d in ~ollle lat('l' itl'l'atioll /. 

Fi~. 1. L:J( b), shows the int,crnll gr<l{Jh for the program segment. The X axis represents 

tl\l' iust l'uclion numlH'rs of thc code, whilc the Y axis rcprcsents the variables of the 

pro!?,ram. 'l'Ill' !>olid rircles of the diagram illustrate the points of definition while the 

('l'OS~Cs ilIl1htratl' t h(' points of last lise. For ('xample, Xl is defined in instruction 1 

and last IIsl'd in instruction 3. Note that the lifctimes of each variable are represented 
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.... l period ~ 
1 1 

for i = 1 to n { 
Xl 1 

1 1 

Xl = X3 * lOi (1) X2 • le 
X2 = X4 * 20i (2) 
X3 = Xl + 5; (3) X3 

1 

X4 = X2 + X3i (4) X4 1 
1 

} l 2 3 4 

(a) A Loop Program (b) An Intcrval Cl'aph 

Figure 1.13: lntroclucing An Illtel'val Gmph 

by a sequence of intervals, one interval for each iteration. 

As illustrated in Fig. 1.13(b), the live ['ange of a 100p val'iahlp cali 1)(' J'('J)['('h(IIlt.pd 

as a periodic intel'vaJ: a sequencc of lifetimc intcl'vals thal. :U'(' (Iqually spa('(ld in 

time by some pC1'zod. Such a periodic interval can hp rharac1,pl'Îz('d hy t.h(' intl'l'l;al 

cOl'l'esponding to one pcriod. Fol' ('xample, the live ran/!,ps of val'iahlps X J X'l ill 

Fig. 1.13 (h) have a period of olle Îtcratioll. The live l'all/!,CH of variahlps .\' J alld .\'1 

do not extend across the boundary betwecll it(lratiollh, th('J'('fol'e, t.lwy <'étch ('éllI hp 

expressed as one intcrval, i.e. Xl: [1: 3), X:.!: [1 : 1\). 'l'he val'iahlpf, X:~ alld XII, 
however, are defincd in onc i teration and llscd in the ncxt. 'l'h(')'('fol'(', fol' ('011 v('lIi(IIl(,(', 

we represent its live range as a pail' of two illtel'vab, i.('. X:I: ([0 : 1), [a : r;j) alld 

X 4: ([0,2), [4, 5]), w herc the interval [0 : 1), fol' X:~ as ail i IIHtall«l, ('ail IH' (,ollsidl'l'(ld 

an extension of the interval [3 : 5] tltat is wl'aplHld around tu fit. in 0111' J)llriod, W(I 

can sucIt a "wrapped" interval a cyclic mlu/Jal, III Fi/!,. 1.1,1(('), w(' show t.h(' 

cyclic interval gral'h representat.ioll for Fig. 1.1:1( b). 'l'hl' Il Il III bcl's 0 and r; do ilOt. 

correspond to any instructions but Illerdy l'l'ovide a joining point. fol' t,wo hIU'( (IHsivl' 

iterations . 

• Another weakness of the interfcrence graph appl'oélrh Îh the potplltial (IXP(IIISP /'PlJlIil','d 

ta to rebuild and [ccolor the interfercllce graph aft<'f spill ('odl' has 1)/11'11 illtrodll('(I(l. 

Based on tl1<' cyrlic gl'aph representatioll w(' hav(' <!(lvis('d a two st(IP /11l'l,}lOd of 

register allocation, the tirst ste}> involves tl\(' spilling IHO('(II'lf, alld ill t.hl' f,1'('(Hld f,lf'p 

the interval graph is colored. Intuitively, the "thi< kucf,fo," of pari, poillt. ill t1l<' ('ydic 

in1.erval graph captures information about ovC'r1appiug Iiw l'anges of variahlps at il 
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(c) A Cyclic Interval Graph (cl) A Circular Arc Graph 

Figure 1.14: Cyclic Interval Graphs 

particular location in the program. The points of the graph which are the thickest 

- thé "fat. spot" -- is crucial in developing our new heuristic algorithms. A detailed 
description of the aigoritlllll developed on the basis of the fatspots can be found 
in Chaptcr 3.2 and, Chapter 2 dctails our two-step methodology and explores the 
advantag,ps off<,' _,d by ryclic intervals graphs in detail. 

'l'IIf' possibility of using Întprval graphs as a model for register allocation was noted in 

['l'u1'75, TudH]. lIowever, 1.0 our knowledge, previous research was theoretical in nature 
and mainly fOClIflCd on th(' algorithmic aspects of the interval graph model, while we are 
prilllal'ily intl'j'('st('(l in the fcasibility of using interval graphs in register allocators of real 
lif<, ('om pill'rs. 

1.7 Summary OfChapter And Structure Of Thesis 

In this ehapt('r wc provide 1.11<' reader with a backgwund on Chaitin 's allocation strategy 
haspd on 1.11(' ÎnI.Nf<,r<,ucc graph colorillg method. We also discussed some limitations 

of Cha.itin 's lIIl't.hod and proposed some advantages offered by the cyclic iuterval graph 
repj'(ls<'lItatÎoJl fol' register alloratÎon for peI-fect loop blocks. 

ln ChaptN 2, eyr!ic and non cyclic intervals are formally defined and the properties of 
sp<,rilic cydic interval graphs are explored. A formaI problem statement is also provided. 
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Chapter 3 discusses heuristic algorithll1s developed fol' III inillllllll l'l'p,is (PI" a Huca (ioll for 

perfect loop blocks. Chapter 4 describes a IH.'W spillillg algunth Ill, t II(' S\\'('('I' cllICI split 

algorithm, that is uscd to transform an intel'val graph 1.0 OIH' whosC' t.hichllPSS is k mi Lhis 

is the fOl'm in which the colorer expects to l'ccciv<' t.he illt<'l'val graph. Chaptpl";) l'PPOI'\'S 

experimental resllits of our two step approach that lises helll'istic graph ('olol'inp, alp,orithms 

mentioned in Chapter 3. 

Since our allocation strategy works weil for pel'feft loo!> s!.rttt'tUI'PS tltal. is whal. W(' 

have concentrated on in this thesis. 1I0wever, we haw~ p,iw!1I tholl/!,ht. 1.0 ways of (\x(PIHling 

our method to other structures like loops having embpdded f10w of ront\'ol or loops havinp, 

dependences which extend beyond oue iteratioll. We d(,iit'l'ibc diflinlltil's Wl' (\1\('011 Il (.<'l't'd iu 

creating such an extenr.,ion as well as sOllle plausihle solut.ions il\ Chapt<'I' (i. 

Finally, Cltapter 7 cOllcludes the thesis with a SUlIllIHlI'y of l'c1a(.pd wOl'k dOl\e iu t.11<' an'a 

of register allocation. This helps to put our work in a bl'Oad('r !H'I'Slwctivc. 
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Chapter 2 

Introduction And Background 

This chapter formally introduccs the reader to the cyclic interval graph representation that 

fOl'ms the haHif> of our register allocation approach. It is crucial in that it lays the foundation 

for all the followin/?, chapters of the thesis. 

Section 1.1 describe5 cyclic interval graphs and their properties. Then Section 2.2 
fOl'llIulat<'R the J'('gistCl' alloca tion problem in terms of the cyclic interval graph representation. 

Finally, in Section 2.:1 wc argue that our chosen representation is beneficial and absolutely 

('fucia.1 to the development of the algorithms used in our spilling and coloring phases. 

2.1 Cyclic Interval Graphs 

ln Cha.pt('I' l,n, we introduced the concept of cyclic illterval graphs with the help of an 

exarnple shown in Figs. 1.13 and 1.14. Now, we shaH generalize the description of the 

illt(l('val graph aud, makc explicit any assumptions which we make while interpreting the 

gl'aph. 

lu !-',<'IU'I'al, \V{' lise the following conventions in our Lydie interval graph representations. 

Let 10, 11, .. ,1)(' tIlP f>tarting tune poinls of a sequence of machine operations. Without loss 

of generality, w(' U8<' uOIl-Il<,gative illtegers for the time points. We use [t : f'] to denote the 
int<'l'val bptwPl'n ( and l' illcluding both end points. The notation [t, l') denotes the same 

int.<'l'val huI, \Vil h t il(' pud point (' I<'ft out. 

'vV<' aSSIIIIl<' that cach machine operation is in the form of a quadruple, e.g. x = y + z, 
which IH'gills al. SOllle time point t, To be precise, we say that variable x is defined at time 
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point t. The live range of x will continue to the time point l', (l' > 1), wh('I'{, it is last lIsl'd 

in a statement, e.g. u = x + v. After time l', the .. alue in x is no lon~t'I' liv('. In this pa(ll'I" 

we define the lifetime inferval of x to be [t, f'). Wll<'n no confusion lIIay O('('UI', w(' ust' tlH' 
terms intel'val and lifelime inlerval intcrchangcably. The l,dation IH'twPl'n th .. , liw l'allp,('S 

of a set of variables is completely defined by the cort'esponding set of Iifl'time intNvab. 

Our problems are related to tIte class of ci/'culm'-m'c g/'llp/t c%riufJ probll'll1s [l\lecm, 

GJMP80]. A graph G is called a circular-arc graph if its vertices can be pl(l('('d in a Ol\(,-I.u· 

one correspondence with a set of circulaI' arcs of a circlc in such a way tlmt t.wu v('rtk('!> of 

Gare joined by an edg<.> if and only if the corresponding two arcs overlap 011(' :\.IIotlt<'l'. III 
Fig,1.14 (cl), we show the circulaI-arc graph rcpresentatioll ofour t'xalllplt' in Fip" I.1:l(b), 

Intuitively, one can think of "ben ding" ('ach of the illt<.'rvat into ail ar(', SiJ\(,(' I.ht' intt'I'vals 

are periodic, wc can fit them into olle ciI'cle. Theoretically, thl' pl'ol>l(,1II of dpt t'l'lllinillp, a. 
k-coloring for a circulaI' arc graph with n arcs has a complexity of O(I/~'!"'I()!lk) [G.JMPHO). 

As in any g,eneral graph rolOl'ing, pl'ûblem, finding the minimum rolorinp, of a l'ydk 
interval graph is NP-hard [G.JMP80). For our plll'pose of registcl' alloratiull, it is III us t, 

important to use the information provided in the interval graph as guiding helll'isti('s l'DI' 

our algorithmic solutions, 

Now, we take the opportullity to introduce some definitiolls which will IlO 1I8,.d at SOIJ\(' 

points of the thesis. 

Definition 2.1.1 A lime t is covered by an intc7'val Il : [tl,tl'), if (ll :s; 1 < t1'), Of' by 
an intervalIl' : [il, tl'] if (tl $ t $ t1'), OT' by a cllclic intc/'vai 1'2 : ([t l, /l'), [1'2, n']), if t 
is covered by eithe7' ([tl, tl') or [t2, t2']). 

Definition 2.1.2 Two i71lervals Il,12 overlap if lhcre exisl,'l (l tinu: 1 litai is (,OV('l'('([ by 
both Il and 12, 

2.2 A FormaI Problem Statement 

Having been introduced to the representation that fornu; the basis of 0111' alloc:at.o/', W(l 

formulate the register allocation problem in context of cyclic interval graphs . 

• Problem 1 (Finding a Minimum Coloring of a Cyclic IlIterval GI aph): 

Given a set of live ranges represented as a cyclic interval graph G, find a minimum 

22 



l'I'Ablc/' (colo/') assigllHlcnt for the illtcrvals in G such that overlapping iutervals are 

assigllcd c1iff(lrent rcgibters. 

Cltapt(·/· ;J d<>als elltirely with titis problem . 

• Problclll 2 (Filldillg a k-cQloring of a Cydic Interval Graph with Minimum Spilling 

Cost ): 

Civell il set or live ranges represellted by a cyclic illterval graph G and a set of k 
/'('p,istNS, find an assignment of the k rcgisters for the intervals in G. Introduce spill 

('ode whcn /wcessary, and keep the spill cast ta a minimum. 

Thil! p/'Ohlem is givcn full attention in Chapter 4. 

'l'hesc problelll stat<'lIlents are a l'efin('ment of the ones stated in Chapter 1.2. 

2.3 Features Of Cyclic Interval Graphs 

llavinA IIndp/·st.ood how to interpret and read an interval and a cyclic interval graph, we 

elahoratc 011 t.he advantages that this representation offers over the traditional interference 

g/'aph. While pointing out the clifferences between Cltaitin's approach and our own, we will 

fn·quent.ly l'C/'{,/' to phases of Chaitin's algorithm (Fig. 1.1 in Chapter 1.2). 

1. A two-stcp allocation approach : 

Now, t.!tat. wc have an interval g/'aph, we are interested in fast heuristic methods which 

find ft k-l'Olorillg quickly, and gen(>rates efficient code for spilling when necessary. 

Wc haw observee! that the llumber of minimum registers needed for a cyclic interval 

Amph ib rdat.ed to the thickness of the graph, which we will formally define below l . 

Definition 2.3.1 The width of a eyelie inlerval gmph Gal time l, written as width(G,l), 

is the Iwwber oJ i7ltel't'llis covcring t. 

Definition 2.3.2 The maximum width oJ a cyclic interval gmph a, writte71 W max( a), 
i.'1 the I/HuimUIII width(G,t), Jor ail t which is covered by sorne i71terval in G. The 

IllinimUIIl width oJ a eyclie inte,'val gmph C, w,'itten Wmm(G), is the minimum 

Il'iclth( U, 1). JOI' ail t whzch is covfl'ed by some inlerval in a. 
1 Pal'Is of t.his Hectlon has bceu cxccrptcd from [I-IGAM92). 
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Now, we state the following thCOl'('lllS aboli t the nllmlH'r of colol's rl'<) lIil'l'd t II III i '1 i ilia lIy 
color acyclic and cyclic interval graphs. 

The foUowing theorem addl'esses the probll'Ill of optimal ('olorin!!, of a('yr\ir iull'I'vai 

graphs. 

Theorem 2.~.1 Let Ci be an inlel'val gmph cOlllrtÏnitlfJ IW ('ycli(' ill!t'l'I'u/,<;. /,1" n (,' 

is optimally colorable with W7llILJ:( C) colo1's. 

Proof: First, it is obvious that C cannot be l'olol'ed with ll'sS than h' ('olors. Now Il'I, 

us complete the proof by sketching an algorithlll (('albl lcfl ((I!I(' al!!,ol'it hlll 2 [IISII]) 
which will guarantee to filhl the optimal coloring of (i. ASSIIIII(' (i "palls 1'1'0111 tillll' 

o ta time n. Starting from the left end (al tillH', 1 = 0), 1II0VP 1'1'0111 I('ft tu d!!,ht 

along tlw time Hue. For each iuterval, l, which ends al, 1, l'e1PélSP i ts ('olO!' ha(''' t () t hl' 

pool of free colO1·s. For each intervall beginnin!!, al l, givl' 1 a 1'1'<'(' colol' whirh is Ilot 

being used by any interval covering 1. Initially, the pool (,()Iltaills k = Will/II ((,') l'l'I'I' 

colOl's. Since there will never be more t.han Wlll<l~'( G) illterva hi ('OVPl'iIl!!, a Il)' tilll(' " 

the algorithm will successfully find a k-colo1'Ïng for (i .• 

For a cyclic interval graph G, k = Wmax(G) lIlay Ilot hl' ('lIough to ('0101' (J. 'l'hi:-. il'> 

due ta the constraints caused by the cyclic intpl'vals. lIowpvpr, wp ('ail pstahlislt titI' 

following upper bound: 

Theorem 2.3.2 Lei C be an znle1'val g1'llph ('olllamill!l ('Y('Lie itlf('/'/7al.... Th('11 (i 1." 

optimally colombie wilh WlIlnx( C) :::; k ~ Wnw.L ((J) + 11'111111 (( n ('(Jlor.li. 

Proof: First, it is obvious that G CéLlIlIot be colorcd with Icss than W/III/J (,') ('o!ors. 

Now let us complete the proof by sketchillg an algol'Ïthm which will !!,1I<ll'antl'l' 1.0 filld 

the coloring of Gin Wmnx{G) + Wmm(G) coloni. Cut G at thp poillt wlt('/'(' it Ital'> t.ltl' 

minimum width Wlllm(C). Take the intcrvals covl'I'ing thc ('Uttilll!; poillt. out. of <: alld 

caU the remainillg part C'. Obviollsly, we can 1l0W trl'at. (:' as a lIoll-ryrlk illtl'I'val 

graph. Coloring C' with the left-to-I'ight algorilhm guarantpch it. t.o h(' mlol'I'<! witlt 

no more than k' = Wmnx(G) colors (Theorclll 2.:U). ,/,11(,11, il. il'> trivial tu 1'>1'(' tllat 

we can lise ltVmm { G) more colors to color tll<' J'('lIloved intpl·vall'> .• 

Sillce we are able ta predict the upper and lower hotllld 01' tlll' mlorl'> tltat. will I)/' 

needed to color an interval graph, we use titis infol'mation to d('vi('(' a two l'>tyP 

allocation policy as shown in Fig, 2.1. Assu me that tlw 11111111)('1' of a vailahll' rl'~bl,f'11'> 

is k. Accordillg to Theorems 2.3.1 and 2.3.2 the thickttpss or tlu~ illl,('rvai ~I apll 

provides us with the number of colorh which will 1)(' r('(!uirpd to ('(Jlur il" If thp 

2 A deSCrIption of the algorithm can bc found in Appcndlx A. 

21 



PROGRAM 

INTERVAL 

GRAPH 

SPILL 
(SWEEPAND 
SPLIT) 

D 
COLORING 

/"-.. 
'alcover greody 

Figure' 2.1: Flow Diagram FOI' Register Allocation Based On Cyclic Interval Graphs 

IIUlII!JPI' of rolors neeued is greater than k, then we have to transform the interval 
/!,l'uph :-'0 that it hecomcs k-colo!'able. As we have a priori knowledgc of the number 
of iutpl'vab to spilJ, wc pcrforrn the spilling phase first and only once to transform 

the intl'l'val graph so tltal. its' thicklless is ~ kas expected by the colorer. Then the 

C'Olfll'În/!, phasp lises k or leWN registers to color the transformed graph. This dual 

step pron'ss avoids the poteutial expcnse that may be required to rebuild and recolor 

tilt' int('J'f('renre graph after the introduction of spill code in Chaitin's approach. 

Notil'p (ha .. il. is not pasy to uetermine a lower bound on the number of colors that 

will be 11('<,<1('(\ to color an interfel'ence graph. In arder to dctermine the lower bound, 

\V(' wOllld have ta filld the largest clique in the illterference graph and once again, we 

('u('oullter ail NP probll'IIJ [GJ79]. Or we would have to use a backtracking algorithm 

to (lrtuall,V rolor t Ill' intel'fer('uce graph before obtaining an allswer. This makes 
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it difficult to implement a two step approach like ours on t.11l' int('I'f('I'('nCl' gl'aph 

representation, 

2. Use of explicit timing information provided by intel'val graphs : 

The interval graph representatioll encodl'S tlw ('xad tinlt's of oVl'I'lap amollgst tll(' 

various intervals. This makcs il. casy 1.0 assign colors 1.0 int<'l'vals Il si II/!, t.11<' If'ft. pdgp 

a.lgorithm (ApPl'lIdix A) for illst.alH'(~, Sinr(' t.hp intprval /!,l'aph cali 1)(' SWl'pl in ally 

direction along the timc linc and fatspots of the graph ,U'(' l'asily idPllt.ihabll', hl'u risl ks 

can very naturally use this information 1.0 choose and l'riO! itizp in!'('l'valh which al'(' ln 

he assigned colol's. Wc can also kecp track of the tin\('!> Whl'II l'C/!,istNs (01' t'olol's) art' 

free and busy and, this infol'mation c:tn he useel as hcuristks hy t.h(' rolol'l'I'. Int('l'va.l 

graphs provide a very cOllvpnient and nat ural fnllllpwork to idpu ti fy inl Pl'val:-; whirh 

can share colon;. 

Unfortunately, the interfercnce graph docsll '1, indlldp time in its' 1'('I'l'psl,"tat.ioll, 

Rence, timing information can not be availcd of by hPllristin; 1If'>(·d 1.0 ('hoos(' 1I001('s 

to color or spill, For instance, it is not possible to dirpctly know whirh 1I0<l('S an' livl' 

simultalleoudy a.t a point of time, This makl' il, diHi('ult to .1('1.('('1. lIodps which rOllld 

conceivahly shal'e the same COIOl'S, Chapter 1\.2 illllstr.üps a ('asp w hNI' 0111' s pilli II/!, 

algorithm makes use of the timing information ofl'ered hy inl.prval graphs, 

3. Natural way of capturing loop carried depeudcncc infol'Illatioll : 

As we- saw in Fig. 1.14( c), loop carried dcpendcnC(\ information can IH' VNy paHily 

captured by cyclic intcrval graphs, As WP flhall !>{'e in Chapt,PI' II.~ 0111' two slpp 

allocation method takes advantagc of thc explicit prescnce of cyr!ir int('l'vals tu 

discover opportunities to avoid spill code hy insertin~ regist('r 1Il0VP inHt.l'uetiolls 

instead. Wc eX)ll'ct this to improve the performance of the loup. 

4. Rellumbering phase becomes redundant : 

Each interval of the interval graph is akin to a l'enumbered live range or a node of t.11I' 

interference graph. The mere presence of the illtervals in the intl!l'val p;ra ph llIakl's 

the renumbering, phase redundant. 

The intervals aIe essentially def-use chainf> [ASU88] of pl'Ogralll val'ia.hh'f>. Eéu'h 

interval captures specific information about the point of dpfillitioll and t/w pointf> 

of use of that live range. Since wc are focusillg on perfec:t loop blocks, ('V(lry va.ria.hl" 

of a perfect 1(0» block has a bingle def-uf>e chain and a.1I int(!l'val of th if> "Iock is t,hp 

same as a def-use chain of that variable. 
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2.4 Summary 

This chaptN p/'ovidcs formai definit,iolls of cycHc interval graphs as weIl as a description of 

thdr pl'O[>erti(ls. Wc prescnt a formulation of the register allocation problem in context of 
cyc/ic illt()J'val gmphs and tinally., points justifying the use of cyclic intervals grapl1s as the 
basis of our f('gistm allocation method is bl'Ought forth. 
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• 

Chapter 3 

Register Allocation 

In this chapter we examine heuristic algorithms for coloring cyelie int('/'val !!,raphs IIsin!!, fi 

minimalnumber of colOl's. More specifically, given a cyelie intNval p,mpll (i, w(' wOllld Iikt' 
ta find a fast algarithm that can color G with as few colon; as possible, Ali t.llt' alp,ol·it.lIll1:-' 

of titis chapter address Problem 1 of Chapter 2.2. Recall that Prohlem 1 was statf'd as tll(' 

following : 

• Problem 1 (Finding a Minimum Coloring of iL Cyclic IlItcrval Gmpll): 

Given a set of live ranges represellted as a c:yclic illtcrval gmph (J, find ft Illinillllllll 

register (color) assignmcnt for the intervals in Cf sueh tllat overlapping illtpl'vals a.I'(· 
assigned different registers, 

This has important applications in situations when the slIIallest 1I11111h('J' of l'l'gist!'l's 

is required. For instance, when allocating registers interprocedurally il. is h(lfl('firial to 

allocate a minimal number of registers ta cach procedure. This reduccs t.he <1.lIIount of 

register saving required at procedure cali time, and may improvc interpl'oŒdural n!gistl'r 

allocation [SH89bJ, 

Our algorithms are based on the important assumption that the numlH'I' of J'(!p,istl'I'H. k, 
required ta color the gl'aph, G, is available on the target architecture. If thp p,mpll rl'«(t1iJ'('d 

more than k registers then we assume that it has been transfonned by thp spillillg phas(! 

(Chapter 4) ta G, whieh is k-colorable. 

As the graph coloring problem is known to he NP-complete, the mloring algol'ithlIlH 

use sorne sort of heuristic, and thercfore are not guaranteed to find the optimal ~oltltioll . 
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How('v('r, ollr goal is to come np with heurilitic based :tlgorithms that find m'ar-optimal 

HolutldllS fol' tlll' rnajority of the graphs bcing LOlored. 

S(~('tion :l.I outliucs Home terminology that will he used with regard to the cydic intervals 
of tlw graphs. In Spctions :1.2 and, ;1.:1 wc develop llew algorithms which address the issue 
of the minimal coloring prohlem and describe bOille implcrncntation details. Lastly, in 
Section :1.'1 w(' 1lH'IIt.ioll the aSSIlUl ptions which the coloring algorithms are based on as weIl 
as HOllle of tlll' cavpats. 

3.1 Terminology 

Bpfol'(, ('rnharkillg on a discussion of coloring algorithms, we explain terminologies which 

will 1)(' us(·d 1.0 dl'scrihe cyclic intervals in this and the following chapters. 

Cydic illtNvals wrap al'ollnd from onc iteration 1,0 the next, it is one long intel'val. 

lIowever, in thl' interval g,raphs, wc choose to dcpict it as two intervals instead. Variables 
x:J a.nd x·1 an' ('yclic intervals in Fig 1.14{ c) of Chapter 1. 

• Front-end of cydic intervals : While sWl'epillg the graph from left ta right, the first 
section of the interval tltat is encollntercd is caned the front-end of the cyc1ic interval. 
For illst.all(,(', the front-end of x3 extcnds from instruction 0 to 1 (Fig. 1.14(c)) . 

• Tail-end of cyclic illtcrvals : The second section of the cyclic interval that is encountered 
while ~w('('ping the g,mph is the tail-end of the interval. The tail-end of x3 extellds 
l'Will inst.ructions 3 to 5. 

3.2 The Fat-Cover Coloring Algorithm 

GiVt'1I t!u.' faet Illat the optimal number of colors required to mlor a cyclic interval graph G 
iH hOlllld('<1 hy H'IIIIU'( G) alld ItVmm { G) + ItVrnax { G) (Theorem 2.3.2), and our experirnental 
ohHNvat ions which indÏl'ate that a large majority of graphs that could represent programs 
("ail \)(' ('0\0\'('11 in H'1llIlJ• mlms, wc have developed an algorithm, called the fat cover 
a/t7ol'ttlult [II Ci A M92], thal is specifically desiglled to work well for graphs that can be 
('0101'('(\ in "'ml/J' rolors. 

TIlt' kt'y tü this algorithm is the observation that the fat spots which are the thickest parts 
of Ih(' intt'rval /!,l'aph a1'(' the locations that are most important. We can iteratively reduce 
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the maximum width of the uncolnred portion of the gmph by findiJl!?, li lIon-ov('lllIPJlin~ 

set of intervals that co vers aU of the fat spots and mloring al\ of tht'HP illtpl'vals \Vith t\w 
same color. First, we introduce tItis idea informally \Vith an t'xampI<" and II\('n ~iw li 1Il0rt' 

formaI description of the algorithm 1. 

3.2.1 An Example 

Consider the example graph given in Fig. 3.1. 

Fig. 3.l(a): In this picture we give the input intervaJ graph. NotÏ<'p that t.his Araph lias 

a maximum width, Wmax ( C), of 3, and two cyclic intervals a and h. 'l'II<' l'al, ('()Vt'I' 

algorithm will try to col or it with k = W7/lelJ:( G) = 3 colO1's. 

Fig. a.l(b): The fat spots, 01' the points of maximum width, arp indiraled hy anows. 

The objective of the fat caver algorithm is to find for ('(tch <"yc\ir illtel'val, fi. spt of 

non-ovcrlapping illtcrvals that illcludes the cydic interval. 'l'Il<' intervals arp l'hos('11 

su ch that one of the intervals is live at each fatspot of the p;raph. We ('(dl t.his sp\, of 

intervals the futcover relative to the cycJic illterval. 

In this example, there are four fat spots to bl' covpred a.nd the fatcovpr fol' t.wo ('ydk 

intervals, a and h, have ta be fOlllld. We find the fatmver for a ill titis stPJl. By 
traversing lert from illterval a, the coyer {éI,d} is l'oulU!. Wp can 1I0W <"0101' Il and d 
with a llew calaI' /'ed, and proceed ta the llext phase. 

Fig. 3.1 (c): The intervals of the fatcover of él. arc rernovcd alld the J'('lIlailliIlA IIIH'oloJ ('d 

intervals are shawn in this figure. Note lhal Wmax ( (J) i:; 1I0W ~, alld t.hl'J'(l al'(J tllI'PP 

fat spots as indicated by the arrows. We find that {/J,g} form:; a l'al. (,oWJ' fol' Il, titI' 

only remaining cyclic inlerval, and we color b alld g with a Il<'W colOJ' blu(·. 

Fig. 3.1( d): This figure shows the ouly remaining intervals to cOllsidpl'. Not./' thal. th('f'(' 

are no cyclic intervals, and we can easily color these illtervals with th(, thiJ'(1 mlor 

green. 

Fig. a.l( e): The fina.l coloring of a1l the intcrval:; is :;howll in thih figure. Notp thal a 

and d are "ed, band g are Mue, e and h are gT'ccn. 

1 Parts of this section has been excerpled from [IIGAM92] 
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3.2.2 Theoretical Background 

Given the basic idea of the algorithm as prl'scnt('d in the pl'pviollS sN·tion, Wl' 1I0\\' pl'Ovid(' 

sorne definitiolls which will be frcquclItly uscd. 

Definition 3.2.1 The fat spots of a cyc/ic tIIlrT't/al yl'llph G, wI'itt(,1/ falspo/s((,'), IS II/(' ... 1'1 

of ail times I, wherc widlh(G,I,) = Wmu.l·(G). 

Definition 3.2.2 il fat caver of a cyclic inlen/cd gmph, U, 1'1'1011/1(' 10 11111'/'1'01 1 is a 

su.bgraph F (1 E F) of G litai obeys the foliowlIlY Lwo jJ/'OI'('l'Ii(',';; (J) (/l! Ïlilc/'lw/s ill F 

are non-ove1'lappiny, (//ul (2) Vt, E fatspots(G), thcI'c l',ris/s (tH ill/al1alut Jo' Ihall'/I/1(,/,8 l,. 

Theorem 3.2.1 If a cyclic inlervlI/ y1'llph G is c%mble i71 k = Wlll f/J (G) (,o/Ol'S, Iht'II fol' 

eaeh cyclie interval le of C, thcre exisls Cl fal cave/' fo/' G l'dative 1011" ('((Il il F, ... tlt'h litaI 

G - F is k - 1 colomble. 

Proof: Given a ~. = Wma.l(G) coloring of (J, pick tl\{' ('Olof' a~s()dat(,d with ally 

cyclic intcrvalle, cali it C. Now fonn a set F of all tht, illtNvals frolll r: that WI'I'I' ('olclI'pd 

with C. First, let us show that F is a fat cover of G f'elative 1,0 f". By dl'finitioll of il 

valid coloring, all intpl'vals in P must he non-ovpr!apping, ,\1\(1 tllns Jo' satisfil's t11C' lilst 

property of Definition 3.2.2. Furthermore, silice (J i& mlorablc in cxa('tly IV1llltJ,( U) ('0101'1';, 

then exactly one interval at each fat &pot must be colol'cd with C. Titus, F d(,rlI'ly satis!i(1s 

property 2 of Definition 3.2.2. Sccondly, it is c1ear that hy J'{'lIIovin/.\ F fl'OIII (,' WI' .\1'1' l(lft 

with a graph that is colol'ed wi th k - 1 colors .• 

3.2.3 A Description Of The Algorithm 

The development of the fat coyer algorithm was inspir<,d hy Tlleorl'IIIs :LJ.I allli ;L~.I. 

Given a graph G with rn cyclic intervab G'll'C"2, ... ,C'rra' tlll' algoJ'ithlII 1"'o('('C'ds in 
two phases. 

1. The first phase: 

attempts ta use rn colors to find a fat COVPI' for ('adl of the Ut cyr'lic inl.l!rvall>. At 

the ith step, a tr,.versal from lcft to l'ight is pcrfol'llled to fiull a fat ('OVI'I' for ifltl'fval 

CI (caU this fat cover FI)' If such a cov<'J' is foulld, iL tmvI!r~al from dgh!. t.o I"ft. is 

performed which assigns the sarne new color CI to ail of t.he inteJ'vah in f·;. 



2. The second phase : 

If tlt(! fi l'st phase sucrccds in coloT'mg m cyclzc mteT'vals with m colors, thell the second 

phase lwpd only ronbiJer il, reduced graph C' that contaillb no cyclic intervals. C' has 

a maximum widOI of 'Ill = WT1la~(G)- m. The coloring ofG' is guaranteed to use only 

'II! new ('()Jon. (bep l'roof of ThcOIem 2.:1.1). A stl'aightforward left-to-right algorithm 

is IIspd 1.0 ('0101' thp relllainillg lIon-cyclic illtrrvals. We will Hot dwell on the left 

pd/!,e algorithlll [IIS71 J as it if> a V<'/'y simple )jnrar algorithm2 • Thus, wc can find an 

optimal mloring, in t: = W1lltl~'( 0) colol'& fol' graph O. 

Il owe v('!' , if the fi rt-.t phaw fazl8 to Jiwl a fal coveT' at some stage, the second phase 

sim ply colon; the remainilll!; cyclic intervals with Ilew colors, and applics the simple 

I(~ft to rig,ht algorithm t.o color thr remaining intervals. In this case. the resultant 

coloJ'inp, lIIay or /Hay not be optin:;tl. 

OUI' fat ('OVPI algorithm can he thoug,ht of as a smart way of deciding which subset of 

intervals should he colored with the same color. In some of the more traditional approaches 

Ilsing intl'rf('I('Il«' graphs, a <;implification phase is applied to the interference graph in which 

pairs of lIod<'f> a ('(~ coa!l'f>('cd Înto one nodr, th us forcing, them to be colored the same color 

[CAC+~IJ. In our ras(' wc arl' searchiug for sets of nodes that have a very specifie property, 

that if> thpy ail helonl?, to a fat rov('J' of bOille cyc!ic interval. Finding such a set of intervals 

J'('(\lIiJ'('s infoJ'lIlation ('('t',:trdillg the location of ail the fat spots in the illterval graph. This 

inforlllatioll b <'xplirit in our cyclic interval graph r€presentatioll, and is Ilot available in 

t II<! in 1.1'1' f(' 1'('11 ('l' !?,l'aJlh repl'!'seutat ion. 

3.2.4 Sub-Optimal Performance Of The Aigorithm 

Althoug,h th" algorithm finds a fat coyer at each step, it may not find the fat coyer that 

leads 1.0 ail optimal solution. That is, for a k-colorable graph G, it may select a fatcover 

Fr. such t.hat (; - Fc. is not k - 1 colorable, even though there exists another fatcover Fé. 
sueh that G - J'~ .• is k -- 1-colorable. In parts of the chapter Fe. is also defined as Fel or 

l'~ . 

Fig. a.2 shows an exampl!' illustrating this casp. The interval graph (Fig. 3.2( a)) has a 

maximulIl width of;) and the fatspot is mal'ked by an arrow. 

Assunll' t ha t WI' (tr(' t l'ying to find the fatcover of the cydic interval a first. It has three 

pOl<'lltial fatco\'('I'S : 

2 Appcl1dix A (Algorithm A.O.l) glves a brief description of the left cdge algorithm. 
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Figure 3.2: Sub-Optimality Of The Fatcovel' Coloring AIgol'it.hm 

1. {a, c, a'} 

2. {a, d, a'} 

3. {a, e, a'} 

If one of the last two fatcovers are chosen then a fatcover for the cyclk intNwLI b (';\.11 hl' 

found. The fatcover for b consists of the intervals {b, c, b'}. 

However, if the { a, c, a'} is chosen as the fatcov<'f fol' a tlwlI wc will 1)(' IIllahle to fi/ui 

a fatcover for b. Fig. 3.2(b) shows the reduced graph aft('1' the fatrovpl' for ;1 if'> rpl/lovpd. 

From this graph, a fatcover for IJ can Ilot he found, From our examplc W(' h(,P thal. il H)ll'dfic 

choice of a fat caver paves the way for finding fat<:üv('/'s of OU1PI' rydic intel'vals. :J mlon, 
(which is > (111max (G') = 2)) will he required to color the !,(ldurcd graph, (l', 'J'he cydir 
interval b as weIl as intervals d and e will have ta he assigned new colon; piLrll, ThN('f'O/"{', 

it is important to Ilote tlIat Gis uIJcoJorable with WmaAG) c%rs, if. re'l/fli/'(','; mort· mhm;, 

Theorem 3.2.2 For a gmph, G, winch lI) color'able wlth Wmax((J) colm', .. mu/hw; ouly OU(' 

cyclic interval, the fatcover algorithm always finds the optimal (Wma.L (G») (,()[01'iflf) of (). 
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Proof: (Jiven a graph, (J, whirh is Wmax( G )-colorable and has only one cyclic 

ifltHrval, et' The fatcover algorithm is gllaranteed to find a fat caver, Fc., if one exists. 

FUl'tlt('rlllol'c, al't('l' a fat COVN il' found, wc know that the graph G - Fe, will have maximum 

thirklll'ss of Wmtl1 «(n -1, and G - F'c, willmntain no cydic intervals. Therefore, by theorem 

2.a.l, WP ("<III !!,uarantec that (J - Fc, can he colol'cd with WmaL(G) - 1 colors, and G can 

th('"I'l'o/'(' tH' coloJ'(!d i" W","A (,f) colon; .• 

3.2.5 An Improved Fatcover Aigorithm 

As We saw in tll<' section above, whcn thel'e are more than one cyclic intervals in the graph, 

we lIIay makc il bad choice of a fatcovcr from arnollgst aIl the possible fatcovers of a cyclic 

int,(IJ'val. 0111' ('hoire lJIay pr<,vellt us from findillg the fatcover for a subsequ<,nt cyclic illterval 

and titis l'Cll<!PI'S tl\{' graph UIlCOIOlclbl<' in 1. colors! Findillg the right fatcover is an NP-hard 

pl'OhlplII and w(' muid clttelllpt to lise a hacktracking algorithm ta find the right solution. 

Aft.PI' llIakin~ a ('hoicp of il Fe, if G - Fc. if! uncolorable with Wlllrlx(G - Fc,) colols then it 

wOllld ha.ve tu hacktra('k and ('house allother Fc, for the cyclic interval i, If there are several 

<'ydic illt<'fvals thpll th(' al/!,ol'ithm may spend 1I10st of its time backtracking. Hence, this is 

Ilot il V('I y pract.ical holutioll, 

P<'I'haph WP lIl'pd 1.0 bec the probleru in a different perspective, A Wmax(G)(= k) coloring 

of thp graph Îb Ilot pObsiblp whell the right fatcovcr has not b~en found for one of the cyclic 

illl.Nvals. Inbt('ad of fonlsillg on obtailling the l'ight fat caver for aH the cyclic intervals, we 

shift 0111' au'pnt.ion 1.0 l'llhUl'in/!, tl1at wc always obtain a k coloring of the graph. 

Fil'st., WP ask why llIakillg (l, wrollg choice of a fatcover renders G' ullcolorable in k - 1 

('olo!':" A(,(,ol'dillg t.o t.he fatcovpl' algorithm, absumc that wc color the wrong fatcover {a, 

(, (1 '} t.h(' ('{)101' l'pd i Il Fig, :l,2( a), thl:'l1 this color is uuavailable ta calaI' {b, }) '}, d and e 

<lIHI .111 of thl'llI l'l'<)uil'(' to bp absigued dÎbtiuct COlOI'S. fIowevcr, if we wel'e ta assume tllat 

all tile illtl'n'ii!1> of /JI(' !fltCOV('1' do Ilot have to l'('('eive the saIlle color tllerl we can find a 

:J-CO!OrillP. of tl/(' p,l'aph, Of course, the front and tait ends of the cyclic intervals must be 

assigned t Il(' sallll' rolOlb, bllt if then' arc acyclic intervals in the fatcovcr thcn they do not 

1H'(,l'ssal'ily hav(' to shan' the color absigned to the cyclic interval. This is the key intuition 

lH'hind th(' illlprovPIIH-'ltt of the fatcover algorithm [Ga093], The fatcover of a cyc1ic intervai 

is 1111('1'111 in ('('dllrill~ t!w maxilllum thicknesb of the graph and, we exploit this pro pert y of 

fa!fOvPl's. Bllt ('hoosinf!, ta assign the saulC' calaI' ta aIl the intervais of the fatco\l'er imposes 

au 1I1111('{'('SSaI'Y rollbt.l'aillt, 

For instal\(,(', how do wc find this 3-coloring of G of Fig, 3.2(0,)7 
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Figure 3.3: Illustrating, A Moclified Fatcover Alg,orithm 

1. STEP 1 : Find fatcovers of cyclic illterval, but do Ilot assign colol's 
After choosing the fatcover {a, c, a'} we remove it from G bllt IIl1lik(' t,/Il' !ill,COVf'" 

algoritl1m, do Ilot assign it ally color. 

This is the first deviation from the original fatcover algorithm. 

2. We proceed to find a fatcover for the cyclic interval b of Fig, :1.2(1)) and, dis('Ov(lJ' thal 

a fatcover can 't be found for it. So, we remove b from C' and refrain from ('olorill/!; 

the cyclic interval. 

3. STEP 2 : Color acyclic interval graph 
Next, we are left with the non-cyclic interval gJ'aph of Fig. 3,a( c). Like in the fatcovm' 

aigorithlll, the left-edge algorithm is used to color these intervals. Int(!\'val d is coloJ'cd 
red, while e is colored blue. 

4. STEP 3 : Color fatcovers, (FCI ), containing acyclic intervals 
Now, we put back the fatcover of a iuto the graph and COIH:entrate 011 colol'ÏlIg tllC! 

acyclic intervals of this fatcover (Fig. 3.3( d». As c is a part of the fats pol, of the graph 
and, the graph can be colored in WmaAG) colors, a frce color must b(> available fol' 
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(e) The Colored Cyclic Interval Graph 

Figure 3.4: lllustrating A Modified Fatcovel' Algorithm 

il. We assign it a color otlter than the on es which have been assigned to the intervals 
t.hal it conflicts with, In our example, IJ has to be assigned the color green, as the 
eolol'R l'cd alld bIlle have been assigned to d and e which are a part of the fatspot. 

Ilaving the Ot'xibility to assigll tlle acyclic illtervals of FC, a. color diffel'ent from 

tlw cyclic intcrval of PC, is the most ilIlportant modification made to tlle fatcovel' 
il/~ol'ÏtJllll, This docs not tie up a single color for aIl the intervals of FCI and allows 
('olon; to hc shared between FCI and the other acyclic intervals of G - FC

" 
This is the second distillguishing t.rait of the modified algorithm. 

5, STEP ,1 : COI01' cyclic illtervals having no fatcovers 

Lastly, w(' put hack { b, h'}. In general, cyclic intervals for which no fatcovel' have 
hl'pu round al't' put. back in the last step, This cyclic intel'val is assigned a color that 
is fl'Pp durill~ its lifetime. From Fig. 3.4(e) bis assigned the color green, it could not 
lH' assigll('d r('d as it has been assigned to th<> cyclic interval a and biue is assigned 
t 0 iut(,J'fpriup, illtl'l'val e. 

A 11<1, this is th(' thil'd and last factor that separates the modified algorithm from the 
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original one. 

3.2.6 The Implemented Aigorithm 

In this section we discuss the original fatcover algodthm as il. has \)('('11 illlpll'IIH'lIlpd alld 
the next section outlines some data structures it uses. 

The procedures that we will refer to have ueen descriu('d in delail wit.hill ill hoxps ill 
the following pages. The names of procedures havl' h(l(,11 italicizpd. 

1. Main F'atcovel' 

Expected inputs and the output of the algorit.hm a.re 1I\l'Ilt.iOIlPd ill t II!' hOXPh lalH'lIl'd 
Input and Output respectively. The procedure Main Fa/I'o/1('r iH t.hl' drivillJ?, l'Olltill1' 
for the fatcover algorithm. 

Main F'atcover chaoses and colors fatcovel's for each cydil intNval of t.hl' v,rapll. If fi 

fatcover is not found for a cyclk intcrval, then il. is assiglll'd a. pJ'(lViollHly 111111.'11'11 ('(1101'. 

The colored intervals are removed from the graph and th(' J'('hllltillJ?, p,ra.ph (,ollt.aill:-' 
no cyclic intervals. The non cyclic iutervals are aShip,lIed ('olon; IIsi Il).!; t. hl' Il'fl.-l'dv,1' 
algorithm. The final colorings of ail the intervalf> arc olll.pllt. Bplow, wp v,ivl' li hiv,h 

level algorithm for this procedure. The terms f{'gdllsii <1('1101.(' tilt' (('V,iHII'I' r1aHHI'H 
available on the target architectUl'e, while rcgprcf(i) iH t.he J'('p,istPI' dahs IU'(lI'('I'I'III't· III' 
a registel' i. 
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/IifJlt J,('vd ALfJorzlhmk Desc7'iption Of Main Fatcover : 

FOR each (('gelas,') 
Su bgraphs,( (J'), are created 

wher(' ail the intervals, i, of C'are such tha.t : 

l'egprcf(i) = regclass 
FOR evcry (/' 

FOR every cyclic interval, Cl' in C' 
Sw<,ep C' from left to right once, illcrementaUy gathering 

aU tlte possihle fatcovers of Cl' FCc,[J (in Function 

g"'abLi.'1h Ali Covers Of C,) 
Sweep (;' from right to left again and choose one fatcover 
from the set FCc . [] (in Function 

Choose il Caver For Cl) 
IF FCc:,[] == 0 THEN 

Mark C a chameleon interval 

ELSE 
A ssign (l'egn u71Iber( C, )) new colors to Fee, []. 

Hun Lt'ft-Edge-Algorithm on the subgraph 

((J' - FCe. ni) which has only non-cyclic intervals 

nONE 

2. t'stablish Ail Covcrs Of CI 

This rnllf,illP (descrihed in the box labelled Establish Ail Covers Of Ci) is invoked by 

Main JilltcoVe,.. lt is responsible for fin ding aU the fatcovers of a cyclk interval, CB 

of Ci. 

Wt> giv<, a high level algorithm for this procedure. 
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parents[J is initialized to NULL before we b<'gin the sw<,ep of G'. 

A left to right swecp of C' is perfol'med and <,ach fatspot is viliitl'd. 

At each fatspot the followillg steps are performed : 

(1) We obtain candidate intervals for each of the possible fatmvNs. Candidat,p 

intervals of a fatspot are chose11 such that they do 110t couIliet with tl\(' 

previously ehoscn parent intervals, parellts[]. 

(2) As each candidate interval is chosen IL is stol'ed in c1JiJdn·lJ[]. 
(3) Once ail the cllildren[] intervals have been found at a fatspot theY'I'e Illov(·d 
into parellt[}. 

(4) We continuE' our sweep of the graph and move outo the lIext fatspot 

CI is always a part of its fatcover, so the front and tail emls of C, a,J'(~ alwaYH 

inserted as inter vals of it's fatcover. 

We should note that in this fUllction aIl the possible fat('oVel'H fol' (·a.rh ryclic Înl<'l'val 

is establislled and maintained as a graph structure wit/wllt tllt'in'xplicit t'1I111l/(·r;tf,ÏolI. 

A record is made of aU the acyclic intervals of a fatspot that do Ilot conf!irl, with t.hl' 

parent intervals. In this way enollgh informa.tion is captul'pd about ail t.hp fpilSihl1' 

fatcovers of a cydic interval withollt explicitly enumcratillg tlwm. Thih information 

is later used in function Choose A Cover For C, to creatp and ('hOOHP 011(' fa1.('ov('l' 

from amongst aU the possihle ones. 

The time complexity of this procedure domillates the total complexity of the fatmv('J' 

algorithm. Hence, we analyze a couple of aspects of its complexity. 

(A) The worst case time complexity of Establish Ail Covms Of CI (wJwm (,', is a 

cyclic interval) is O(numJs * 11.2 ), wlJere llUlII_fs is tlw llumlwr of f<ttspot,<; in (," 
al/d, Il = nllm/Jer of interva/s(G'). 

From the described algorithm, we see that in the worst cas(' this IHOCf!dIl l'(' haH 

a complexity of O(numJs * (WmaAG'»2). At every fatspot, w(' IWl'd 1,0 look 

at every interval live at that time instant and it '8 pawllt~, to HP(' ('I!('(,k if il. 

can be a candidate for tlw fatfover fol' Ct. And we know that there an' al HlOHt 

W max( G') inlervals live at any fatspot. If ail Wmux( (J') illtervals arl! liv(' al, ('V(!l'Y 
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fatbpot and the intervals at a fatspot do not confiiet with those of other fatspots. 

Fig. :J..5(a) shows the structure of the interval graph in the worst case. Hence, 
wc check (Wmax(G'»2 intcrvals at cach fatspot. Wc hope that Wmax(G') < n, 
whNe Tt = numbcr of inlc1''Vals( C'). 

ln the ahsolute worst case, Wmax(G) = n and the complexity bccomes O(numJs* 
n 2 ). 

-----------------------, 
: '. 1 
1 1 
1 1 
1 : 
~ . ~ 
,~ a 1 

1 

elusterl eluster2 eluster3 

. Clusler of inlonials 

Time t t t 
'-----~ -.------.-.--~_. ______ I 

Falspols 

(a.) The Worst Case 111terval Graph (b) The Number Of Fatcovers 

Figure 3.5: N umbel' Of Fatcovers Per Cyclic Interval (Worst Case Situation) 

(H) If we were interested in enumerating all tlIe fateovers of a eyelie interval, then 
in tlw worst. case the totalliumber of possible fateovers of a eyelie interval, Cz 
is H'ma.r( G')lJumJs. 

In the worst ease scenario, we assume that the set containing W maA C') intervals 
a.t cach of the 1I1111Lfs fatspots are unique. Furthermore, none of the intervals 
of the fatspots confliet with the eyelie interval whose fateover is being found. 
Fig. :l.5(a) shows the structure of the interval graph. From the figure we see 
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3 (= nUnl_fs) ciusters of 2 (= H'mu,r(G')) int<'fvals carh. III ordp\' to !ind ail 
the fatcovers we need to find aU the paths frolll clllst(lr_l tn dllst('r_(lIllllI-lS). 

Fig. 3.5(b) shows ail the paths from fl'OIll clush'l'_J to dllstt'/'_:J. In f.!,l'nNal. w(' 

observe that there will be Wmat·( G')/J/llll.f ... paths fol' l\VPl'y eydie intNval in tlH' 

graph. Paths are equjv~lent to the fatcovt'fs of the eydk intNval. 

3. Choose A Cover Fol' C, 
This is a subsidiary l'Outine that is invokcd by A/am Fafcover as weil. A hi!};h h'v(\1 

description of the alb{)rithm is provided below. 

We now ha/e pa/'cnt[] (from Eslablzsh Ali Covers Of C,) coutaining tll<' last 

illterval of aU the fatcovcrs. The last interval is always the tait ('l\d of (',. 

We traverse the graph bac/.:wards visiting each fatspot. 

At each fatspot the following steps are pcrformcd : 

intervals chosen at each fatspot of G'. 
(1) The list of candidate intervals arc revicwed. Noue of the candidat(' ill!.('I·vals 

at that fatspot cOllflict \Vith the parcut{] interval. 

(2) From the list of candidates one is choseH. The choice is based on hCUl'ist.irs. 

Our heuristics favor : 

• !nterva]s which have earlier start times . 

• When two intervals have the same start time then the intel'val whkh is 
live longer is chosen. 

These criteria tend to choose intervals of longer dumtion. This PlIsurl'S wlol' 

assigned to fatcovers are kept busy for 10llg stretches of tilIle illstead of lH'illf.!, 

live for several short durations. ail the candidate intervals at t.hat fatspot. 

(3) Once an interval is it is elltercd in parcllt[]. 

(4) The previolls fatspot of the graph is visited. 

Please refer to the box labelled C/wose A Caver For CI for a detailed desnipt.ioll of 

the algorithm. 

We also provide a time complcxity analysb for this procedure. 

(A) III the worst case, the time required to c1lOose a cover for a cY('lie iutl'rval i,.; 

O(numJs * Wmax(G'». 

From the describcd algorithm we sec that in the worst case this proceduJ'(' lifts 

a complexity of O(numJs * Wmax(G')). Given that wc have ail HI(' (H)I>I>ih)(! 
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fatcoverH, we traverse the graph backwards selecting acyclic intervals at each 

fatspot. Ily th<' end of the traversai, a fatcove; is created. 

Assume that the intervals at each fatspot do not conflict with intervals a.t the 

next fatspot (Fil~. 3.5( éL)). lIence in our backward traversai whcn we encounter 

the tirst fatspot wc choose one interval from amongst the possible WmaA G' ) 
int<'fvals. Since none of the intcrvalb of olle fatspot confliet with those of the next 

fatspot, the interval chm,en for the fatcover has (W mar( G/)) possible parents. 

ThPI'efore, at l'adl fatbpot we have to look through (WmaA C')) intervals in 
Ol'der to choosp one. Since there are num_fs fatspots, the total eomplexity is 

O( IIU uLIs * W",ax( C')), 

Algorithm 3.2.1 Civen a cyclic interval graph. C, use the fatcover algorithm to 
colo,. (;. 

luput: A cyclic interval graph. G. constructed using the def-use information of 

the variables. The cyclic and the non-cyclic intervals of the graph are identified, 

The register classas, reg('lass' present on the target architecture, 

The register preference, regpref' of eaeh illterval of the cyclic interval graph. 
This determines tl1<' class of register t11at npeds to be assigned to eaeh interval. 

And, 

'l'he number of registers, regllllllh needed by each interval of the cyclic 

interval graph. Reeall that we use registers and colors interchangeably. 

Oulput: The cyclic interval graph, G, such that 
<,very intcrval, i, of the graph has b«.>en 

assigned a. color, CI' and, 

f'(lgclass(c,) = f(lgprer(i) assigned colors, cl .. regnum(i)' and, 

regclass( cl, regnum(I)) = regpre((i) 1...-_____ _ 
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Procedure Main Fatcove7' : 

FOR each subgraph, G', 
Identify aU the fatspots (fs{j) of G' 
Record the numb(,. of fatsJlots in nllud's 

FOR every fatspot, f8ft)), 
Find aIl non cyclic illtervals, NeIl"'" NCIk , 

live at time t 

FOR every cyclic illterval, Cil 

El:itablish ALI Covers Of Cil FCc, [J, hy a left to l'ight. tmvl'I'Hal of (:' 

IF FCc, [] 2:: 1 THEN 
sllccessflll = C/wose A Cover Fol' CI frolll 

FCc, [J by a l'ight to left traversai of C' 
IF slIccess[1I1 THEN 

Assign FCc,[chosen] (l'egnumber(C» lIew fOlOl'H lo F(·'(',fdwM·n] 

ELSE 
Mark C\ to he a chameleo71 illterval (TheBe are 

special intervals and will he discussed in Chapt,('1' '1). 

ELSIF FCc, [J = 0 TH EN 
Assign C, (l'egnumber·(i» lleW colors, Cl 

Use Left-Edge-Alg,orithm to colOl' the Bllbgraph (C' - FC I ",), 

which has only non cyclic inlervals 

nONE 
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u/r J~IJ{)t = 1 
11I1I1'IIt[]=d/ilclrell{]= ruot" = NULL 
(I/mL.'mU/y.' = (o'fI"SE 
taiL.'mU/ Vl' = l, fi LSE 
WH ILE • "rJ,/ml < ""I/IJ, 

( If tl ... fJUllt "lId uf tllf' Lyd .. intel val I~ hvc ) 
( thml il III 1 h,' 1 flot intprvdillf ail (>o"",LII' f,ltcovl'rs ) 

IF hunt-r'ml of c: l' '",1-, i, live TH EN 
ChOOhf' C, tu he il pd' t of the fatcove. 
h.,w. t C, IIIlu rlllld/ell{] 
IJarr'"I~[]:::; rlllldrcu[] ( in pleparation for cur J .. pot + 1 

\ru'n'.w'nl '- 11/ J'l'ut 
IF C IIrJ,/,ot == 1 TH EN 

S.'I p,II.'nt of G, = NUL\, ( as this has ta be the first intel"Val in ail po!>sible fatrovers ) 
roflh{] = (/"leln'lIa ( lo keep track of lhe first inlerval of the fatcover .. ) 

("''''-''/HU/ye = 'l'HilE 
ELSE 

S ... P,II ('nl uf C, 

CONTINUE wllh next Itera'lOn of loop 
If .Ilt' flllllt .'nd of the .. ye liL interv.\lls not live at the fin,t ) 

( f.ü ... p"', Illdurle It in Fee, 0 anyhow, as il must be a parI, ) 
( of tilt' fal e flV'" ) 
IF (CIIIJ.'I'ot == 1 &,\{ 1(IO/lt...endJlve) THEN 

Sr'l pa. l'lit of C, = NUL!' ( ab lllb has to be the fir!>t interval in ail possible fateovel's ) 
/oot,a = dlllelrella ( tu kr~ep trdck or the fir!>t inlcrval of the fatcovers ) 
PII/('lIt,.{] = dll/dft'lI{] ( 111 pr<,parallOlI for the next fatspot ) 
(wlII-!'IIdJn'e ~ 'l'flUE 
Ille 1 CIIJ('llt ( ur J'I'ot 
CONTINUE with IlI'X' IteratIOn of loop 

F()R (',Lch IHlII-l..ydlC' mlt'IVoll, Ne .. Hw ut l'urJ'sput 
Fon e'ae Il IIIt 111 l'lIr('/(1 il 

IF N(', • .,Id 1/11 clu not ('ollllid 
III.,m' N(', mlo dllldrella 

IIceoI<1 1"''''11' of Ne, to Lc mt 
Il,,(,0111 dill" of IlIt to he Ne, 

IF •• "I-r'lId flf ('" .. 1-, " IIv.' dt CUL['pot 

tdiL"II(UU'(' = THUE 
111"1'11 '1L11-elId of ("<1.'-' 11\ clulcllen[]so that It 
1" , h· "l'Il • () be " 1)0\1 t of the f". covcr 
ElllllilllLtc ail pHrell/a 1111 el vals which conflict wi.h C1aol-. 

IF /Jluc"t[] = 0 THEN 
nETURN FflLSE ( No fatcovcrcan be found) 

ELSE 
RETURN 'l'HUE ( F"tcover Cdn ue found ) 

pan',,1 [] = c111Ic1u'll[] 
IlIen'lIIl'lIl CIII Jspot 

( If C11I.,_, W,L~ 110' IIv .. ,,1 .llIy of the fat spots then insert it ) 
( ill th" fate m"'I' lU 1 ay • 0 mal.c il 1 he last illterval to be seen by ail ) 
( falr'u\""" ) 

IF !t/UI""lIdJnr' TUEN 
III ....... "i1-t'lld uf (',".1-' ill dll/drell[] so that it 
i ... ,huSI'1l t Il 1)1' a part of the fatcover 
EIII1I1I1"I<' ail l'alt'lIta lIIlcrvals which coulliel with C1R,,_, 
IF PII/f'lIt{] = lb THEN 

RETURN FA LSE ( No fatcover can be found ) 
RETURN THllE ( F.llt'ove. ,.\11 ue found ) 
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Choose A G'over For CI 

cllOseII_[C[] = NU LL 
earliesLstaruill1t'::: LARGE_NUl\1 

WHILE parent[O} !::: NULL 

FOR each int in parent[] 

IF int \Vas berme and s in cllOs('n-fc[] T/ŒN 
inLnUlll = illt, 

ELSIF st.arLtimc( ill t) < carliesLst.arUilll(· TH EN 
inLnullI = int 
eal'liesLstarLtime = starUimc( in t) 

cliOsenJc[]::: inLnum 

parent[] = parents of inLnUlll 
nONE 

3.2.7 Main Data Structures Used 

In order to implemellt the fatcover algorithm, wc have uscd tlll' data stI'lICt.IIJ'(·S dpl'>nihl'd 

below. 

• Interval Array : 
As shawn in Fig. 3.G( a), this is an array that holds ail the int<'l'vals of thp Amph, 
cyclic ab well as the non-cyclic olles. Cyclic illt.ervals OfCUpy thp tirst pOl'tion of 1.111' 

illtcrval array and, the front and tai! ends of cael! cydk intpl'val itl'P "-l'pt adja.(·pnt, 

ta one another. The l'est of the structure is occupied hy non-rydir intNvals. BasÏf 

infotluation about ail the intervals is recorded here and is Il'led hy ail t.hp ('olmi nI!, 

algorithrns. The index of the anay givps eacl! intprval an IIniqlH' i"tpl'v;d '""llIJ('l'. 
The following attributes of intNvah; ail' l'ccordpd : 

1. Var Humber: This tells Ub which val'iahll' in the 80111"("P l'Odl' givps hirt.h 1.0 t !lis 

interval. The 'V(lr number is mainly Ilscd for dchllggillf.; pllrposps. 

2. Reg prefcreno:! : The regelasse i) is I1ecded flO that W(' ("an ("J"{'éÜ(' slIhgraphs, 0 ' , 

sueh tllat ail the intervals of 0 ' have the flallle rcgi8t<'f lu·('fen·(u·('. 

3. (Number) # of regs reqllired : Intcrvalfl may rCflUil'e 11101'(' thall OIlP ("('J!;istl'r. 

Sorne data modes require two or even four rl'gii>l.('rs. Wltell ("olorillg, Wp (U!pd to 

know the number of colors required by cach interval ill (lI. 

4. Interval Property : This flag tells us whether an interval is cydit, 1I01l-('ydk or 

chameleon. 
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;,. Start tillle, 1-:lId lirne : 'l'he start time and end times of every interval provides 

III. with information almut the life length of the interval. The exact timings are 

IIsed hy thl' ('olorin!!, algorithllls. 

n. R(lgistN aSl.igncd : The color assigned to the interval is recorded in this field. 

7. Start opNatioll, End operation: These are pointers to the first and the last 

olH'ration~ of the intcrval. 

• Fatspot Array : 
Fig. ;J.li( h) ilIl1~trat<'s an aJ'J'ay whel'e we keep record of aU the live non-cyclic intervals 

at ('aeh fatspot of every 0'. In essence, this array contains a part of the interval graph. 

'l'II<' ltrray is tirst indexed by the regc/naa and then for each regc/a,ss the following 

information is kcpt : 

- FOR every fatspot (each of which is a cell of an array) 

1. 'l'ime : of C' where the fats pot OCCUl'S. 

2. Maximum intervals live : the maximum numbel' of intervals live at this 

fatspot. 

:J. Illtt'l'va.l Vedo .. : which is an array containing the interval number of ail the 

live illtcrvals of this fatspot. The intel'val numbers are used to access the 

Intl'l'val arl'ay. 

Sill('c live illtcl'vals at any fatspot can be availablc in constant time from this 

structure, the complexity of the fatcover algorithm is reduced . 

• Roots and Fatcover array : 
Fig. :J.H( (.) shows the roots and the fatcover arrays. Together these two structures 

hnld ail thl' pOHt-.ihle fatcovers for a CI' 
TI\(' 1'00ts an ay points to the 1'00t interval for all the fatcovers of Cl' The 1'00t interval 

is tltl' fl'OlIt-('(\(1 of ('1' The intervals pointed to by the root are the first level intervals 

'1'11(' tirst. Il'v('l intervals maintain pointel s to candidate rhildren and are candidate 

inl,{'l'vals fol' thl' fatcovPf of CI fol' the first fatspot. The lust level intervals maintain 

pointert-. 1.0 randidate children intervals. The structure i& recursive and ends with the 

last intprval of ail the fatcovers which has to be the tail-end of C1 • This is the leaf 

intNva\ of 1.11<' /!,l'aph. 

W<, Sl'(l that /'Oots holds a dir'~ct('d graph structure and this is built 'Dy the procedure 

1~·~/(lbl,.~h ALI ('Ol'(TS Fol' CI' The function Choose Jl Caver For CI chooses a path 

t-.tartill/!, witlt tl\{' Ipaf interval and endillg with the raot interval. Interrnediate members 

of tl\l' path (whid. lIIay hl' acydic illtervals) arc chosen by heul'istics. 

Earh ('\elll('nt of the fatcover array has information about the following 

lil'ids : 
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3.3 

1. Number of Illterval : The candidate intervals' numbl'I", Thb is IISP!l 10 an'pss 
the Ïnterval array. 

2. Number of parents: The Humber of par<'lIt intl'\'vals of titis int<'l'val. 

3. Number of childr<,n : The number of childr<,n calldidatp int.l'l'Vab or this illt<\rval. 

The Greedy Coloring Algorithm 

Another approach 1.0 colorillg acydic illtcrval graph is to fi l'st mlor thl' rydkal illt.Pl'vals wit.h 

unique colors, and thcn use a grcedy a.lgorithm 1.0 color tlw l'(\mainill/?, illtNvals [IIGi\Mn~l, 

We describe tItis approach in Section 3.:l.l and thPII providp illlpll\llll'llt.atioll dpt."ils in 
Sections 3.3.2, 3.3.3 and :J.aA. Likc the fatcovCl' ,d/!,orithlll, Ut(' /?,l'(\(\dy al/?,orit 1\111 also 
makes use of IH'uristics 1.0 address the issue of minimulll roloJ'in/?, of a cydi<' int.<\rval /?,l'aph 

which was stated as Problcm t in the bcgillning of this chapt.er. 

3.3.1 A Description 

Given a graph G with m cyclic intcrvals Cil' C12 , ' •• , C,,,,, the following st<~ps 
are performed : 

1. Assign (regnumber(C1 » unique colors to cach cyclic interval CI' 

2. After coloring the cyclic intervals, we are left with a graph that (,()Iltains only 11011-

cyclic uncolored illtervals, NCt •.. NC\. So, wc color thcsc illt<!J'vals of r: llsill/?, thl' 
three step process mentioned below : 

(a) .From among the uncolored intcrvals, choosc the "lH!st." 011<' to rolol' lI('X 1. , l'ail 

it NCnext ' NCnext is chosen on the basis of heuJ'istks. 

(h) From among the colors previously used, choose the "I)('st." availahl<, mlol', ca.1I 

it Cnexi' If no col or is availahle for this intcrval, then aIJocatl' a new wlor. Likl! 
N C nexh Cnext is heuristically chosen. 

( c) Assigll color Cnext to interval N Cnext ' 
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3.3.2 The Implemented Algorithm 

w<> out.liue the algol'ithm as it has bcen implemented. While giving an overall description, 
w(! will l'PfN to routiJ\ps which are described in detail in the following pages. The routines 
a.re (!IIc!()f;cd ill lal)('led boxes. 

1. Main (,'7'('(,dy 
The expccted input and output of the algorithm are mentiolled in Input and Output 

respcctivply. TIH' ma.in driving routine is Main Greedy. In this algorithm, first each 

of t.he cyclic illtervals are assigned new colors and removed from the graph. Once an 
the cyclic illtt'rvaJs are removed, wc arc left with non cyclic intervals only. These non 
cydic illtcrvab a!'P colon'd by choosillg one interval from amongst ail the ullcolored 
OIl(\S alld assi~lIiJl~ il. a color from amollf.!;st ail the colors available fol' iL. These choices 

al'<' heuristiea lIy dptermined. 

~. Spctioll a.:J.:J defÎll('s two functiolls which are invoked by Mazu Greedy. The function 

CltooS(' Il NO/l,-Cyclic Intcrl1al, chooses a non cyclic illterval, NCIl to color from 
a.moup,st ail tlw ll11colored non cyclic intervals a.nd, Choose A Color For Non-Cyclic 

Intcrval dloofo,('S a col or to assign t.o N Cz• 

An analysis of t.he time complexity of th(' greedy algorithm is presented in Section 3.3.4. 

Algorithm 3.3.1 Givcn a cyclic interval graph. G, that is colorable with Wmax = le 
('olors, use the !1l'cclly algorithm iD color G. 

[upul: A cyclic interval graph. G. constructed using the def-use information of 
t}w variabl(lh. The cydic and the nOll-cyclic intervals as well as the fatspots of 
the glaph al'(' idmtified, 

The register classes, l'cf!,c1w38' present on the target architecture, 

The register preference, l'egpre[' of each interval of the cyclic interval graph. 
This dctCl'lllincs tll<' class of registel' that lleeds to be assigned to each interval. 
And, 

'l'Ill' number of registers, regllullh lleeded by each interval of the cyclic 
inte\'\'al graph. This is the same as the Humber of colors required by an interval. 
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Output: The cyclic illterval graph, G, such that 

every illterval, i, of the graph has becn 

assigned colors, Ci ... regnum(i) , and, 

regclass( Cl...regnum(i)) = rcgpref(i) 

Procedure Main Gt'eedy : 

( Assigll colors to aU the cyrlic intervals of Ci ) 
FOR each cyclic interval CI 

Assign (regnumbe7' (CI)) llew colors to CI 
U pdate status of assiglled colors to mark their times of use 

( Now, we are left with a reduced graph, C', where a11 the 1111('0101'(,<1 ) 

( intervals are llon-cyclic, \Ve assign colors to thelll, ) 

Sort the uncolored Ilon-cyclic intervals in ordcr of incrcasing start time 
WHILE there exists ullcolored non-cyclic interval. N Cil in C' 

Chaose an interval, N Cchosen from amongst aIl the availablp 
ullcolored inter vals 

Choose (regnum (N Cchosen)) colors 1,0 assign to N CChOSlll 

Assign the cbosen colors, (Cl...(7'egnum(NCch,mu)}' to NCc/w .ml 

nONE 

3.3.3 Two Important Steps U sed By The Greedy Algorithm 

The two functions described here are used by th(' grcedy algorithlll. Ilmll'Î:;tics 118(1<1 hy 
these fUllctions have been mentioned in [IIGAM92]. 

Choose A Non-Cyclic Interval, NC, : 
Given a set of uncolored intervals, we have to choose OJl(' to col or . 11It('J'vals an' ('!toS('lI 

according to heuristics. Sorne possible critNia that af(~ used in lIIaking, thb ('hokp 
are: 

• the leftrnost uncolored interval (the interval with the lowpst starting tilll('), 

• the longest uncolored interval, 

• the interval which overlaps with the most uncolored intervals, or 
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• the interval which has the fewcst Humber of available colors (where a color c 

h; a1Jailable for iuterval N CI! only if chas not bcen used for any intcrval that 

ovprlaps with Nez). 

Choose A Color For Non-Cyclic Interval, NC, 

,-1.lfJo1'llhm : Ail the colors assigllcd ta the acyclic intervals that coufliet 

with N CI are made unavailable for N CI 

Choose (refJnum(NCcolor)) colors from amongst the available colors for NC,. 

Sallie possible criteria for choosiug the "best" color for a given NC, includc: 

3.3.4 

• (a) best-fit (each color is availahle for sorne time illtervals, a color that best-fits 

is oue where the startillg and ending times for the color best match the starting 

alld cnding times for the interval N Cnexd, 

• (h) worst-fit, and 

• (c) the calaI' whirh can be used for the fewest number of unallocated illtervals. 

Main Data Structures U sed 

WI' Wil' the following hcut'Ïstics in the greedy algorithm, 

1. Whl'II dloosing ail interval : 

Ilighel' priol'Îty is given ta those illtervals which have f('wer colors available ta be 

assigued ta il. 

2. Whell d\Oosillg ('alors ta assign ta an interval : 

(~olol's whirh can color fcwer number of ullcolored intervals are given a higher priority. 

Toget.lwr 1.1H'sl' t wo heu ristirs ailll a1. colorillg constrailled intervals first as there are fewer 

availablc rolol's fol' il. The colol' that is assignecl ta the chos(:'n interval is one which is 

nvailabl(\ to colOl' the few('st illtervals. This heul'istic used to choose a color ensures that 

l'olnl's are mélximally l'ellsed. 

Givpll tll('s(' h('ul·istks. we use the following data structures in the implementation of 

tlH' gn'('dy algol'Ïthm . 
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• Interval Array : 
This is the sa111e structUl'e as the one used by Ihe !!,l'('{'dy al!!,orithlll (Fi!!,. :1.1;(.\)). 

It stores basic information about ail the int('J"vals of 1 h(' !!,l"éIph and 1 hl' ind('x of 1 II(' 
array is used to Humber intervals. The illtL'rVéll él/'/'ay is IIs('(1 in huildillf.!, \.IIP sI 1'11('1 IIll' 
greeuy illtervals. 

• Greedy Intervals 
This is a sorted lillked list of illtervals where tll(' tirs!. interval of t.h<' lhi\. has hi/!,ht':-t 
priority for coloring (Fig. 3.ï(a)). For our helll'Ïstic, pa('h <,1<\IIH'nl. of t.h<' Ibl has 1 hl' 
followillg information : 

1. (Number) # of interval : like Nel • 

2. (N umber) # of overlap, Overlap List : These fields 1\.1'(' crucial to OUI' h(,ul'ist. ie. 
Number of ovcrla[Js records the number of a.1I the III1('olol('d illl('l'vals whiclt 
have the same preference as N G\ and which overlaps with it, whil(' (Jill rlllP 1/.';/ 

maintains a list of aU the overlapping, illtervals, N CUUl'drtlJI ••• N (.'01'1' lUI' , • 
1111111 -flilt r "JI 

The number of overlaps of Nel is IIsed to position 1.11<, int('l'val ill t.hl' Hort.l'd 

greedy intel'vals list. 

3. (Number) # of colors, Register list : The Itumbcr of m[or /!,iVPH us t.hl' 11111111)('1" 
of colors available to colot' Nel , while the rcgislcl' lisl is ail array tltat. hol<\h tltt' 
colors that could he used to color tllis illtNval. Wh"l1 dloosill/!, ,) mlor, t.h":-,, 
available cnlors are cOllsidered hy the hellristic algol"itÏllll. 

4. Prev(ious), Next : are pointers to the ()J'('vious and Ill'Xt intl'I'vals of t.hl' lis!.. 

• Greedy Registers : 
This structure provides the heuristic alg,orithrn informatioll ahou t tlw lis' of il vaila hl/' 
registers (Fig. 3. 7( b)). Tite information is lIsed wlwlI choosilll-!, il mlol' to Il!' a~~i/!,lI('d 
to an in terval. 

Each cell of the gI'eedy l'egisters anay represents CL regist<'r (Ia~s that is HIIJlport.l'd hy 
the target architecture and, it pOillts t.o Cl list of ail the' J"('gbtNS of" that. rla:-:-. Eadl 
register in the list has the fields: 

1. Number of the register : The register Humber is 1·(·c()J'(J<.d. Fol' l'xalllpl(·, n·!!. J i~ 

known as 1. 

2. Number ofintervals : that this register ('an color. Titis i~ tlll' kt'y faC"tor illvlIlv/'d 
in our heuristic choice of a color. 

Once Ne, is chosen, it i~ assigned a ('olor, CNe,. Next, the dat.a si I"IH:t,jJ"I'S arl' IIpdal.pd 
in the following fashioll : 
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• Hw ovprlapping intorvals, N Cover/apl ••• N Coverlapn"m_Qverlap of N C, can no longer be 

abHi~lled t.he color CNe,' Thl' rcgü,lcr lisl field of ail the conflicting intervals have ta 

IJ(' updat<'d to makc CNe unavailable for it. 

• As Ne, is b<'Îng colol'<:>d, it can no longer belong ta the overlap lists of 

N C'ovfrlrJ1JI ••• N Covet IU1-'n"m-ov-r'np ( - l'ccall that the overlap list contains a list of only 
tilt' 1I1l('()IOI'cd overlappillg intervals). And finally, 

• The I1IlIllIJcr of iIltcrval6 that the color CNe, can color decreases by the number of 

oV(,l'lappiJlg inf.ervals of Ne,. This change is reflectcd as weIl. 

These a.bovc steps llIust he performed a.nd the grecdy intervals list has ta be re-sorted ta 

kc('p it in a. state wherc it can be casily used by the colOI'(>f. U pdating the greedy intervals 

Iist contriblltcs to the tinw complexity of the greedy a.Igorithm. We outline the process of 

updating the list briefly to undcrstand the time complexity. 

(I]Jdaling ("l'ret/y 1,181 : 

FOR ('aeh fOnfikting illt<'fvaI, NCouer/ap, of Ne, 
( 'J'elll porary pointer lIsed to traverse greedy intervals list ) 

I7·UVC1· .... e yrt edy = greedy intervals list 

WH ILE t ra ver St' !J,,:e.Jy ! -= NU LI. 
IF Iravcl'se,g"Cf'd'i -. number _of _intel'val == N Coverlap THEN 

Make CNe unavailablc' for N Coverlap by 

changing the rcgisler list 

Itemove NC, frolll the ov('rlap List of NCct'eriap 

D<'crPllIellt the lIumber of intervals for CNe 

in gl'('edy rt'gistel's array 

U<'-SOl't gn'('dy illt,t'rvals list in increasing order of number of color 
nONE 

(A) III tJJ(' worst case tiJ(' time complexity of the Greedy AIgorithm to update the greedy 

int,ervals list after lIaving cllOsen Olle interval is O(Wmax(G) * n) wlIere, n= total 
IIIl/lIher of illt('f\'als in the grapll. 

III th<' worst ca:,e scenario, Ne, can have a maximum of WmaxCG) - 1 conflictillg 

illtl'I'vals, and ('ach of these contlicting intervals ha.ve to be searched for in the greedy 

ill/l'l'vals lis\' which is as long as Il = total number of inte1'vals in the graph. Thus, 

the romplexity is O( H'tIIClA G) * 11), assuming Wmax( G) < Il . 
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3.4 ASSUlnptions And Caveats 

Currently our coloring algorithms have heen irnplemented on the basis of sev('l'étl èlHSlI1II piions. 

Subsets of register classes : 
We take varions register classes (like floating point registel's and, ~elU'I'al pli rlH1Sl' 

l'egisters) into aCCOUllt. Evel'y syrnbolic register is assllllled to hav(' a 11I'pfpl'l'lIc(, for 

one specifie clas<; of l'egister only. At this point of I,im<', w(' do Ilot allow 011<' r('~istt'l' 

class to he a subset of another elass. This makes thp allo('ation pl'Obll'III Hilllpl<'l' for 

us, as it eliminates the possibility of an intei'val heinp; 1ll(,lllhNS of s('v('l'al slIbJ.!,raphli 

of G. The subgraphs of Gare created such that ail the intervals of U' haV!' t.IH' S<lnll' 

register preferencp. 

Adjacency and alignment constraints of multi-registers : 

3.5 

Different kinds of architectures impose different adjacency and alignnlt'nt ('OlIstraÎIlt.s 

of registers. 

Typically, illtervals which requil'e multi'l'egisters to !Je a.ssigned to thPlIl llIust hl' 

aligned on certain word houndaries and rnay reqllil'c the allocatl'd f(~gist.els to a<llH'l'c 

to sorne adjacellcy requirement as well. These cOllstraints d<,C\'Pétfw th!' sÏlw of UIl' 

registe)' set availahle to the graph and also affect the way int(~l'valf> confliet wi 1, h il, 'Ii 

neighbors [Nic90, DCT92]. 

Currently, 0111' colorer t.akes very ~irnplp constraintH illto acrollllt. lnt('f'vals llIay IH' 
assigned one or two registers. If two or morc l'cgisters arc to he assip,ncd tlll'n th<, first. 

register assig.ned must be an evcll num!Jcred one. Morc OVN, thl' assiglll'd 1'('J.!,if>1.('J'H 

shonld aH be cOlltiguous. We chose to impose this l'estriction as ('111'1'('111. al'('hit('('t,UI'('H 

like the SPAHC and the MIPS assign cven/odd l'('gister pail's [SPAn~]. 

Summary 

Three coloring algorithms, the fatcovcl', a rnodified fatcover and a gl'ccdy algorithm ar(' 

presented in this chapter. Ail the algorithms arc haf>ed 011 the interval graph )'Ppl'(lsPllta.tioJl. 

The fatcovel' and the greedy algorithms haw! becn implernentcd and, w(' disculis tl){' data 

structures used as weIl as the time complexity of thcse algol'ithmH. 
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Chapter 4 

The Spilling Phase 

4.1 An Introduction To The Spilling Phase 

ln Chapt.er :1, WP assumcd that th<> target architecture always provides the number of 

J'('gistpni I\('('ded to color the intpI'val gl'aph without causing any spilling to occur. The aim 

was to colol' the interval graphs using the minimum Humber of culors. 

lIow('vN, in lllany instances, we may have fewer than the minimllm number of registers 

ft'qIlÏl'('(1 by thp coloring pl'ocess. As it was outlilwd in Chapter 1, whenever the interference 

graph b('cOlll<'S Illlwlorable, Chaitin 's algorithm illtl'oduces spill code, rebuilds the interference 

graph alld r<'Ïllvokes the colorillg algorithm. This multi-pass pro cess m::ty be iterated several 

t.illll's. III (,ollt.l'aht, our algol'ithm avoids this repetition. Since the width of the interval 

graph /!,ivl's ilS thp number of l'egisters l'equired to colol' it, we introduce spill code first and, 

appropriat,l'!y tl'illlSfol'1ll the intcl'val gl'aph which Cdn then be culored in one simplp pass 

lIsing OJl(' of t.hp algol'it hms describcd in the pl'evious chapter. 

Thp 01\{' step spiHillg phase of our allocation method (Fig. 2.1) constitutes tht> subject 

mattpr of this chapt<,r. We need to understand 

• the algorithm that is used in the spilling process as well as 

• the 1l<'IIl'istics used by the algorithm to choose intervals to spill. 

III ('ssence wc are dealing with Problem 2 of Chapter 2. The problem was defined as follows : 
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• Problem 2 (Fillding a k-coloring of a Cyclic Illterval Gra~.~1 with MinimullI Spillinp; 

Cost): 

Given a ~et of live ranges represented by a cyrlic intNval graph (; and a Sl't of ~. 

registers, find an assignmellt of the k registers for the itltl'fvals in (;. Introd 11('(' spill 

code when necessary, and keep the spill cost to a minimum. 

Given that we have a limited number k of registl'f~, th<, obj<,rtiv(' is \'0 111>(' th('1lI as 

best as we can with minimal sacrifice of tlw pel'fol'lllau('e of the prop,ralll, W(' introdlH'(' 

an algorithm that spills intervals wh en neccssary to {'lIsur(' that tl\{' graph is ('olorahl(' with 

k-colors, 

The l'est of this chapter is structured sllch that Section 4.2 d('scl'Ïlws th(' difr(,I'Pllt ('as('s 

where spilling can OCCllf in the intcl'val graphs. Section ,l.:I onilincs a. IH'W Hpillinp, alp,OI'ithlll 

which has been developed, the swcep and split algorithm. Impl(,lIl<,ntation dpt,ails iLJ'(' 

provided in Section 4,4. Lastly, Section 4 . .5 points to sOllle shol't(,()lllings and optillli~ati(}ns 

made by our algorithm 1. 

4.2 Charneleon Intervals, and Register Spills 

In this section, we identify two cases which could lead to the intl'Oduction of hpill ('Od(' . 

• Wmax(G) > k: 
This case is 1I10st evident. If a graph G has SOIlle time, 1" wlH'I'(' th('le al'p 11101\' 

than k intervals covering 1" thell it is impossible to allo('at{' a difr('f('nt ('0101' 1.0 l'iH'h 

interval at it , For example, consider the graph ~~ivell in Fig. '1.1 (a), 11('1'(' tlt('f(' an' 

thre(' intervals, a, /J, and c that overlap. The only way in whicll thh. p,raph (',UI 1)(' 
colored with 2 ('olors is to spill one of tll(' illtervals .0 melllory. W" ilhlHtmt(' thiH 

process in Fig. 4.1(h), where the illterval for ( hal- be('/I bpilled lpavinp, twu short 

intervals r('preseutillg thp definitioll of (' followed by a btOf(' to nu'moly (lJ and aload 

from memory ( 1) followed by a tlbe, 

It was important to ('hoose c to bpill. Spilling cith('f it 01' /) would ilOt. n'f>ult ill 

reducing W max( G) to 2, Both wOllld have to Il{' spi lied to J'pd Il Cf' tlil' thick UI'HS of tll(' 

graph to 2. For instance, had a becn ChOSCH to to b(' spilled fit 1.111' !>oillt whpl'(' th(' 

thickness of the graph becomcs :1, then it would havI' ta hp J'('loaded l'mm trH'llIory 

at its' next point of use. At the point wh(lfe it if> reloadpd Wmru U'J) = :J and, /J or 

lSome parts of this chaptcr has becll cxcerpted frOHl [IIGAM92], 
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, , 
<:' 

(' would hav(' had to hl' sJlil\<,d in order to reduce WmaA G) to 2. This would entail 
Hpillillg two variables instead of jU&t one. lIence two load and two store instructions 

would havp 1.0 he introduced inst(!ad of jm,t one load and one store instruction. It i~ 
'luite élppa.I'PlIt that timing information about the next use of a variable can be very 

helpful ill lIIakillg ft good rhoÎrt' of an intel val to spill. 

a 
b 

c 

(a) 1\ Graph With W7IIax = 3 
(3-colorable) 

, , , , 

green 

red 
red red ..., r 

(b) A Graph With Spilling And Wmax = 2 
(2-colorable) 

:::> ~ red green 

h 

(c) A Gmph With A 
Cyclic Intcl'val For a 

(,'J-co[omblc) 

(cl) A Graph With A 
Chameleon Interval For a 

(2-colomble) 

(e) Th.> Interference Graph 

(3-colorable) 

Figlll'c 4.1: An Example of Register Spilling and Register Floating 

• H'm'IJ'( (,') = k : 
Tl\(' SN'Olld sitllatioll is more subtle. Con si der the graph given in Fig. 4.1(c). This 
{],l'étph has ét maximum width of 2, but is not 2-colorable. In this situation we have 

Ilot l'('ally l'un out of colors, and we need not resort to spilling in order to rnake this 

gl'aph 1-('Olorabl(\. Instead, ,,,e use the notion of a chameleon znierval, an interva1 that 

can change colol' depf>nding on its surroulldings. Since the width of the graph is 2, 

tll(' spill(l[' IIwchanirally assumes that the graph is 2-colora ble and leaves this interval 

/,!,l'aph (\x(lctly as it ib for the roloring phase . 
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III the coloring phase, if wc allow th(' intNval fo[' v<lriabll' <l to chanp,l' hui' al t Ill' 
location indicatcd by the ~olid bar in Fig. ,1.1 (d), t h('n w(' cali p<lsily rolor 1 his !!,J'a ph 
with only two color's, Thus, instcad of introducÏlIg tl\(' l/lads and ~IOI(,~ l'l'qllin'd for a 
register spill, we nerd only introducc a rpgistl'I' 1ll0Vl' Ihat cOITP~JlOIHls 10 1 hl' loealion 
that interval a changes from green to l'cd, Wc rail this l'l'!!,ist PI' 1110\'(' 0IH'l'at iOIl a 
regista fioul - avait\{' f10ats from l'egistpl' to l'l'p,ist('[', bill is Ilot ~pill(l(1. 

By using chameleon intervals to filld rcgistpr f1oatf>, wp cali ('olor any cyc!ie illlNval 

graph G that has W1llU.l (G) = k with exactly k co!OI'S withollt illlrodllcÏlI/!, ally sl)illing;. 
This is becaase any graph with n'm(lI ((n = k that i~ not illllllpdiall'Iy ~'·('()I()l'ahl(' 

must belong to the class of graphs that can he colot'pd if w(' allow rhalll(,\(>oll illll'I'vab 
(as illustrated ill Fig, 4.1(d)). 

Thus, we nUl use our fat COV('f algorithm to rolor th<, graph, a IId for ('iKit cydir illt,prvil \ 

that cannot be covered, we simply introduce a chamelcoll illtprval. No pxtra IlIadH or 
stores need oe introduced: wc simply introduce a rq?,ister float fol' pa('h l'halll('\('OIl 
interval. Silice we introducc chameleon intprvals ouly for tht' eyrlk illtPl'vals tltil,t do 

not have a fat coyer, the Humber of chameleon intl'l'vals illtroducpd is Hlllali (al. most. 

ltVmm{G)). 

If more than Olle J('gister float is introduced, it is possiblp I.ha1. ~()III(' of t.hl' rl'/!,iHI.C'1' 
moves depend .... u eilch oUter, FOI exalllple, p('rhaps a l'('d illtNVill 1IC'l'ds 1.0 I.UI'II 1.0 

green, and a. green intcrval necds 1.0 t\ll'll 1.0 l'cd. This cali IH' éH,(,Olllplish(·(1 pi\.lIl'r hy 

rotating values t.hrollgh a telllporary ICgistpr, 01' by swappill/!, thp ('01I1.('lIl.s of rp/!,ist.PI'H 

using a trick such as a:= a XOI' b; b:= Il xor a; Ct := a XO/' h. II. is 1II0~t f>tl'ail!;ht.fol'wal·c\ 
1.0 use a tcmporary, and since the Humber of cyclic in\.Nvals is likdy to 1)(' Ipi'l~ t1liUI 

the maximum width of the graph, a tpllIporary l'('/!,btpr will hl' ilvailahlp, 

The idea of registcl' floats is Ilot Ilew [CC K~)Ol, howPvPl' dime ulty in l'fIiciPlltly idPllti l'yi II/!, 

values to treat as rc/!,ister floats hab prcVPlltC'd tht'ir widPSI)J'P;HI U~(l, Fol' illsta/H'(', 
Fig. 4.1(e) shows the interferencl' graph for I.he intplvall!;l'aph of Fi/!,. ·1.I(!'). Si/HP il, 

b, c arc ail secn to conflict with e<teh Otll<'l, hnth Chai\.in alld Bri/!,/!,s' al/!,ol'it.hlll will 
try to assign distillct colol~ to thclIl, As w(' hclVP ollly ~ ('olors avail,thll', ~pil\ (,011" 
will be illtroduced. UlIlikc the illterval )!,raph, th<' illl.el'fl'I'('II('I' /!,l'aph do('~ IIO\. 1'1I('od" 

the exact times of oVNlap Iwtween Ilod<,i'l (or intprvab), Thii'l rnakpi'l il. V('j'y difljndt 1.0 

identify op port Illlities w here 1I0del> ('ould shal e a (olor with a tlpigh hor for ,L part. of iU,' 
live range, This cOl1ld lead the traditiollal approach to lIIi~h opporl.ullit i('s 10 IH'/'V('1I1. 
a spillillg by insertillg regbtcr movC'f, ill~t<'ad, Our interval graph f(·pn·hl'nl.atioll 

provides a natural mechanbm--chaIllPleoll IIItervab - for rewl!;nizillg whl'II 10 IIM' 

register floats and the quantities on which to lise thclII, 



4.3 The Sweep And Split Algorithm 

4.3.1 The Problem Definition 

C:ivCII I.lIat wc haV<' t.he roloring algorithm descl'ihed in Chapter 3, the problem of k-coloring 

now J'(·du('('s 1.0 th<, )ll'Oblpll) of tl'anf>fol'min)?, a J;raplt (J, with Wm,u(G) = k', k' > k, to an 

(!quivall'Ilt /!,raph (J' with Wm'lJ.(G') = k. Since we are trying to reduce the width of a graph 

(as showlI iJ1 Fig. ,1.[(1))), this transformation must introduce register spills. Therefore, we 

wOllld likl' an ap)lroarh which atternpt5 to minimize the Humber of register spiUs. 

011 the othcr hand, if Wmax(G) = k ' , k' = k, then the spilling phase leaves the interval 

graph untoudl<,d. II, is the roloring phase that detects chameleon intervals. 

4.3.2 An Overview 

Wc have devcloW'd an algoritlun, the sweep and split algorithm that is based on the cyclic 

int<'rval /!,l'aph J'('JlI·('fiPutation.2 Like the fat coyer coloring algorithm, the sweep and split 

algorithlll takps advantage of the extra information available in the interval representation. 

Silice this al/!,orithm is r-.traight-forward, we only give an overview. 

'l'lie r('l1tl'al idea of the algorithm is to sweep from left lo right over the cyclic interval 

graph. Thp invariant ifi that at earh tÏme st(·p i, any tinw to the left of time i is guaranteed to 

have a lIlaxi mu III \Viel th IVmaA G, i) :=:; k. '1'0 mave to the next time step, l + l, there are two 

fiitual.Ïons. The fin,t b that wlllth(G, 2):=:; k, and the second is that width(G,i) = k',k' > k. 
III tl\(' fil's!' casc, no action is f{'qlllfcd. In the second case, one must select k' - k intervals 

to split hy illtrodurillf.!, r-.pill rode. Thus, the only difficlIlty is developing a good heuristic 

fol' l'wlprtinJ.!, which intl'l'vals to split. 

Wp hilv(' d('V('lo)ll'<I a heul'islir tltat uses information about time which is readily available 

frolll 0111' intt'I'val p,l'aphs. This heuristic favors intervals that will clear the longest time 

illt,l'rval 10 tilt' rip,ht or l. For non-cyclic intervals this is eqllivalent to choosillg the Olle 

\Vith thl' f.llt!tp1-'It nl'xt IIM' trom i. Not<, we do not split aIl the intervals of the variable, but 

only t.1H' hPJ.!,llIellt Ihat ovprlaps lime l. The otller segments will be split only if the sweep 

r-.('\<'cI tI t IIllh(' i nt,prvals il .... t Il(' ones to split al, 50111C later step t'. The reasoning hehilld our 

ht'uristir is lhal .l'·(,ol'dinp, lo tlll' invariant, ail times to the left of 1 have already had their 

widths l'P<lII('t'(\, and r-.o wc Sh01dd favor intervals that will reduce widths to the right of i. 

2 A l>lIIl1lar II\ptl!od \Vas proposcd for basIC blacks in [CHh4] 
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If multiple intervals clear the saille longest distance, an interval that 1'(l(luirt't; only a. 10<ld, 
is preferred over an interval that requires both a load and a storl.', and if él St.OI'P is 1'('tJuin'd, 

then a store that is outside of the loop is preferred. 

4.3.3 An Example 

Let us now go through a concrete example of applyillg the sweep a.nd Hplit alp,orit.hm 1.0 

a cyclir interval gl'aph titat corresponds to a small progl'éllll. In Fig. ·1.1(a} wp giw an 

illustrative program, and in Fig. 4.2(b) we give the :J-address mdl'," AsslIlIlinp, t.hat. t.h(· 

number of availablc rcgistcrs (k) is a, Fig. 4.2(c) gives the a-addl'!'ss COlI<> pl'O)!;l'alll t.hat. 

results from applying the sweep and split aigorithlll. Fip,. ,1.1( d) shows tll(' rydir illt.l·rval 

graph for this loop, and Fig,s. 4.2(d-f) illustrate thc sweep and split pl'oress t.hal. t.l'éllIHfol'llIS 

the original graph iuto one that has a. maximum thirkness of :J (L(·. transfol'lIIs il. into il, 

3-colorahle graph). These steps are as follows: 

Fig. 4.2(d): (Time = 1) The '3weeping proccss starts at time st!'!> 1. Notp that t.h!' 

sweeping line is indicated by the vertical dotted Hue. There arc 6 intl'fvals cowl'ÏllP; 

time step 1. ln arder to reduce the width t.o 3, thrl.'c intprvals must hl' sl'l('cI.<'d 1.0 

he split. Interval c cannat be split becauRc its lise is at tillle 1. Of the J'('IlJainillp, 

intervals, the best illtervals to select are a, /J, and Cl. Splitt.ill!~ ca.ch of t!I('SP illt!'l'vallî 

frees the longest time illterval to the right of the sWl'eping Iinc. 

Fig. 4.2(e) (Time = 2): This figure illustrates the p,raph resulting from sl'littillg t.h(· n, 

b, and n in the previous step. There ar~ four intcl'vals coverÏng tina' HU'P 2, ami so 

interval c is chosen to split. 

Fig. 4.2(f) (Time = 3): There are four iutervals covering t.inte step a, alld illt<'l'val /,/ 

is chosen becallse it has the rightmost next. Uf>e. Wc can sec the impoJ'tillu'(! of 0111' 

heuristic here. Note that in this situation, choosing t1 is Vl'ry important., ChOOliillf.!, 

t2 would not reùuce the width at time step 4, alld auotllPl' spill wOllld have tu IH' 
introduced. 

Fig. 4.2(g) (Time = 4): At time step 4, and ail times gl'eater than 4, the width i" a, alld 

sa no further spilling is required. 

3 Assuming right-assaciativlty, and right to left arder of evaluation. 
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"hile (i <n) 
{ sum = 

} 

b Ci] • a[i] 

i = i + li 

Ll: 

+ c + SUIn; 

t1 = 
t2 = 
t3 = 
t4 = 
SUlU 

i = 
if i 

c + SUlU 

a[i] 
b[i] 
t3 • t2 

= t4 + t1 
i + 4 
< n goto Ll 

L1: load c 
tl = c + sum 
store tl 
load a 
t2 = a[i] 
load b 
t3 = b[i] 

t4 = t3 * t2 
load tl 
sum = t4 + tl 
i = i + 4 
load n 
if i < n goto L1 

(a) Original Loop (b) 3-address Code (c) 3-address Code After Spilling . 
, i' , , , , 

,. Il 1 1 ~ 
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, , , 
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Cg) Ilme-4 

Figure 4.2: An example of introducing spill code 
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4.4 IUlplementation Details 

In the last section we provided an intuitive description of the SWCl\P (\.\1(\ split algOl'ithlll 
through an example. In this section we formalize the mcthod iuto an algol'ithm aud pl'Ovidt' 
a description of t.he data structures that have been used in iLs impIPIlll'ntatioll. 

4.4.1 The Implemented Sweep And Split Algorithm 

We describe the implemented sweep and split algorithm l'cfcrrill/1, to dl\tailpd dpscript.ioHS 
of various routilles which are used in its' implementation. The main pmced\u'c is ('11<'108('11 

by a box in this section while subsidiary procedures arc in the llext s{'ctioll. 

1. Main 
The expected inputs and the output of the algorithm arl' given in Inpul alld OuLput. 
The Main procedure sweeps the graph fmIl1 Idt to right and al. p(tch till\(, spot., l"~ 

where the width( G, t) > Wmax( G), width( G, t) - Wm'LJ'( Cl) intcrvals are ChOH('1I to 1)(' 
spilled so as to reduce the thickness of the graph at t to W muA 0). width( (;, t) is <lIIiO 

defined as Wt, in the description of the algorithm. Mazu rpfl'I's to tlH' twu HU hsidiary 
functions melltiolled below. 

2. Ileu7'istic Based Choice Of Intervals 
This function is in Section 4.4.2 and outlines the method I1s(~d in choosillf.!, ail illt,l'I'val 
to spill. 

3. Finding The Width of Interval Graphs 
As a preprocessing step to the spillillg phase, the width of G is round for (~very till\(, 
step of the graph. This process is described in Findiny the Widlh of lu/"7"/Jal Gf'(lfJh.~ 

of Section 4.4.2. 

Algorithm 4.4.1 Perform the sweep and split spillmg algorithm describ(~d in Sœlùm 1 .. 1 
on a cyclic interval graph. 
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/Ulml: A cyclic interval graph. G. constructed using the def-use information of 
tlw variables, 

The register classes, classreg, present on the target architecture, 

The number of registers, rcgavaiJ, present in each class of registers on the 
taJ'get architecture, 

'l'he register preference, regpref, of each interval of the cycUc interval graph. 
Thi1; (jptermilleR t.he class of register that l1eeds to be assigned to each intel'val. 
And, 

The number of registers,regnulTh needed by each interval of the cyclic 
interval graph. 

Out1ntl: FOR each class of register, classreg, 
A transformed cyclic interval graph, G' , such that 
Wmax(G' ) = k' , k' ~ k, 

where k = regnvaiJ, and, 
rcgnvail = number of available registers 
for classreg. 
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r---------------------.---------------------------------------
Procedure Main: 

FOR each class of register, cJélSSreg, 
FOR e:\ch time instant, Li, in G 

Find the width, Wt, of G using 
function Finding The lVidth Of lntel'val Graphs, H'I, (G) 
and recorJ H'ma.c( G) 

IF H-T max( G) > il THEN 

nONE 

FOR each time instant, t'j, in G 
IF W i • > il THEN 

U sing heurÏstics in function 
Heuristic Basal Cholce Of Spill IHic/'va!s, 
choose (WI , - k) intel'vals to spill 
FOR each interval to be spilled, spillwl! 

ELSE 

IF spillmt is acyclic THEN 
IF spillml has b('cll defÎll('d at lime < 1./ TH EN 

Introduce a store instl'lIrtioll al t; - 1 
IF spillmt is used at lime > 1 i THEN 

Introduce a load instruction bl'fOle t1H' IIPXt. IIS(' 

of spillml 

ELSIF spll1mt is the front-end of a cydic 
interval THEN 

IF spillmt has heell delined al. lime> tj, 
that is, at the tail-elld of the ryclic intervaJ, THEN 

Introduce a store instruction a,t t'i - 1 
IF spillmt is used al lime> t/ 

IlltroduCC' a load illstI uction bl'fore thp IlPXt. 1I1i(' 

of spillmt 

ELSIF spillmt is the tail-end of a eydic 
interval THEN 

IF sptl!mt ha::; beCll definpd at t 1/1If: < 1,/ THEN 
Illtroduce a store instruction at L, - 1 

IF .<jpillmt is used at lime> ti 
Il lime < tj (at the front-end of the cydic illterval) 

Introducp a load instruction l)(IfoI'() Uw Ill'xt IU-j(' 

of spillmt 

CO'ttinue with outer }'OR loop 
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4.4.2 Two Important Steps 'Used By The Spiller 

'l'he sweep and split algorithm uses two important steps - (1) to find the width of the 
interval graph and, (2) to choose intervals to be spilled. We look into these two steps in 
mor(! detail. 

anl/op 
:0 (S/U) o_----x 

snl/op 
:L (U) 
bl------X 

, 

:00 ----x 

, 
curranl lime = 1 

Bddsto 
thlckness 

1 doap not add J 10 thlckness 

Figure 4.:i: Finding The Thickness Of The Interval Graph At A Time, t 

Finding The Width of Interval Graphs, W t , (G) : 
Fig. '1.:1 illustrates how the width of the interval graph is computed at a time instant 
1" The letters D mark a point of defillition, L a point of load, S a point of store and 
finally, U Ci point of UbC for the interval. Time t, is represented by the dotted line in the 
graph. At in we s('e that the tOpl\1ost interval is defined, while the second interval is 
loadcd from n\(,lllory. EV('l1 though the tltird intervitl is live at f n it is not referenced. 
Ali thCHC thrl'P intervals arc live at tinH' fi and contribute to the width, Wt,{G), of 
tl\(' ~l'aph. Th{' fourlh inteI'val is la st \lscd at this time instant, and essentially dies. 
So, it dm'lm'1. add 10 III(' thickness of the graph. Assuming that each interval of the 
l'xéLmpl(' graph leC}uires one register to be assigned to it, W,,(G') = 3. 

Heuristic Based Choice Of Spill Intervals: If at a time, f" W t • (G) > k then we 
I\('e!l 10 l'hoose intervals to spill. Ali the intervals which are live at f" and are 
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• 
not referenced (through load, store, def or use instructions) il 1'<' considl'I'('d 1.0 bl' 
candida.tes for spilling. The crux lies in choosiug an intl'rval from aUlOlI~st ail 1 hl'sP 
candidates su ch that the spill cast (in tenus of l'un time) i~ aH t>llIall as posi'Hblp. 

In our current im plementatioll, wc choose 1.0 spill t II<' inlprva 1 t ha 1 is rpfl'l'l'u('l,1I 
farthest away frolll the time al. which tll<' spill OCCIlI'S. InformaI iOIl .11)0111 tltl' IIl'XI. 

time of reference of an illterval is very <,asily availabl(' frolll au iut('rval gl'aph, huI. il. 
is unavailable in the traditional interferellce graph. 

Other criteria which are often used for spilliug an' : 

• frequency of referellce m<l"de to an iuterval [ASU8R], 

• illtervals haviug a high degree of coufliet with other intervals [CAC+~Hl, 

• intervals havil1g a high ratio of degree of conflict with cast to l'cload tJll' va.riahl(' [BrW2]. 

The sweep and split algorithm could these above criteria whell choosillg an int.<'I'val lo spill 
as weIl. 

4.4.3 The Data Structures Used 

In order to understand the complexity of the implemellted spilling algorithm, wc llced 1.0 

consider the data structures used. 

Fig. 4.4 shows the main data structure ubed by the sweep and split. algorithm. Evpu 
though we conceptually think of spilling mtel'vlll [Jmphs, at. titis poillt, VJ(' do Ilot (·J'l'itl.P 
il1tervals. We maiutaill lists of variables (or symholic re/!,istCl'b) and tlte OIl<'l'at.ioll:-; (Iikp 
load, store, def and use) that thcy are illvolvcù in. Lists are maintnillcd fol' pasy iIlI-.PJ'f.ioll 
of spill code and operations are exposed 50 that SOUle optilllizations (whiclt "1'(' pxplaiJl(,d il! 
Section 4.5) can be casily perfonned. It. also allows the spillcr t.o exploit inf'ol'matioll ahout 
tne next reference Ihadc to the symbolic register . 

• Variable access Hst (var list) : 
The main part of t.his structure if, named var Hst. TIIP nallws of the stl'Ucl.llI·PS 
appear in solid boxes whilc the siz(' of the structures are eudosed hy clashpd boxps in 
the diagrams. Var list is essentially an array of rpcorcb. TJw/,(' an' ;lh wally l'p('on/.., in 
var Iist a~ thcl'c cm' variablcs ( alld lIol. intel v;ils) in /,/](' IHlSÎc bhu'k Iwill/!; Wll!->idl'J'('d. 
Each variable thal is encouIItcwd in the har,ic black is giv,m ail IIlliqup IIllllllwl'. J('call 
from Chapter 2.1 that a variable give~ ri"e ta r,evel'al illter valf>. Ail illl,('r val il-. akill 
to a node of the tladitional renumbcred interferpnc(' glaph. Each l'I'('()r<l ill var lit;f. 
stores information about one variable. The fielùr, of ead. J'cwrd iU'(~ : 
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OPERATION LIST 

r----------, 
• total Il of accessltlme • 1 

~ _ t~~r~g~ ~ !!r~h __ ' 

lime 01 op 

----,----,------i 
Iype 01 op 1 1 0 0 0 
-~-~--T-~------~ 
pre.ln~ 1 ~ 1 

I~I~ 1 

_ r 
OPERATION 
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Il OF REGS 

NAME 

l .... ij;1 
'0' 'l' 

Il 1)1 char ••• , 

, 1 ", 't ,'e ' .. 
\ r' 
\ 1 

" 1 

0 0 0 

1-----------
1 total Il of charecters 1" , 
L __ ~r~b.!.e ~a~e~ __ ~ 

maxstrlng 

Figun> 4A: Data Structure Used By The Sweep And Split Spiller 
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1. Name: This points to an array of charartNS that stOl'<' tlll' nalllt' of tll<' variahl('. 
N ames of varia bles are used for dehnggin!!, pli rpo~t's. 

2. Register pref(erellcP) : 'l'his records the clasH of ft'p,istN, da.'!,'!,,!/! that is 10 hl' 
assigned to aIl the illtervals of this variable. 

3. (Numb<,r) # of regs (regisiers): Thb btOf<'S the dat.a lIIod(' oftlw val'iabl{'. Short 
variables req uiI'C' single registers, while long or, dou hl(' r('(!llÏl'(' t wo rl'gisf,{'I'H 10 

he assigned to them. The llumber of registPrH rt'quin'd by ('c1,('h variabl(' affprts 
the width of the interval graph for that r1ass of r<'p,istPr. 

4. Pointer to operation list : The operation list is iL douhly lillk('d circulaI' list of' 
an the operations that each variable is illvo!ved in. Eaeh ('el! of thl' IiHt. (,olltaills 
the following information : 

(a) Time of op(eration) : The time at whieh an opt'ratioll takps plan'. This 
time corresponds to a time in the cyclic interval graph. 

(h) Typ(' of ope eration) : The possible operations which w(' I.alw into 'UTOllllt 
are loads, stores, defs and lises. 

(c) Next pointer: Points to the next ('('Il of the lif;t. 

(d) Prev(ious) pointer: Points 1.0 the previollH op<'l'ation of the opera.t.iolls Ih,L. 

At any time, t l , the pointer to operations list is updated 1,0 point 1.0 ail ol)(\mt.ioll 
that executes at il if one exists, or to an operation that ('XCCUI,('H al, a. tilPC Ht.('P 
> LI when the variable is not accessed at lI' 

The main field of var list that is used by the spiller is tlw "pointer to tll<' olH'rat.ioll Iist". 
There is a three fold use for this field of the structure: 

• To calculate Wt, : 

Tlle average complexity to lind tlle width of G at time l, is of t./w orclf'1' O( 'IL), W!/{'J'(I 

n =number of varia/)les in tlH.' block. 

Finding the width of the graph at time II could he potentially expl'lIsivp alld 1.11(' 
complexity depends on the kind of data st/'llcture used to impIeml'llt thp alJ!,orit,llIlI. 
Since at time, tt, the pointer to the operations Iist frolll var li HI, alwa.ys point.H 1.0 
the next operation to be executed, we nc('d 1.0 check tIll' tilllc 01 th!' o)lpratio/l of 
every variable 1.0 find out w hether or not it ib ali v(' at l,. So, thp ('()1I1 pll'xit.y of 
this step if, of the order O( n), where n =lIumbel' of viLriahl!'f> in tI)(, hlock. HI'('all 
that we keep track of ail the operations of of ('very variablp in 1.111' ('od ... TIIP!'l'fol'l', 
n(the nurnuc'/' of vU1'lubles) < nurnbel' of mln'nals. WOIf>t (.1[-,(' pl'l'fo/'lIIall(,(' if> 
obtained when static single assignmellt forrn is followl'd [-,0 that ('tL( li variahl(' p,iv(l~: 

rise to exactly one interval. In tItis case, n = t1U' nurnbl'l' of int.<·rvals of thp J!,raph . 

• Use in choosing a bpill interval, spill l1lt : 

A quick answer to a question likc 
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"Ilow far away is the Ilext reference to this variable?" 
can hl' provid<>d hy checking the tirne of execution of the operation pointed to by 
tll(' "pointer to operations Iist" field of var list for that variable. Such a query is 
rcquested hy the "pill heuristic when choosing an interval to spill from amongst a 
pool of pot(lntiall)' qualificd intervals. 

Inlarval (1) 

Iy pe ofop 
1 

deI 1 u~e use 
1 

me of op 1-4 1 1 + 2 1 + 5 
1 

Il 

prey 1 nexl r-; prey 1 next =. pray 1 naxt 

oporallon IIsl 1 
1 
1 
1 
1 
1 
1 
1 

tlme =1 

~ 1 maxvar 

1 varUst 1 

varnumber 

Figure 4.5: Use Of Var List In The Spilling Phase 

• Ins(~l'tillg spill code for interval, i : 
WhclI an intl.'l·val, i, is chosen to he spilled, the linked list of operations provide an easy 
acccsr" 10 tll<' prcviolls and next operations of i_ Inserting load and store instructions 
('ntails adding I\ew operations ta the "op('rations list" and this can be done in constant 
t,inH'. WII('II W(' ,\1'(' at timl' t which is the dotted line in Fig_ 4.5, interval i is chosen to 
be "pil1('(1. 'l'Il{' "pointer to the opl.'rations list" field of th(' variable points to the next 
rpfen'nn' made to the variable at tUlle t + 2. Sinee no operation involving ; exists for 
tinH' t it rould he chosen ta be spilled. As the operation at t + 2 is an use of the 
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4.5 

variable, and it is defined at t - ·1. As this definitioll of tlU' variabl<, is Ilot slol'(,<1 in 
memory before it is used at t+2, a load and a store instruction has to ll(' ills('l'tl'll. 
The store operation is inserted at time t-] while the load o!lNatioll is ills(,l'lpd at 
time ttl just before the next use of the variable. 

It is ess('lltial to know the previoll~ and forthcominp, operations to a~S('HS wlll'th('l' 01' 

not spill and l'eload code have to bp introduccd. Blind illS<'l'tioll of lond alld stOI'(' 
operations may create l'ed unùallt load and store operatiolls. W<' ('Ia.bora tp 011 thb ill 
Section 4.5. 

Optimizations And Caveats 

While spilling, certain optimizations like the ones li&tC'd below are perfol'lI\pd : 

0 u 
0-- XI 

anyop 

L 
(U) 

0 X2 

5 U 
----X3-:--0_----

, 
currantllme a 1 

} Ilore loqulled 

l no 11010 Il 
requlrad --

f juslload 
balore X2 

~ 
n0610r8 

roqullod .. 
jusllOlld 
bolore U 

Figure 4.6: Finding Out If A Spilled Interval Rcquircs '1'0 Be StoJ'(~d And Loaded 

Avoiding introduction of unnecessary store operations: 
Assume tltat while scanning the interval graph from lert to right, we :lave anivild at 
time instant t which is the dotted Hne in Fig. 4.n. Let Ub fl1l't1l(>[' assufTlP tltal, thn 
top-rnost interval of this graph has bcen choseIl to I)(~ &pillf'd as its point of next 1IIle 
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h. fa/'thpht away fmm t. As this intcrval is defined but not stored till its point of next 
!I!>(', it hah to 1)(, storm! in ruemory in case it is it is used by some later instructions. 
1I0w('v('/" if the lH'xt illtervals had been chosen ta be spilled, it wou Id not have to be 
hIOI'l'd. ThiH is hCCéJ,UHC the symbolic registers have not been redefined byany of the 
olH'r,ttioll 1)J'('violl~ to tilllP /" 

Eliminnting redundant load and store operations: 
'l'Il{' Hpillill~ plla!>c alHo looks for opportunities to pack code more tightly by removing 
0111' of the load illHtl'lIctioll from a load follow,'!d by a load instruction sequence, or a 
htO/'1' 1'1'0111 éL IîtOI (' followpd by a store instruction sequence. 

BeCon' ('lIdi/l~ this chapter, wc broadl on a popular problem which appears to be endemic 
1,0 r(!f.!,iHI,('f' alloca.tol·!>. 

Miscommunication between the spiller and the colorer : 
At. t.illH'b the spillcr Illay dpcide that a graph is colorable with k colol's while the 
colo!',,!' lIIay !'('qniJ'(' lIlorc than k colors. How <loes this happcn? 

Tlw Hpill<'l' is obliviolls to the adjaccncy and alig,nment cOllfltraints imposed Oll multi­
!'<,~iHt('!' Op('1':1I1<ls by tl\(' architecture. The spillers decisioll ta k-color the graph 
('Ould Iw l'<'H)H'cted hy !.lI(' colorer if re/?,istel' constraints we~e Ilot taken iuto account. 
lIow('vN, Wltl'II ('Olorill~, t.hese constl'aintR are typically bmught into the picture and 
t.ltis ('il 1I1>('H pl'olll(,lIIs. 

Fol' PXiI.rn pl(', ilna~ille ail al'chitcct ure with three l'egisteI s, reg 1 .. . 1·eg3. We need 
1,0 lItap 1 wo PHPlldo regist<,l's, pl, p2, to these hardware reg;'lters. pl requires two 
C()Ilt.i~lI()lIh hardwal'(' rcgisters which are aligned on an even/l,dd bOllndary, whlle 
fi::! cali 1)(' élHHi/.!,ll('d a lIy ~illgle registel. If p2 is assigned reg2 then, ]J1 can no 
1()1I~('f' hl' aSl>i/.!,lIl'd a lly of 1 h(' available registers, reg 1, 7'c173 or, l'C94 , :.ts they do not 
l'('HI)(,('t tll<' ali/.!,lIl11cllt alld adj<lccIICY refJuiremellts of pl. Notice tltat ('ven though 
thpJ'(' an' suHid(,l\t 1<,~h,t('I'f, availablC', they can't be assigned because of architectural 
(·oIlHt.railll H. Thil' problplIl is Ilot unique to OUI' allocation method. Othel' register 
allllra\'orh fan' Ilh' V('ry H .. U\lP prohl(\Ill. 

SillcP 0111' allocat.ion st.l'atl'gy involws a two l'tep process where the spilling and 
l!t(' ('l)lorin~ phasps <tH' l'un only ol\ce we Cdllnot in sert spill code if the colorer 
dil>(,()\'Pl'h thal 1 h(' availablp l't'gisters can Ilot he aSHigned as they violate the adjacellcy 
and ali~l\lllt\nt l'Om,trailttf; of the ÎntPrval. llowever, we could a.ttempt ta perform 
l'l'~isl(lJ' 1Il0Vl'S so al' 10 shift otller Întervals into diffel'ent registers ta accommodate the 
1'('<!uil'l'IH('llts of the mult.i-r('gister Înt<"J'vdl. But titis is a l'atiter convoluted approach. 
Insl<,a<l, W(' \\'0111<1 lih.e to ha\'{' a spilling phase that takes architectural constraints 
illto UC('OIlIlt.. Thil> is an Rl'ea of futurl' l'esearch. 



4.6 Summary 

In this chapter, we introducf' the concept of challlelpon rt'p,istPrs antl idPlltify instHll('l'S 
where spilling is l'eq uired in cyrlic interval gl'aphs. We ouI li nt' tlH' SW(,l'p a IId spli t. spi iii Il).!; 
algorithm illustratillg it with an example. Implementation det.ails a['(' t!psnihl'd ,IS w('II. 
Sorne optimizatiuns which are performed in the Hpillinp, phaf>l' al(' Hol('t! and t.1H' (,(I\'pat.:-; art' 
also mentioned. 
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Chapter 5 

Results and Analysis 

ChapterH 4 <1.11<1 3 described the sweep and split algorithm whkh is used for the purposes 
of spillil\~ and, tlw fatrover and greedy algorithms which are used to color cyclic interval 
graphs. In this chapter wc report quantitative results of the effectiveness of our cyclic graph 
based spilll'[' a.nd colorers. We compare 

• the pl'rfOrmallce of the spiUing and coloring algo .thms with that of commercial 
('olllpilcrs in Sections 5.1 and 5.2.5 respectively . 

• Thc eolorin~ algorithms arc also evaluated with a couple of other standalone coloring 
Sdl('IIICS and det.ails of the results are described in Section 5.2.1. 

Besid('s rl'porting l'('sults, eadl section describes the :1ssumptions made and the process 
followed to obt.a.in the results. 

!t'l'Om ollr pxperilllents we notice that, for the test programs we used, the sweep and 
split algorit.hlll gpnerat('s about 90% fewer spill load operations and 37% to 56% fewer 
store instl'uction!> titan the Spal'c CC and MIPS C compilers. A marked difference in the 
!H'rformallCl' of t 1[(' commercial compilers and our spiller is seen when loops are unrolled 
and havl' ill('[·eH.spd ['('gÎstpr pressure. 

W<, also compal'('d the perfol'mance of the fatcover and greedy algorithms to an optimal 
('olorintJ, algol'it.h Ill. The fatcover algorithm requires only 5.2% more registers on the average 
t hau tl\(' optimal colorer! 
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5.1 Performance Of Sweep And Split Spiller 

Standalone versions of our spilling and ('oloring algotithms W('I'(, illlpll'IlI('nt(l(P. In t.his 
section we compare the performance of 011\' interval ~raph Illl'thod of spilli ng t () Ill!' pl' r fOI' Il HI 11('(' 

of three advanced production (' co 111 pil<'l's fol' t hl' IIlM R860()() (VNl'>ioll 1.0 1.000:LOO 1 :4), 
the Sun Sparc (version bundled \Vith SuuOS 4.1.i), alld the AIIPS'(Vprl'>ion 2.11.2). OUI' 

comparisons use the highest level of optimization offl'J'(·d hy tlwl'>p l'olllpilpl's. Earh of t hl'~(' 
three architectures has :12, 32-bit illteger rl'gisten,. 'l'Ill' nS6000 abo ".Il'> :J1, (j·l-hit floatinl!; 
point registers, while the Sparc and the MIPS have 1(j, fi I-bit f1oat.ill/!, point l'l'/!,i~t(ll's. 

Before providing results in Section 5.1.3, we outline !.ll(' pro('('SH that. was followpd t.u /!,l't. 
to the point where results could be obtained. 

5.1.1 Obtaining Interval Graphs 

We focus on two inner Ioop bodies, one taken from Li VNIII a fl' Loop H, t.hl' othl'I' 1'1'0111 

the Torncat2 SPEC89 benehmark (Release 1.2).3 Both of t!t<>S(l henchlllarks WPI'(' sd(·('f.pd 

because of the relatively large &ize of their loop bodies and t.he laq.!,(l 11111111)('1'01' va.riahl!'s 
referenced. This lal'ge size is nccessary in ordeI' to ('valuatl' thl' pfhdpl\cy of 1 <'I!;istl'I' 
allocation and &pilling, on thcse thrce architectures with thPÎr Ia.r/!,!' r(')!,i~t('f' sPt.s. Bot. Il 
benchmarks al c dlso floatillg point intcnsive and use <lOti hll· prl'risiol\ ((H -hit.) a.d t.h IIlpt,ic. 

Henre we concentrate on the allccation and spilliug of floatilll!; point J'(')!,i~tt'I'H. Althotl~h 

this restriction <Iocs lirnit the scope of our l'csults, it provid('s a. t,{'st. of 0111' aPlll'Oadl 011 

problems of l'eal HilC. 

1. Input for commercial compilers : 
In order to give aU compiler& approximatcly ('quai input, 

(a) we first trallsformed the input source code so that aIl of the roHl pl('x tl'anSfOl'lllat.iolls 
had heen made explicit. 

(b) Bath loops were mallually unrolled and software pi pelined. 

(c) COIlllllon subexpression elimination was performed and l'l'lIspd data va.lllf's Wl'I'(' 
explicitly assigned to local scalar variahles. 

l Most of tllIs sectlOlI has becn exccrpted from [I1nAM!J2]. 
2To be preCIse, the Tomcat loop is t.he "I-LOOP" begllllling witlt "DO 250 1 = JI P,12M" . 
3The Standards Performancc EvaluatIOn CorporatlOlI (SPEC) bCllchruark f>lJite ('an he obtai/ll·d 

from 39510 Pasco Padre Parkway, SllIte 350, Frcrnont, CA UI\5a8 Thehe IJ(>udunarkfl have: Iwell 
derived from pubhcly-avadable CPU intensIve applicatIOn programs. 
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Tllis Lrallsrol'/l)('t! (ode Îh bornorphic Lo the interval graphs which were fed through 
0111' Hpillel' alld allocator, These aggressive optirnizations perforrnecl tend to increase 
1,/11' lire! ilJle or variableH t.huH increasing t1l(;' importance of the regiflter allocator. 
'J'hus 110 sophil'lti('ated <Lllalysis of array indices nor any unusual optimization was 
l'('(Jlliwd by the commctrial compilers to match the performance of our standalone 
Î III plelllelltatioll. 

2, IlIpllt fol' OUI' standalone system: 
IlIl.erval gmphH are created using the hand transformed source code obtained from 
( 1) abovl'. In order 1.0 he aH fair as possible we generated two interval graphs for each 
IJeIl('hlllél.l'k t('Hted. 

(a,) III the fi l'fit interval graph we assumed that instructions are executed in their 
l'Iourte code ol'd('1'. 

(h) lIowever, 1I10st moclent compilers do Ilot generate code in source code order­
HophÎhtirated instruction scheduling is performed to minimize the pipeline stalis 
a.lld thc ('ffert of hazal<ls, ln particular LOAD's ar(' often moved long before 
I.heir first use. SlIch l'Iched1l1ing tends to illcrease register pressure. Ilence in 
our second Îlll.erval graph we movcd LOAD's as far as pOflf>ible hefore their 
fil'Ht IIS('. Since wc are dealing with cyclic illterval g,raphs, tItis means moving 
LOAD'H illllllcdiately a.rter the last use of the Plevious itcration's value. In most 
caHes, titis is l'al' earlier thall tlte compiler would Ilecd to schedule the LOAD to 
avoid stalls, howevcr it allows us to make an honest comparisoll with production 
('0111 pi!el'i'i. 

As will he seeH HhOI·tly, our approach generates few spills on the scheduled interval 
gl'<lphH t.hat are not present in the ullscheduled graphs. 

5.1.2 Assumptions Made 

W<, lIIal\(' s('vel'al assllmptions when generating the interval graphs. We assume that 

1. in ail instruction like x1 = x2 + 4 the same register could be used for both x1 and 
x2 if x2 wew dcad aCter this point. 

'2. For simplkity we also assume in constructing, our interval graphs, that aU instructions 
px('('ut(' in unit t.illlc. This assumption biases our results towards needing more 
t't'p,ist('['s. For exampl(\, if in ('xeCll ting a floatin~ point divide, the destination register 
is not. lillt'd for :W cycles a fter the initiation of tl'e divide, that register coulel be used 
for SOllll' 01 lll'I' pUl'pose during those 20 cydes . 
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5.1.3 ResuIts 

In generating spills we scan t. he int<'l'va 1 graph fl'OllI Idt to l'i~ht. WIIPIH'\'l'1' t hl' t hkkllPl'Il' 
exceeds the Humber 01' regist<,l's, the excess is spilled. '1'h(-, n'~b\.('I~ r!toh<-'Il fol' spillill~ ill'<' 
those whose next use is most distant. SillCt' thesp al'l' ryclk intpl'val p;l'aphs, t Il(' dbtalH'(' 
measure is cyclic, Le. dbtance is llleasured fl'OIll the rllrl'ent t.illH-' 101.11<' IH'xl Il:-'<', wl'appin~ 
around at the end of the iteratioll . 

• When 16 registers are available : 

Tomcat (Table 5.1) : 
When only 16 registers are available, 0111' lIlethod reqllirps tl\!' illtlOdllrt.ÎOII of 
spills fol' these bellchmarks. llowever as can b(l S('PII in '1'al>l<' 5.1, t.1H' IIl1ll1bl'l' of 
spills required is slIDstalltially bs than that reqllit'pd hy pitl\('r th(' Spal'c or thp 
MIPS compilers. The rcdudion in [oae! spills ra,n~(,H from (j I()ad~ lIt,. il"m/'/(ll/ 

(01 aï% for the rolled scheduled graph in rom pariso/l to t h(' MI PS m<!p) 1.0 

73 louds pe,. ztel'lltion (or 5G% for the schedlllpd lIll1'ollpd ~l'aJlh in colllparisoll 
ta the SPARC code)! Thes(l are pl'Oporl.ional to t.h!' dynl-\lIIie loads and sl.orl'H 
performed. a7% orthe loads al(' 1 l'd li ('cd in t h(l .,r1wdulpd ~raph in 1'01lIparboll 1.0 
the code gellerated by the MIrS C compil<'l', whil(l 50% of t.h<' loads al'<' n,dlu'pd 
in the unscheduled !!,raph in comparison 1.0 the cadI' ~PIl<'rat.l'd hy 1.11(' SPAHC C 
compiler. The reduction in ,~to,.e spilb ran/!,pf> 1'1'0111 01.0 71 St.OI'('S fJf'l' tl, mlum. 
71 stores of tht) 70 htores generated by thl' M IPS cOlllpih'r ih plilllill<lü'd in I.hl' 
scheduled lllll'Olled graph. That is 90% of thc hl.OlC ius", lIct.ions fll'l' /,(,1l1ovl'd! 
Please Ilote that the total numlwr of loads and st.ows illdlldp 1.11 .. 10,HI" and 
stores illtrodllced Dy spillillg as weil as the intrimic loads and stOIPh w!tieh aIl' 
the first referellce or final store of a.l'l'ay clements l'especti vt>ly. 

Livenl10re loop 8 (Table 5.2: 
It is also clear from Tables 5.1 and 5.~ that thel'P is littl<' di ff'<'l'ell ('(, i II t.hl' 
llumber of spills of the sched uled and lInsched ulecl int<'l'val J!,mphs. lJ Ill'Ollpd 
Livel'l1lol'e Loop 8 goes l'rom 5910ad spi Ils in the unschedlllpd graph 1.0 (j!) in thl' 
scheduled graph, while l'oUed Loop 8 has a more dramatÏc in('l'Pili'>p l'mlll 1 1.0 fi. 

Note that the l'esult iu ail case& is hettel' than the performance achipvpd hy (Oi t.hl'I' of 
the commercial compilers. These l'esults also show the l'ohllstness of 0111' al'l'/'OH('h: 
scheduling substétutially increases the l'egistel' pressure - l'l'ont W7Ilru :::: 17 to W"IIIJ =.: 

30 for 1'Olled Loop 8, from Wmax :::: 40 ta W7IlUX = 57 fol' unrolled Loop H, ail.! 1'/'0111 

Wmax = 2,t to Wmax = a8 for rolled Tomcat, yet rclativ<,ly few additiollal hpillli l'l'Sil 1 1.. 

• When 3~ registers are available : 
Tables 5.3 and 5.4 give analogous result& whpn :J2 regif>Le/'h an' availahll! 011 tlrl' 
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Rolled U nrolled - 3 x 
Illterv Graph SPARC MIPS Il1terv Graph SPARC MIPS 
U IISC!t Sdwd Ul1sch Sched 

LüA DS( total) 27 28 11 34 71 73 144 131 
LOADS(spill) !) 10 23 16 53 .55 126 113 
S'I'O Il ES( total) -1 4 8 17 20 20 66 91 
S'I'O Il ES( spill) 0 0 4 13 8 8 54 79 

'l'ahlc' r,.l: Nlllllbcr of Double Precision Loads and Stores with 16 registers for Tomeat. 

Rolled U nrolled - 3 x 
Intcrv Gra.ph SPARC MIPS Interv GrapIt SPARC MIPS 

UlIsch Schcd Unsch Sclted 
LOA DS( t.otal) 1() 21 23 22 107 113 158 147 
LüA DS( spi") l () 8 7 59 65 110 99 
S'l'O Il ES( t ot.al) ü 6 6 6 24 24 34 40 -
STO H ES( spill) 0 0 0 0 (i 6 tG 22 

'l'ah le· !).~: Number of Double Precision Loads and Stores with 16 registers for Loop 
S . 
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RS6000. TlH' iucreaseu numbel' or registers alll'viat('s 1 h(' Ill'pd fOl' llIall)' of th!' hpills. 
The intl'J"val /!,l'aph mcthod allowil tll(' rolled \'l'l'sion of Loop X 10 t'xP('1I11' ",it Il 110 

load spills in either the schedllied or Illlsclll'dllied int('rval ~raphh. 

Holled li 111'0 Ilt'd :~ x 
----

lnterv Graph H6000 lnt<'rv Graph IWOOO 
Unsch Sched U IIseh ScI\('<! 

LOADS(total) 18 22 2·1 I~ ~B (i(i 

LOADS(spill) 0 " (i () 
--~-,---17 Il ~ 

--
STOHES(total) 4 " /1 12 12 :11 
STOHES(spill) 0 0 1) 0 () 22 

--

Table 5.3: Numbcr of Double Precision Loads and Stores with :J2 l'<'giiltl'I'H for 'l'oll\("ill.. 

---
Rolled li 111'0 Il "d ()x 

----
Illt('l"v Graph R6000 Int('rv (:l'al'II IWOOO -
li nsch Scheel li IIsch Schl'd 

LOADS(total) 15 1 r' ;J tG :l:J :J4 XI 
- --

LOADS(spill) 0 0 1 8 !) !Jfi 
STORES(total) fi 6 fi ln :n ;'1 

--
STORES(spill) 0 0 0 1 :J :1:1 

- -----

Table 5.4: Numbcl' of Double Precision LmtllH and Storf's wit.h :t~ l"<'(.!,ist.(·l"s t"or Loop 
8. 

Most intcn':-.I ing however, is 0111' performance with tlll' 11111"011<><1 verhiOllh of '1'01111 al, 
and Loop X. EVl'n \Ising the sched \lIed interval f!.raph, ou l' a pproad. f!,I'IIPI al l'h Ollly Il 
load spillh for IIlllo11ed TOlllcat verSlIh ·tR for the IWOOO (Ta 1>1<> :'.:J). W<' ~(,III'I at.1' 110 

store hJlill~ V<'I"SlIh their 22. On Loop X thp lJlIllIlll'l"h al(' ('(jlrally ilIlP/C'hSivl' !) load 

spills to 1,11(· IWOOO's 5G and :~ htore spills to tlteir :J:J (Ta"l(' 5.'1). 

The main point to be made frolll thef.>e expl'lilllPllth ih tiraI tlll' cydic illt,!'1 val I!,l"ilpl, 

approach clocs a goùd job on complex looph thal. have hil!,lr l('gihlcl pn'hhlll"!'. 'J'IIi:-, rail 1)1' 
seen by the very low Humher of Inauf.> and ~t()ref.> ["pquÏIed for ail rahPS, alld tftp IIhl' ollp/1,ihl (>f" 

ftoats insteacl of hpilb on the ull1"olled tomcat case. Tllis i" ail ahwltlll' Ohhl'I vatioll, .llIeI 
does not depelld 011 (olllparing the results to other I"egihf,('r allocatioll htratp/1,ipil. 
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The oth('\' point, is Ihat whcn gi\'('n the san](' prograllls, t hl'('<' prodllrtion-qllalil~' l'OllIpill'I'S 
produce sllbstantially \VOl'se spill <odl' for these challl'nging ('xi\lIIpll's. Sli/-!,ht variations 
among these thrcc compilcrs might he dlll' to slight.ly clin'l'n'nt 10w-Il'\'('1 oplilllil.at.ions 01' 

instruction schcdulillg. Ilowc\'cr, t.he main point is 1 hal ail of II\(,II\ Pl'l'fOl'llH'd si/-!,lIilicanlly 
worse thall the inte!'val graph apPl'Oach. 

5.2 Performance Of V ètrious Coloring Aigorithlns 

In this section, wc compare the performancc of the fatfovN' and tlll' gl'Ppdy ('ol!ll'Î Il/-!, al/-!,o ri t.h IIIS 
(described in Chapter 3) wit.h two other coloring aigorithlllfi - an oplimal mlorill/-!, al).!,orit.hlll 
and, a gr<,cdy coloring algorithm. Section 5.2.1 J>l'Ovides ail <,xplanatioll of Ihl' latll'l' t.WO 
coloring algorithms used in this compara.tive st\ldy, Sl'ction 5.2.2 (lPsrrihl'f. thl' nH'thod IIHl'd 
ta obtain interval graphs and, Section 5.2.3 points out tlll' af.Hllmpt.ions llIad<, wh('n (,!lloriIlA 
the gra phs. Finally, we report comparative l'CS \lIts of t,I\{' Vitl'iOllS mlorillg il IAUl'i t.h IIIH i Il 
Section 5.2.,1. 

5.2.1 The Coloring Algorithms 

We compare the performance of the fatcovcr and the greNly colorin).!, algorithlIIs with tWII 
others - a backtracking sequential algorithm which pl'Ovides opt.imal J'I'sldt.H and a AI'(,l'dy 
algori thm \\' hich is based 011 heu ristÎ<'s. A brief d('seription of hoUI thl'se a Igol'ith IIIH lollow. 

Backtracking Sequential Algorithm : 
Thi:-. method colors gra.phs with the minimum Humbür of colol's \lsillg a backt.rackillJ.!, 
sequential a.Igorithm that expects an interference graph as it.s inpllt.. '1'1\1' opt.illlai 
alg,ol'ithm is prescntcd IWl'e for the sake of compl<,telless and, has hC(l1l t.ak!,11 dirl'rl.ly 
frolll [SDIŒ3]. 

Assume that wc are given a graph, C, with vertices 'VI •• • Iln. '1'1)(' vl'Iti('ps llIay 1)(, 
ordel'ed arbitrarily. As each vertex, Vil is being colored, 01\(' 1'0101' 1'1'011\ a, f.('1. of ail 
feasible colors, Uil is chosen ta be assigllcd to /l,. Colors are 1'1'1)1'1'f.1'1l t.l'd af. 1111111 !'l'l'S, 
for exa'~ j>le colol' l is the sarne as 1. Sincc t.he minimal colol'in/!, of t.hp Amph if. t.u 
be round, aU possible col or assignments are takpn into aCCollllt (lX('l'pt t!tUSI' t.hat l'ail 
lead 10 llolloptimal colorings or colorillgs equivalent to t.he CHIPS whi( I! 11éLVC' aln·ady 
bepl\ found. Search p1.ths in the backtraàing phase are 1)J'\lI\I>d t1sillg a hralldl and 
hOlllld technique. 

Wc provide a brief informaI description of the algorithm. Absurnl' t.hat Pilcl! /lC~w ('0101' 

thal. if, needed to color Gis assigned a number. The colon; al'!! Ilumh(lf'('d 1,1, .... 

1. Assign color 1 to Vi. 
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2. Fol' l'Mil vertex Vil iillCh that (v2 ~ Vi ~ vn) 

(a) Filld 1.11<' Hel. of fcaHiblc colors, UI , fol' VI' 

A:':'III1Je that a maximum of [1_1 colors have becn used to color vertices 
'/JI •• °1-1. It may 1)(' possible 1.0 rolor VI with any une of the 11- 1 colors or, 
éI t WUl'h\' ft Il<!W color 1 may be Ilccded. Colors which have beeu assigned to 
lJ('i~hh(Jrs of v, can 't be members of the UI set. Furthermore, if a complete 
(J-('uloring of G has already been found, then none of the numbers of the 
('olors of the set UI should exceed q. This restriction is imposed as we want 
1,0 (lxplore paths tltat use fcwer than Cf colors and, it is used to bound the 
fo,l'arcl. of the hacktracking alp;orithm. 

(h) 1 f (Uj = 0) tlll'n il. llI<,allS that this path cau not yield a better coloring of 
(,' t hall one LitaI. has already bcell found. So, we backtrack ta vertex v,-1 

a IId explore tlte color assignment of Chad Vl -l beell assigned an alternate 
('(JI(JI' • 

:$. Ir.I CIIlllpletc q-coloring of G has been found, check ta see if q is the minimum 
11111111)(,. oC colors rcquircd to color G by traversins the next path of the colvr tree 
in tlw depth first traversaI. Essentially this entails backtracking and returning 
to st!'!> (2). 

Another Heuristic Greedy Aigorithm (Greedy2) : 
This SJ'(,pd.\' al~orithm, which we shall call greedy2, was devised by Erik Altman [ARG93] 
(1 nd is dpsl'I i I!pd hl'ÏL'fly. 

TIlt' a.lgorit hlll PXI)('cts a. cyclic interval graph, C, as its input and it outputs a set of 
colol's fol' l'd< It intervaJ of (;. (; is first processed in preparation of the coloring phase 
and t1wlI it il> mlorcd. A 1lI0dificd leCt edge algorithm is used by the colorer. 

l. 'l'hl' iupllt gl'aph Gis rotatcd sa that the first time step in the transformed graph 
G' iH thp point of minimum width, H'mm( G'). Rotation of G reduces the number 
of ryc!ic illtcl'vals in G'. The ryclic Întervals in the original graph, C, are shifted 
and :,oule lIlay bccomc lion cyclic intel'vals in C', while some non cyclic illtervals 
of (t' 1)('('oll1c cyclir ill (;'. The Humber of cyclic intervals in C' is reduced to 
(·xarlly 1l'1It11l( G). The !en ed!!,e algorithm is able ta color a graph containillg 
lIO ry('lic illt('rvaIH ill O( 1I( log 1/)) tilll<', whcrc n is thc number of intcrvals in the 
p,1 aph. II, iti 1IIore complex to colol' cyclic illtervals and reducillS their Humber 
Iwlp:, ill illlpl'oving the ovel'all tillll' complexity of this g,l'eedy algorithm, which 
iu 1 hl' \VOl'st cas(' is O(n:.!) but is probably O(n) on the average. 

2. Nt'xt, ('.Irh cyc\k illtel'val of C' is 'tssiglled an unique color and removed from 
tlU' p,l'aph. 

TIlt' ('olon; assigned ta the cyclic intervals are recorded and marked. A set of aU 
tht' mlors assigllcd to cyclic intervals, color -setcycll c is maintained. The set of 
colOl':' \\'hirh have not bcell assiglled ta cyclic illtervals are maintained in another 

Jj:-;t. (1IIol'_~d'lOn-l'yclll" 
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5.2.2 

:J. The resulting graph, G", contains ouly uIlrolorl'd lion r~'r1ir illlpl'\'ab. A lIIollifil'll 
Idt edge algorithm is lIsed 10 swee!l (;" l'rom l(\ft to l'ip,ht. A~ ('arh IlllcollHl'd 
non cyclic interval, l, is cll(,ollutercd, a color is as~ip,l\('d loi t. '1'11(' l'ollowillp, 
heuristics guide the choicc of a color for ail illt('f'vai : 

• An attempt is made to reuse the rolors assiglll,tl to t hl' ryr(jc illl ('l'vals. 
Members of th!.' &et coIO'1·_~ctc!ld!C are c!wck(ld and t.hp fin;t. 1'0101' t.hal is 1'1'1'(' 
for the duratioll of t.h!:' life time of i is assip,lwd 1.0 il . 

• If a rolor couldn't be fOlllld fl'olll amongst. t.lH.' ('(Jl(}/'~~d, I,d" sPt., 1 hl'II il l'l'PP 
colol' is choSCIl from t.he ('olor...sclnon-cl,cI,,' ~;('t. and assigllPd 101. 

Obtaining Interval Graphs 

In arder ta obtain interval graphs for our ('olorers, wc take advalll,ap,c of t.hl' 1II('l.ho<l IlSl'd 
by Ning, in his thesis [Nin93]. 

In his thesis, Ning proposes a method of gellerating timc opti\ll(LI hchl'dllips fOI loups 
having 110 embedded flow of control [Nin9:3, NG!l:3]. The tim(l optima.l sch{'dlllps al'(' ah;o 

aUocated a, minimum Humber of "buffers". lIcnceforth wc sha.1\ ca.1I tllPl'W srh('dllips Ninp;'s 
schedllie. 

Fil'l>t, time optimal para,llel schedules arc created fol' softwa\'(' pipplilll'd loups. '\'1;(15(1 

schedllies are obtained using integer linear prograIllllling J\lethods and, thpil' Ilovplt.y !il'S in 
the presence of "buffers" w hich arise duc ta loop carried d('pelld(~nces. Bit fI'PI's Cil Il h(' vil'wl'd 
as telUJlora.ry storage places for values heing gPllerat('d by one it('ral.ioll of I.h(· loop. Vahll's 
in the buffet·s a.re consumed by a Ia.tel· instruction in t.he sault' 01' l'ol\owillp; il.(,l'a.l,ioll of t.hl' 
loop. The buffers together with live ranges of &ymholi<' l'egist('f's of thp cod(' arc 1'('PI'(':-'(lIII.I'(\ 

as intervals in a cyclic interval graph [NG9:J, Nill!l:3j. 

Once a schedule is generated it is colol'ed usillg the coloriug a.\/!,ol'ithllls of S('ct.ioll rI.::!. 1. 
We color Ning's schedules (which are cyclic intel'val gl'aphs) with 0111' fal('ov(ll' and J.!.1·(I(ldy 
algoritlulls. Our results can then be compared with the r('sults oht.ail)('d IIsillg t.ltl! opt.illta.1 
and the greedy colorers. 

As we shaH see in the next section, selected loops from the Liverrnor<' /'OOI>H, SPECHD 
and Whetstone were used as benchmarks. The following steps desnih(' how 1.1)(' cydk 
interval g,raphs are ge!lerated from the source code of the benchrnark IH0J.!.lfun:-, [Nin!J:J]. 

1. Since ail of the chosen 100ps are w/'itten in Fortran, they are !tand ('oclpd int.o t.ltr(!(1 
address cod!:' which closely matches assembly code. 'fmnpordrics <1.1'1' gl'nl'rat.('d w!tf'n 
lIeeded and, as in the previous experiments a schedule of only floal.iug Jloint operation" 
are created. 
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:2. Nl'xt, Pa/,d'I'a:-'I'-:L, wlJich was dpvploped al. Univen,ity of Illinois Urhana-Ch.1mpaign, 
is ,,:-.,.d 1.0 ohtaill data dI'J)('/lClcll<:e informatioll hetwcf'n pairs of in~tructions in the 
lIand cod,." 1.111'1'(' addn':-.s code. 

:1. lJsill/!, I.h(· d('pe>lIdpI/ce illfol'/Ilatioll tltu~ gathel'pd, the optimal periml of the 100J> is 
calculal"<1 ,,"d lillally Nill/!,':-. bched"le is produced. An integer Iinear programming 
II/l'l.ho<l i!', !/!',(>d 1.0 (/,('al.(' tlH' optimal schcdule. 

WI' ('Olo/' th,·!',1' p.,<'Il(·rated 1>ch(>dlll<'s. SOllle of 1.11<' interval graphs have also heen ulll'olled 
1)('1'0/,(> Iwi,,/!, c()lo/'"d. 

5.2.3 Assumptions Made 

W(' Illak(> th(' !'ollowill/!, <lbStllllptions about the target machine: 

1. W<' <lSSI//l11' I.h(' PJ'('S{'IlC(' of a multiple instruction issue (VLIW) machine which has 
Illllltipll' ;111<1('/:-., IlIl1ltiplÏ<'l's, dividel's, copy units, load units and, store units. 

:2. Thf' 1'1I1lct.iollal IIllits al'e assulIled 1.0 he pipelined. 

:l. The> l'ollowi II/!, 0IH'/'al jOli latpncips al'e used when generating a rate optimal schedule: 

(a. ) Add J (',Yele 

(Il ) SlIhl/'ac1. [ ('y cil, 

(c) l'vlul1 i ply :2 cyelps 

(II ) Di viti" [ï ('yclp!', 

(p) NI'p.,al (' [ ('y el (' 

( f) Load 2 cyc!ps 

()!, ) SI 0)'(' [ cyde 

5.2.4 Results Of Standalone Colorers 

Tabl" :).5Iist:-; 1 hl' IH'lIchlllarks which havl' been used to test the different coloring algorithms. 
W" ha\'(' ('a 1'('('11 il~' c110SPIl pPl'l'pd loop segments having loop-carried dependences. Our 
mlO1'('I' is !!,pal'('t! ln handle cydic iutel'vals, and the presence of loop-carried dependences 
('l'{'at(· sl/ch ('~'c1ic int(,l'vals. Sa, this is an important criteria that guided our chaice of 
lH'ndllllal'(.. prop.,ratll~. Ali of tht' l'hascu loaps wcre software pipclined. 

SIH'cifkally, t h(' I(>ops of tht, bcnl'hmarks tested are: 
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1. Lillpack : The ddnt fUllctiOIl l'rom thl' lillpack hl'Ilchlllilrk ha~ IlP!'ll 1~()latt'd. Thi~ 

fUllctioll fOl'lll~ the dol plodllct ofl\\'o \'('('Ior~. ddot 1 b Iht' 1'0 Il t'II \'t'I~iull of 1111' Innp • 
.vheJ('a~ ddo\. 1 has bl'(>11 ull\"Oll(>d 1'0111' lillll'~ aftN ~oft\\'a\'l' piPl'lillill)!,. 

2. The IH'xt few lwntlllllarks ha\'(' 1>1..'('11 takell l'roll\ t IH' SP\t:CS!} 1H'lIrlllllal k~. 

(a) Dodue: ThrPllloops ha\'(' 1)('(>11 t<lkell rl'om tll(' (IPl>iruJ. Loupl i~ DO :WllIIIIIJl. 
loop::! the DO ·100 loop and loo»:! i!'l 1 hl' DO ·1.10 loop. 

(1)) FPPPP : Olle loop has bel'Il ('hosPII l'rom t hl' filp fllll)!,(,II.r. 'l'lit' loop l)(Igill~ .I~ 

DO l80. 

(c) Spice: Sev('lIloops haw I>C('II chosl'II fl'omlhi!'i 1)('II{'hlllal'k pro)!,I'.Il11. I.II0pi i~ 

1'1 o III the file vOU alld is tl\(' DO :WO 100(>; 100p2 b abu l'ru Il 1 vO!.f and i~ Ih .. 
DO ::!05 loop. Loop:J and ,\ arp from vO(j.f <Illd I.hpy j)l')!,ill a~ no ~ lU, and no 
ï(j:J l'l'sp('ctively. Loop::; 5, tl, alld 10, ar(' frolll vOï.l' alld ;\1"1' Ill(' DO :W, DO 10 
and, DO 50 loops respectively. None of Ihp!'i(' I(mps havI' 1)1'('11 Il Il l'ollf'd. 

3. Liverlllore LOOpR : Three 100p8, loopb fiw, ('I<,vell and, t.wPIl\.y \.hIP(, havI' I>l'I'II t il 1.('11 
from the Iivermore loops. Loop 5 (IivIUH) has I>('l'U 111\1'011('<1 t.III'('(> 1iIl\PS, hllt. 1'011 .. <1 
versiollfl of the ot.he\' two loops (Iiv Il and Iiv2:n arp IIhpd. 

,1. Hall: This loop lVas IIspd as a workiuA cxamplp in a pap{\(" hy Hall [HLTS!l2]. /\ 
rolleJ \'t'J'sion (ra t._I) and, a four times IInl'ollpd vl'I'sion VNsioll (l'aIL·I) of \.111' loop is 
used. 

5. Whetst.ollc : Ail the loops are taken frolll th<, wIH·t.sl.ollpJ nlp. Luop 1 1H'~ills as DO 
18, while loop2 beg,ins as DO 88 in the file. 

n. Fil'aLly, the grap hs cycIe.L 1 and rycl("L2 havl' Iwell cookpd Il Il hy Ni II~. 

Coloring Ning's schedules : 

Tbe benchmarks in Table 1i.5 are coloree! usinA t.he fa1.rovN, )!,r(,l'dy a/ld titI' IIpl.llllal 
colorill)!, algorithms. Below wc make iL f(·w ohsP/'val.io/lh a.holl\. 1./11 ' /'l'hllll.;; Wl' Ohl.flill . 

• \V(> notice t.hat the fatcovel' al/!,orithm )ll'l"forms ah W(III as tlll' optimal rollll'I'/' ou 
a Il the loops except on the fifth livermol'e 100:> (Iiv5_G 1 in t.h(1 t.,l 1>1(1) a /Id IlIlIp~ 

of the whetstone beuchmark. It deviat.<,s from t.h<' optimal /l1I1II1)(lr of l'f'/!,il>tp l's 
ill only two ('ahes, and ou the aVf1rag<' requireh 10% JlIOI'f1 /'(II!;Îhtl"h . 

• The heurist.ics used in choosing a fatcove\' for a ('ydic i/ltcl'val 1)1'1 l'Of/III> J(LtllI'\' 

weil, as wc are able ta color the graphs optimally ill 1II0St. nlfi('h l'VPII wh<'/I t.lw/'(· 
are more thau one cyclic intel vals ill the graph. Hl'call that 1.11(1 11f'III'iht.ic IIhfld 
to choohe a fatcov('l' for a cyclic interval f<lvor int(lJ'vab with l'arlil'I !-Ital't. t.illlflh 
and thobe whirh are live tl\(' longest. 



Fatcovcr Optimal Our Greedy Max # Of 
( :olorer COIOl'('1 Colore!' Width Cye lnts 

Linpack 
ddotl 7 7 

..., 
7 7 1 

c1doVl 7 7 JO 7 7 

Doduc(SPEC89) 
1001' 1 7 7 '" 7 :3 1 -
loop2 ·1 ~ 1\ 4 2 

-
loop;~ 1\ 1\ tl 1\ 2 

~1~~O:-)IP~)I-p-P~(S-'P-E-'C-'-89~)~I~---~:J~I----~3~1--------341----2~1 --- J 
Spice(SPEC89) 
loop 1 4 3 3 
100(>2 15 15 15 15 ]5 

2 2 3 2 2 
9 

3 
!) 9 

2 
9 9 

2 
1001'1 

----------~-------+------_r-----
loo!>;, 2 2 

8 
3 

8 
3 

8 
3 

loopH 8 8 -----------+-------r------+-------
loo!> 1 0 ;J:3 

Livermore 
li vII -----t----=-5 +------=5~-----:5~----:5:-+---~4:-i 

liv2:J 12 12 12 12 5 
1 i v;' _() 1 1\:3 4:3 3 

Rau 
nUL 1 19 19 19 
nUL- t 19 19 19 19 

11001 )2 fil 5 1 6 1 5 1 5 1 
Ning 
cycle LI 1 1 1 1 1 
cycld-2 2 2 3 2 2 

Tahle 5.;): NIIIllI)('!' or HegistP!'H Hequired 1'0 Color Time Optimal Schedules 
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III Section 3.::!.·1 we w('r(' COIH'C'l'lIPt! about 1 Ill' Huhopt Ïlllai pl'rfll l' III a 11('(1 of 1 I\(I 
fatcover algurithm in t hl' preSl'Hep of 1 wo or mon' ('V( lie illll'l'Vélis. 'l'hl' fat (,{n't'I' 

alg,orithm may l'hoose illlel'vab fol' Olll' fat ('()\,pr which lIla)' hlock t h(l alp,ol'it hlll 
from ùiscovering, a fatl'OVl'1' for anol hl'!' eyelie illtNval of 1 II<' /-',raph. Th(1 1'01I(1(·t iOll 
of l'cal world loops that we han' I<,slpd ail hav<, ~(lvl'ral (',Velie int(lrvals and, t h(1 
fatcovl'r colol'(I(' 1)(I1'I'OI'IIIS V('J'y Wl'Il 011 t 1\{11ll. Thl'rt' an' fpw and, <1 101 of 1 inu's 
Just one, plau!>ible fal('ovl'l'h fol' Ihl' e,Velie illtl'I'vals of t.J\(1 )!,mph. 

• The grcedy colorer is far IPss pow(11'1'1I1 tha Il t h<, fat('ovC'1' al/-',ol'it. h III. Thp !!,J'(I(ldy 
colorer rt'quil'es more l'<,/?,btel s than 1 h(1 optimal l'(10)'(11' fOI' '17% of ail 1 ht' 
bcnchmarks. In contrast, thC' fatcov<,r pl'l'lol'lIIs worst' t.han t II<' opt.illlai ('0101'(')' 
in only 9% of the loops. This l'XIH'riIllPIlt. (,l'I'tainly favors I.h .. fal.('o\'(l1' al!!,oril hlll 
to the gl'eedy. 

• The loo{>s which wc have teht.ed tl'ud 10 l'<,<[uin' il hlllall 11111111)(11', t.,vpirally '2 10 
:20 l'egistel's ta be colol'ed. 

Coloring several sched ules : 
In this experiment some of the applications IIs(ld ahovp WPJ'(I ta k(lll a 11<1 HPVl'l'a 1 (a t. 
most 100) schedules were creatcd using an (lxhallstiv(' sparch 11I('('hallislll [AUGH;']. 
AU the schedules thus generated were colol'ed Il hi Il!!, t11<' fat.covl'l', opt.illlal, 1!,J'(I(ldy'2 
and, our g,reedy a!gorithms. 

Table 5.6 details the benchmarks studied and the nlllll!H'1' of scll<'dllll's tha.1. W<'i'l' 
colOl'ed pel' benchmark. Abbreviated ni1meh of the heuchlllarks arp writ,t,pn within 
parenthesis and arc IIsed in the plots of Fip,s. 5.1 and :).2. 

We present the average performance of each colol'(,1' ov(')' ail tlrl' sc!lpdlll(ls of an 
application in Figs. 5.1 and 5.2 and note the followin/?, : 

• Of the eleven applications, the fatcovcr perforrned worHP thall thp optimal wlol'N 
in 18% of ail the benchmarh whereas tlle our hCllriHtÏ<' p,rcp<ly ('0101'(1[' 1)(11'1'01'111<'<1 
worse than the optimal colmer in 55% of th(1 ('<1.:-'(1:-'. 0111' ~1'(I(I<ly al/?,orit.hlll 
appears to he far weaker than the fatcovel' algorithm. 

• Ou the other hand, it is interesting ta note tlrat the p,r(I('dy2 t(IChlliqlW is IIII1C!r 
1II0re aggressi ve and performs optilllally in aU thl' Cabl's! FI'OIlI Fip,s. Ii.1 il 1)(1 :,.2 
wc see that ollr glCedy algorithlll p<,rforms WOI'SC t.han tlrl' /?,1'('('<Iy2 al~orithlll 
on ddotl of Lillpack, as weil as loops 2, :J <111<1 !j or th(! Spi('(1 1)(IlIchlllal'k. Tlrl'HP 
henchmarks hav(l 7, 2, :2 and lr, cydir illtNvals in th(1 illl.l'l'val1!,l'aphs. Shiftill~ 
the cyclic intNval graphs, ét!'> if> donc hy the ~W'(ldy2 :d/?,OI'it!rlll, 1.0 ''l'du('(l tll(' 

nllmber of cyclic illtervals rnay contribute to il.s beHer p(I,fOrlllfln('(I. lIaviJl~ 

fewer cyclic intervals causes the algorithlll 1.0 IIhe fpw(lJ' J'('gbtl'I's to ('0101' t.lrl' 
graph. 

• Now, wc fOClIS on the benduual'ks where the fatcovcr and 0111' gr<·('dy al~(Jl'i t111111, 
have performcd worse than the optimal colon!r. Table .').~ bhowf> tha.t. in I.lu· won." 
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Number of 
Schcdules Colored 

Linpack 
ddotl 2 
ddoVI 2 

Dod uc( SPEC89) 
loop:J( dodllc:3) 16 

1 FPPPP 
6 

2 

Spice 
loop2( spicc~) 4 
loop:J( spin':!) 2 
loop5( spicd» 3 
I()op~( spiceS) 2 

Whetstone 
100;)2 (whl.sl.o2) 12 

1 Nmg 

1 Total 

Tahle !).(): N lI111h('r Of Schcdules Colm·ed For Each Application 
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l'a~l' both II\{' fatcovel'and IIH'~rl'l'dy ,dgorilhlll~ 1'('<tllil't,,riO% 11101'(' J'('gbll'I'~ 01\ 

Ihe average 10 co 1 or' lltl' scltl'dllll's of' 100p5 and 100p:1 of 1 h(' ~pi('(' Ill'n('hlllarl, 
respectivl'Iy, This difl'<'I'<'IH'e is ('On~id('J'a hll', Il OWl' V(' l' , l'l'gis 1 ('1' allora lors do 
not pCI'f'OI'Ill opt imally in ail ('(!f;('S, so t Iwsl' nllllll)('r~ ongh 1 Ilot 10 dis 1I('.II't l'II 
liS, Illstead it 1l10tivateh liS 10 invl'slÎgal,l' thl' pl'J'fol'lllall(,l' of 0111' allorators in 
cOlllpal'isOIl lo the OIlPS uspd hy colIIlIl<'l'cÎal (' (,olllpill'l', Titis ~t udy i:. pl'l'sl'llll'd 
in sect ion 5,2.!>. 

Coloring Tomcat and the Livermore Loop 8 With Fatcover Colm'el' : 
In the final palt of this section, W0 1'('1111'11 10 t.lH' hl'nelllllark pl'()gl'.l1l1~ or SI'Ct.ÎOII r,.I', 
We had prcsented statÏf.,tÎcs on hpilling li\(' hand gPIlPI'a1.pd hr!l<'duh' fol' TOlllcal alld 
the Livcl'l\lol'C Loop 8. The Hwecp and Hplit. al)!,OI'ithm h.\\\ 1>('('11 ('olll)};II'('1I a).!,aillht. 
the spill ('Ode g,eneratcd by the MIPS, SPAHC iLlld tilt' HSGOOO lIa\,Îv(' (' l'lIl1lJlill'l'h. 
Now, wc shaH colol' these loops lIsinl!, the f'al,covN ('0101'<'1'. 

Usiug the fal-colle/' algol'ithm ail but the tlllJ'olll'l1 VPI'HiOIl of \'OIlU',l\, W('I'I' sll(,cl'~Hfull'y 
colorcd withollt IlSillg chamcleoll illtcl'v,tls as ca Il 1)(' S('('II ill Ta hl" r,. 7. Fol' 1 hl' 
unrolled tOlllcat loop, the intel'val !!,l'étph llétd il minimal colol'Îllv.; of :\11, alld olll' 

lllcthod intl'oduced ,1 chamc\con inlcrvals 1.0 makp il. :t~ ('0101'a.1>1('. 111 ail t.h(' HI ilt.\' 
of-tlw-art C rompilcrs t.hat we have stlldied (GCe, SPAHC, MIPS, alld th" US(jOOO 
C compilers) costly spills 1.0 mCl110ry would Irav(' h<'plI IIhP<! 1.0 lIIak" 1,"<' J!,l'aph :12 
colorablc. IIowevcr, in OUI' case wc 1Ie('(1<-d ollly ,1 1'l'/!,isl,pl' IllOVI'S 1)(,(,<l.IIS" th" inl.l'I'val 
gt'aph ag,ain pl'Ovidcd a natural l'l'presentation whirh allowed liS 1.0 a.void th"H(\ hpillh. 

Cyclic Mill Max ( ~oloJ's ( ~IrHIl)('I('()1I 

Int.crvals Widt,!r Width 
Rolled TOl11cat, l(j regs 0 0 ((i 1 (j () 

Rollcd TOl11cat, 32 rC'gs 0 r> 2-1 2-1 0 
U nrollcd TOl11cat, \() regs ;) 1 J(; lfi () 

U mollet! TOl11cat, 32 rcp,s 12 17 :l:! :11 T -
Rollcd Loop 8, IG l'Cp,f> 0 10 l(j \(i 0 
Rolled Loop 8, :J2 rcgs 0 Il 17 17 () 

.. 
Unrolled Loop 8, 16 regs 0 8 )() I(j 0 
U mollcd Loop 8, :J2 regs 0 22 :tl :1') 0 

Table 5.7: lutcl'val Gl'aph Statistics (artel' Spillillg). 

4 Most of tills spction has been excerptcd from [IfG A M!n] 

89 



FAT - OPT - GAEEDY2 

.!! 20.0 - HEUR·GREEDY 
:) 

118.0 
b! 
~ 16.0 

~ 
& 14.0 
() 
';, 12.0 
:a 
'0( 

10.0 

8.0 

6.0 

4.0 

2.0 

0.0 

ddoll ddol4 fpppp rau1 splce2 

Figu n' G.I: Perlonmlllcc or Colorers On Several Scheel ules - 1 

5.2.5 Results: Comparison With Commercial Compilers 

ln t.1Il' I)['('violls lil'C! iOIl W(' had 1I0ticed that in the worst case the fatcovel algorithm was 
pPrfol"lIlill).!; li Il Ilst an! ially wors(' (r(l(luil'ing, 50% more registers) than the optimal coloring 
alJ?;orithlII. III onkr 1.0 put thpse l'esults in cOlltext of the world of commercially available 
compil<'l'Ii, Wl' tl':-.Il'd t.he l)('nchmarks \Vith the native C compiler on the SPARC10 and the 
XLC colllpilP\' 011 I.!t(, HSGOOO workst.atiolls. 

Tl\(' fort.ran loups Wl'l'l' isolated t'Will the benchmarks and trallsformed by hand to closely 
\'('sl'JI1hl<' Ih\'('t' ,\(ldl'PIiS code as was desnibed in Spction 5.2.2. F2c was then used to convert 
tl\(.' fort.rall nH!l' illlo C ('0<1(.'5. This l'ode was compiled by the C compilers. The higltest 
!pV('1 of llptimizatioll w('\'(' lISl'd 01\ bot,h machines (-03 for SPARC10 and -0 for RS6000). 
AsseJl1hly rodl' was ).!,l'Ill'I"at,('d fol' each of the benclllnarks which were then scanned to check 

5 F2(' 1:-' a SO\ll'('(' 10 80Ilr('(' t.r.mslalor. It. l'Ollverts fortran programs into semantically equivalent 
{' progra IIlS 
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Figure 5.2: PerformancE' Of (:olor<'rs 011 S<,v(,J'al Sdwdlll('s - Il 

for the llumber of rcgisters llsed per iteration of thp loup. 'l'II(' 1I111111H'r of rp/!,ist.l'ls Il:,,,d 
by the commercial cam pilers ta color the "odes uf Uu'i l' ('odl' W('f'P 1.1)('11 (,Ollt pal ('d wil.h 
the llumbet· of registers used by the fatcover and the /!,1'l'edy al/!,orit IIIIIS 1.0 ('0101' Nill/!,\ 
schedule ('L'able .5.5). We bhollid point out that the schedlllp /!,l'lIpratl'd alld ('olorl'd by t.h/' 
commercial cOlllpilers Illay very likely diffN !roltl Nillg's "c!H'dlllp whic!1 Ïb (fllol'!'d by th/' 
fatcover, grt'edy and the optimal colori"g algoritllllls. lIowev(~r, WP "tilJ llIakp a (,olllparÎsoli 
betwecn tilt' pcrforméLllCP uf the cUlIlllleJ'fial cUllIpilers and, and Nillg'" Sdll'dlllill/!, ,LIId 0111' 

coloring algorithms ta gauge if exÏbting commercial cOlJJpilers could pot.l'lIt.ially 1H'III'!it by 
exploitillg Olt r methods on iIlncrmobt loops. 

We COllbiùered thc number of floatinp; point registers Ilbcd hy th!' 1001' hody ollly. !lItf'W'1 
operations like the OIH'S llsccl ta set np the 100p hody W('II' igllornd. Whl'Il uhill/!, t.h- lIat.ivl' 
CC compiler on the SPARC, we notic('d that. tlH' 100 pb are alltolllat.irally Illlrolll'd. Tu makI' 
the comparisoll fair, wC' report thc lIurnl)('r of Il'/!,ihtel'f> Uf>Crj pl'r itelHtioll of th.· 1001'. !l!'call 
that the sc!l('d ulc colored by t.he optnnal, fatcowl' étf> wpll as tlH' ~r(,pdy eolol'I'fb "aV(' 1)('1'11 
software pipelincd. 
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Fatcovel' Our Grc('dy 
Linpack 
ddot~ o IX) :lG% 

f FI' PPIP(('p )I-l---(--:-. ~o/..,.---f-I---(j.~I.,....,-tl('/(1 Il 
1 oop ppp -1 J.I 10 I( 

Spice 
lo()p~( spÎ('('~) 0% 1.9% 
loop:l(spÎc(';J) 0% ;)0% 
Ic)()p!)( spÎc(';)) !>O% 15% 

Tahl .. !>.X: J\ wrag,(' PC'l'cc'lItag<' Mon' HcgisLcl's I1cquil'cd Than Optimal 

Frolll Fip,. Ti:l :-'11 III III il 1 il.l'H 1 hc' cOllll'arativp re5ults of the difl'erent commercial compilers 
with 0111':-'. Fl'olll 1 hi:-. li!-!,lll(, WP lIoti('(' thp following : 

1. Th!' SPA H( '.( '(; cOlllpik'l H'quil'es more reg,istprs than the optimal nurnbcl' in four 
0111. 01 t.h!' li,,!' 1I('II('hlllal'l\8. Morp registers wprp required in Lillp<lck's dodue 100[> 

(ddol. in Fip,. :).:1), 1 hl' livPl'lllorc 10 op 5 (liv5), <,lld the first and the fifth loops from 
spin' (spin'I illld spirpfi). As th<, loop bodies have been automatically unro\led hy the 
Clllllpil<'l' t.h(' i'lÎzt' of t.1](' loop hody inclcascs, and titis leads 1,0 an increased register 
pr('H:-'UI'(' a:-. wl'll. Thif, l'Il'pcl. is aggravatl'd in Livel'll1ore Loop5 (liv5) where it is most 
a ppa 1'('11 t. 'l'hl' ('Odl' !-!,t'IlPI,II,('d by SPA He CC l'equires 1.5 times as many registers as 
t.hl' nptilll.d 

~. 011 t.1lt' ni hN halld, ('od(' !-!,(,lll'r.\,ll'd by t.he XLC compiler tends ta require fewer 
l'p/1,isIN:-. 1 hall 1 lit' optilllai Il Il lllbl'I'. Whilp s(,udying the asselllbly code generated by 
X Le W(' 1I',t1i/,pd t. ha t loop ca nit,cI dl'pendcnces arc not being l'f'cognized sa it is not 
ta 1\p1I ad \'.IIIt.\!-!,P of. llls! {'ad of ha\'iug eyclic intervals, shorter nOll cyclic intervals 
!'xist as liv!' 1'.1I1p,l'R an' Ilot kt'pt live from Olle itl'ratioll ta a successive one. This 
l'PdlU'C'H Ihl' C'oll:-.tl'aintk .\lu\ the lep,istel' pressure in the graph. Heuce the code 
/1,('II('\'al(><I f'(,tjllin'i'l f(,wl'\' t'('gisters. Upou fllrther investigatioIl, we realized that in 
t.h!' pro('(':-.:; of ('on\,('\'t.ill)!; tlll' fortan benchlllarks iuto C with f~L several temporaIies 
vadablPH tII'(' ('l'C'at,(·d. Thl'sl' variables contrilJutl' 1.0 the degraded output of the XLC 
('()lI\pi!('I' [.\II!);J]. If t.hl' fort l'an lWllchlllarks \Vere hall<1 coded iuto C code then the 
('011\ pa ri:-'Oll I\la~' ha \'(' rhallpllged 1 he cOlllmercial ('am pilers better. As f2(' skews the 
r(':-.nll i'l obi .1Î1ll'd loI' t hl' XL(' ('ompilt'\', we can Ilot makl' ally conclusive l'l'marks about 
il 's Ill'I'foI' Il 1.1 Il Cl'. 

:l. 111 (,Olllp.\I iM11I 10 t hl' 1I11111!wr of l'l'gisters l'cquired by the above two compilers, the 
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Figure ;).:J: COlllpHl"illg With XLC alld CC ('olll\>lh'rs 

("atw\'t'I" alg,orithlll (IPviatl's t IIp Ipar-.I. ("rom tllp opt.illlai colol ('1. 'l'lib alf.!,orit.hlll 1:-. 

pO\\'t'rflll ror loop f>trllctll("('b. 

,1. Ollr f!,lepdy alf!,ol"ithlll still <lplH'arf> 1,0 (ll'l"rorllll.hp WOIr-.1. ill ("()l1lptllisOIl 1,0 tlt" 1 1'"1"11'1"1 ial 
C011l pilers . 

. 5. From ,'}C a bov(' 0 bSl'l"vat.ioflf>, \VI' conjl'( t III (' t hat ("01111111'11 i.1I ("0111 pi II'I f> WIII/ Id IIIOf> 1. 

likl'Iv Il,·lIent Gy at leabt illcol"pol,Ltinf!, Nillf!,\ :-,( l!I'dl/lill)!, t('cJlltiqlJ('~' fOI 111111'1 IlIlIp 
bot! il':-'. III addition, !"rolll S('ctioll 0.1, WI' lIutin' t ha t. 0111 1. \Vo r-.t 1'1' ,dloca t.ioll IlIl't hoc! 
cali 1)(' usdlll in rt'du( inf.!, r-.pill codl' ,lIld, titi., ((Il/Id 1)/, of illt('J"('~1, tll 1111111111'11 i.t1 
co III l'der \Vriterr-. <If> \Vpll. 

5.3 Summary Of Main Points 

Defore condudill)!; this (h'I(>I.PI \Vp hif.!,hlif.!,ht f>O Il Il' (Jf t Itp lIlaill poillt h of 01/1 l'XIH'f illll'lIt.,. 



J. The :'W(>PjI aile! :.plit, hJlillillp, algorithm works weIl on loops which have high register 
(lJ'I'hSIIJ'1' lik!' IOlllcat. II, p,PIlNateh iL small Humber of spill store and load operations 
i/l rom paJ'i~oll 1.0 t1mt p,e/ll'mt(·d by commercial compilers. Spill store instructions are 
Iphhl'lIpd Il.\' ;qlpIOxill1;ltply 00% while hpill load illstructiolls are lessened by 37% 1,0 
!)(j% fol' tllI' 1 \Vil teht. pI'Op,l'alllh. 

~. 'l'hl' fatl'OvPI' !'olol'illp; algorith nt is ahle to col or loops with loop carricd dependences 
Vl'ry w(·11. Il gI'JlNéÜ(lS optimal to near-optimal results in most bencllluarks which 
havI' hl'I'II 1 pst.l'd. 

A lIIougst 1.1)(· I):j /')ched Illes of the seven benclunarks tested (Tables 5.6 and 5.8) it 
J'equin'c1 1)0 (X, lIIore J'egisI.PJ's titan the optimal in only one case (100p3 of spi ce ). On the 
aVPI'agl' titI' ratmvcJ' deviatcd hy f>.2% from the optimal number of registers required. 

:J. U Il fort u lia l.I.J.y, tll<' p,J'(lcdy colol'Ïng algol'ithm peJ'forms worse than the fatcover algorithm. 

III thp wOl'hl (',lM', t.hp dl'viaJlce is 50% amongst ",Il the 53 schedules of Table 5.6. 
This is 110 WOI'i'>P titan the worst performance of the fatcover algorithm. IIowever, the 
maill Il Hft· J'P Il Ct' li(lS in thl' é\'v(l['age deviance from the optimal number of registers. 
'l'hl' aVNap,l' dl'viancp is 10% and this is about twice that observed by the fatcover 
alp,o";tltm. 

1. Productioll (olllpilers arp sOlllctimes unable to rLcognize loop carried dependences in 
SOIlJ(' 100Jlh whirh hav(I heen ('Qnverted by f2c. This greatly hinders the performance 
of th<, ('0111 pil<,r élnd thpy are IIl1abie to exploit the fact that instruction scheduling 
(,01l(>1<,t! \Vil h ID01> 1I111'01ling, can lead 1.0 values being retained over a period of time. 
This avoids t hl' IIl·pd tn collst.antly load and store variables in between iterations. 

Althollp,h t.h!' vprsÎolI of X LC liser! by us gl'nerates ('ode that requi)'(~s [ewer registers, 
iL dopsn 't. a l'l'pa r to (Il'rl'orlll dependence analysis on the f2c cOllverted benchmarks 
that. W(' have' ('xperilJl('lIt('d with. ln contrast, the SPAUC CC performs automatic 
1001' IInr()lIill~ and t.ltis inCl'l'dheS the size of t.he loop body and henre the register 
prI'SSlIn·. 0111' approilch of lISillg softwale pipelined and unrolled loops works weIl 
with t Ill' fa ft ()\'('J' alg,orithm. 
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Chapter 6 

Extensions And Enhancernents To 
Our Allocation Scherne 

In this cha pt.el', we shaH address two important issues . 

• In Sections 6.1 and 6.2 we describe extensions of OUI' l'('gistel' alloca.tion S('h(lIlH' 
to handle a larger class of loops, th0se which lnc\ude C'lIlbcdd('d stl'1ldul'Ps, and ft 

restrictcd set of other program constructs iuto consideration . 

• SillCC our allocation scheme is best applicable for lIumcl'icallH'IIChllll1l'ks, whkh t.ypirally 
cOlltain a lot of vectors withill loop structures, wC' addl'(,ss the issuc of halldlinp, th"sp 
sllbscripted variables. This i8 discussed ill Spction (La. 

6.1 A Hierarchical Coloring Approach For Other 
Constructs 

So far in this thesis, innermost loops whirh have 110 cm bedcled ('onstructh h,lVP 1)('('11 rOllsidf'l'"d 
for registcl' allocation ulldel' our cyclic interval ~raJlh sch(,II\(!. Nil /lH'ric:dly in t"lIsiw' l',,al 
world benchlllilrks tend to have a very high llulIllwr of pl'frect illlH'rllloht loops [Illlma]. 
Huff studif'd DO 100ps ln th(' Lawrence Li VerlllOl'e, S P ECHU Fort! ail alld t."" P"rfi·( t, CI Il " 
benchmal'h. Of the 1525100ps that llü studicd, ~:j% of them "ad 1001' (al'ril'd dpfJ/'III!('IH Ph 

and no conditiollals, while ïD% of thcm had IIcithf!r loop farlipd clI'JlPlldpJI('('s IHI/ <Lily 
cOllditionals. lloth these kinù& of loops are clasbified af> pel f('ct IOOpb hy lib alld IIlLV(' 1)('('11 
the focus of our study. llowcvcr, always assuming the presclI(,(~ of 1)('lf('ct 1001':-' lIIay Ihllit 



the l'ractical appli('ahility of our approach. Hence, it is imperative to develop a model that 
ad(l(luaU'ly halldll's a larger c1ahs of loops and evelltually otlwr program constructs. 

'l'he loops that \VI' wOllld like 1,0 concentrate on for the moment are those that have 
ellll)(·c1d(·d loops, alld Illulti-way branches like cOllditionals. 

w(~ <'lIlploy il boUom-up approach whell tackling complex (or hierarchical) program 
mnstl'lIctl;. 'l'III' b;lf>ic asslIllIption is that we are dealing with strudured programs. This 
assurn ption, of COli 1 hl" c1isallows th<, presence of unstructured control flow, Iike goto statements. 
Unstruct.ul'pd pI'O).!,J'aIllS lIlay he transformed into structured code [EH93]. From now on, 
tlw tNIIl "Pl'O/!,I'H.III" is synonymollsly used \Vith "structured programs". 

Complex ('(JIIRl 1'1Iets are handl<,d ill the following manner : 

• Firht, the htr Uc1.lII'C is hl'Okl':'l1 iuto smaller hierarchical blocks. This process is described 
in Sü<'1.iollh (i.!. L élnd G.1.2. 

• The hiprfllThieal hlocks are then colored in an inside-out fashion as described m 
Section G. J.:L 

The hieJ'étrrhiral graphs coulel be represented as cyclic interval graphs or as circulaI' arc 
gmphs as olltlillPd by Fig. 1.14 of Section 1.6. In this chapter, we demonstrate how to 
rl'present hiNal'chiral ).!,l'aphs as cyclic illterval graphs. 

6.1.1 Creating Hierarchical Intervai Graphs 

TI\(' lirst thillp, ln do i:-; t.o break complex program constructs, like multi-way branches, and 
loops whirh I\(,~t. ('Ullditionals or otller loops, into simpler more manageable blocks. These 
blol'ks an' tht'II t:lddpd one at a nille. DIocks may contain embedded blocks which are 
silllpler in fo>1. t·u 1'1 Il 1'('. 

Th rougit ('xa III l' (l'I'> wc show how snch a. hierarchy of interva\ graphs are formed. Appendix B 
outIiIH.'H t he pl'Or('~~ hy whkh the intervals graphs are created from code segments. Here we 
shall nl<'l'l'ly show 111<' linal hil'rarchical interval graphs of sorne code segments. For the sake 
of simplkity, 1('1. IIh aShUllle that l'adl statement is executed in unit time cycle. We consider 
the followinp, ras(':, : 

• Embl'ddpd LI/ops : 
Fig. G.I(I» Jll'Ovides tl\(' assell1bly code for the piece of code with embedded loops 
of Fig. (LI(.I). Using the method given in Appendix B we construct the hierarchical 
intl'rval p;raph shown in Fig. 6.1(c). The hierarchical graph reprpsentation is very 
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intuitive and follows the same structure as thc ncsting, lcvt'\ of tIlt' pro!!,rillll. TIlt' t wu 
main blocks that wc are concerned about are JJ3 - the inllN j loop blo(·1-. alld. 112 
which is the outer i loop. Just as the j loo!> is "Illbcddcd in t.1H' i loop in th" cotit' 
shown in Fig. 6.1(a), the basic block 113 is cnclospd by U\(\ hlock HI. 

• Nested Branch Structures: 
Now, we consider the case of nested ronditionalH. Fig,. (i.~( b) shows t 1\(\ intl'l'val /!,l'aph 
of the code in Fig. G.2(a). This time we do not botlwr with 1.11(' asst'lIlhly ('Od(' as 
it illtroduces more blocks than the olles which illt,PI'('st liS. Fol' th(' sakI' or dêlrit.y, 
we omit these superfluous blocks. In this case, wudit,ional (,'2 is ('1II1ll'ddpcl ill !.II<' 
conditional Cl. C2 is an if-then-clse construct, and the if blocl-. 112 is at. t.llt' s<l.nl(' 
ncsting level as the else block n'l. This nesting Icvcl is refl<,ct .. d in tlll' int.Prval !!,raph 
as weIl. 

6.1.2 Creating Hierarchical Cyclic Interval Graphs 

Now, that we have seen how to create simple hierarchical structures, w(' will add a. sli!!,ht. 
twist. Wh en possible, wc are interested in creatillg eyclie hicrarchical intCl'val /!,l'apIH';. (~.vdir 

graphs take certain constraints iuto account. If a variable is sharcd hy two sihlin/!, hlo('ks 
and it is live at the point of entry and/or exit of tl1(>l>e sibling blo('ks t.hPII thl' hlocks ('ail 
be manipulated so that the sharcd variable can be treated as a cydic interval spanllifl/!, !.Ill' 
two blocks. This section describes exactly how and U1lller what situat.ions hlo('ks ('ail 1)(' 
manipulatcd to become cyclic intcrval graphs. Lastly, as desnihed in Section (i.I.:!, 1'<'/!,ist.C'r 
allocation is perfonlled from the innermost ta the outeJ'llIost hlo('k. 

We illustrate this idea by building on the cxalllpl(,1> of IIcst.l'd loops and swit.('h st.a.t.('IIIPIlt.S 
shown in Figs. 6.1 and 6.2 respcctively. Wc fil! in the hodips of th!' ha11Ï<' hlo('h 1.0 ('I"pat.l' 
situations which can lead to cyclic interval graphs ill thp hi(lral'l'hÎl'al stru('tuJ'P. III t.Il1' 
previous section, we had convel'tcd the exalllples to asselllhly ('ode to ohtaill tlll' hasic 
blocks. From here 011, wc may uot show the aSl>cmbly ('odp for ail (lxalllpl(~1> and, lIIay t.('lId 
to ignore some of the standard blocks which check for the loop t.crlllilmtion ('ollllitio/ll,. 

Nested Loops : 
Fig. 6.3 shows a loop structure where the variable a is first horll in inst.I'Il('t.ioll 2 ill 
the outer fol' loo}>. It is then used and redpfined repeatedly in inst.ructioll -1 withill 
the inner for loop. As this variables' life (:xlends belween zlcmtùms, w(' capt,",(, t.his 
information by wrappiug the interval for a al'Oulld the iUllcr [01' j hlo('k. ~illlil<lrly, 

the life of the loo]J counler variables, i and j, arc livc bül.w(l('fl suc('(1hsiv(' iteral.iolll; of 
the loop and are converted 1.0 cyclic intervals. 

Switches: 
Next, we look at a simple branch statelllent. III brandi htatmlwntb, (·olll>l.railll.s ('all 
be cl'cated in till'ee ways. 
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r-----------

Constrnint from Butry Point: 
From Fi/!,. G.II(a, h) wc hee variable a beillg born in instruction O. Depending on 
t!JP now of cOlltrol iL is n'lUI in instruction 2, in either the if or the else part of 
tJw hralldl. /\S thi!, variable is defincd olltside of the brandI blocks and is shared 
hy thl' if- hlock <llId the elsp-block from their ]Joi1!t of entry, CL has to be assigned 
1,0 t/w ~"Ille J('gistpr in bot h the blocks. In order to maintain consistency and 
(,01'1'1'('1, pl'O/!,I'.I111 sPlllantich, thp IP/!,ister containing a in instruction step 1 should 
1)(' lIladp visi hll' 1.0 b01 Il thp paths of execli tion (Fig. 6.4 (b)). This com:traint 
Célll 1)(' vl'ry lI<1tlllally captlll'ed by rotatinp, the eb<, block by a-180° so that the 
ill t<'1 val of ;( Iw(,ollH's cl cyclic interval spanninp, the combined block formed by 
1,11<' if alld thl' ('h,p hlocks (Fig. GA(c)). Notice that the intervals in the rotated 

hlocks havI' ulld('J'p,olle lefl('ction. The cyclic intcrval forces CL to be in the same 
1'('g,ist,!,J' in ho1.ll hlo( ks. 

Constrnint from Exit Point : 
ln Fip,. (j)'), we scp that the sibling blocks of the conditional statement share a 
variabl!' .II, it's U'lt poznt. That is, a variable, like b, may be born withill either 
thp if (JI' t h(' clse-block alld then lIsed olltside the branch. lJ must be assigned 
to tht' ~a 11\(' 1{'1-',istpJ' ill hot:1 paths of pxeclItion to maintain consistency in the 

pI'01-',ralll. Titis rOllstraint cali again be captured by a rotation of the else-block 
and tlr,," by joillill1-', tlte illtplval betwcclI the two sibling blocks (Fig. 6.5(c)). 
Noticl' liraI thp inl.pl v.Il fOllllcd by the variable b extends between the if-black 

a.nd tllP plsl'- blork. SlIch ail illtcrval which extends between two bloch is named 
tlt(· fllSill~ illte·l'val. 
1 Il t.h!' IIpX t t-.t <'P whell rq;ister allocation is perfonned, one register is allocated 
1.0 th!' illlel'val for h, thus taking this cOllstraint iuto acrount. 

Constraillt from both Entry and Exit Points : 
Finally, in Fip,. (i.(j(a, b), Wl' sel' ,i, combination of the above two situations. a 
is h01'1I (J1It.~id(· the ('()lIditional and is Hsed ill one of either sides of the branch, 
whl'l'l'a~ !J is hOlIl, in illhtrllction 2, in bath sides of the urallch, and is used 
oubidp 1Ir(' condil.iollal. In this situation, cOllsisteucy has to be maintained 
hplw('plI {)(Jlft /11(' (lt/I'!! al/cl ('J'lf ]JOlilts of the two sibling blocks and the parent 

block. 011('<' <11-',ain, thehP constraints é1re retained and taken care of by rotation 
or I.hl' pb(' hlork a1-> showlI (Fig. G.G(c)). 'l'he constraint d.t the eutry point is 
pn'hPI'\'('<! 1 hroll~h the cyclic illterval that wraps around, while the cOllstraint 
at. the p;..it poillt is preserved through the fusing interval that extends to bath 
hlocks. 

ln eSS<'lICe, ('0111->1 rainb are t.akC'n care of by rotating and merging sibling blacks to form one 
single unit. \VI' shall call surit units [used blacks. 

Noti('(\ tItat in ail or our exalUples wc consider only intervals created by scalar variables 
é\S randidatps for ryrlicity. III Section 6.3, wc shaH deal with subscripted variables at some 
lpngtlt. W<, ohS('I'\'P t hat ollly tltosc scala!' varia bles 
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• whosc life extcllds bctwccn iterations of loops 

can be candidates for cyclic intcrvals and ean thus give risp to cyrlic int('J'\'al gl'i\plts. 

6.1.3 Spilling And Coloring Hierarchical Cyclic Interval Graphs 
(HCIG) 

Once the hiel'al'chical cyclic interval graphs have b('en (·l'pa.ted, 

• the f>flilling phase is invoked. 

The spiller works on each block as {kscribed befol'e ill (~hapt.('r -1. Ilo\y('VPI, t111' 
question that arises is 

- Itow ùo we calculate the wid th (or the thickllCSS) of hi<'l'arcltical graplts. 

The answer ta tItis question can be obtained by eonsiùpring two ri\s('s. 'l'hl' wid th is 
ùetermineù by workillg from the inncrmost black outwanl!,. 

- Fig. 6.7(a): First, we shaH ùeal with l1estcd stl'urtllf'('S tltat do Ilot (,1ll1H'd sihlillg 
gl'aphs. In these cases, wc pay special af.t('nt.ioll to tll<' tilllPs al, whidl 011(' hlc)('k 
ovedaps with an enclosing black. It Îh at thps(' tillws that the' width of thc' Ollt{'1' 
pa.rent black is determineù by éuldillg the width of tlt<' IHLI'{'n1. hlork with that 
of the inner child hlock, 

In our threc level deep nesteù hiemrchical graph slrllcluJ'{' (Fig. (;,7(a)), wc' liul! 
lltat the width of the innerrnost (that is pan'lltl) black, is dl al\d ri:.! al tilll('s 
land 2. We move onto the outer parent:.! blork. At tilll<" 0 t.!1<' width of th{' 
interval graph is d.l If, for jllSt a llloment wc ignore tltC' P/'('f',PI\C(' of titI' hlo('k 
prlrentl thcn the width of parcnt2 at time l is (M, Siu{'(' w(' 1Il1lKt 1.hokc' thl' illl1('J' 
black into consideration thE' width at time 1 changes 1,0 (J.I + (Il). A si llIilél l' 

situation is 8('cn ta occur again at time 2 élnd tlt(,1\ at tilllC's O. , .:1 ('CH' thC' fUlI'f'III,:J 
block. Wc continue fillding the width of t.he hlocks in('J'('lllC'l\tally whil/' Jl10Villl!, 
l'Iom the inner to the outer lay<'r. IUIIN loops havillg ft Hlllall('J' wiclt.h ('('c'pivI' 
<1 high priority to be allocated and rctailled in rC'gist.('J's whilc' intNvals in tltc' 
outer blacks have a higlter chance of getting spi))('d, 

- Fig. 6. 7( b) : It is very likely t hat. we will encollut.cr pa('('nt blor'k·. thaL IIl'st 
children blacks. Note tltat the childrcn blocks ill this ('Xéllllp)C' ovc'r1ap with PéLfh 
oUler, that ib, eith('1' sibling 1 or sibling 2 iH execlltcd. This kind of an iut(lJ'val 
graph can arise from code bhown in Fig. (j.2. 

What is the relatiollship bet ween the width of the bihling hlocks and t.hC' C'lw)oHing 
parent black'! At cach time of overlap between tlte pan'nt and tlU! dlildrC'n blcH'k, 
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1 hl' maximulll width of aL! the childn'II at (hat t iml' is ,ulded to t Iw witlt h 01 t IH' 
p,ll'ent black ta obtain the l'esultallt width of t hl' P,W'1I1 hlock, 

III OUI' example, we filld tl\(' width of tlw siblillgl and ~i!Jlillg:? hlucks lil'st. TlwH 
Wl' 1ll0Vt' alita tht, outer p<ln'lItl:? black. At timl' 0 t!w width is (/.'i ,IIHI if \VI' 

i).!,note t!le presence of the embed(bl childn'll hlockt; IIH'Il thl' width ,II. tilllt, 1 b 
(w. Once we take the children blocks into l'Ullsidl'ratioll w(' IH'{'ollll' aWill'l' of t hl' 
o\'el'lap between the CUl'l'ellt black and its childn'II hlock. Fol' illstall(,(', al 1 illll' 
1 tl\(' pal'ent hlock's width is (<1(;+ lIIa,dlllllll/{cl:J, (/.I}). Wl' Wlllilllll' IlSillp, thb 
Illethod for times 2 .. A. 

- Fip,. (j.î(e) : This figure is very Illllch likl' Fig. G.î(b). 'l'Ill' ollly (Iifl'l'l'l'IH'(' is 
t haL the llC'sted siblillg blacks, siblillg 1 alld silJlill!!, 2, do ilOt. ()wrlap, tllt,y an' 
,l(ljacent to each oUter. lloth sihling 1 alld siblin!!, 2 arl' l'Xl'CIlI,('d ill titis l'Xii "1 pl/'. 
'l'Iris intC'l'val gl'aph structure can arise fl'om thl' l'odt' showlI Iwlnw, 

for (parent12) { 

} 

if (sibling 1) { 
} 

for (sibling 2) { 
} 

The width of parent 12 is found by addillg the widths of siMili!!, 1 with that of 
l!cllC'lIt 12 for times O ... 1, and by addillp, 1.11(' widths of sihlillJ!, 2 with tha.t of 
01 jJ<ll'L'lIt 12 fOl' times 3 ... 4. Note that this ('alculatioll is ail l'xtplIsiOIl of t.h" 
\\ Idth calculation of Parellt 2 shawn in Fig. G.7(a) . 

• After completioll of the spilling phase, registcl' allocation is l>l'l'Io 1'1 Il pc! l'Will t.11(' 
inncrlllost black outward. The coloring algorithm (fol' instauce I.hl' !t'ft. l'd!!;(· al!!,ol'it.hlll 
of the fatcovcl' colorer) has to be modified ta take the h ipl'iu'('h irai st 1'11 ('1.111'(' of titI' 
graph:-. i nto accouut. The modification made 1.0 the fat('OvC'1' colol'('l' is <!PSC'I'i!H'c! ill 
the lIl'\t :;ectioll. When usin/!, the fatcovcl' al!!,ol'ithlll, ('ydic illtC'I'vals of a hlo('k ail' 

as!>i!!,lI('d J egisters fir!>!.. 

• Ne:...t, It'p,isters are allocated ta the local intervals of tl\(' illlll'l' hlorks IlSillp, 0111' of 
the ('{Jluring algol'ithms mentioned ill Chapter 3. A history is llIaint.aillC'd fol' pari 1 

l'egisll'I of the target architecture, and registers allocat.pd 1.0 t.ltp rltildrPII hlo('kH éU (' 

made IIllavailable for the duration in whi<:h t.hey're uscd ill thl! OUt.I·1' pal'l'lIt blol'k. 
The cl uration of use of the registers is calculated in the rnéLlIlIN c!P!>C'I'i!)('c! Iwlow. 

Fig. (U3(a) (Ncsted JJJacks) : 
1" t.his instance, we have a ncsted stl'uct 111'<' whcl'c n'gi~t('1' l'l'/!, 1 il'> it!>l'>iglH'd tu 
IlItpl'vab in parentl and parent2 blacks. Whl!u we al'(, ill I.hl' Pllclosillg IHU'l'IIt2 

hlock. registel' reg1 is occupicd from times 1 ... :J. lt'l> lifC' is (1JIlllriatiw' 01 it'H 
1 rie Icngth in parent land parent2 hlocks. 
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Fig. 6.8(b) (SibIing Blocks): 
This figure illustrates the case wlH're bibling b1orks, 8ihli/l~1 and 8ibli/l~2, .I\'p 
enclosed within a parent block, pan'lIt12. Sibling blocks r('('('ivp a silllilar rpgistl'I' 
history file and do Ilot need to kllow abolit t II(' o\'ll<'r hihlill!!, bloc).;s local l'q.!,ist('I' 
allocation information, AsslI Hl{' !'hat two rpgistpl f> /'('~ 1 a IId /'('g2 a l't' a.,sip,IH'd 10 

intervals in both the sibling blocks. On('(' Wt' 1II0Vl' 01lt tü t.h(' l'él 1'1'/1 1 12 hh)('" w(' 
notice that regist('r regl is Iivp frol1l timps 1., .:l. Th(' Iif(' (t.hat is t.ht' dlll'atillll 
in which it holds a vaille) of rpgl from siblillgl alld , .. ibii/lg2 :11'(' .lIltkd tu p,iV<' 
the life of regl in pan"t12. In contrast, the life of 1('~2 is tak(,11 to IH' tlH' p,rt'at.('1' 
of the lifetimes of the intervals it is allocatt'd 1,0 in t 1\(, siblinp, hlorkh. Fl'olll t hp 
example, wc see that reg2 is live from times 2 .. A. 

We do fiOt show how the register lifetimes fOl' an intcrval graph strllctun' Iik(' t.!w OIlP 

in Fig. 6.7(c) is calculat('d as it is very similar 1,0 Fig. 6.8(a). 

• Having knowledge of the lifetime of the registers, we allocate thcm 1.0 t.IH' OIlt.N IHI 1'('111, 
block . 

• When we have allocated registers to ail the embedded childl'cn bloeks within a. pa.r'Pllt. 
block we refresh the register history file. That is, registel's allo('(Lt(~d 1.0 loeal intpr'vals 
of the children block are freed. 

This process is recursively followed fol' the entire program on a fUIIC'tioll by fllllcUon 
basis. 

6.1.4 Examples : Coloring HCIG 

Now, that wc have a global picture of the coloring prOC(lSS, wc will hllild 011 the j)J'('violls 
examples to illustrate this idea. Wc shaH co:.:lider 

1. a simple nestcd for loop 

2. a condition al statement and, 

3. a fol' loop with an embedded conditional statement. 
" 

l 
The previous examples of Section 6.1.2 is made more complex and iJlt('f(>Hting for this s(>ctioll. 

Simple Loop : 
To begin with, we consider the case shown in Fig. 6.9( a) w hkh CO!lSiHth of il.ll ('m hedcl(!d 
loop. Like the example in Fig. 6.:J, the inner "for loop" doeH !lOt. haw aJly sihling 
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hIOl·kI,. III lpl'-itcratioll (kpcndcllccs rnake i a cyrlic i nterval for the outer for loop, 
whil<' 1.11<, variables fi, alld } ar(l cydi<: intervals for the inuer for loop (Fig. 6.9(b)). 

W<' aShllflll' tllat 0111' a!'chit.(lclur<' has ollly four reg,Îbters availablc. That is, the number 
of l'<,gis1.(l['!-. <'«ual th<' llIaximum width of the interval graph, Wmax(G). Furthermore, 
w<' si III pli f y OUI' lIIocl<,1 hy ili>lmming that we have a single class of register only. 

As fal' as 1.11(> rolOl'illp, algol'ithrn goes, let 's assume that we use the fatcover algorithm . 

• RpgistN allocatioll is first perfOl'IUed fol' the innermm.t block, which in this case 
is thp illlH'r for 1001>. 

Fig. (;'1 O( ('): The cyclic illtervals of the inner for loop are assigned registers. 
The fatcovN of a collsists of {a} and it is assigned a new register, Rl. 
Silllilarly, t.1l<' fatcover of j is {j} and it is assigned a new regisIer, R2. 
Fig. (j.1 O( cl) : Aft('[' the cyclic intervals have been taken care of, we are left 
with ft red u('('<1 inne[' graph of non-cyclic intervals. A left to right swcep 
b perforllled and tlt<.' 11011 cyclic interval, b, is assigned a frep register R3. 
This uses the left <'dge algorithm, but as we shaH see below, the original 
I<>ft edge algorithm presented in Appendix A can not be directly used in 
the lIext step of titis example. It needs to be extended and, we shaH point 
out exactly where the modification is requircd in the next step . 

• Onc<', wp're donp with the illner block, wc move Ollto the outer parent block 
shown ill Fi~ G.lO(e). The allocations made for the illner block are g,rafted into 
t11<' parPllt block as colored int.crvaJs (depicted by tlll' dotted Hues of the inner 
hlock). Note that the grafted illtervals are represented as 1I0n-cyclic intervals in 
tll<' outer loop. Now, we shall color the I1ncolored intervals of the outer block. 

Ar('ordillp, to thC' fatcover algorithm. wc assign the fatcover of i (which is 
{il) a )'(lgist.l'l' U·1. 
As th('['e are 110 more cyclic intervals left, the graph is swept from left to 
rip,ht alld colored usillg the extended left edge algorithm. We notice that 
t.hrc<' illtervah, a, b and, j, are pre-colored. These intervals were assigned 
['(·gisl.('['s in th(' inner for lool> block, they do not have t.o be recolored in 
titis pltasl'. The left edge algorithm ignores the colored intervals, however 
1.h(l rp~ist('r aSbignlllellts made to a, IJ and, j are recorded and, the assigned 

['('p,isters are 1I0ted ta he busy for the duratioll of the live ranges. After 
IIpdatillp, 1.11<' st.atlls of the registers to reflect the colors of the }>rl'colored 
inh'rvals, thl' colorpd intervals ran hc removed and the original Ieft edge 
algOl'ithm can l)(l Il!-.pd. 

Thp 1111('010['('<1 illtpl'vals for th<.' variable c is to he assigned a register. As 
wp'd Iike 1.0 minimize the totalnumber of registers used, we prefer to reuse 
a l'('p,ist.el' t.hat is free durillg the lifc-timc of C rather than allocate a new 
['('g,ist('[' that has not bl'en assigned previously. In our case the architecture 
has onl)' fouI' available l'eg,istel's, so we do not have the luxury of playillg 
wit.h a lIe\V n'!l,istcr, so wc must either l'cuse rcgister R2 or R3. 
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Conditional : 
Our next example consists of a conditional slalpll\('llt showlI ill Fip,. h.ll(a). Thb 
example is ba~ed on the olle illusl ratt'd in Fip,. (Ui. 

• Fig. (U 1( b) : This diagram shows IIH' hil'l'éllThkal illtpl'val p,l'aph fol' 1 II<' cod" 
segment shawn in ( a). The ('l\Ibedded ronditiollél 1 si a Ipllll'1I1 is ('(lllst.l'a i 1I<'d 1'1'0111 

bath it's point of cntl'y and l'xit. clup ta illlf'l'val (l. 

• Fig. 6.11«'): IIeJ'(~ the e/sc bloLk has he('11 1,l'auslaL<'d 10 IIINP,(' wilh t.h(' ifhlllck 
and a ryclic intel'val and a fusill!!, intel'val is ('l'('all'd. 

This stratep,y of tl'anslating t.he hlorks is 1IH'l'l'ly a \'bll,d aid 10 illm,1 l'alt' 1 ht' 
potential for a cyclic alld fUbing illt('J'val. hl l'l'alit.y, w(' dOIl 't havp 10 IlPlli.11'1I1 1 hb 
l'Otatioll and transla,tion stage and ('an wOl'k on t.hl' hihlinl-', hlorks silllult.alll'olU-"Y 
as long as we an' able to identify th(' cydic and fusinl-', illl.Nvals and lIIêll'k t.hl'III. 

Now, wc attack the fused ifand ('/1i(\ hlor\.; 10p,('1.1\('1'. /\ l'at.ro\'('1' has 1.0 h(' l'ollllt! 
for the cyclic interval a. The novelty of t.his rydic iuLPl'val is t.hat. hall' of il Ijpii 
in one sibling (il) hlock while the othcr ltall' Ii('s in tht' uth('\' «'/sl') sihlillp, hlork. 
The if block is missing the tail end of the rydic int,(,l'val and thp l'!s(' hlock is 
missillg the front end of the cyclic intNval. K('('pin/.', t.hi:-; ill mind, w(' lind t.h(' 
fatcovPI' of the cyclic interval by sl'é1nninp, the if hloc\.; 1'1'0111 1('1't. t.u rip,ht., alld 
scallning the l'Ise block frolll l'ight 1.0 Id\.. 'l'hl' fatmvN in I.h(' fllst'd hlock is i'i1'('11 

ta consist of ail the intervals (h, c a.nd thl' fusinp,ÎIlt.!'l'val) of t.h!' hluck:-; alld is 
assigned a registel' r 1. 

I[ the fusing intel'val is a part of the fat('()vl'I' or t.h(' ryrlir illt.Nval ill 0111' liihlill/.', 
block, silJling 1, while il. isn't in the otIlel' sihlillJ.!, block siMili!!, 2 thl'II, il. IIllist hl' 
conflicting with olle of the intervalb of Lhe fatcov('J' of siMili!!, 2. If thih r-.it.llatioll 
arises then the fusing interval can 1\01. be illrlu<!<'<! ill t.hl' ral,covN. 

Loop with Embedded Conditional : 
We lllove Ollto the last exétmple of this g('('t.ioll. (~onsid('J' a condil.iollal r-.t.a 1.1'1111'111. I.ha 1. 

is embedded within ft fol' loop like the onp showlI in Fi/!,. (i.I:l(a). /\1-o1-o1l1l1P I.hal. thl' 
target architpctllre has two availahle l'q~istCl'b, ri élntl, 1'2. 

• Fig. 6.12( b) : The cyclk intervals : .. tvP h"(,11 id('lItifi"d il IId t.hl' h i('1 a ("chiral 
illterval graph is l'eady for the colol'ing phas" 1I0W. 

• Fig. (U2(c): The cIse block undcl'J.!,ocs rotation and tl'iLlISlfLtioll ill lilial pn'lHll'al.ioll 
for the coloring phase. The embeddcd collditional bLat!'fI\PIlt. il> cOllstraillf'd 1('0111 
bath it's point of entry and exit like in Fi/.',. n.G. lut('l'val a ili l'I'SIHJllliihlf' roI' thb 
cOllstraillt. 

'fhme is a very Sil bUe complication in thb ex a III plI'. But.h hl'ilIU·!Jf'r-. of tilt, 
c01\ditional "tatement l'carl éL which is dpfillpd outsidf' tlu' ('()lIditiollal hlockr-.. 
Thib causes the eonstraint at the' cutry ]loint. LatN, ft ib dpfilll'd ill hott. f,idl'h of 
the conditional and is ulicd in the outer pan!lIt hlork. ThiH l'allf,l'f, lllf' (·ollhl.l'ainl. 
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at the point of exit and gives ri sc to a fusing interval. Thus far, the situation is 
tlll' f,<1I11C as that in Fig. (w. 

H Wp work aceol'ding to tlu' inside-out method that we have followed sa far, the 
('yrlic int(~rval and the fllsing iuterval could he assigned two different registers like 
f J and f2 respeftively. This can happen if the fusing interval is not a part of the 
fat('()v(~1' of tll(' cyclic interval. Let us assume that we have used this allocation 
Scll<'III<'. lIowever, when wc progress beyond the conditional blocks into the 
pal'cnt for loop hlock wc arc confronted with a conflict. The fusing intervai 
tl'ansfol'Ills iuta il cyclic interval for the for loop. This cyclic interval carries the 
value of a anoss 1,0 the Ilext iteration and iuto the jf and else blacks .. Heuee, it 
hccolIIPs irn J1prativt' for the fusiug interval ta be assigned the sarne register as the 
cydic iuterval for the' couditional. If distinct l'€'!!;isters are allocated ta the fusing 
illt(,I'Vill and tltt' <OlIl:itiollal cycJic illterval, then the eoufliet could be resolved by 
IH'rfol'lIling lIlove instructions at the ('1\(1 of the j[and else blocks ta transfer the 
value of the' fusing interval iuto the legister used by the cyclic interval. However 
OUI' C\llTent iuside-ollt approach fails to handle this conflict because we recognize 
t.his couflictiug situa.tion in the outer [or loop and by then it is tao late ta go 
hack into the bUler black to change the allocation of the intervals. This clearly 
d('llloJlstratC's the suh-optimality of our current approach. We shaH explore this 
fUI't.her ill Spct.ion 6.2. 

FOI'tunateIy in 0111' example (Fig. 6.12( c)) we have avoided this confliet-resolution 
l"t<'Jl as th(' fatcov('r of the eyclic interval is found ta include aIl the non cyc1ic 
int.pl'vals (tltat is IJ, c and the fusing illterval) of the jf and the else blocks and 
il is assip;nl'd the l'l'gister d. 

• Fi/!,. G. J 2( d) : Artel' taC'kl:llg the inner conditional, we move ont a the intervals 
of tl\{' out.er loofJ block. As the eyclic interval dis live aU through the block, it 
fOl'llls il 's OWll fatcover which is assigned a free register r2 . 

. 
6.2 A Modified Approach For Coloring 

ln t Ill' IH't'violls section (Figs. 6.11 and 6.12), wc may have cneountered situations where 
(ll\l' insid('-otl t nll'thod wOllld Ilot have bcen able to color the interval graphs. In this section 
W(' shan i11l1stl'at.t' a. s('cond prohlell1 that 0111' mcthod l'uns into with the help of a very 

• silllplt, {'xampl('. 
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Figure 6.13: Suboptimality Of The lnsidc-Out (!olol'ing Sd\('llu' 

Sub-optinlality Of The Inside-Out Approach 
Example 

An 

Assume that the target architecture has several register classl'H and tlt('J'(' an' ollly ~ availahl(' 
fioating point registers, r1 and 1'2. Now, take the case of two sihlillp; hlocks, Hi/JIill/~ 1 altd 
sibling2, embedded within a pal'ent12 block a!> shown in Fig. G.I :l. Thp sihling hlo('l\s do 
not share any intervals and are thus not constraincd at ail. 'l'lU' sihliltp, hloeks and th(· 
parent black each have an intcrval. Such an intervai graplt lIIf1y h<, a. sllhp,raph of' a lal'p,N 
program graph and shows intervals that belong to a specifie /'<,p,istl'/' c1ass Iikp tll(' lIoa.tillp, 
point rcgisters. 

We determine the width of the two sibling blacks, siiJJiflp,1 and .'iilJ/illg2. Tltl'n Wl' fiud 
the width of the parcnt12 black. The maximum width of t1w parclItl2 hloek il-. ~ altd il, is 
clearly two-colol'able. As the number of registers (·qua.1 tlte lIIaxillltllll width of 1.111' p,l'aplt 
the spilling phase docs not change the interval graph. 

Now, the graph is ta be colorcd. According ta our inside-out coloring hdwu)(', w(' aSHigll 
registers 1'1 ta interval il and r2 ta illtcrval b. AftN this, W(> are rl'iuly 1.0 IItOVI' t.u Hu' 
parellt12 black. The interval c nceds to be assigncd a registcr. 1 n t.(>f' val (' eonflicts with 
intervals a and IJ and Itence can not be assigned 1'1 or r2. And unfOlttluat('ly, at tltiH poillt. 
we do not have any new free rcgistcrs! If c is to he colon·d, it has to IH' spilll'd. Bul. iu 
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0111' appl'OiLl'h t/u' :-.pillillp, pha:-.o is invoked ollly onco and that is befor<! the coloring phase. 
Unlik(' Chaitill's apploal'h we do not re-rull the spiller. It is also not possible ta introduce 
fegifit.er lIlove i/lst./'ucl,io/ls 1.0 avoid spill code without changing the interval graph of the 
hipréL/'chiral hJock:-.. 

To halldlp such (l/'ohlems we need ta modify our inside-out cr.ioring approach. Wc 
propos(' iL Lwo péLSf., inside-out-outside-in, approach. 

(1) Inside-Out Phnse : 
'J('IIlpOl'ii l'y as:-.i~lIlIlellü; of l'(~p,istel's are made in the inside-out approach. If conflicts 
do ilOt. arisl\ thplI the tl'illporary assip,nment is made permanent and the outside-in 
phasp i:-. hypassrd al to1!,('t.Iwr. 

(2) Outside-In Phase: 
J[OWPVN, if COli flirts do arisp thell the olltside-in phase is invoked after the completion 
of t1w insidp-ou1. pass. III this phase We progressively move inwards changillg some 
telllpol'al'y f'('gistPI' ilssignments in the appropriate blacks to remedy the conflict. 

For inst.a.II('l', in OUI' exalllpip ahove we assigll c one of the registers like 1'1 and then 
('(lllt,inllp t.hp ol/twilnl coloring pl'Ocess. OIlC<' the olltward coloring phase is complete, 
w<' init.iat.p the out.si<lp-in phase. We !llove inwards to the siblillgl block. IIere we 
cha Il!!,'' th(' color of li frolll Il to 1'2. W(' mu:-.t. he able to change the color of the 
i/lt.Nval in O/IP of t.hp illlwr hlocks (assuming t.hat. ther<' at'e sihling blocks) as the 
spillpl' lraH dpt(,1'1I1illpd tlrat tire outer parent graph is colOl'able witb the number of 
f'('1!,iHl.p/'H a.vailable. If 1Iee<l arises, then register floats can be introduced in this pass. 

lIow<,vl'/', t.his algorithlll is probably not general enough to handle aIl cases optimaIly. 
Wc plan 1.0 stat.p concret.e algol'itluns for this modified approach in the future. 

6.3 Handling Array Subscripts within loops 

Sn far wp haV<' wOl'kpd with only scalar variables only in the source code. However, as we 
fOl' Ut, maillly 011 ~ril'Iltilic bl'Ilclnnarks which have a high proportion of loops with array 
iI(,(,(\SS(\S, w(' /lIUSt. 1)(' a hie t.o handle Sil bscriptcd variables. When dea.ling with these cases 
W(\ an' faCt'lI wit.h qll<'stiollS like : 

• Ilow do \Vt' ('l'(,éltt\ cydic illterval graphs for snch 100ps? 

• Do sllbsnipt.(\d variahl(\s having inter-iteration dependences need special care? 

• Would t.lw illdusioll of array dependence analysis information illto our allocation 
sdwnH' Pllhan<'l' pl'rfol'mallce of our allocation strategy? If sa, how do we incorporate 
t his inflll'luat ion'! 

W(\ shall élUS\\'l'I' th(\8<' qll(\~til)lls through the example of Fig. 6.14. 
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for (i = 1; 1 < n, 1++) { 
A[I] = A[I- 1] + A[11 + A[I + 11 
} 

(a) Code Segment 

Var 
Names 

Tlme 

O----i()( 

Q----i( 

%Inmahzallon 

<-- Id al - 1 
<-- Id al 
<o. ti _ 1 + tl 
<-- Id al 1-1 
<-- 112 + Il +1 

<-- sl113 

% Check for end of loop 
bnez L 1 

(0) 
(1 ) 
(2) 
(3) 
(4) 

(h) Holl<'<I ÂSS('lIJhly Cod(' 
Wi 1. Il 'J'I'IIJ ps 

O----l()( 

o 2 3 4 

(c) Inlcl'val C:l'aph For Holl<od Loop 

Figure G.14: lIandlillg Suhscripted Val'iahl<~s - N ai v(·ly 
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6.3.1 Introducing An Example 

Fig. n.I;j( a) shows a pi('('(' of ('ode that wc shall consider. Il is a "cry simple loop that 
rpfewllc(ls tJlI'('e d in'crent (·I(,lIlClll~ of the vector a. The subscripted variables have a dependence 

distancp of J. A!-:iSll/llillg that dependellce analysis information is unavailable, a compiler 
lIlay g('llpratp t/.p thl'<'(' address code shown in Fig. 6.14(b). According to this code 310ad 

illstru<:tio/ls éW' iss\lNI 1)('1' iteratioll of the loop. This is rather inefticient. From Fig. 6.14( c) 
it is dcarly SP('n l.hat lwo r('gistcrs are adequale for coloring the interval graph of this code 
HI'p,III(,lIt, Wc> sPI. ahollt 1H'1.t,(·ring tlw codp gt'Ilcrated with our rcgister allocation schcme. 

6.3.2 Applying Our Method On The Example 

ln orcier 1.0 pxtract maximal effîciency from our register allocation scheme we need to find 
li\(' PNiocl of t.h(· i nt.erval p,raph struct ure. A perzodic inlerval graph captures a11 array 
dppcn<!('llcl's and this hdps liS to l'ecognize ail the cyclic intervals. This provides our 
allocation stml.l'!.!,y with an enhanced graph and our method can then attempt to hold a11 
th(' cydk intprvahi in rep,istPrs. lletaillillg as Illauy cyclic intervals as posl'lible in l'cgisters, 
of COllrSt', 1'(·d\lc('8 SJlili code a.s wc IUlow that th(' cyclie intervals are going to be referred to 
al. a lat<'l' itNal.ioll of the loop. This certainly leads to better code generation. 

'l'II(' followillg <!(lscrib(·s a htep by step mcthod that is followed when handling subscripted 

vé\.riahk·s. We IISP the code segment of Fig. 6.L4(a) as our example again. 

Step 1 : Finding The Period 

(a) Dependence Distance == 0 : If the dependence distance is 0 then this step can he 
lIvoid(·d as 1 hpl'(, li l'l' Ull iutN-iteration dependencies, A single iteration of the loop 
hody, ill 1 his ('a:-op, (onst it.utes a peri()(!. 

(b) Dependence Distance> 0 : When the dependcnce distance is greater than 0 then 
findil\~ tll(' IH'l'i"d t'ntails bOille work. 

Frolll Fi~. n.1 1 (h) W(' s('(' that. each iteratioll references tluee vector elements A[i - 1] 
(thl'ou/!,h the' klllpol'ary 1'l't-;iHt.er 1.,_1)' A[i} (through th!;' temporary register tj) and, 

Ali + 1] (t.hrou~h t.he tt'lIIporal'y reg,ister tHl)' An and A[i + 1] of one iteration 
h('colllPs A [i - 1] and A{i} of the next iteration respectively. The dependence distance 
is 1. W(' wOllld m,(· lo ('Illhed this information in the cyclic interval graph that we 
('l'('at.(' l'ur t his loop structure. 

ln 01'<1('1' to do this W(' ull\'oll the loop once (Fig. 6.15(a)) and create it's interval graph 
(Fi~. G.15( b)). A l'('p('a {,pd pat \.ern of arcess is seeH after every two iterations and, 
t.his is what ~i\'('s liS t Ill' pl'riod. In this case the unrolling factor is the same as the 
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%Inltlahzabon 

-------~---------------------
~Ll. Il.1 <- Id a,.1 (0) 

: Il <- Id al (1) 
: 112 < •• Il.1 + " (2) 
: Il +1 <- Id al +1 (3) 

113 <- 1,2 + l, +1 (4) 
@a, <- 113 

",,--..,,-T ---- .. ------.... -- ... --------------..! 
121 <- 1, 3 + Il +1 (5) 
l, +2 <- Id al +2 (6) 
122 <- 121 + Il +2 (7) 
@8,+1<- 122 

% Check for end of loop 
bnaz L1 

Var 
Names 

tl_1 

tl 
t12 

tl +1 

t13 

'21 
tl +2 

t22 

0-1( 
1 

1 
~I 

1 
0-1( 

O-K 

0--'1(/ 
1 

0-1( 

o 

000<~ 

1 

~--------------------------------------.. 
(a) Once Unrolled Code 

Var 
Names 

112 

Il +1 
113 
121 
l, +2("11) 

122 (=11 .1) 

Tlme 0 1 2 3 4 5 6 7 6 !I 10 11 12 13 loi 15 

(1)) Int('rva.1 (lraplt or III1J'olle'd ('ode' 

1 .. ------ -------. 
1 1 

' O---i( 1 

1 , 
~ 

O-K 
1 

Reglster 
allocated 

R,.I 

RI+l 
RI• 1 

O---i( 1 RI• 1 

o-t 0-$ RI+l 

R,., 

1 ------.---- ... ---

Tlme 0 1 2 3 4 5 6 7 

(c) Cyclic Intclval Graph or Loop 

Figure G.l!): PCl'iod Alld Gmpll or LOO!J 
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dl!pcndeuC(' dist.allcc. Whcn several different dcpendence distances are present then 
w(' rail get the unrolling fador by taking the least common multiple (lem) of ail the 
distancp vcctors of th(' loop. Consiùer the piece of code shown below. 

FOR Ci= .. ; i< .. ; i++) { 
A Ci] = A Li -2] + A [i -3] ( 1) 
} 

Wc sec tltat instruction Olle has a dependellcc distance of 2 and 3. This means that 
A[I] is defin('d in it('ratioll 1 is rcad in iterations 3 as A[i - 2] and 4 as A[i - 3]. 
Similarly, A[:l) i~ dcfined in itl'fation 2 and is read in iterations 4 as A[i - 2] and 5 as 
A[i - :S] and su 011. G('IlNally, A[i] is dcfincd at every iteratioll and this A[i] is read 
in tlt(· i + 2/1d it.eratio/l. So, if wc unroll thc loap twice (or any multiple of 2 like 2, 4, 
fi, ... ) W(' will noticc a ('('p,ular pattern of access to A[I] and A[z - 2]. But A[z] is also 
f('ad in t.h<, 1 + :Sni it('ration and if the 100[> is unro\led three times (or any multiple 
of :Ilikp :S, G, !), ... ) 1.11<'11 we will sec a regular pattern of aecess for A[z] and A[i - 3J. 
'l'II!' firsl. itl'l'al.ion <lt wlli!'!: the f('gular patteru ofaccess for both 11[1-2] and A[i-3] 
is S('('/I to/.!,(,tll<'{, i:-. (j, whirh is the lem of the deJ>endence distances, 2 and 3. 

From Fig. (j.lri( a) W(' lIotic(· that tl\{' dependence between the firbt and second iteration 
is foldt'd i Il to t h{' body of the 100p. t 13 cé),rrif's t he "al u(' of A [il and tH 1 carries the 
valu(' of Ali + 1] of 1 h(' /irst iteratioll and they are used by the instruction 5 of the 
sl'('olld itplatioll to ~'alrlllat(' A[i + 1]. Unrolling the Ioop lias the effect of feducing 
thl' lIulllhpr of load !'('l(upstf>. III this exampl(l the number of loads has decreased from 
li (for tll(' /'01I<,d looI» t 0 ;J for ('vpry t wo i teratiolls. 

'l'lU' intl'I'val p,ra ph of t li!' 1111 roll('d loop cm bed the d<'pendence information between 
tlU' illt('l'vals or thp differ('llt itpratiollf> as is donc in Fig. 6.1.5(b). The interval ti+2 
of tht' fin.;t itPl'aîioll rarrit's tll(' valut' of A[i + 2] and becomes A[i] of the followillg 
it(ll'éltio/l (thal, is it('ra lioll i + :1). Similarly, the interval t22 carrying the value of A[i] 
1IIl'f!!,PS with I\[i - 1] of the (i + :J)rd itcration (i + 3). The solid and dashed arrows 
of Fig. (;. 1 !)( b) show thl'hl' lIIerges. 

Step 2 : The Cyclic Interval Graph 

Aft(lr ha\'ing IIl\l'oll<,d the }ooJ), wc need ta recognize the cyclic intervals of the graph. Once 
W(l kllow which illlervais of the /irst pcrimlmerge wi.h which intervals of the second period 
W(' art' ahl(' 10 ~'r('al(' t.11l' cydic interval graph as shJwn in step 1. 

W(, ll('(' th(' cydk intcrval graph in Fig.6.15(c). 
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%Inllllllzllion 

% Check for end of loop 
bnez L1 

Figure 6.16: Final Rcgistel' Allocation 
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Step 3 : The Coloring Phase 

Now the colorer can be invoked. The graph is 2-colorable and is allocated the registers 
shown in Fig. (i.l5( c). Finally, Fig. 6.16 shows the pseudo assembly code generated. 

6.4 Summary 

As only perfcct lool' structurel' have been taken into consideration in the previous chapters of 
the thesis, this chapter presents some thoughts on how the cycJic interval graph representation 
can be extcnded tù take other program constructs, like 100ps having conditionals or nested 
conditionals, into account. The hierarchical cyclic interval graph is presented as a possible 
mealls of achievillg this goal. We also touch on the topic of register allocation for sl1bscripted 
array variahlps nsing thc hierarchical cyclic interval graph approach . 
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Chaptel- 7 

Related Works And Conclusions 

In Section 7.1, we present a survey of work related to register allocation, graph eolol'Ïllp; 
and, interval graphs. Finally, we summarize the main contents of the t.hcsir; and cOIu:lud(l 
in Section 7.2. 

7.1 Related Work 

In a number of recent publication3, researchers have be('ll tl'ying to improvp Chaitin'r; 
method for register allocation1 • Driggs et al.recognh:ed thp fad. that Chaitill'r; ori~illal 
heuristic is Ilot guarallteed to find the minimum colorinp; [nCKTH9]. Tlu'y pl'opOlwcI il. 

different heuristic method which simpHfies the coloring phase hy r;PIJ<L! atill1!, il. rJ'OIII t1u' 
spilling phase. That is, when the gl'aph has becll fpduccd to th(' sta~p wh(lJ'1' ail !,l'lIlainill1!, 
HO des have a degree greater or cq ual ta k, it does not :'>to[' and Hpill. TIl(' alJ,!;OI i t Il III ('OnUII Uf'li 

the coloring procE'S'3 by selccting olle lemaillingnodeto[(.(\I1(.(·t1l<.1!.l.ilph a(,(,ol dillJ!, 1.0 SO/lH' 

heuristics. At the end of the red uction phabc, the llodes an' !>I·o('t'%(·(\ in tlu' II'VPl'i'>(' Ol'dN 

and are assigned coloni. It is possible that d u!'ing thb prOC(,flS, a 110(\(1 witll il dl'p;l'('(1 ~l'('a/,('I 
or equai to k can still be coIorcd, sincc more than ail(' ndghbor IJIay haV<' I)('('n allocah'd 
the same color. Thi.s method ib based OH intcrfNcnce gl'aphs, and thl' ('()Iori/lg and HpilliJlp; 
process may be iterated several times. N ouct!H'lef,s, hy avoidi Ilg flO/llP poi Il UPHf, Hpillillg, 
improved codc was gcnerated for a number of tcst progralllfl. 

Dernstein et. al. have introduced a collection of heuristicb whidl l'('duc('f, t/H' Iik(~lihood 
of excesf:ive spill code gClleration [DGG+S9]. The width, which if, the IlUIIIIH'r of livp rang('1! 
at a certain point in the program, is used to compute the spi)) cost of a variablo. 'l'III' width 

1 Most of this section has been excerpted from [HGAM!J2] 
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roupled wit.h t.he ,[(ptlt (of loop rteHting) form the bafiÎs of their area-based heuristics. This 
JII(1thod e/llploYH tilt' intcrfercllce graph as the basic representation of the program, and may 
rpCjuire the graph 1,0 1)(' rebuilt aft('!· Hpill code is introduced. 

Callahan, Caf'!' alul I(pllllcdy studied register allocation methods for subscripted variables, 
whidl )lOS('S a 1'101>1('111 fol' llléllly rolIlpilers [CC1ŒOj. AcC'ording to their method, array 
rpf('l"l'lI('('s which a.n' live éLnoss s<,v('I"al iteratious arc recogllized 1,ud a source-to-source 
trallfifol'Illatioll call(·d s('(/[m' 1'rpllt('('1l!cnl is perfOl'med so that tbey can be handled by 
colorillg- ha,sed l'<'gi:-.tpl' allocatol's. Hegister moves arc introduced to transfer values of 
HII h"rri pt.(·d va ria 1>1<-" iLCl'ObS Îtnatiollli, thUb elill1inating sorne load and store operations. 
J/ow('vel', t.hp illtrod uctioll of l'egister moves, and the subsequent processing of register 
allocatioll S('('1Il 1,0 he orthogoual, and there exists no single unified framcwork fol' this 
optillli",at.ioll pl'ohlplIl. 

A'lot.hcl' apPl'oach to thc problem of register allocation for scalar and subscripted variables 
has hepll l'>uggps!'(·d by Duclitpl'wald, Gupta, and Soffa [DGS92j. This method uses the 
inlefJ1'lLir'd 7'(!J7,~h 7' allocation gmph, which is an extension of the interference graph, to 
r<'J1rpst'lIt th<, (olorin).!, prohlelll for both scalars and subscripted variables. Thp. subscripted 
variahlps an' ,dh)('at,(·d a set of l'cgisters that fonn a register pipeline. 

Eil'><'nh<'is <,t" al. pl'oposed a. method based on cyclic scheduling for optimizing register 
IlHagt' 011 t,h(' (:ray-2 [E.JL90j. 

IlIt<,qm)('(·d Il 1 al l'egist<l r allocation has beell studied by a number of people [Ch088, 
S1I891>, Til 1'+ HG]. Hn px am pIe, StC'enkiste and Hennessy have devcloped an algorithm 
fol' illtNIH'on·dllral IPgistcl' allocation where a procedure mterference gmph is constructed. 
Each lIocl(· ill th!' /!,raph if, a proc(ldure of the program. Two procedures which are active 
at th(' sall\(' t.illIP al"(' "djacPllt in the pro('t'dure interference graph. Each node of the graph 
is assi/!,lIpd a 1I111111H'1 of {'olor that. ('quals th<' lIumner of registers nccded by the local 
varia!>I(·s 01 th<, pl OCt·d Il 1'<'. This IIl1l11ber ib lIPtcl'mined by an illtl'aprocedural-procedure 
allocatioll phal'><', 1\ colorill/!, algOlithm <LSbigll~ difl'erent colors to adjacent nodes of the 
Pl'O('(·dlll'P illt.<'l'f(·I'(·II(,!' gl'aph. TIH'rl'fore, it is l'vident that a good solution for the minimum 
Il'gis!.l'r allocation ~)ruhll'lll (as dpbcribed in Problem 1 of Section 1.2) is important for the 
illtraproc(ldural allocatiou phasl·. 

Cytroll aut! Fpl'l'all!.p hclve }lruposed a lllethod of storage allocation whcrc the amount 
of stOl'ag<' 1I('(·d(·<I is l'qllal to t he maximum I1l1l1lber of simultalleously live variables in the 
ori/l:illal pl'O!!;ralll [<'FHi]. TI\(' ob,Î<'ctive of their work is to allocate storage for temporary 
variahl('s hy /'('IUlIIllll!l, whilh is a compiler technique that trallsfOl ms imperative plOgrams 
to dat.lllow graphs [Kl\P+Xl, ))('nXOj, They have pointed out that the formulation of the 
1'(l1!:isll'l' allocatioll plOhl(lJll as ct p,1'é1ph (()Iol'ing problem based on the lraditional interference 
graph 1II.1Y a h~lral't a,way vit al information prps('nt III th<' original program (Iike the width 
of intl'r\',11 /!,,'a ph), w!sidl t Iwir Illet had uses ta guide the registcr allocator to achieve an e optimal solutlOlI ('trici('lItly. Om' differ\'llcc between their work and the work proposed in 
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this paper lies in the treatment of Joop variabll's. For (\xamplp, a scala\" variablp dt'fill<'d in 
a loop, is cithcr challgcd iuto an array by scala/' c,xpll1!SiOIl wl\{,1l the loop hOllnd iH hllowlI (/ 
p/'iori, or it is trallsformed to a dynamically allocat<,d variabl<, wlwn 1 hl' loup b01l1l1l is 1101 

known statically [CF87]. In our work, w<, treat sueh variahl('s usin/!, rydic int('J"vab, 1 hlls 
the overhead of extra arrays or dynamic allocation is avoid('(1. 

Callahan and Koblenz ha.ve presented a rt'gis!.('r allocalion 1lH't.hod via hil'rarrhiral p,raph 
caloring [CK91}. The main idea is to r<'prescnt thl' hierarrhica\ prof.',rétm St.1"\I<"I.\II"(\ as a 1 J"('t' 
of Wes. Tiles are proccssed first in ft hottOIl1 IIp fashion and tll<' loral intt'r("ért'ncl' p,raph is 
created and co\ored (perhaps with pseudo registCl's) on a. tHe by t.il(\ hasis 1 () ca pl Il rp 1 hl' local 
usage pattern. Then a top down walk binds the pseudo re/!,istNs to physical 1"<'/.?,istNS. Spill 
code is finally illtroducpd in the le~s frequelltly execut<'d portions of thp proglilill. 1\110111' 
and Zadeck have alsa proposed a hierarehical registN allocatioll SdlPlllP ha~pd 011 /"OII/ml 

trees [KZ92]. A prune procedure is executed hefore ('olorill/!, to rt'ducp 1 hl' n'f.',i~l!'l' prt'HSllrl' 
to a desired threshold value by storing Home valtlps in I\lPlllory 011 ('Ill ry 10 il pro/.?,lïlill J'('gioll 
and then leloading thelll on exit. The authors daim that a.ft,<'r prullill/!" 1 hp colorill).!, pro("<'~s 
will terminate if the thl't'sltold value is set properly. A liw mll!!,e lIIi1y l\I'NI tu 1)(' .~Jllit dllrill/.?, 
the coloring process. The colorillg algorithms of both t,hp hiPrarchical llIpthods dpl"\nilH'd 
above accept Chai tin '5 illterfer<'llcc graph as t.ht'ir i Il pli t. 

Gupta ct. al. rcported their work in the arc<~ of global registN allorat.ion IIHillf.', dH/'Itf' 
separators [GSS89]. A clique separator is a cornpletcly CO Il Il ('ct. cd suhgraph. Whl'Il it. 
is removed from the graph, it disconnects thp graph int,o al, l(\aht two slIhp,raphs. Th<,ir 
algorithm first partitions the code into code spgments Ilsing rliqup spparators. Earh ("()(II' 

segment ;; colored separately usillg the illterferplIcP graph colori IIg lllP!. hod. 'l'hl'Il, !.hl' 
colared subgraphs are combined by the globall'('!!,ister allorator. ln th<' P("('S<'II(·(' ofhra,lIrhillg, 
the comuining proccs& may introduce registN copying at thp point. whPIP dHrl'rl'll!. Ct HI t. roi 
flow paths rnerge. 

In their work, Proe!J"ting and Fischer use a two st('P [lrohabilistic approa.ch t,u ("('giHt.<'r 
allocation [PF92]. Local allocation is followed by global allocatioll. Durill/!, tht' local 
allocation phase, the probability of a value reHiding in a r<'gist.er iH calclllal.!'d for <'VN'y 

statement in the program and candidates whose Ilext use iH the fartlH'st. a,r(' ('11081'11 t.o hl' 
spilled. Global register probabilities are complltcd by co/llhining local ("pgi:.;tl'/" prolmhiliti(,H 
with live variable analysis information. Probabilit.y infornmtioll tO/!,l'thl'/" wit.h t.hl' profit. 
obtained by keeping a value in a register guides t1w global allocatioll pltasl'. 0'1("<' !.his 
allocation process is complete, a graph coloring met!tod if{ lIS('<\ 1.0 iI:-:-ip,1l J"(·gi:-tl'/'h. Not.kl' 
that in this approach, thf! problems of register allocation and as:-ip,lItrH'Il!. an' HP/HU a!.pd. 
Register allocation involves making a dlOice of Céindidatps lo spill. 

Kolte et. al perform the spilling 011 load/stof(' rangp~ instf'ad of on !iv(' ntllgl'S [K IWa]. 
An interference graph of loadfstorc rallges if> (T(!al(\d ill:-lead of livp nUlJ!;<'s and 1"C'J!;iHIN 
allocation is performed using Chaitin 's graph coloring hcllPllH'. 'l'hl! load rangp of iL c!t'fi ni tion 
is the sequence of statements over which a variable must he allocatpd a rf'J?;ir-,t<'r HO as 1.0 
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avoid a load hefore a UH(~ of tlH' definitioll. Similarly, the store range of a dcIinition is the 
h<~quen('(1 of i>tat(IIIIPIltH ove/' which a variable IIlust he allocated a. registpr so as to avoid a 
tltore at t.l1<' d(lfillitioll. The authOI'H daim that load/store ranges are advantageous as they 
provid(~ in formation ahou t the accpss patterns of variables. 

AH Wl' "oillt<~d 0111, hefoJ'(I, 0111' prohlems ale l'elalpt! to the class of circular-arc gmph 
('o[ori7tfJ pl'ohh'/IlH [1( I('(in, (~.J M l'HO]. The idpa of using, illterval graphs for register allocation 
gops ha< k OVPl I!> yPiHH. Tuckel' wai> olle of the fir:>t to 1I0t(l the advantages of the representation 
[Tuc7f>, 'j'lJeHtI]. I/p alHO lIot.pd that the related concept of circulaI' arc graphs could be 
applied to pl'op,ralll loopi>. 1 nl crval p,raphi> havc aiso j)(lcn us('d to overlay arrays and thereby 
minimÏJw I"'()/!,I'illll 1I11 ' ll1ory ['(lquir('lIlcnts [Fab82], and to perform channel routing in VLSI 
htyotlts [BII/Hf;, D(;PHH]. IIow('vpl', the pract.iral u:>e ofillterval graphs in register allocation 
appl';UH 1.0 ha V(l 1)('(1/1 la / /!,l'Iy ip,lIol'ed because of perceived difficulties in dealillg both with 
fÎrcular arc /!,l'aphi> alld hic1'ltl'dtiCfll intcrval graphs, both of which arise when dealing with 
r('aJ prop,l'a/lli> [BG(;+H!)]. A p,l'pat dcal of thl'oretical work has been done, a good summary 
of whieh iH fOlllld in [GuIH!>, SWlDa]. 

Usinp, rirelliar alf ~I'a.phs for rpp,ist('l' allocation has l'cceutly bl'eu proposed in high-Ievel 
datafllJw Hynth(':-:" for di~ital hy~t.(IIIlS [TSHo, KP87, SvdB88]. In this application domain, 
tlH' COlllplitatioll is ['(Ipr<'i;pnt<,d hy dala flow gmph.r;. Data flow graphs with loops can be 
1II0d('I('<1 hy f',IJdù' dalaflo/IJ fJl'lIJlhs [pIŒ7, Ston], and the corresponding registel' allocation 
problPl1l rail 1)(' IllOd('lp<1 hy cir('lIlal' arc graphfî [St.092J. Unlikc in compiler optimization, the 
ha.['(lwa.rp-oriPlltp(1 hylltllPhih work tlaflitionally do<,s Ilot addrpss the i%uc of code spilling. 

A ['('('('IIt. a ppliratioll of t.he work d(lfo,cribed in this paper is t he use of cyclic interval graph 
r<'I)J·(,i>('lItat.ioll ill a IIllificd fralll<'work of 1001> scheduling and register allocation [NG93J. 
III fact, lif(llilll<' illtNvals cali nat.urally 1)(' derived From an instruction schedule, and the 
('('gist<'l' alloea.t.ioll seh(llIle dl'wloJl!'d in this paper can be utilized effectively in the scheduling 
fmmcwork. 

7.2 Conclusions 

III this spct.ioll wc hl'iefly SUllllllal'izc the most significallt achievements of our research. 

1. W" jl['('h('nted lll(' cydic intcrval graph l'l'presentation as an alternative to the interference 
gl'aph t.hal is IIs<,d by t.raditional register allocators like Chaitin's global allocator. 
Our approaeh to n'gistl'r allocation based on cyclic interval graphs appears to be well 
sllitl'd 1.0 st.nlctlll'pd programs, and in particular large inner-Ioops having loop-carried 
<ll'p<'11 dt'II ('('s. 

2. BaHl'd 011 t Ill' cydic iuterval graph l'l'presentation, we have devised a two step approach 
10 J'('p,ihlpl' allocation. 
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From the interval graph Wc can establish the low('l' and 11\>1)('1' bOllnds of 1 hl' Il Il III hl '1' 

of colors which will be required 1.0 color it. 'l'hl' 1I11mber of colon; \'l'qllirl'd is l'plal!'d 10 

the maximum and minimum thickness of the illtl'l'val ~I'a\>h, Wl' haVl' Ilot.i('(·" t.hat. a 
lot of interval graphs can be color<.'d using as lIIally colon; as 1 hl' maxilllullI t hicktH'sS of 
the graph. Dased on this observatioll, the first bt.l'P of 0111' all-!,orithm is t.1H' :->\\'('('/' ilUri 

split spiIIing algorithlll which transforllls an inJlut ~ra.ph whosl' maxinllllll 1 hickllt'~S 
excceds k 1.0 olle whose maximum thicklless l'qllals k, W<, aSSllnH' 1 hal thp Illllllht'r 
of registeJ's available un the target machin!' is k, Npx!., Ill'W h('lIrist.ir al/-!,ol'it hllls, 
like the fatcovel' élnd the gr('('cly éllgoritluw; ('0101' tl\(' tmllsfol'Ill('d J!.l'aph pxploit.illJ?, 
informai iOll tha 1. is l'eadily available from tlll' cydic intl'I'va 1 p,raphs, 

3, We notice that the fatcovercolorillg algorithm pl'I'fol'llls slIb-optilllally ill SOllll' sit.llat.ions 
and propose an important modification to the fatrovt'f algorit.hm t.hal OVPI'COIll!'S t.his 
limitation, 

4, The effectivcness of OUI' approach has heeB test(~d Oll a slIitl' of H('I('dl'd pprf(\d looJls 
from cornmunly used benchmarks like Livel'll1ol'C 100(>H, SPEC~9 and tll<' whptstoll!' 
benchmarks, 

From OUI' Iimited expel'imental results, Wl' Hlld t.hat in ('OItlIHlfisoll 1.0 ('Olllttl!'l'rial 
compilers, like the native C compilers of SPAUC <Llul MIPS, thl' bW('l'P alld split. 
spi\ler works weIl on loops which have hi~h l'egistN I>I'('SSUI'(', 

We observe tltat the fatcover colorillf!; al~orit.hlll is ahl(' t.o colol' loops wit.h loup 
carried uepentlellces VNy weil. 1 t !!,l'Ilerat('s opt.imal to uea r-opti III al l'PH III t.s i Il Inost. 
bcnchmarks which have hecll tc~ted, On the aVNcl1!,t' the fat('()vl'I' dpviat.('(1 hy !i,~% 
from the optimaillumber of regist<ll'f> l'pquirpu, 'l'hl' fat('uver algol'Ït.hlll also outlH'l'fol'lIlH 
the greedy coloring algol'ithm in most caMPM, 

5. Finally, we explore and d(l~cribe plausibl(' ways of pxl,plldilll-!, 0111' lo('al 1001' étllol'a1.or 
1.0 halldle \)loader and 1I10re cOlllplex dahs('s of program struct.1W'H, 

Evellthough the cydic interval graph l'p!)('eHentatiolt is wl'lI-slIitl'd t.o inll<'I'/IIosl. loop 
structures, the the interference graph is 1.11<' pel'haps tlte \)(lst repn·sl'lIt.atioll fol' Il'lls 
struclurcd programs, Wc expcct thal. thc~e two l'Ppresentatiolls ('ail ('olllplplIl<'IIt l'ad, 
other in a compiler, and wc wOIIl<l likc to com bille t1wlll in ail (·f('pct.ivl' rash iOll, 

129 



• 

• 

Appendix A 

Left Edge Aigorithm 

For the sake of complet.eness we provide a brief description of t ',te Left Edge Algorithm [HS71]. 

Algorithm A.O.1 {lsc the Lcfl EcIge Algorithm to cotor an interval graph, G sueh that 
G !tllS no (']Jdù' m/n·val..,. 

In1J1ll: Ali interval graph, G having no cyclic intervals. 

Th(' t'egister classes, regclass' present on the target architecture, 

The register preference, regpre[' of each interval of the cyclic interval graph. 
This detNmincs the class of register that needs to be assigned to each interval. 
And, 

The number of registers, rcgllulll, needed by each interval of the interval 
gl'aph. 'l'hl.' Illllltl)(\1' of \"(\gistNS nceded is the same as the number of colors that 
have 1.0 tH' aSbiglwd to an iutel'val. 

'---------

Oullmt : 'l'hl' illt,<'fvaJ graph, G, sueh that 
(,Wl'y Întel'val, i, of the gl'aph has been 
assiglled colon;, Cl ••• Cregllum , and, 

1 

rcgc/éI,..,s( Ci) = l'f.'P..pref(i) assigned colors, cl...regnum(i)' and, 
regdnss( c l .. ,regnum(l») = rep..pref(i) 
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Mam Leit Eclge Algol'ithm: 

FOR each regc/ass 
Subgraphs,( C'), are cr('ated 
where ail the lntcl'vals, i, of C' arc snch that : 

l'egpref( i) = l'egc1ass 

Initialize state of al! colors of regclass ta he frcc 
at aU times, t1 .. . tn 

FOR every G' 

nONE 

FOR every time, t, in tl ... ln of C' 
FOR cach intel'val, i defined at 1 

o btaill colors, Ci ..• Cregnum. that arc fn'(' fol' t II<' Iifi.,till\(, of i 
J 

Assign ci ... Cregnul11' ta t 
1 

Mark ci ... Cregnum. ta i ta he busy fol' tll(' Iirt,tinw of i 
J 
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Appendix B 

Creating Hierarchical Interval 
Graphs FrOID Code 

lu this sccl.ioll W(' d('Huib(' how hicl'al'chical Întel'val graphs can be created from progl'ams -

• by IIHill/!, tilt' IIt'Htillg Icvpls of j>rograms cOllstructs, 

• and by lIsiug control flow graphs creatcd from the code, 

ExallllJlps frolll Chaptcl' (U arc rCllsed ta illllstrate the process of creating hierarchical 
graphs, 

For tlH' sa.~c of si III plirity, Ict liS assume that each statemellt is executed in unit time 
eyd(', 

TI\(' \>l'obl('1II of ('('('ating hicl'al'ehical interval graphs can be approached in the fol1owing 
two Wa.yH : 

In terms of the nesting level of the program : 
Basi(' hlo('ks a l'C fi l'st. frl'at('d, 
N('xt, t.hl' followiu/!, t,wo l'II les are IIsed to establish the l'elationship betwecn the various 
hlorks: 

• Basic blocks at tilt' Halllc I1csting level are cOllsidered to be sibling blocks, 

• Blocks at a higher lll'sting lcvel are contained within it's parent black which has 
li IOWl'I' lH'Htiu/!, Il'\'(,1. 
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Nc,"ng Icvel" wrlllcn 
.llong'lllc ln () 

(0) 
for (i = 1 ; i < n ; i++){ (1) 

'" code ... 
for (j = 1 ; j < n ; j++}{ (2) 

... code ... 

} 1* inner for loop *f (1) 

1* outer for loop *f (0) 

(a) Code Segment: Loops 

N.sllng LeVlt 0 

N •• llng Lev.' 0 

l!iC=r ---:: B~~l~ oui;, -L~~~ - - - - - - - - - - -. 

AllI < - n 

cmp R" An, 

: Jge L3 , 

1""1I""'2---;'! ~ ~ --~~;:I~; ~~;e; ~~~; ----- -- ---: 
, % Inillallzallon for Inno, Loop , 

RI <--1 
Rn2 <-- Il 

cmp RI, Rn2 
Ige L4 

III \ 1~;--~;d~I~;I~~;'-L~~P-
, Ine R, 

cmp R" Rn2 
Il L2 

ln 4 1 L4 --I~; --R; ------------ ------: 
cmp ~,~I : 

, Il LI 
~----------------------------; 

~~ L3 Out of Loops , 
----------_.--------_.-----

(c) Control Flow Graph NeHted LOOpH 

Figure 8.1: (1) Creating Hicrarchical Block StructureH For NeHt,()d Loop St.1'I1dllf"(·H 



Var 
Names 81 (Nestlng Level 0) 

Outer For Loop (82, Nestlng 
Level1) 

~I~n-;';-f~ri;op - - - - -1 

I(Nesting level2) : 
• :rBs3l : 
.L-J · 
• ~B4 1 • • 
1 1 

!_---- ... ---.,.--~ 

~-----------------------------------.. 
Time 

(cl) Interval Graph For Nested Loops 

I·'igul'<' B.2: (2) Creating I-lierarchical Block Structures For Nested Loop Structures 

'l'he hiemrchy of blocks created in this process follows the structure of the program. 
We take the small code segment of Fig. B.l(a) as a first example. The various basic 
blocks of th<, program segment is shown in Fig. B.l(b). Using the llesting level 
infol'lllat.ion frolll Fi/!,. B.1(a), a hierarchical basic block structure if> created as in 
Fip;. B.2. Silllilarly, Fig. B.3(a, c) gives allother exarnple with ernbedded conditionala 

The intl" vals within eaeh block is C1'eatcd using def-use information gathered at an 
('adiPI' s\.af.!.l' of tlll' rom piler. This is one way of creating nested interval graph 
st,'urtu('('s. 

In ter ms of control flow graph : 
It is easy t 0 dpriphcr the nesting levc1 when workillg with a tree like intermediate 
st.1'IIrtu\'('. lIowl'Y(", if wC' ('hoosC' to have a flat intermediate structure, like a list, 
t.lwn \.IH' inforlllation about the nesting level is no longer explicitly available, At this 
Il'vpl, Wl' (',111 rJ'('atl' the hil'l'archical blocks from the control flow graph instearl. Two 
alp,orithlIIs art' prnvided, Oll(' that is ta be used with control flow graphs with back-

• ('d~l'S and, t.11l' 01 hl'!' that. i:; to be used with control f10w graphs without back-edges. 
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NC\lmg le\'ell\ WnUi'n 
Jlung'luJe ln 0 

lB 1 J -----------------------, 

cod~ 

} 1* elso ., 

1 } 1* if *' 1 

~IB""":5~-....,.1 ~.~-:o~:-~.~------------(~;1 
1 1 L _______________________ ~ 

(a) Code Segment: Multi-way Switch 
Var 
Names 

81 (Neltlng Level 0) 

Timo 

82 (Naltlng Leval 1) ---------_ .. - .. 
1 C2 (Nelltlng level 2) 
1 
1 

:~ 
1 

:EJ 

N •• Ung LI." 0 

N.,Ung LeVI' 0 

(1)) COllt.rol Flow <:rilph 

DII5 .1 
(n.tUnlllt •• 1 0) 1 

(c) Interval Gmph Fol' Nested COllllitiouals 

Figure B.3: (1) Creating IIicrarchical Block Structures For Nestl'd Brallch StructuJ'('s 
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Non Looping Structures: 
Ah:'U/Ili/lg that t 1)(' co/ltrol f10w gra.ph is a.vailable and, it do es not have any 
loopill)!; hl" II( t,",(':" that i:, I,hN"-' are no back-cdges in the graph, we go back 
t (J 011 r p' f'VIOllh <'Xétlll plp of Fig. il .:J. Part (b) shows the control flow graph 
for thl' tlH:-'f'lIllJly cod" HhoWII in (a). The l'ollowing steps are used to obtain a 
hiprarchical i/lt", val )!;' clph strnctllre while traversing the control flow graph in 
a. top-dowll fcl:,hio/l. 

1. EV('I'yti/lH' a bl'allch OCCII' h, a cOllnter is incremented. This counter cSficlltially 
k(,PJlh track ofthp dp)lth of the ba~ic blocks in the program. Each basic black 
that call 1)(' bl'auc!t('d into il> assigned the value of this counter. 

2. If' two 0' /IlO'" fOI wal'd pathR of execlltion rcarh a basic black then that basic 
hlock 1)(,(,()IlJ(':' ,\ mil 1)( T'fil/tg or syne black. For instanc(' B5 in Fig. B .3(b)) 
iH il HyllC hlu( k. 
At a poi III. wh"l1 pa t b of ('X('CII tiou merge, the COHuter (or the nesting 
dl'pth) pl'('violl:,ly ,1:,:,i/?,lIed to th(' hyllC black by a previous node is decremented 
and )'('a:,:,i/?,lIpd 10 IL III 0111' ('xample, Bl branches into B2 and B5 bath 
of which /'<'('"ivp tl up:,tillg level of 1. LateI", when either Oll(; of B3 or B4 
hrallr!t iulo /J.~, w(' recognize 135 ah a sync node as two paths of execution are 
l'(·adliu)!, il" 'l'Ill' IH'hting dppth of B5 ib decremented to O. Ali subsequent 
patlll') of ('x('cutioll that Jead to H5 are not allowed to affect the nesting 
()Ppt.h of IJ.~. 

:J. Fillally, (I,l( h hlock, h, if> embedded in a predecessOJ' black, p, which has a 
IH':,t.illp., 1(,\'('1 t.hat ('<\II,lls or ib less than the uesting level of 1>. 

'l'h(':-;(, tlll(," hl('pf. filld tilt' IlPbtinp., level of non-looping structures, and can be 
<l(,(,olllpli:-.I\('d ill 011<' top-doWII paRS of the control f)ow graph. 

Looping Struct ures : 
llo\V('v('J', if 100(1:' 01 back-edges are present (Fig. D.2(c)), then these additional 
Htl'PH IIIII:-.t 1)(' t cl kl'II i 1110 conbideration when assigning the nesting level of a 
hloek: 

1. If th(, hloek, IJ- .... ucr (o(' IJ.1 in Fig. D.2( c)), that immediately follows th(' 
hlock, IJ-pl'(,<! (01' TJ:J in the diagram), is also a black from where back­
('dl!,(,h ('111,\ lia 1 (', t !tl'II H-sllcc rcceives the same uesting level <ts B-pred. In 
g('IH'l'al, Iwo adja('1'1I1 blocks which have back-edges emanatillg from them 
al'(' a:,f,ip.,llpd t 1\(' f,allH' I\(,,,ting level. 

2. 110\\,('\,('1, if t h(' ,Ibo\'(' condition does not hold true, then the block, B-succ 
(01' Hf) ill Fi/!,. B.2{c)), tltat imllH'diately follows a black from where back­
pd/!,<,i'o l'Illall,.t!' (Il,J III dia!!,l'am) then, it is given a nesting level that is one 
l('lIs t hall 1 Itl' 10\\'('ht alllollgst the blacks where the back-edge terminates. 
Bark-('dp.,('~ t'rom lH INlllinate at B2 (which has a level of 1). Hence, B5 
('('('('ives a n('bl in!!, Il'wl of (lower of (1) - 1) = O . 
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