
c o e r 4 i ' o | { | P ' l i q i P 6 L ' d

REGISTER ALLOCATION VIA COLORING
GREcoRy J, CH^ltrN, MAic A. AuslrNDll. AsHoR K. CHTNoRA, Jo+IN CocKE,

MAxnN E. Hopt(rNs ard psrExt W. M^l((lrErN
tBM L. warron Rearch Ccn|.r, yo*toen H.irh!5, Ny IOr98, U.S.A.

lR...tv.tt 9 Octobe. 'JAO)

Atdr..r-R.gin4 alqrioi r.t bc vi.y.d s I g.ph otoinS Fobld. Ea.h rod. in rh.srapn n..th for I cohp{cd qusrry !n.r rBjd6 in r h&hh;,.9't.r, ""d l;;;; ;;:conner.d by &..rB.irrh. quurls,nk.rs. w,rh ach odd. rr,.r n-rr ir,iy * iii,"iii.i"liJr. ' shr pohr n ,h. ooFd p,osah rhu rppro.dr lnou8h ,.",i_.a i"ir,i, [iiiiiii]iiiincvc hprchdr.d b.ror. pEuh,n.ry rc$hi of&.rpcri,.nhl inDlcnar! oD in I pLi
oFidDrS compil.! !u!i6r rh.r 8lob.t E8lrcr.lt@fio. rpDr@chinr rh.t oI h.nd{od;emDry u.&rl! mrv bc .rrajngl.

R.i .ralte..id OpdninigcoopilcB Or.ph@lorins

I ,  O V E R V I I W  O F  R E G I S T E R  A L L O C A I I O N
In this papc-r r',/e dcscribc rhe Rcgisrcr Allocation phas. of an cxpcrimcnbl pLlI cqjnpilcrlor rbc _IBM SystcmB?o. (For an oi,ervicw of th! cntirc cornpilcr scc Cockc ana.ULf-stcitr fll.Ior baclground informadon on oprimizarion. scc ha"tr: -Jiril;, iilh.rlsponsibiuty of this pha$ to maD rhc untimitcd nulnf., of,yrnOlrd" ,"giit'rJ ""r"rJiD thc irrcrmcdiatc languaSc iDto thc t7 rcal machinc rcgisterq narncly 

-the 
15 gencral-

n6c rcgrstcrs (R0-Rt5). and rhc coadition-codc lCO.t.csscDce of our approach is thal it is unifonn ajd systqhatic Compilc, back.erdstbu"-(dcal wirh thc idio6yncrasics of rhe machin. inrt^.u6n.; ro, "r"-pii-r"gilii-p-"i'ilhc fact fiar rcgisrcr R0 is an invalid bas. rcgisrcr, and thal th. contcnlsof soi" a"L;nlrcgistcr arc dctroyed as a sidc€tred ol funicutar i*m"ti";a.'l;;;;;;.;;';j
thcs. idiosyoffasics arc cnkred in a unifor; manner in our dare itrucrurc, ihe inicifeicnce graph. Afrcrwards rhis dara srruclure ts ,nanip"t"t.a in " "c.y ivrtiiiU" ""u. 

''

,-ALo. our approach has a rarhcr difi.rcnr pcrson;hy d;;.Jiffi;;;;;i;. *.uu groDar rcgrster aIocitlton actoss cntirc procedurcs Funhcrmorq cxccpt for fhc rccjs-lcr which always contains rhe addrcss ot-thc DSA C.dy""*" .i";;;;;;i;;";;;;st.cl framr, and js rhe anchor for all addrcssability, "fi orf,", ..giri"'" i."-";;:;;il1;oc_.pan of i unrform pool ard all compurarions 
'conpcrc 

"" ; i;J;;;-i;;;rc8$lcrs Mosl compilcrs res.rve subs.ts of the regi""ri to, .p"an" i".po.."; *. ao ii.cxact oPposite.

__rlr our-compilcr a d€liberate cfron is madc to make things as hsrd as possible forrc&slcr allocarion, i.e-to lccp as many computarion, ". p*riUta in ,"gi.r..,i"ri"_.-r#{ssrarage foJ cxarDpE automatic scalals ara usually Lcpt in rcgislcrs rathcr than i! thc".?r, ano tuDrout|ltc ljntaga also attcEpts to p6ss as nuch inforhation as Dossible
;:::-1T t p.":o lr.rs rhc rGponsibiliry of cod. gcn€rarior and optimizadon jo €tcqJqragc ot,lnc untrmilcd numbcr of rcgistcrs allowcd in thc intcftcdiatc lanruaca in"'uEr ro drntmrze tt|c nurlbcr of loads alrd stor?s in tlc progra.m, sincc thcse a-rc riuch
}i,.._lFll*. rhan registcr lo rcgisrcr instructionc tlcn tr-opefuuy ;di;;il;;qru rlap rli thlsc rtgisrcn into thc 17 rhar are acluaUy *"it"Ui. L O" fr-".a"ar". iii.i'. D E8lslcr auocatron's Fcsponsibi[ty to pul back into thc objcc! progam lhc r'linimunadlo_unl of spill cod., i.c. oa sbrcs ard rjoads of r.gislcrs, $;t is D;ed.
",^. 

,9o8 
f no spill codc ncld bc iDuoduccd $t fc€l thal our approach !o recisr.r- |on ooca a bc|lcr Job tbr! cen b. donc by hsnd-codcls Foa cxall|oL. if Ucri is ,

.. qrangc tn a prograrD, whcn it is r.compild thc Rcgistcr Auocstion ph&sc fiayr".,.rucc r.complctely difr.rcnr alloc.tioo to accorncrodati thc dange. A ;a;.;;;--ru or rncsponsrDl. to procccd in ruch a fashion. Wc also f.al rhar our comoilcr
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$cccrds in k.€ping things in rcisrcrs raihcr than in storagc bc(cr than orhcr compibrr
a.d that this is onc of thc salicnt fcrrurcs ol thc pc.sooaliay of tbc objcct codc W
produac. Moreovd thc marh.matical clcgan€ of the Sraph colorirg approach dcscdbd!
bclo% its sysldnadc and uniform eay of dca[Ig with hardwa.c idiosync.asicsa and th(
fact that ils algorithms arc computarionally highly cfrcicnl, arc convincing arglmcnts h,.e
its favo..

2.  IEOISTER AL. ' -OCATION AS A GIAPII  COLORINC PROBLEM
Our approaah to regislar allocrtion is via gaph colorin& This has t!€.n suggesrcd by

Cocke [2], Ycrshov [3], Schwartz [4], and othcrs. but has nevcr bccn wo.ked-oul in
d€tail nor implcmctltcd bcforc. R.call thEl a coloring of a graph is an assignmcnt of a
color to cach ofits nod6 in such a mrorlcr tbat if two nodcs arc adjaccnt. i.€, colncctad
by an cd8. of thc graph ihcn thcy havc dificrcn! colors. A coloring of a graph is ssid to
bc an ,.coloring if il doc! lot usc morc than r difrer.nt colors. And rhc chromatic
numbcr of a graph is dc6D.d to b. thc minimai numbcr of colors in any of ils coloring!,
i.c. th. lcas! n for which thcrc is an n-colorinc of it.

_ ft is wcll-kno*n [5] that givcn e gapir G and a narural numbcr, > 2. the problcm of
dctermining whcthcr O is n-colonblq i.c. whctier or not thcrc is lm n-coloring of 6, is
NP-complctc. This suggEsts that in somc cascs ar altoglthcr impractical amoudt of
computation is lccdcd to dccidc thil ic, that in some cas6 thc amount o[ cohDubtiotr
musi bc e! cxponendal funclion of rhc sizc ofc,

In facl axpcnmental evidcnce indicatcs that the Np-complcrcncss of graph coloring is
not a siSnificanl obstaclc to a rcgistcr allocaiion schcrn. brsed oo graph colorio& Horv-
cvcr ii should bc pointcd out that givcn aD arbitrary g:aph it is possiblc to construct r
proStsm whos. rcgist.r allocation is formulaicd in terms of coloring thia graph (s.a
Appcndii 2). Thus some progrerff must Bivc risc to s.rious coloring probl.ns

Our sppfoad to rcgistcr allocatio[ is to bulld a rcghaer htalercrce gruph Io. .slca !
proccdurc in thc sourcc progrerE, and lo obtsin I 7-colorings of th6. inrcrfcrcnce graphr . "

Roughly spcalin& lwo coDputations ehjch r6idc itl r[cbin€ registfis arc said t; idcr.
lcrc with cach oths il lhcy arc livc si[ultaftously al ary point in rha program.

For cach proccdurc P in thc sourca progam ar inle arcnca graph rs construclcd f
whos! nodcs stand for thc I 7 machirc rcgisl€rs ard lor all computadons in thc proccdurr
P which rcaidr in machinc rcgistars, and whosc cdgas stand for registcr inlcrfcrcnccs. If
thc chrornaiic numb.r of this g!.ph fu l?, thcn a rcgistcr allocation has bccn acbicve4 j
end $c rcgisLr aslign.d (o a coEputation is that ona of thc l7 machinc r€gisrcrs whidr i
has tha satrrc color thal ii docs- Thus compulations which inlerfcrc cannot be assigncd to
thc saDc machinc rcgisrar. On th. olhfi her4 if thc chromeric numbcr is grcatcr thatr
17, thcn spill codc rnust bc introduccd to storc and rcloed rsgislc.s in ordcr !o obtain a
progrsm whd. dlomatic nDtnbcr is 17.

] .  T H E  C O N C E P T  O F  I N T E R F I R E N C E
If a program has two loop6 of thc tonn DOJ = J fO t00. J could be kcDt in a

difrcrcnt rcgistcr in caci of thc loops In order ro &ake ihis possiblc. cach symbolic
rcgister is split iDto thc cooncctcd conponenB of its def-usc (defioition-use) chaini aad ir
is thclc co'trponcoG, &llcd nsm+s, which arr thc ood6 of our inrcrfdcncc graph. Ttis is
.sqcoall jmlon nt brcausc crc alrreys do Blobal rcgistcr lllocation fcrr cntirc pro.
cedurB Mudl additional frcldom in coloring is obtahcd by ulcoupling distant regiotrs
oI rnc Procodurc by u! Dg nam6 hstcad of syltbolic rcgslfis as fie nodas of thc
intcrfqrnoa gaph. Horrcvcr, as wc cr!,lai! bclow, somE of thcse naJnca arc latcr co_
alcsccd. at which point thc happint ftom synbolic rcgislcrs to nsrnrs bccomcs maDy-
m:rny ralnar tllln oDt.rhany.

Our notion of liycocss is not quita lhc samc as that usad itr oDtimistion. Wr considcr
a naEc X to bc livc at a poi[t L i! a progral'l p if lhcrc is a conrrol fiow path from rhc
ctrtry poiDt of P to a dcflitioD of X atrd thco through L to a usc of X at point U, whid!
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r 'r propcrty rhar therc is no rcdcfinition of X on lhc !'sth b.twccn L and the use of
,\ U. I.c. a computarion is livc if it has been computed and will bc us.d bcfore bcinr
recomputcd,

Abovc h was statcd that two names intcrfcre if thcy arc evcr livc simultaneously. Thus
ifat a point in rh. program rhcrc arc t live namcs Nr, it is ncclssrry to add l(i - l)P
edges to the inrcrference gaph. Howevcr. wc do nor actually do lhis. If ,( nahcs ff, arc
lvc at the dcfinition point of another namc lr''. wc add lhe t inrcderences (N,,Nr) t; $e
graih, ln other *ords, th€ notion of intcrferenc€ that we actually us€ is that two namcs
interferc rfone ofrhem is livc ar a definirion pornt of the orhcr. This intcrf.rencr conccDr
ls b€tt€r than rhc previous onc for two rla-sons: il ts lcss work to build rha intcrfcrenci
Iraph (l €dges addcd vs t(* + I)/2). and there are programs lor which rhe resulrinc
interlerencc g.aph has a smaller chromaric rrumb€r. Hire is an cxamotc ot suli-i
program:

F: PROC(MODE)l

DCL

MODE an{t ) .

(a l .a2.A3.Aa,a5,A6,A?,AE,A9,At0.

a l ,a2.a3,B4,B5.86.B7.B8.B9.BlO,

SUM) FIXED BIN(I5) AUTO,

(U(10) ,v(10))  FIXED EIN(15)  STATIC ExTr

IF MODE

THEN DOi

A l - U ( l ) i A 2 - U ( 2 ) l

A6-U(6) :  At-U(?) i

END:

ELSE DOi

B!-v( l ) :  A2-V(2) i  83-v( l ) r  Ba-V(a) i  Bs-v(5) i

86rV(6) :  87-v(7) i  88-v(8) :  l9-v(9) i  Bt0rv( l0) :

END:

LABEL::

IF MODE

THEN SUM .  AI  +A2+A]+A4+A5+A6+A7+48+A9+AtO:

ELSE SUM -  Bt+82+A3+&r+85+86+E +t8+89+8to i

RETURN (sUM)i

END Pi

A3-U(! ) r  A, l *U(4)r  A5-U(5) i

A8-U(8) i  A9rU(9) i  A l0-U{ t0)r

I J

i.
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Ar rhc poinr In the program p markcd L,48EL rhe ren ,, .nd lhc ren B, arc simuL T
tancously liv€. and so is MODE. Thns witb rhc 6rsr m.thod of building thc inrerfcrcn I
graph th.r! is a 2t-clique and the chromaric numb€r of rhc gaph is 2[ [Rccall thal 6.
r-cliquc is an fl-nodc g.aph wrrh a possible a{n - | )n cdges.l Wir h rhc ;cond mclho
nowcvcr. non€ ot the tcn /4 vanablcr jrtcrfercs wtth any o[ lhc tcn g variablcs. ard rh.
chromattc n"umbcr of lhe inrerfercDce graph is onlJ tt. {A r.cbntcal poinr: wc hav;
l8norcd lhe tact tllat all our inr€rfcrcnce graphs conlain thc l7-clque ol machtne rcsjslcri
as a subgraph. Thus rhc chromaric numb€r rs acrually t? insrcad of I l.l

; r .  M A N t p U ! A T t N O  T H E  T N T E R F E R E N C E s

. There arc 3 steg€s jn proccssing lhe inlerfercnc! grsph ofa procedurc. The first sragc is
building thc graph in rhe manner dcscribcd abovc. This ;s donc by rhe routtne C iTF
The second srage is coalescing nodcs ln rhls graph in ordcr !o forc€ them ro g.l rh;amc
color and b€ asstgred lo lhc same machine register. This is don€ by lhc roulne C LR-
The rhird and 6nal srage is altempring ro consrruct a t7-cotoring of rhe resultrng fraph.This is done by a fasr rouline called C_CLR. or by a slowcr routine C_Np wh;; ;s
backrracking and is guaranle€d ro fin? a t?+oloiing if rhere is one.6f course, Uaci-
tracking is dangerousi in some unusual €ircumstanc€s C_Np uses cxponential amounG
of l ime,

We now make a few general remarks about the preproccssing of the inlcrfercnce graph
which is done for rhe purpose ofassuring rhat separarc nodcs io rhe graph musr git tic
sam€ color. This is done by coalescing nodcs. i.e. taking rwo nodcs which do not in-terfcre
and combining them in a single node which intcrfcrcs with any [ode which cirh.r of
lhem inlerfered whh before. Note rhar coalescing nodes in thc graph bcforc colo.ing it is
also a way ofdoing some pre-coloring tor any nodc which is ;oabsccd with one ;f the
l7 machine regisrers has in facr b€cn assigncd ro rhat rcgisicr. Ol coursc. such prc-
colonngs arc a slrong consrraint on thc 6nal colorin& and should b€ avoid€d if porsiblc.
preferably rcplacld by coalcsces not involvin8 rcil rnachinc rcgjslcrs. Il should t
pointcd our rhar prcprocrsstng rhe graph in this manner gtts muih bclrcr rcsults lha
warphg lhc coloring algonrhms to lry to gjve enain nodes fic ssmc color.

Here is an cxamplc ofa ryptcal siruadon in *hjch one mighr wish lo coalcscc nodcs. lf
lhere is a lR I S (load registe. I trom S) in thc objcct program. ii is desirable ro givc rhc
names S and f thc same color so thal it isn't actually necessary to copy the conacnts of
registcr S inlo rcgister I and lhus rh. Finat Asseftbly phasc nccdn.r imir a'|y codc for
lhis iDlcrmcdiale languagc instrucrion. (fhis optimizarion is traditionally reieireJ ro as
subsumption.t C_LR achicv€s thjs by chccking rhe sourcc S and largei f of each LR
insrrucuon In tnc obJect program to sec wherher or nor they inrerfere. lf they donl. rhcn
C_LR alters rhc graph by cohbrning or coalescing the nodes for S and i. Thus any
cororrng o, Inc graph wtl nccessarily givc rhem rhe same color,

nowcvcr. In ord€r lo make rhis work well. thc definirron ol inrederence prescnred
abore musr be altcrcd yet againl Thc rcfincmenr is rhar rhc rarg€r of an LR doesnl
neccssarily have ro be allocarcd to a difcren! r.gjster than its so!r;. Thus a LR f.S ar a
poi[r at which S and the A names ,Vt are livc only lields thc I inrcrfcrences of rhe form
(f.N,). bu..t nol th€ i erfercnct {I.S). tse€ Appendi} | for a consisrent philosoph} oflhe-uhimate'notion of intedcrence and approxrmations to it.)

Subslrnption is a very useful optimization. b€cause intcrmediare languag€ rypically
contains hany LRs Somc of lhes€ are producrd for assignmenrs oioni ,ot", r"
anotncr. Eut .ven morc ara gencrared for subroutine linkagcs and are introduccd by
value numbcring and^by-rcduction in siretlgth. Besides climinaring lR.s by coalescin!
sourcls and targ.ls. C_LR also a{cmpts lo coalcscc computations u,ith $e condiiio;
codc. and to coalcsce rhe firsl op.rand and $c r€sult of insiructions like subrracr which
are actually two-address (to avoid rhe nc.d for thc Final Asscmbly phase ro emit code lo
copy the operand). C_LR also altempls to coalesc€ the oDcaands of certain instructions
with rcal rcAsrcrs in order to assign them to registcr pairi.
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pw. is the inrerfcrence g.aph acrually colorcd? This is done by usrng rhe following
r-.* which is surpriengly towerful. If onc wishcs ro obrajn a tZ-colorini of a raoh Gl
and if a nod€ N has less lhan 17 ncighbors, rhen no marr€r ho* rhcy ari mtoriOitrcrc
sill have to be a color lefl ovcr for N. Thus node N can be thrown our of the graph C.
The problem of obtarnin8 a t7-coloring of C has thercfore bern recursively rjuccd ro
lhat of obraining a I 7-colonng of a g.aph G wirh one node (and usually sivcral ed gcs)
l€ss than C. Procecding in lhis manncr, tl is olrcn rh€ casc rhar lhc enrirc graph is thro'wn
away, i.e. thc problem of l7-coloring th€ origjnal g.aph is .educrd lo thai oi l7-colorin!
the empry gaph. In facl. C_CLR givcs up if rhc originat grapt o"nor U. reauceJ io ri!
cmpty gaph. and so spill codc has to bc introducEd.

. On.the olher hand. C_NP won r grle up unrilir proves rhar rhc graph is nol tT.color-
aDlei lr uses an urgency cnrcno[ to sclect nodes for whlch ro gucss colors, and back-
lmcks if guesses fail. Th. ur8ency of a node is dcfined to be itt. "u.r"nr nur*i-ot
uncolored neighbors rhal it has) divided by (thc numbcr of possible colors thar arc
clrrently left for ir). C_CLR runs in limc lincar io thc size of $; graph, while C Np in
tie worst qrse il exponcnrial, although this doesn'r seem ro happcn oficn. Thi usual
situation is that C_NP quickly confirms thar graphs fo. which C-CLR ga"" up inaJ
havc no l7-coloring. ln facr, ut, to now in our cxpcrim€nts ,"nnia ""ru-"f efi,ouiJ
programs through lhc cxp.rim.ntal compiler. in rhc handtul of ca; rn which C Ni
round a t7-coloring and C_CLR didnl. C_Np has achFvcd this by gucsrng wiif,our
having ro backtrack. In v|ew of this siluation. we have disablcd the dangerous back-
tracking featurc of C_NP Furrhcrmorc. C_Np is only invokcd whcn i Cf_n fait
and lh. usd of the compiler has rcqucstcd a very high levcl of oprinization-

5 .  R E P R E S E N I A T I O N  O F  T H E  I N T E R F E R E N C E  G i A P H
1tc of the mosr tmf'o anr problcms in doing rcersrcr allocation vie graph colorin! is

. iE a rcpr€scn tation for ftc in terfcrcrcc graph. i.e. a data srrudur", tor *lict rtri :dr[.rent krnds of operations which arc performcd on il_nam.ly buildins thc saDh.coabsong nodes. and coloring ir----can bc done wirh a rcasonable invcsrmint oiCiu
timc and storagc. tn ordcr lo do these rhr.c diffcrcnr f<ina" of."nrpufanoni iii-.;.nrf-i iis n€cessary ro be abl! ro acclss rhe Inrcrfcrcnce grapl Uorrr at raniom ana seoucntriifv.In orher words. ir rs necessarl. to be abte to quicily a.,.-i". *r,.ii"i "i""i i"i'll.'iramcs rnter!€re. and lo also be able ro qurckly run rhrough lhe lisr ol all nam;rhalrnreflcre wtth a Stvm nama.

.Whilc building the gaph one accesses ir at randoh rn ordff to detcrmine wherher ancqge rs atrcady In rhc graph or musl bc addcd ro ir. Whilc coloring rhe graph oncaccesses il sequenrially. In ordcr. for erample. ro-counr thc nur,b.r oineighb-o;ii;;;nctd! has tso that if rhis nuhb.r is lcss lhan t? the node can b. dclcred-). And whilc
:oalcscing nodcs oD€ acclsscs thc graph both in a rando, *a in " ,"qu.nri"i la.t ioi.ior cach LR.r.S in lhc objccr codc one musr firsr check wherhcr oi nor f anJln'Lro€rc. wnlch ts a random acccss, It f and S don't interfcrc. onc must then makc allhierfermces oI the lorm {S.X)into oncs ofthc form tf.Xf. f, ao tf,is reqrrires sioic"r;"i
,.ff to "lt namcs lhat inkrfcrc wirh S. and random accss ," ,* "hi; i;r;;;;;, ri, alc ncw and ncccssitatc adding en edgc to thc gaaph,

..^vir solution ro lhe problcm ofsarisfying borh of lhcsc rcquircrhcnrs_{asr random and,lglmrlat acc€ss-ls to simukaneously represeni the int€rfcrcnc! graph rn two difercnt
;ffirruclurcs. 

one ol which is efficient for random actcss. and lhe olher for scqucnrirl

,-tor random acclss opcrations we use an area / fl.S In which lhc interfcrencc grapb $cptsentcd in rh. forln ofa bir matrix. Wc lakc advanragc of thc facl rhar tf,. "a'i"J..*
;\r 

or rnc.tnrcrtcrenc. g.aph is syrhmctrical to halvc rhc storagc needcd. The-orccisc_ t$ng rutc is as follows. Considcr two nodcs numbcrcd i and yi whcrc with;", i;';;
rquty wc assumc that i $ lcss than or lqual roj.. Thcn thesc arc adjaccnt nodcs in thc""T:',ff#;li;[:",;".,{ilJ:1i.":ll;:f?,rIFs. " r. *a'r'm'iii riid'ii.i
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Sinc! thc adjacency matrix is usually quitc spa$c. and thc numbcr ol byrcs in thc
,TFS arca Srows roughly as a quadralic function,l'(n) = r'116 of thc numbcr ,r of nod
in lhc intcrfcrcnce graph. for large progra$s it *oold bc b€ttcr if hashing w.rc usa
instcad ofdirect addrcssing into a bit matrix lsomcwhal more CPU rirhc would b. lrad(
lor much lcss main mcmory). Since lhc cocffcicnl I/16 of n: is small. if thc program is
ool ioo large our bit matrix approach is ideal since it uses a small anount of storage and
Drovidcs immcdiatc access to lhc dcsircd infonnatioo.

For scqucntial acrcss op€rations we kcep in an arca IJrS ljsts of all ot rhe oodcs
which arc adjacent lo a givel onc. in rhe form of linked 32-bytc scgments. Each scgmc
begins with a zl-byle forward pointer which is cithcr 0 or is rhc offsei in L.STS of the 6rsr
byle after the nexl segmcnt ofthe list. This fors,rrd poinrcr is followcd in the s.gmcnt by
lourteen 2-byte fields for the adjaccnt nodes. For any given node J. thc Jth elemcnt ofthc
vector NXf is either 0. or gives thc oFscr in IJIS of $c n.$ cmpty adjaccnt-node field
in lhc latcsr scgment ofthe li$ of nod6 whjch arc adjaccnt lo J. or, if thc latest s€8mcnt
is full. it gives thc offsct oflhe firsl byie after th. laicsl segmcnl. All scgments in a list arc
full (givc all 14 adjacrnl nodes). crc.pt possibly the latest on€.

6 .  D E L E T I N O  I N T E R F E R E N C E S  A N D  P R O P A C A T I N G  C O A L E S C E S
Consider a LR LS at a point in thc objcct progxam whcrc bcsides S lhe narn.s

Lt.L2.,..are also livc. Furthcrmorc. suppos. S was subsumcd with li. wc car.tuuy
avoided making f and S inle .rc. bul it lums oul lhat wc crroncously made f ard !r
inlcrferc. This may havc blocked our subsumiog I end lr, which in tum may h{vc
blockcd olher subsumptions. Our solution to tbis problcrh is as follows: Aftcr C_LR
docs all possible dcsi.able coal.sccs. lhc cndrc intcrfcrcncc gaph is rcbuih from scratch.
and typically the.e will be fewcr interferences than bcfoic. Wc lhqr run C_LR agaio to
sec if any oi lhe coalesccs which were impossiblc beforc havc rlow bccome possiblc. This
cntirc process is repcated eiihcr a fixcd numbcr of timcs (usuauy lwicc will do). or ullil
no lunher coalcscrs aac obtalncd. lt tums out fiat in praciicc this is as fa5t ard uv
much lcss storage than the cxpcnsivc data struclurc (das$ib.d b.low) which dirccl
supports dcleling intcrfercnces and propegadng coalcsccs.

Hcre is a morc arcanc examplc of a srtualion which rcquircs intcdercnc€s to ba
.emoved: If the solrcc and largcr of a LR inslruction erc coalcsccd. then lbc lR no
lonSrr makes its sourc€ and targd intcrfcrc with thc condiaion codc. nor docs it malc its
targcl intcrfcre wilh all names live at thal point.

As it is ofsomc thcorctical interlsl. we now dcscribe thr altemac rcprcsentation of thc
interfe.cnce gaph mentioncd abovc. The graph has a counr associalcd with each cdgr.
This is c.llcd thc intcrfercne count. and il is thc number of progadr poinB at which thc
two compulations inlcrfcre, As intcrfcr€nccs arc dclctcd. thcsc counts ere decfrmcntcd.
and if thcy rcach zcro thcn the two computatioos no long€r inrcrfcrc with -sch othrr.

Lcl us be rhorc precise. In thc lram.work ncc.ssary to dircctly propagatc coalescls. thc
intartercnce graph is bcst lhoulht o[ as consistiDg of thrac sparse symmetric l[|atricas
Thc first onc gives the interference count ofany two givcd namcs, Thc s€cond onc givcs a
point€r to the lisl of interlerencas thet Inust bc dclctcd if lhcsa two names are coalcscc(
and thc third sparse mairix is boolcan aod indicaies whcthcr il is dcsired ro coalcsce thc
pair of namcs if theia ini€rference count hits zcro ln practice thcse $rcc spersc matricas
can bc combincd into a single one. Hash tablcs arc ncedcd to provid. rrndom acclss to
elcmcnls ofthe matrix. as \rell as poinlcrs in bolh directions to chain rows and columns
togcthcr for scqucntial acc€ss and to pcrmit fasi dclction.

Thc problem with lhis schcmc for direcdy dclcting inlcdercnccs and propagatilg
coalesces h thc large amount bf mcmory needcd to repres€nt thc inteaferenc! graph.

7 .  I E P R E S E N T A T T O N  O F  T H E  P R O O R A M  D U R I N G  C O L O R I N G
Hcie arc some details about thc way wc rcprcscnt thc program in tcrms of namcs, l'

ordcr io avoid rewriting th. intcrmcdiatc languagc rcxt. it is aclually lcft in te.ms
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- 
lbolic regislers. But it is supplcmentcd by a vector NM_MAP givinS fic name of lhc
.,rlt produccd by €ach intermediale languagc insrucrion. and also by a 'ta8g€d" array

Eving for each basic block in thc inlermcdiate language text a list of ordcrcd peirs
(symbolic registcr livc al cntry to lhe basic block. corrcsponding namc} And lh€ namc of
a computation is rcprcsented as lhe indcx into thc intermediatc languag! tcxt of an
arbitrarily chos.n canonicsl dcnnition point for it. It is thcn poGsible to intcrprct onc's
way down a basic block maintaining at cach moment e map from thc symbofic rcgislcrs
inlo thc corrcsponding names. C_ITF do€s this, kecping track of which remcs arc livc
at cach poin!. in order lo build thc intcrfercnce graph. We also ralc advantagc of (his
schcmc to avoid rewriting lhe intermediatc language rcxt to reflect coalcscB-only the
ragged affay and the NM_MAP vector are chenSed.

8 .  H A N O L I N G  O F  M A C I I T N E  I D I O S Y N C R A S I E S
It was meltioncd abovc that on. ofthe important advaltagcs ofthc coloring approach

to rcgistcr allocalion is that special casc considc.ations can be takcn care ol by ad-
dilional intcrfcrcnccs ill the graph- For cxamplc. the fact that lhc bas€ registcr in a load
instruction cannor bc essigcd to the rlgistcr R0. is hendlcd by mating all namcs tbat
arc uscd as besc rcgist.is iotcrf.rc wilh R0. Thc facr thal a call ro a PLA subp.ogram or
a library routinc has thc sidc€frccl ofdestroying thc contcnts ofccrtain machinc reSisrars
is handlcd by making all namcs livc acloss lhe call intcrfcrc with all rcgistcrs whose
contcnts are destroycd Thus ifj computedons are live affoss thc call end I rcgistcrs aIc
dcstroycd by it, a rotal ofjt interfercnc.s arc addcd to the graph to rcncd rhis fact

Although sublracr is a dcstructive 2-addrcss ilslruction. in thc iot.rmcdiale languagc
subtmd is 3-address end non-d€structive. This i! dole to mak€ possiblc a systcmaric
uniform optimization proccsr Considcr the intcnncdiarc language instruction SR
llJVlX3 lNl := N2 - N3). If Nl and N2 arc assigncd ro rhc samc regisrcr. rhctr codc

Fsion In thc Final Ass€mbly Phase will emit a singlc instrucrion. subtrac! for this
ntr€rmdiare languagc instruction. If not, il will cmil LR Nl,N2 follow.d by St Nl,1V3.
Howcv€r, if Nl and N3 arc assigncd to the samc rcgisrcr. lhcn lhc Final Assctnbly Phasc
is in trouble. bccausc copyilg N2 into NI dcsrroys N3. In ordcr ro avoid this code-
ehission lrroblem. we mek. /Vl and N3 inrerfcr. whell building rhe intcrfcrcncc graph.

A large set of special-pu.pose inrerfcr.nccs has to do wirh intcrmediarc lanSuagp
hstructions involving th€ cordition codc (CC). The iltermediarc language ignorcs rhe
fact $at thcrc is actually only one CC. The way wc ger around this is cxemplined by
contrasling thc comparc intfimediatc languaga instruction with the actual compare
hstruction. The intermediate language comparc is thr.€-addrcss: two registers are com-
Parcd, and bits 2 and I of thc rcsult regisrcr cxprcss rhe rcsult of the compare. Howcvcr
comparr always s€ts the bits ol thc CC. not tho6c o[ an arbitrary rcgistcr. Code chission
m thc Final Asscmbly Phasc emit! machine codc for th€ compar! intermediate lajlguage
hstruetion in thc lollowing manner. I[ $c rcsuh of rhe comparc intcrmediate languagr
lostruction is assigncd to the CC, thcn ir tncrcly gencrarcs a colnpare. [f the .csult of thc
comparc intermcdiate languaS€ instruction is .ssign€d to ooe of the 16 Sencral-purpose
rcgstcrs. thcn codc cmission gcncratcs a compare followed by a B,4LX wNch copies rhc
contcDts of lhc CC into lhc indicatcd gcneral-purpose registcr,

(A vcry special issuc is how lo dcal with thc facl that som! instructions sct the CC to
rdlccl lhc si8lr of thelr resnlt. For insrance sublracr do.s rhis. ln rhc Final Assembly
rhasc no codc is cmittcd for a comparc with zero olrhc rcsult of a subiraction ifit comes
hlcr in thc samc basic block as lhc subtract and nonc ol ihc inlcrvc[ing insructions
oestroys rhr CC.)

9 .  T E C 8 N I Q U E S  F O R  I N S E I T I N O  S P T L L  C O D E.)ur tachniqucs for inscrting spill codc arc quitc hauristic and ad ,toc. The followin!
.oo it thc basis for ou. hcuristic Ar any point in thc program, Iha prcsture on ti

.Cnr.ts is dcfucd to bc cqual to lhe numbfi of liv. namcs lit rhight bc inlcrcsritrg to
ct.lF this to thc nurnbcr oi tivc colorsl olus rhc numbcr o[mrchhc rctisrcrs which erc
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unavailablc at that point b€causc thcir cotltents arc dcstroycd as a siderfccl of
cu.rent ins!ruclion. Undcr the level two optimization compilcr opdon. wc insen oii
coile to immcdiarcly lower rhc marimum prcssur. on thc rcgistcrs in rhc program tol4,
Under the levcl thrrr optimization cofipilcr oprion. succ.ssive trys arc madc. Spill cod,
i! inserrcd 10 bring the ma.ximum pr6surc down to 20. lhen down ro 19. ctc. uotil I
colorablc program is obtained.

After inscrting spill code il is nccessary to.ccompule the d.iusc chains and lhr righl:
numbfi ol nardes: thcre are gencrally morc namas lhan bcforc. Wc abo rcrun dead codc;
eliminarion. which has the side-eficc! of scniog the operand-las!-use f,a8 bits in th.
intermediate language tcxt-these flags are lccded by C_ITF to lccp track of which
names are live at each point in thc program. Note lhat sinc! intermcdiale language tqt
con taining_ spi ll codc is rcanalyzcd by optimization rourinrs, and these routincs only
understand int€rmediate languagc wrilt€n in lcrms ofsymbolic rcgillcrs, the intermediai
language tcxr contajoing spill code must be corrccr in rerms of symbolic registers as wcll '

How is spill code inserted to lolrcr lhc regislcr prcssure? We att€mpt to rcspect thc -
loop slructurc of th. program and ro put spill codc in regions oflh€ prograrn whic.tr arc
Dol cxeculcd frcquently. This is donc in thc following manncr. Firsl thc dccomposition o[
thc program inlo 8ow-graphs is used botrom-up ro compute thc rnaximum rcgistcr
pressurc in.each basic block aDd €ach intcrval of all ordcrs. As wc do this wc also obtain
a bit vector o[ mcnrioned names for cach basic block and intcrval A pass-trrolrlr i!
defincd to b. a computariod which is live ar cntry to an int.wal bui whicb i; not
mentioned (i.e. ncithcr used nor redefircdlwilhin it. Clearly pass-throughs of high-ordcr
intcrvals are idcal computarions to spill. i.c. to keep in storagc rather thar in a rcgisl.r
throughour lhc inr€rval lor which thcy arc a pass-lhrough. Wc us. the dccompositioD of .
the program into flow-graphs ropdown in order to fix all thosc intervals in which drc
maximumprcssurcistoohighbysPi|UngPassnhroughs.

We havc cxplained how spill dccisions ar. mad. for pass-throuShs. bur wc havc nor r
explained how rhe spill code is aclually inscncd. This is donc by using two rulcs. FiGt of
all. if a namc is spilled anywhcrc. thm wc inse( a store ins!ruction at cacb of il!
definition poinrs. And pass-throughs arc rcloadcd according to lhc folbwing rule: load ar :'
entry to cach basic block I cvcry rlamc livc at cDtry to B thar is nol spillcd within B. but
that is spillcd in somc basic block which is .n immediate prcdcc.ssor of B. Thesc rul.s
lor inserting spill codc are casy to carry out. but thc olhcr sjdc of rhe coin is that thcv
somclimcs inscn unnlccssary codc. Ho*cvcr this unnecssary spill codc is climinarcd bi :
a pass of dead codc climination which immcdiar.ly follows.

Fur$cf rcmarks: Another idea us€d here is that some computations have the propcny
lhat ihcl can bc redone h a single innruction whosc opcrands arc alwavs available. We
call such compulations ner:eFkilled. An examplc of a ncve.-killed comDutation is a load 

-

address ofiot ft. reFsler which gjvcs addrlssabiliry to rhc DSA. Such comDutarions aft
recalculated inncad of being spillcd and rcloadcd. Furlhcrmore. if spilling pass-through
compulations docsn't lowea the lcgjster prcssurc cnough. as a last rcson we traversa cac.h
basic block inse ing spill codc whcncvcr rhc prcssure gets roo high.

Anolber approach to using rccompuhtion as an altcmErive to spilling and reloading
is whal wc call the .?l|lareriali:ariofl of uncoalesced LR instrucrions. Hcre the id.a is ro
replace a LR which can't be coalesccd sway by a rccomputarion $ar dircclly lcav.s thc
fesulr o[ tbc compuhtion in the d.sir.d registcr. (Of course. this should only b€ donc if
repeaxng lhe comporation at this point slill giv.s rhc samc result.) Rcmarcrialization
usually dccrcases the prelsure on thc regjsters, Furthermorc. aslumi[g thal all intrr.
mediate language inslruclions seen at this stage ollhc compilalion are single-cost. rcplac
ing an uncoalesc€d LR by a recompuulion cannot incrcase objccl program path lcngths,
and it sometirncs aclually shon_.ns them. Thus rhcrc js a scns€ in whicb remalerializatioo
rs an opdmizalion as opposed ro a spill tcchnique,

Rematerializarion is most hclpful when thcre are LR's into rcal regisrcrs. Typically this
occurs whcn paramctcrs are passcd in standard rcgistari Thc st:rndard paramcter rcgis.
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t are destroycd ovcr calls so thc computationt are destroycd ovcr calls so thc computation to bc pass€d cannot be kaDl in thc
-ndard regster ovcr rhc calL Thc advcrse conscquence o[ this is mosr se".rj in looosjruuo rcglsrcr ovcr mc call. rnc aovcrse conscquencc ol thts $ most sevcac in looDs

where many loop constaot par&nalcrs may bc kepl in rcgisters and arc loadcd inio
standaad parameter registcrs before cach procldurc invocrtion, Rcmaterialization tcnds
to reduce thc requircmenl for rcgistcrs lo hold loop constant param€tcrs,

- An cotir.ly diff.rcnt approach ro spilling might be bas.d on the tollowing obscrvation.
It N possibl! to hav€ C_CLR make thc spilldecisions as it colors rhc rnter-lerence graoh.
Each rime C_CLR is blockcd because ir csnnol delcrc any more noaes {all of theni have
mo.e than 16 ncighbors). it simply delctes a node by dccidjng ro always kccp that
computation h_sloraSe rather rhan in a .egjst.r..By jncreasing rhe granularity in thc
nam€s, one could perhaps d€velop this inro a morc gjobal and systcmaric approach ro
spilling than the one skerchcd above.

1 0 .  c o N c l U s t o N s

. w€ have shown lhst in spirc of thc fad rhat grsph @loring is Np-complete, it can b€
develop€d into a pracrical approach ro regisrcr allocarion tor icrual progarns. It is also-ipEasanl surpflse that coalescinS nodes ofrhc graph tums out to br an imponant oDtlmj-
zation_tcchnrque. and that machine rdiosyncrasrcs can bc handlcd in " "irif"r. rninn"i.
we bc[lvc thar our approach is abl! to pacl computarions lnto rcgsters globally across
large programs more cteverly rhan a hand-coder can or should. Howevcr. whcn not all
compulations can be kept in rcgjsrers across the entire program. rhcn rhe spill cod. that
wc inscn somctimes lcav€s much to bc desicd.

,..*rarkr'gsdrb- Th. authoB *Eh ro 5rar. rhdr rh..rpcnn.nr{ compih d@ib.d h.,.,. coutd not h.v.*q cml|.t.d srhour rh..roir3 otrh. m.'nhg m.hb.R of rh.n leh. Rrc$.rd cotdt ,s pcrcr H. Odm.-nuF r. (rw.ns.:.rt H.nry S. waficn Jr. Atrhough rh.t &cE no( drdt! hvotv.d *,rh $.;nDrt.i3 Ed{dqh icn.n.. rhtr .nrcrpne we v.ry nuch r roh .ffo ro wh,cn dt ,rtok.d hrd. 6!dd.t @n; bu-
,. *? arso s$h ro thsntr Ench J, Ncuhot.t lor r.rd,ng s drlt.r vcEro, ot fts plpd .nd lu!!6rtr8leprovh.nl''n rh..rp6nion.
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.-Th. riluriv. dcfrnr'on ot rh. concpr of inrc.f.r.tre i! rh.t r*o lyobot,c r.pu.R n. r.rutr! o, comDu.
::ronq in'.d.,. ,r rh., enno, 6dc ,; rh. !.h. hrchir. ,.3k.,. sr.i*ir. ; ;yf,i"rii iiii,iiilii Liiiiii.i;#:li,.jffi ,lt,lf ,';tft$ji::fJ ils##trfj"_,j.x*., ;;;;: 6;1;;1;;;; ;#il ri
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ELSE CO TO .|OINJ:

I
hr?rr.rctrs ar. rdd.d. Only ''o*rh ollh. liwn6 *r .crt bc rlcn inro reounr, rhrt is ro qy, rhc Lcr
rhrr lrr synbolic es'n6 b.con. ruvc on 8eann.nt. rnd tbr rh. *r Ito*r by un,@ &r a @nkd Rowjo,n.
r.. con ot .ohpunng in. lEuttM.oulty al'v. c.ir.rion .outd b. Edued bv rDDtyB! rhd obcr. mi

Ho*rv ! r .on .dne i . ty rsk . In ror@unr ( . r . t tb r ' rc r ( . , snodtbr 'h ; . i r ;o icor r .o lnosJo,B. r tE
apprdct'. uhid hry b. oll.d F6inr ofd.firnion 'nr.rf.tuc, is nor ont, i..rpcner. ro codput., bur ohitr
En.in .pplEnt inr.rLms ior ehrd' borh .ynboli. r.9 .6 @ icwr b. iicfri.d rihul.;.ouny h llv
prnrcuhr .i.cu on ol rhc protrM. Thus w. .pprorin.r. Inr.rf.He bt radrD! rh. Crorrun. u3inr rr@h:pulld drt8 flo* infomrton 50rn|' th. st of liv. v.lud i3 lno$ .r .ary ompuotior Ar .eh ompur.xor\
th. n.wly d!6n.d srnbolic r.s3t.' is nad. ro inr.rf.rc *irh .tt cun.nny Ut.3ymbolic r.isr.. *hicir 6"oi
b. s.n to hav.lh. em. vrlt..5 rh...ely d.frr.d r.8i5l.r.

A P P E N D I X  : .  P R O O F  T H A T  A L L  G R A P H S  C A N  A R T S E  I N
i  E O I S T E R  A L L O C A T I O N

Conrid.r th. lollo*i.! progtah. It h$ dellrrrids of rlE vlri.bl4 XODET. aid d.r. .c jusr as mai, ot
rh*. qn.bl6 a rh.rc.rc nod6 h rhc d6tr.d 3r.ph. For ..ctr .dg. trODE,. ̂ /ODEy' h rh: d6tr.d 8,;ph.
rn. cor.sponornt vanaDcs aE runm.d h ord.r ro mrl. rh.r i.r.rf.r.

P: PROC(EDCE.MODE) RETURNS(FIXED ltN);

DCL (MODE.EDGE.X) FTXED AIN;

DCL LABEL{.uhbGrol-.d8G!) LABELi

DCL NODEi FTXED BIN STATIC EXTi

OO TO LABEL(EDCE)i

/. THE CALL PREVENTS OPTIMIZATION I/

/. FROM MOVTNG tr{E LOADS OF NODEi.i. '/

/. THE ASSIGNMENT STATEMENT

/. MAXES NODEi AND NODEJ TNTERFERE, '/

/r,tolNi.j coDE FRAoMENTS MAXE ./

/! NAMES COME OUT CORREC'TLY.

LABEL(.d9.-numh.r) :

CALL EXTERNAL_ROUTtNEGdg.-nmb.r:

X - N O D E i + N O D E J i

lF MODE THE|{ GO TO lOINir

JOINi :

RETURN (X'NODEi):

END PI
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Abd! lh. alrtd--CrEcq! L Cfl^tttN ws born in chicrEo. llli.o6. in 1947 ln 1965. whil. h.
ras .n undcrgrldu.t. .t th. Cnt coll.s. of rh. Cny Univ.6ny of N.r Yotl. h. Proposd a
dc6nnron of randoonss or pan.rnl.s..$ in tcrns ofrh. tie ofcorpur.r Pbgrioi etuch h.
llEr d.v.lop.d inro d iniorna$on d.ot. c appr@ch lo Cijd.l s incompLt.o65 lh.o!.n H.
hsben eirh IBM sine 196?. frEl in 8!.no, An6. Arr..tioa. rnd eine 1916 allh. Thonas J.
wauon R.s..rch C..r.r h Yo.kroen Hoghli Nc* Yott. His pr.enr int.r6t! includ. th.orcli.
cal phvsi6 dd ob$rvluonal ast.o.o6t.

Abod lh.A!thf-M^r. A. AISL^NDER !.eiv.d his A.A. d.8rF in M4hcfrati6 f.on Prineton
U.i!.*n! in 1961. H. h$ sFnr th! majonty ofhis carer *orlins or op.nung stlt.tu and
p.ogramDrsg laEuag.s .r thc tBM Thomt5 J Wa$on R.€rr.h 4..t.'

abdi ri. authd-AsHo( K. CH^NDI^ was born r Allahabad. Ind@ i. 1943. H. comDl.r.d hi5
a.Teh. In El.crEl Engrnc(n8 from lh. lndian Institul. of TdhnoloSl, (antu!. in 1969. H.
subs.qu.nrl) rcciv.d his M.S. &d Ph.D. In Cooputer Sci.ne, rh. lo.n.r rr lh. Univ.6ny of
C.lilornia. B.rk.lcJ-. in '970, and $.lan.r.t Shniord Univ.sar! r 1971. Sinerh.n h. ha b.d
on rhc rcearch nifrd rhc I8M ThoF* l. W.uon R.s...ch C6r.r r Yorktovn H.'ghri. N.e
Yo.t. Htr ar.ar olinrct.st includc altor,thc rd coopl.lty. pro8ran ich.n.r{ {d dala br*s
H. is rh. lurhor of s.v..al publisrio.s r. (h.s 6.ldr.

Abor rb. All||q-Joar CdiE *as born in Charlonc. Nonh Carolina In 1921, H. rccivcd .
LS. i. m.chaniql coginfrin8 fron Dul. Unrv.Bny in 19'16 ..d a Ph.D in math.n.i6 lroD
D!k. Uoi!.*ny i. 1956. !n 1956 h. joirrd l8M in its R.*.rch DivGion. A n.in e.rch
int.r.i h$ b..n in stt.rs.rchn.c'ur.. pldicuhrly h.rd*ar.d.rign and prognm oprimizrtion.
Hr r an IBM F.llow and h4 h.?n a vininB trdfc$or at M.l.T. and at rh. Couranr lninur. ol
M.rh.m.h.!l Sci.nEs. N.Y.U. H. n a m.nbct oa th. N.tionalAod.hy orE Frinng.

Abolr ri. A!h.r-M^rnN E. HoprrM was born in N.* Yorl in l9ll. H. rceiv?d his 8.A.Lon
Amn.d ColEB. in 1957. Alkr rorkins l0y.arsior s cohput.r ronvatc conp&y h lh. n B oa
.ompil.B snd soitsat. srs.ns. h.Join.d thc l8M R.$ar.n Divnion. His principal inlccrt ar.
in compil.rs. piolFmfti.S l.n8!.s.! ard nachin. lrchil.ctut.

ALdt tL Aotbd-PEcr w. M^rk*rt w6 boh in victrB Auria io 1917. H. r.ei!.n bis S.A.
from M.'.T. 'n 1958..nd hG Ph.D. in Conpoid S.i.ne fron N.Y.U. in I9?5. H. h6 b+n *nh
I8M s a R.s..rch Sr.f M.nb.r si.e 1959. vh.E h. ha sFrr th. majonr' olhis tio. *orting
oo op.r.trn8 svs.hs.nd codpiLr'
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