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Abstract

Graph-coloringegisterallocationis anelegantandextremelypop-
ular optimizationfor modernmachines.But ascurrently formu-

lated, it doesnot handletwo characteristiccommonlyfound in

commercialarchitectures.First, a single register namemay ap-
pearin multiple registerclasseswherea classis a setof register
nameshatareinterchangeable a particularrole. Secondmul-

tiple registernamesmay be aliasedor a singlehardwareregister

We presenta generalizatiorof graph-coloringregisterallocation
thathandlegheseproblematiccharacteristicsvhile preservinghe
eleganceand practicality of traditionalgraphcoloring. Our gen-
eralizationadaptseasilyto a new tamget machine,requiringonly

the setsof namesin the register classesand a map of the regis-

ter aliases.It alsodropseasilyinto a well-known graph-coloring
allocator is efcient at compiletime, and produceshigh-quality
code.

Categoriesand subjectdescriptors
D.3.4[Programming Language$: Processors-eodegeneation,
compiles, optimization,retamgetable compiles; G.2.2[Discrete
Mathematics]: GraphTheory—graphalgorithms
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1 Intr oduction

Thereductionof registerallocationto a graph-coloringproblemis
elegant, effective, and practical. It is warmly endorsedby mod-
erntextbooks[Muchnick 1997;AppelandPalsbeg 2002;Cooper
andTorczon2003]andwidely usedin moderncompilers.But two
assumptiongattheheartof thealgorithmareinvalid for mostcom-
mercialinstructionsets:registersare expectecdto beinterchange-
able and independent Registersare interchangeablé they are
equally suitablein ary programcontet. Registersareindepen-
dentif writing to onecannotchangehe valueof another
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This mismatchbetweenthe assumption®f the algorithmand
realities of commercialarchitecturedorces compiler writers to
“augment” Chaitin's [1981] original formulation eachtime they
implementit to handlethe peculiaritiesof eachtarget machine.
In this paper we generalizeéhe graph-coloringapproactin away
that addresseshis mismatch. Using our generalizationa com-
piler writer cancreatea registerallocationpassthatis aselegant
andpracticalasthe original formulationwhile alsobeingtrivial to
targetto realmachines.

1.1 Theneed

Machineswith completelyinterchangeableegistersare unusual.
Even very regular architecturespartition registers accordingto
function. For example,the Alpha architecturede nesasetof reg-
istersfor usein oating-point calculationsandtheseregistersare
notinterchangeableiith thoseusedfor operatingon integersand
addresses.

In responsecompilerwriters have developedthe notion of reg-
ister classeswherea classis a setof registernamesthatarein-
terchangeablé a particularrole. Whenall of a tamget's register
classesredisjoint, asthey arein the Alpha architecturea graph-
coloring allocatorcansimply run a separateChaitin-stylealloca-
tion pasdfor eachregisterclass.But if atamgethasregisterclasses
thatarenotdisjoint, or if optimizationsforce non-disjointregister
classesthenin orderto generatgoodcode,agraph-coloringallo-
catorneedso allocatethe register candidatesof multiple classes
simultaneously (A register candidatemay be a source-language
variable,a compilergeneratedemporaryor aliverange.)

Non-disjointclasse®ccurin machinesvheresource-language
datatypesdo not clearly de ne the target's register classes.For
example,in the Motorola 68000family andits Cold re descen-
dants theinstructionfor adding32-bitinteger dataacceptsither
anaddressegisteror a dataregisterasits sourceoperand But the
instructionfor multiplying integersonly acceptsiataregisters,not
addressegisters,asoperandsA similar irregularity occursin the
Itaniuminstructionset,which hasadd-immediaténstructionsthat
canwrite only afew of thegeneral-purposeegisters.

Non-disjointclassesanalsobe inducedby optimizationsper
formed at compile time. For example, to translatea target-
independentmemory-to-memorymove, a codegeneratoifor an
Alpha needsat leastone register candidate. If the only regis-
ter classesn the Alpha arethe disjoint integer and oating-point
classesthecodegeneratowill beforcedto labeltheregistercan-
didate with one of thosetwo classes. The compiler could pro-
duce bettercode, however, if it could postponethe decisionof
whetherto usean integer or oating-point register until it knew
the register pressurdor eachclassat the point of the move. We
can achieve this postponemenby de ning a register classthat



is the union of the integer and oating-point registerclassesand
by having a register allocatorthat simultaneoushallocatesmul-
tiple non-disjointregisterclasses.Sucha registerallocatorcould
alsotake adwantageof instructionsin the Alpha architecturethat
move valuesdirectly betweertheintegerand oating-point regis-
ter banks[Kessley McLellan, andWebb1998]. In particular the
allocatormight take advantageof theseinter-bankmove instruc-
tionsto useregistersoutsidea candidates classasfastspill space.

Machinegthatviolatetheregisterindependencassumptiorare
also common. When an assignmento one architecturalregis-
ter namecan affect the value of another suchregisternamesare
saidto alias. A classicexampleis the combinationof two single-
precision oating-point registersto form onedouble-precisiomeg-
ister[Briggs, CooperandTorczon1992]. Early HP PA-RISC and
Sun SFARC processorsisedthis design. Somemodernembed-
dedandrecon gurablearchitecturesarry it further The ARM
VFP10unit, for example,hasa oating-point register le thatcan
beorganizedas

32single-precisionmegisters,

16 double-precisiomegisters,

8 scalamegistersand6 vectorsof 4 elementspr
8 scalamegistersand3 vectorsof 8 elements.

The double-precisionegistersare typically alignedwith respect
to the single-precisiomegisters which meanghatonly a pair that

startsat aneven-numberedingle-precisionegisteraliaseswith a

double-precisiomegister Architectureghatuseunalignedpairing

alsoexist. Of these,someallow for “wrap around”, wherethe

lastsingle-precisiomegisterin thehardwareregisterbankis paired
with the rst. Forinstancethe ARM VFP coprocessamplements
oating-point pairs,quadruplegndoctuplesary of which maybe

unalignedandwraparound.

Aliasingis notlimited to oating-point registers.Thelntel x86
family hasbyte-sizedntegerregistersthataliaswith 16-bit regis-
ters,whichin turn aliaswith 32-bit registers.

In sum,interchangeabilityand independencare more the ex-
ceptionthan the rule. To be able to use graph-coloringregis-
ter allocation aryway, compiler writers continually invent new
workarounds. Michael Matz's [2003] retrospectie on what it
tookto implementagraph-coloringegisterallocatorfor GCCis a
poignantexampleof thead-hocnatureof suchworkaroundsMatz
statesclearly thatit wasdif cult to build a multi-target allocator
basedon graphcoloring becausef machinefeaturesprevalentin
the real world but not considereddy the traditional formulation.
Thefactthatgraphcoloringhasbecomepopulardespitethe need
for theseworkaroundsds atestamento its appeal.

1.2 Our solution

This papergeneralizeghe graph-coloringapproachto register
allocationin a way that eliminatesthe needfor the kinds of
workaroundgurrentlyemplo/edfor moderncommerciabrchitec-
tures. Our generalizatiorpermitssimultaneousllocationof mul-
tiple registerclassesevenwhenregistersalias,while maintaining
the ef ciency andgeneralstructureof the original graph-coloring
formulation.

We exploit the fact that compilerwriters like to group a ma-
chine’s registersinto potentially overlapping classes. We de-
ne a classsimply as a setof register names. Registerswithin

a class must be interchangeabléut need not be independent.

Aliasing (nonindependence$ madeexplicit by a mapalias(r),
which takeseachregisternamer to the setof registernameswith
whichit aliases.By de nition, alias(r) includesr, andfor nota-
tional corvenience we extendthe alias mapto setsof registers:
alias(S) = ,,¢ alias(r). The aliasmapandthe groupingof
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registernamesnto classesaretheonly propertiesmeededo target
our allocator

The remainderof the paperis organizedasfollows: Section2
presentsa brief overview of traditionalgraph-coloringallocation
andidenti es the beautifulaspect®f theoriginal formulationthat
wewouldliketo maintainin anew formulation. Section3 explains
howv we generalizethe graph-coloringheuristic, while Section4
describesan ef cient implementatiorof that generalizecheuris-
tic. Section5 then presentghe highlights of a retagetableallo-
cator that we built basedon our generalizatiorof a well-knovn
graph-coloringallocator Section6 reportson the practicality of
ourimplementation.

2 ldentifying the beauty

A numberof publishedalgorithmsrely on the traditional formu-
lation of graph-coloringallocation,andwe would like thesealgo-
rithms to work seamlesslywith our newv generalization.To that
end,our generalizatiorpreseresthreeelegantaspectf thetra-
ditional formulation: anintuitive interpretatiorof theinterference
graph,a simple criterion for computingwhena nodeis trivially
colorable,andincrementaktomputationof that criterionasnodes
enterand leave the interferencegraph. We put theseaspectsn
contet througha brief review of how a traditionalallocatorsets
up agraph-coloringproblemandsearche$or a solution.

Theprimarytaskof aregisterallocatoristo nd themostimpor-
tantregistercandidatesndreplacehemwith registers.In general,
aprogramcontaingmoreregistercandidateshanthehardwarehas
available registers. To help identify register candidateshat can
sharehardware registers,a graph-coloringallocatorbuilds anin-
terferencegraph.

To constructaninterferencegraph,an allocatorneedso know
the registerclassof eachcandidateandat what pointsin the pro-
grameachcandidatsis live (i.e., holdsa value that may be used
beforeit is overwritten). The candidates classis chosenby in-
tersectingthe registerclassrequirement®f all operandocations
occupiedby the candidatgBriggs 1992]. The setof live pointsis
obtainedby runninglive-variableanalysigMuchnick 1997].

With thisinformation,the constructiorof aninterferencegraph
is straightforvard. Eachnoderepresents registercandidate. An
edgeconnectswo nodesif theregister classef the candidates
representetly thenodesaliasandatary pointin the programthe
candidatesare simultaneouslylive. In otherwords, interference
graphedgesidentify thosecandidateshat cannotbe allocatedto
registersthatalias.

Here's wherethe coloring metaphorcomesin. If the interfer
encegraphcontainsnodesof only a singleregisterclassandthat
classcontainsk independentind interchangeableegisters,then

nding a k-coloring of the interferencegraph solves the alloca-

tion problem. The color assignedo eachcandidatenode maps
uniquelyto an availableregister and nodesthat are neighborsin
thegraphnever receve the sameassignment.

Althoughk-coloringis NP-completeChaitin developeda sim-
pleapproactihatdoeswell in practicefor interferencegraphscon-
tainingnodesof asingleregisterclasgChaitinetal. 1981;Chaitin
1982]. Chaitin's approachs basedon the obsenation thatwhen
noden hasfewer thank neighborsj.e., degree,, < Kk, it is triv-
ially colorable No matterhow colorsareassignedo its neighbor
nodestherewill bea distinctcolor left for n. Chaitin's heuristic
repeatedhysimpli es thegraphby removing andstackingtrivially
colorablenodes. Eachremoval lowers the degreesof neighbor
nodesand may malke additionalnodestrivially colorable. If the
processucceedn stackingall of thenodesthenit is easyto as-
sign colorsby poppingone nodeat a time, restoringits edgesto
formerneighborsalreadypopped andpicking a color not already
assignedo oneof them.



Of course,the graph-simpli cation phasemay block with no
trivially colorable nodesto remove and stack. In that case,
Chaitin's method picks a node whosedegree in the remaining
graphis relatively high (sothatits removal liberatesasmary sub-
sequenhodesaspossiblebut whosespill costis relatively low (so
thattherun-timeimpactof this spill is low). It removesandstacks
thatnode,andthencontinueswith the simpli cation phase.This
brute-forcesimpli cation meansthat color assignmentmay later
fail for someof the forcibly remaved nodest In thatcasetheal-
locatorinsertsspill codefor the occurrencesf the corresponding
registercandidatesndstartsover onthemodi ed program.

This methodcanbe implementedquite ef ciently. The degree
of eachnodeis cachedandupdatedincrementally Whenthe al-
locatorremovesa nodefrom the graph,it setsthe nodes cached
degreeto zeroand decrementshe cacheddegreesof the nodes
neighbors,but it leaves the edgerepresentatiorn placefor use
later, whenthe nodeis reinstatedn the graphandgiven a color.
The colorassignmenglgorithm just ignoresedgesto neighbors
whosecacheddegreeis zero.

In summarythetraditionalformulationof graphcoloringregis-
ter allocationis baseduponanintuitive interpretatiorof theinter
ferencegraph,a beautifully simple criterion for computingwhen
a nodeis trivially colorable,andan incrementaimethodfor ef -
ciently computingcolorability even asnodesenterand leave the
interferencegraph.Our goalis to provide anequallysimplecrite-
rion for computingwhena nodeis trivially colorable,evenwhen
registersare not completelyinterchangeabler independent.In
addition, our generalizationof the colorability criterion should
not require changingthe structureor interpretationof the inter-
ferencegraph.Finally, this generalizatiorof the criterionmustbe
amenableao an ef cient implementatiorandspeci cally onethat
supportsncrementabomputation.

3 Generalizingthe Colorability Criterion

We now broadenthe scopeof the graph-coloringheuristicby de-
velopingandillustrating a drop-inreplacemenfor the traditional
colorability criterion. Section3.1 begins with a new formulation
of the colorability criterion thatis easyto understandis precise
for all architecturesput is expensve to compute. Sections3.2
and3.3 presenta safeand practicalapproximationof this formu-
lation basednregisterclassesSection3.4 presentanoptimality
propertyandshaws thatour approximatioris exactfor mary com-
mercialarchitectures.

3.1 Sameheuristic, broader scope

Ourgoalsareto allocateregistercandidate$rom differentregister
classessimultaneouslyand allow theseclasseso containregis-
tersthatmayalias. From Section2, we know thattwo candidates
ni andn; interfereif they aresimultaneouslyive andif a color
ing of thesenodesmayleadto aliasing.The possibility of aliasing
may be statedformally as:

alias(class,,) \ class,, 6 ; _ class,, \ alias(classn,) 6 ;

As always,the neighborsof a noden in the interferencegraph
combineto constrainthatnodes colorability. But our view of col-
orability is complicatedby two problems.Becausegheremay not
be aresourcdimit k thatall of the nodeshave in common,it no
longer makes senseto look for a k-coloring of the interference
graph.And theimpactof a neighboron the colorability of n may
vary from neighborto neighbor Figure 1 presentsa simple ar-
chitectureandexampleinterferencegraphthatillustratethesetwo
problems.

10n the other hand, sometimesa nodethat wasnt trivially colorable
turnsoutto be colorable[Briggs, CooperandTorczon1994].
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Architecturalde nition:

F=1ff0;f1,f2f3g D = fd0;d1;d2g

alias(f 0) = ff 0; dOg alias(d0) = fdo0; d1;f O; f 1g
alias(f 1) = ff 1;d0;d1lg alias(dl) = fd0O;d1;d2;f 1;f2g
alias(f 2) = ff 2;d1;d2g alias(d2) = fd1;d2;f 2;f 3g
alias(f 3) = ff 3;d2g

[fO]f1]f2]f3]

Exampleinterferencegraph:

Figure 1. An example architectuie with two register classes,
F andD. ClassF containsfour single-pecision oating-point

registers, which alias with the three unaligneddouble-pecision
registess listedin D. Becausehe register le doesnot permita

double-pecisionregisterto wrap aroundthe end,the two classes
havedifferentresouce limits: four single-pecisionregisters cre-

ate only three double-pecisionones. In the interferencegraph,

nodens; is drawn as a larger circle becausat placesa greater
constaint onthecolorability of n; thandoesn,.

Ontheotherhand,therearestill only nitely mary choicesfor
anoden, namelythe numberof membersn the classof n, that
is, jclassyj. Thereforeto producea new criterionfor trivial col-
orability, we must nd ameasuref the constraintimposedon n
by n's neighbors,andthis measuranustbe comparablewith the
numberof choicegclass, j. We call this measurehe squeeze

More precisely squeeze, is the maximumnumberof names
from class, thatcould be deniedto n becausef an assignment
of registersto n's currentneighbors.Noden is trivially colorable
provided

squeeze, < jclassyj 1)

This inequality hasthe sameform asthe traditional criterion. If
squeeze, canbe computedefciently, asis donefor degree,, in
the traditional graph-coloringimplementation,then we can use
Equationl asa drop-inreplacementor thetraditionalcriterion.

Sohow shouldsqueeze, bede ned?Imaginea gamein which
we wantto allocatea registerfor noden, andanadwersarywants
to stopus. Theadwersarygetsto move rst, by picking acoloring
of the neighborsof n. This coloring assignso eachneighbora
single register chosenfrom that neighbors register class. When
it is our turn, we mustchoosefor n aregisterthatdoesnot alias
with ary of theregisterschoserby theadversary Theadwersarys
bestmoveis to considerall possiblecoloringsandchooseonethat
eliminatesasmary choicedor n aspossible.In otherwords,if we
write S for thesetof registersin thecoloring,theadwersaryshould
choosea coloringthatmaximizegclass, \ alias(S)j. Therefore,
the maximumnumberof namesrom class, thatcouldbedenied
to n becausef anassignmenof registersto n's neighborss

squeeze, = jclass, \ alias(S)] (2)

max
S2 coloringsof n's neighbors
If thisidealnumberis atleastjclass, j, the adversarywins. But if
squeeze, < jclass)j, thennoden is trivially colorable,andwe
win.



3.2 Decompositionby class

We olviously cannotafford to enumerateall colorings of n's
neighborsevery time we needto determineif it is trivially col-
orable.Weinsteadde ne anapproximationsquesze, , thatis fast,
safe,andgood. By “fast] we meanthatsqueeze, canbe com-
putedquickly. By “safe; we meanthat squesze, squeze,
always, soif squeeze, < jclass,j thensqueeze, < jclassnj,
andnoden is trivially colorable. And by “good; we meanthat
squeeze, = squeeze, for agreatmary realarchitecturesin this
andthe next subsectionye develop the key ideasbehindour ap-
proximationsqueeze, . Section3.4 givesthe completede nition
of squeeze, .

The rst key ideais to considerthe impactof n's neighbors
by class,ratherthanindividually. To motivate this idea, let us
considerthe casein which all of n's neighborshave the same
classC. ClassC mightbedifferentfrom n's classclass, , which
we write N. The worst-casenumberof elementsf N thatcan
be blocked by an adwersarys coloring of somenumberm of n's
neighbords a constanthatdependnly on the propertiesof the
targetarchitecture.We call this numberthe worst-casedisplace-
mentof N by C usingm nodesworst™ (N ; C):

worst™ (N;C) = max jN \ alias(S)j (3)
S CANS] m

Worst-casedisplacementdoesnt dependon the interference
graphbeingcolored,which meansthat we canprecomputet for
all pairsof classedN andC andfor all valuesof m up to jCj.
The precomputedraluescan be storedin a lookup tablefor use
during compilation. For instancefor the exampleclassesn Fig-
ure 1, worst}(F; D) = 2 since one double-precisiorregister
consumeswo single-precisiorones,worst}(D;F) = 2 since
onesingle-precisiomegistercanblock two double-precisiomnes,
worst!(D; D) = 3 sinceregisterdl aliaseswith all of the other
double-precisiorregisters,and alsoworst?(D; D) = 3 sincea
coloringcannotconsumemorethanthe numberof registersin n's
class.

The worst-casalisplacemenbf N by C is anintegral compo-
nentof ourapproximation Whene&ernoden hasexactlym neigh-
bors,all of classC, worst™ (N; C) = squeeze,. Sincem is the
numberof neighborsof classC, we write it asdegree,, (C).

When n has neighborsof more than one class,we estimate
squeeze, by summingworst-casedisplacementsver a set of
classe<C:

W (C) = worst®een (€Y (N: C)

c2cC

(4)

If we sum over all classesCa, the sum W, (Cy) is at least
as greatas squeeze,, soit is a safeapproximation. To under
standwhy, think aboutthe contradiction: if the ideal squesze,

could be greaterthan Wy, (Ca), the contrikution from at least
one classof a coloring that achieves squeeze, would have to
exceed worst9®n (€) (N: C), contradictingthe de nition of
worst. A formal proof of safetyrelies primarily on the trian-
gleinggualityjA [ Bjp jAj + jBj andon theinterchangeule
maxs . f(S;C) c maxs f (S;C).

3.3 Saturation to avoid overcounting

Although Wy, (Ca) is safe,it is not always exact. For exam-
ple,whentwo registerclassesiseoverlappinghardwareresources,
W (Can) may countthe overlappingresourceswice. Figure 2
shawvs anexamplein whichtheoverlappingresourcesireregisters
rOandrl.

To improve on Wy, (Ca1), we obsere thattheworstthe adver-
sarycando with any groupof neighborss to useall theregisters
in thoseneighbors'classes.In Figure 2, theworstis boundedby
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Architecturalde nition:
A=frOrlg B =1r0;rl;r2g C=1r0;r1;r2;r3g

8r 2 A;B;C :alias(r) = frg

i

2
[rO]ri]r2]r3]
—{z—

B
Exampleinterferencegraph:

Figure 2. This exampleillustratesovercountingof registers. The
madinehasthreerggisterclassed\, B, andC. In theinterference
graph,ni hasoneneighborof classA andthreeof classB. The
sumW,, (fA; B; Cg) countsl for classA and 3 for classB, for
a total of 4, but the actual squeezémposedby classesA and B
togetheris only 3. Noden is saturatedwith respectto classes
A andB. Noden isin facttrivially colorable

the numberof registersin the setof classed A; B g. But theidea
appliesto any setof classes:given a setof classe<C, it follows

from Equation2 thatthe contritution to sque=ze, from neighbors
of thoseclassess boundedby the aliassetsof thoseclasses We

write this boundasbound(N ; C), de ned by

bound(N;C) = jN \ (

c2cC

alias(C))j (5)

For ary C, if we considertermsin W, (C4) thatdependon C,
we can replacethe partial sum over thoseterms, W, (C), by
min(bound(N; C); W, (C)), andwe avoid overcountingheover-
lappingresourcesn C. To avoid more overcounting,we canre-
orderand parenthesizg@artial sumsin W, (Cai), thencapeach
parenthesizegartialsumby abounddescribedelon. Section3.4
explains haw we structurethis boundedsum to best approxi-
matesqueeze, . Thoughtherearemary choicesfor orderingand
parenthesizatior§ection3.4 shavs thatthereis only onesensible
choicefor ary realmachine.Thus,for therestof this section,we
focuson afastmethodfor evaluatingthe boundedsum.

Ourmethodfor evaluatingthe boundedsumis motivatedby the
obseration that the parenthesizeéxpressionfor W, (Ca) can
be viewed asa tree. We referto this treeasa classtree Each
pairof parentheseis theexpressiorcorrespondso avertex in the
tree.Eachvertex v hasasetof registerclasseswrittenclassegv).
Eachclassin classegv) correspond$o atermin Wy (Ca 1) that
is inside the parenthesefor v but not in thoseof a child of v.
Thesetof child verticesof v is written children(v). Every vertex
exceptthe root hasa parentvertex, written parent(v). Parents
correspondo immediatelyenclosingparenthesesFinally, each
classC appearsn exactly onetermin W, (C4) andthusin one
vertex in thetree,which we write vertex(C).

Recallthatthis classtreeis meantto helpusavoid overestimat-
ingthesqueezencandidateroden by its neighborsin thesimple



casen becomesatumatedwith respecto a setof classe<C when
Wi, (C) reachedound(N; C).2 For ary vertex v in theclasstree,
theboundwe useis with respecto thesetof classesn thesubtree
rootedatv. We write this setv+, formally de ned as:

v+ = classegv) [ vo+ (6)
v02 childr en (v)

And we call bound(N ; v+) thesatumation boundatvertex v.
Givena classtreecontainingvertex(class, ), we canestimate
the total squeezeon n asthe boundedsum at the root R of this
tree:
squeeze, = Z(n; R) (7)
The boundedsum Z is computedusing the following recursve
function:

Z (n; v) = min(bound(N;v+);rawZ (n; v))
X
worst®den (€I (N; C)
C2classes (v) X

+ Z(n; V9

v02 childr en(v)

rawZ (n; v) =

(8)

Without min and bound, Z (n; R) would be exactly equal to
W, (Can). ButZ (n; R) is abetterestimatebecausét is lter ed
our estimateof the cumulative numberof colorsdeniedby the ad-
versaryattherootof ary subtredn n's classtreecannever exceed
thesaturatiorboundatv. At eachvertex v of theclasstree,we cal-
culaterawZ (n; v), the“raw” squeez@n noden dueto neighbors
with classesn classegV) or to thechildrenof v. Theword “raw”
is a reminderthatthis variantof squeezas not yet ltered. Rawv
squeezés simply thetotal worst-casesqueezérom n's neighbors
whoseclassesarein classeqVv) plusthe ltered squeezevalues
Z (n; v9) for eachvertex v° in children(v). For eachvertex, I-
tering recognizeghatthe adwersarycannotconsumemorecolors
thanpossibleby usingall registersin classesn the subtreerooted
atthatvertex.

Safety ToshawthatZ (n; R) safelyapproximatesquesze, , we
begin by de ning Z (n;v) to be the maximumamountthe ad-
versarycan squeezenoden by coloring neighborsof n whose
classesarein v+. Theideal squeezesqueze, is exactly equal
toZ (n; R). Ourapproximations safebecausdor ary vertex v,

Z (n;v) Z(n;v).Weprovethisfactbyinductionontheheight
of thesubtreerootedatv. Thekey lemmais that

worst®9en (€Y (N; C) + Z (mv9
v 02 childr en (v)

Z (n;v)

C2classes(v)

Thislemmais provedusingthetriangleinequalityandinterchange
rule.

3.4 Alias relationshipsand the classtree

To getthe bestpossibleapproximationwe want a classtreethat
minimizesZ . Sinceovercountingoccurswhenclassesoverlap,a
key propertyof goodclasstreesis thatclassesvith aliasesn com-
mon appearunderthe samesaturationbound. Under constraints
thataresatis edfor all machinef which we areaware,we shav
how to constructclasstreesfor which Z is assmallaspossible.

Considerthecasein whichtwo classe<C; andC; aliasexactly
the sameregisters.We saysuchclassesrealias-equivalentwrit-
tenCy Cy:

Ci: Cy , alias(Cy) = alias(C>): 9)

2A nodecaneven be saturatedwith respecto a setof classeswithout
necessarilypeingsaturatedvith respecto ary of theindividual classesn
theset.
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If C1  Cy, thensetsfCig, fCz2g, andfC1 [ C2g all provide
the samesaturatiorbound. Soto addworst 9 en (C1) (N : C;) to
worst?9¢n (C2) (N C,) andthenboundthemtogetheris atleast
asgood asto boundthem separatelyand thenadd. It is there-
fore not hardto shaw that to get the bestapproximation,alias-
equivalentclasseshouldalwaysbein the samevertex of theclass
tree. It is alsonot hardto shawv thatwe geta betterapproximation
if eachvertex containsonly alias-equialentclasses.

A classicexampleof alias-equialentregisterclassess oating-
point register pairing as found in the original MIPS, SPARC,
andHP PA-RISC microprocessofamilies: eachconsecutie pair
of single-precisionoating-point registerscombinesto form one
double-precisiorregister But alias equivalenceis broaderthan
traditionalpairing of registers asillustratedby theregisterclasses
in Figurel.

Anothercasein which it is usefulto apply the sameboundto
two classess onein which the aliassetof classC; is contained
within the aliassetof classC,. We saythatC; is alias-contained
in Cy, writtenC, @C::

Ci1 @C, , alias(Cy) alias(C>) (10)

If the vertex containingC; is a descendandf the vertex contain-
ing C», we canpreventthe commonregistersfrom beingcounted
in bothC; andC..

Alias-containedegisterclassesarefoundon sucharchitectures
astheMotorola68K, thelntel x86,andtheIntel Itanium. The 68K
is a classicexample: addresgegistersC, and dataregistersCyqy
form distinctregisterclasseseachof whichis aliascontainedn a
third classCaq , which containsboththeaddressnddataregisters
(Cad = Ca [ Cd).

When classescan overlap without being alias-equialent or
alias-containedwe know of no way to constructa classtreethat
alwaysgivesthe bestapproximation.But for every real architec-
ture we have studied,classesvhosealiassetsoverlapare always
alias-equialentor alias-containedr-or thesearchitecturesye can
build a classtreethatis guaranteedo give the bestpossibleZ for
ary interferencegraph.This treehasthreeproperties:

For every vertex v, classegv) is notempty

The aliassetof every child vertex is containedn the aliasset
of its parentvertex, wherethealiassetof avertex v is theunion
of thealiassetsof classesn classegVv).

If two verticeshavethesameparenttheiraliassetsaredisjoint.

Sucha classtree alwaysexists, andit is easyto shav (by contra-
diction) thatit is unique.

For example, the Motorola 68040, with its on-chip oating-
pointunit, would have two classtrees.Theintegerclasstreewould
berootedwith thealiassetof Cq ; thisvertex would have two chil-
drencorrespondingo verticeswith aliassetsof Ca andCq. The
otherclasstreewould containa singlevertex correspondingo the
aliasesof the oating-point class.

Optimality. To shaw thatthe uniqueclasstree above givesthe
bestpossibleapproximationyve de ne a“good” vertex asonethat
alias-containgachof its children,whosechildrenareall disjoint,
andwhoseclassessetis notempty A “bad” vertex violatesone
or more of theseconditions. In the uniqueclasstree above, all
verticesaregood. Supposehereis someotherclasstreethatpro-
vides a betterapproximation. Thenwe can nd a badvertex v
whoseproperdescendantareall good. No matterhow v is bad,
thereis alocal transformatiorof thetreethathastwo properties:

1. It improvesZ , or atworstleavesit unchanged.

2. Eitherit decreasethe numberof vertex pairsin which alias-
containmentoesnotimply ancestryor it leavesthis number
unchangednd decreaseshe numberof parent-childpairsin
which the parentdoesnot alias-contairthe child.



By property2, we canrepeatocal transformationsintil thereare
no more bad vertices,and this repetitionis guaranteedo termi-

nate.By propertyl, this sequencef transformationsnakesZ no

worse.Thereforehe“good” classtreeproducesanapproximation
thatis atleastasgoodasary otherclasstree.

Exactness. We canshav that our approximationis exactfor a
largenumberof realarchitecturesfFor example,it is notdif cult to
shav thatexactnes$oldswhennoregisterclassehave alignment
restrictions,andthe classeswith overlappingalias setsare alias-
equivalent. In sucha case nho overcountingof the aliasedregister
resourcess possiblein Equation8, becauseeachclasstree has
exactly onevertex.

Our approximatiorremainsexactevenif we allow somealign-
mentrestrictionswithin a registerclass;an acceptablalignment
restrictionsimply needgo exhibit alargeamountof regularity. By
regularity we meanthat all “multi-registers”are a power of two
in size,whenmeasuredn units of singletonregisters,andthese
multi-registersall align on the appropriatepaver-of-two bound-
ary, asde ned by thesingletonnumbering.

A lessregular architecturewhich demonstratesvhen our ap-
proximationis not exact (thoughstill safe)is the Intel i960. The
1960 hasnot only single-widthand quadruple-widthinteger reg-
isters, but alsotriple-width registers,eachof which aliaseswith
threesingleregistersandmustalign on a quadruple-widttbound-
ary. For this machineour colorability criterion may overestimate
the squeezefor example,if a single-widthnodehasneighborsof
bothtriple-width andquadruple-widttclassespur coloring crite-
rion cannotdetectthatbecaus®f alignmentconstraintsaregister
numbered modulo4 maybeavailable.

4 Implementing Our Colorability Criterion

Thissectiondescribesiow weef ciently implementourcolorabil-
ity criterionand,in particular Z (n; R), which is the measureof
the constraint(or “squeeze”yon noden by its neighbors.Justas
atraditionalgraph-coloringegisterallocatorcacheghe degreeof
eachinterference-graphode we cachehevalueof Z (n; R). And
asin atraditionalallocator whennoden gainsor losesaneighboy
we mustincrementallyupdateZ (n; R). Saturatiommakesthis up-
datetricky, sincethe effect of addingor remaving a neighborof
classC dependon whethern is saturatedvith respectto some
setof classesontainingC.

A barrierto incrementallyupdatingZ (n; R) is thatthe value
of worst?¢¢en (€) (N: C) in Equation8 may changen nonlinear
waysasdegree,, (C) changesBut asanapproximationthe harm
theadwersarycandowith m registersis no morethanm timesthe
harmthead\ersarycando with oneregister:

worst™(N;C) m worst’(N;C) (11)

Evenbetter for thevastmajority of realcommerciabrchitectures,
this approximationis exact up to bound(N;fCg). As a bonus,
usingthis approximatiormeanswe have to storeonly thetableof
worst!(N; C) values,notworst™ (N ; C) for everym upto jCj.
We thereforeusethis approximatiorof worst™ (N ; C).

To updateZ (n; R) incrementally we obsere that adding or
remaving a neighborof classC affectsthe value of rawZ (n; v)
only atverticesv onthepathfrom vertex(C) to therootvertex R.
That's becaus¢hosearethe only verticeswhoserawZ valuesde-
pendondegree, (C).

We canminimizetheamountof recalculatiordonewhenadding
or removing a neighborif we cachenot only the Itered squeeze
Z (n; R), but alsothe value of therawZ (n; v) for eachvertex v
in n's classtree. Notice thatit is incorrectto cachethe Itered
Z (n; v) values,since ltering losesinformationabouthow mary
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neighborsof a classwere addedand this countis neededwhen
neighborgdropout of thegraph.

Now considetthesequencef p verticesthatstartsatvertex(C)
andthenfollows parentinks to therootclassR: v; = vertex(C),
Vi+1 = parent(vi), Vo = R. Fromthis sequenceywe canobtain

thefollowing recurrenceelations:

worst!(class, ; C)
rawZ (n; vi)
bound(class, ; vi +)
C i)

for 1 i p, where ; is the cachedraw squeeze,; is the
changen i, and i+1 isthechangepropagatinglongthe parent
link after Itering by thebound ;. Theinitial change 1 is pos-
itive whena neighboris addedand negative when a neighboris
removed.

The function ( ; ; ) is de ned in termsof an initial raw
squeeze , achange , andasaturatiorbound :

1

i

i
i+1

o max(0; min ( ; ) if 0
(5 )= min (0; max( ; ( ) if <0
WhenrawZ (n; vi) goesfrom ; to ; + i, theresultingchange
inZ(n;v;)isgivenby ( i; i; i). First,considewhen 1 > 0,
which correspondso addinga neighbor If both and + are
belav thebound , thenthe changein squeezés the sameasthe
changein raw squeezelf bothareabove the bound,thentheres
no changein squeezelf they braclet the bound,thenthe change
in squeezaés limited to . Thelogic for 1 < 0 (remaoing
aneighbor)is analogousWhen ; goesto 0 for somei, it means
that a boundsomevhere alongthe pathto the root kept the rest
of thenodesalongthe pathfrom beingaffectedby the additionor
removal of the neighbor

By thede nition of rawZ , thechangén rawZ (n; vi+1 ) comes
from one term in the sum over the children of vi+1 , namely
Z(n;vi). Sothechangein rawZ (n; vi+1 ) is ( i; i; i), i.e.,

i+1 . And the neteffect on noden of the neighborchange,.e.,
thenetchangen Z (n; Vp),is ( p; p; p)-

To updaten's cachedsqueezewe compute ( p; p; p)-
Each ; is availableasa cachedraw squeezesalue,andthe im-
plementatiormustupdateeachcachedvalue that changegueto
additionor removal of n's neighbors Figure3 present<++ code
for computing ( p; p; p) givenanoden, avertex v, anda
raw change ;. Duringthecomputationthecodeupdates's raw-
squeezeacheas necessary The function bound(n.class, V)
returnsbound (N ; v+). Thecomputatiorterminate®itherwhenit
reachesherootvertex vp = R or whenfilteredChange becomes
zero. WhenfilteredChange becomegero,it meanghatthe ad-
dition or removal of n's neighborhasno immediateeffectonn's
squeezevalue,andhence,on the colorability of n. Note thatad-
dition or removal of a neighborwill always changeat leastone
cachedraw squeezevalue, even whenthe nal filteredChange
value is zero, so that the effect of the changeis not lost to the
system.

Tore ect removal of aneighbort of noden, aregisterallocator
might usethe functionsqueezeChangeasfollows:

n.squeeze += squeezeChange(n, vertex(t.class),

-worstl(n.class, t.class));

5 Generalizing a Representative Allocator

Theiterated-coalescinglgorithmis atextbookexampleof graph-
coloring register allocation[Geomge and Appel 1996; Appel and



int squeezeChange(lgNode n, Vertex v, int delta)
{
int alpha = n.rawSqueeze[v];
n.rawSqueeze[v] += delta;
int filteredChange = Delta(alpha, delta,
bound(n.class, V));
if (fiteredChange ==0 || parent(v) == noVertex)
return filteredChange;
return squeezeChange(n, parent(v), filteredChange);
}

Figure 3. To computethe chang in squeeze, dueto addingor
remwing a neighborof classC, westartwith noden, vertex(C),
and 1, whichis positiveto addandnegativeto remae Auxiliary
functionDelta is . Functioncall parent(v) produceghedistin-
guishedvaluenoVertex whenv istherootR of n'sclasstree The
value nally returnedis thechangin Z (n; R).

Palsbeg 2002]. In six pagesof well-documentegseudocodeif
coversall theimportantdetailsof a practicalimplementatiorof a
Chaitin-styleallocator asmodi ed to re ect Geoge andAppel's
stratgy for coalescingopy instructionsandfor representingeg-
isterexclusions.

Beforedevelopingthe ideasin this paper we implementedhe
iterated-coalescinglgorithmin C++ following Geoge and Ap-
pel'spseudocodewith extensionsuggestetly LeungandGeoge
[1998]. We have derived a secondmplementatiorfrom that rst
oneby substitutingour generalizatiorof the colorability criterion
andby usingclasstreesto accountfor saturation.In this section,
we describethe effort requiredto generalizethis representate
registerallocator In the next section,we shav that the resultis
practicalto usein a productioncompiler

Thereare a dozenplaceswherethe allocatortestswhethera
nodeis trivially colorable.Naturally the allocatormalesthis test
during graphsimpli cation, whenit is trying to determinea col-
oring orderby eliminatingunderconstrainedodesfrom theinter-
ferencegraph. But it alsoteststrivial colorability as part of its
heuristicsfor decidingwhento try coalescinga copy instruction
andwhetherthe decisionto coalescea copy could have negative
consequences.

Thetraditionalallocatorusesthe criteriondegree,, < k to test
trivial colorability of noden. Our generalizatiomeplaceghattest
with squeeze, < jclass,j. In eachcasethetestis small(oneline
of code)andef cient (constantime, no procedurecalls).

Strategy for coalescing Coalescingis affectedby more than
justthe generalizatiorof the colorability criterion. If anallocator
decidesto eliminatea copy and coalescethe interference-graph
nodesrepresentingts sourceand destinationoperandsthe class
of the resulting coalescechode must be the intersectionof the
operandstlassesA copy instructioncanbecoalesceanly if the
resultof the intersectionis a registerclass. On every machineof
whichwe areaware,theintersectiorof two classess eitherempty
or is oneof thetwo classesso ourimplementatiorprohibitscoa-
lescingonly whenthe operandstlasseslo not overlap. We check
for overlapduringtheconstructiorof theinterferencegraph,atthe
point wherethe original allocatoridenti es copy instructionsthat
might be coalesced.

Whentwo nodesarecoalescedthe classof the coalesceaode
is the smallerof the two original classes Exceptfor the factthat
the allocatormustretainthe nodewith the smallerclass,coalesc-
ing is asimplementedy GeogeandAppel.
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Shouldwe ever encountea machinen whichtwo classegould
overlapwithoutonebeingcontainedn theother wewould haveto
changeour code.First, we would have to addclassesasneededo
male the setof classeslosedundernonemptyintersection.Sec-
ond, to coalescewo nodes,the allocatorwould have to createa
new nodeto replacethe original nodes,making the new nodes
classthe intersectionof the original nodes'classes.Transferring
edgego the nev nodewould usethe sameprocedureastransfer
ring edgesn theoriginal pseudocodenaintainingtheintegrity of
theapproach.

Representingregisterexclusions. In generaltherearepointsin

aprogramwherearegisterandall of its aliasesareunavailablefor

allocation. For example,a callersavesregisteris unavailableat a
call site. Theregisterallocatorneedsaway to inhibit allocationof

theregisteratsuchapoint,i.e.,theregistermustbeexcludedfrom

the setof allocableregistersof candidatesvhoselifetimes cross
the point of unavailability.

For candidatesvhoseregisterclasseslon't containanexcluded
register exclusionis implicit andneedso specialrepresentation.
For othercandidatesit is customaryto representin exclusionby
extendingthe graphwith anexclusionnodethatrepresentshe ex-
cludedregister andto add an interference-graptedgefrom the
exclusionnodeto the candidates node.Suchanexclusionedg is
neededor eachmemberof the candidates classthatis unavail-
able.

Geoge andAppel useexclusionnodesandedgesn their allo-
cator But becaus@nexclusionnodecanhave averylargenumber
of exclusionedgesthey omit neighborlists from suchnodesand
they carefullydesigntheir allocatorto avoid needingthoselists.

We preferto omit exclusionnodesfrom the interferencegraph
altogether Instead,to identify the registersfrom which a can-
didateis excluded, our implementationassociatesn excluded-
register set with eachcandidate. When testingfor colorability,
we still calculatesquesze, andcompareit to the numberof reg-
isternamesavailableto candidaten. The numberof namesavail-
able simply becomeghe size of n's classminusthe size of n's
excluded-rgistersetE, jNj jEj, whichis aconstantWhenthe
color-selectiorphaseof theallocatorcomputeghesetof excluded
“colors” for eachcandidatetheexcluded-rgistersetis usedto ini-
tialize thesetof excludedcolors.As Section6 shawvs, omitting ex-
clusionnodesromtheinterferencegraphalsoleadsto spacebene-
ts. Omissionof exclusionnodescanalsoimprovethecost/bene t
estimatesusedfor choosinga candidateto spill. The degreeof a
candidates nodeis traditionally part of suchestimatedbecausét
approximateghe increasan overall colorability to be gainedby
remowving the nodefrom the graph. But countingexclusionedges
in suchan estimateskews the result, sincethe colorability of the
exclusionnodegsthatthey connecto is notin question.

Effort required. Overall, our original implementationof the
GeogeandAppelallocatorwith extensionsy LeungandGeoge
took 1215linesof code.For our generalizedrersion,we changed
thatcodein 25 places.Thereare80 linesof new codefor de ning
andmaintainingextra elds for squeeze cachesn the nodedata
structure. The squeezeChangefunction in Figure 3 is typical of
thisaddedcode.In addition,we replaced7 lines of original code
with 68 lines of generalizedbut functionally similar code. The
twelve placeswherewe generalizedhe colorability criterion are
typical of thesereplacementsinally, we wrote 210linesof code
that runs once,whenthe compiler con guresitself to the target
machine. This codederives a representationf the registerclass
tree,the worst-case-displacemetatble,andotherstaticstructures
thatallow the allocatorto operateef ciently .



6 Practicality

Section3.2 talks aboutan approximationfor the ideal squesze,
thatis safe,good,andamuablyfast. Herewe explore exactly how
fastit is.

Our generalizatiorof the Geoge and Appel allocator asdis-
cussedn Section5, is implementedn MachineSUIFE. This allo-
catoris not just an experimentalprototype;we useit in our ev-
erydayresearch. We measuredegisterallocationtimes for the
SPEC200Mmenchmarksuite; eachmeasuremeris the averageof

verunson anunloaded.53GHz Pentium4 with 2 GB of mem-
ory. MachineSUIF includesbackendsfor Alphaandx86,andwe
areableto compileandrunall of theC andFORTRAN-77 bench-
markson thesetwo targets. BecauseSUIF doesnot supportC++,
FORTRAN-90, or extendedFORTRAN-77,we do notincludere-
sultsfor the SPECbhenchmarksvritten in thesdanguages.

Our register allocatorcan be compiledto useeitherthe tradi-
tional colorability criterion or our new, generalizectriterion. Re-
con guring theallocatorfor anevw machineequiresspecifyingthe
registerclassestheir membersandthe registeraliasmap. In our
C++ implementationthis speci cationtakesoneline of codefor
the classenumerationpneline per classfor de ning classmem-
bership,andoneline perregisternamefor specifyingits aliases.
We areworking on a schemeo generatehis codeautomatically
from asimplespeci cationlanguage.

This sectionpresentshreesetsof experimentghatfocusonthe
practicality of our generalizectolorability criterion. Section6.1
looks at the costof our approachfor an x86 tamget, which is an
architecturethat exhibits registeraliasingand a non-trivial class
tree. Section6.2 shawvs how the costof our allocationapproach
scaleswith increasedegisterpressure.Section6.3 measureshe
costof our approackor an Alphatarget,which is anarchitecture
thatdoesnt alwaysneedthe generalityof our approach.

6.1 Costof doing allocation right

Our rst setof experimentameasureshe costof allocatinginteger
registersfor thelntel x86target. Thex86 architecturds interesting
becausét includesalias-equialent16-bitand32-bit accumulator
registersthatalsoaliaswith pairsof byteregisters.In addition,the
architectureéncludestwo alias-equialentclasse®f 16-and32-bit
index registersthat cannotbe usedeverywherethe 16- and 32-
bit accumulatorregisterscanbe used. As illustratedin Figure4,
we thushave two registerclasses—th@accumulatoregistersand
theindex registers—thaarealias-containeih the completesetof
integerregisters.

In Figureb, we evaluatetheimpacton compiletime of usingour
generalizedalgorithmwith the register modelillustratedin Fig-
ure4. To helpanalyzethe component®f allocationtime, we also
shav two othertimings. The rst (Trad-idea) usesthetraditional
graph-coloringformulation and targetsan x86-like machinethat
hasa singleideal registerclasscontainingsix 32-bit registersthat
areinterchangeablandindependent.The second(Gen-noalia¥
usesour generalizedormulationandthe samesetof x86 register
classeshavn in Figure4 but without ary aliasingof their mem-
bers. The third (Gen-eal) usesthe generalizedormulation for
the real x86 target, including aliasing. The allocationtimes are
reported,for eachbenchmarkrelative to the allocationtime of
the (Trad-idea) case. For theseexperiments,we measureonly
thecostof the rst iterationof coloring, sincethe algorithmsmay
iterate different numbersof times given the different hardware-
resourceconstraints. Also, becauseghe x86 doesnot have allo-
cable oating-point registers,we reportallocationtimesfor only
the integer benchmarks. The times are averagesover ve runs,
with all standarddeviationswell below 1%. Eachbarin thegraph
breakghetotal allocationtime into the time spentbuilding thein-
terferenceraph time devotedto coalescingopy instructionsand
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Registerclassegor x86:

Cex : feax;ebx;ecx;edxg

Cx : fax; bx;cx; dxg

Cwy : fal;ah;bl; bh;cl; ch;dl;dhg
Ce : fesi;edig

Ci : fsi;dig
Cexi: Cex [ Cel
Cx| : Cx [ C|

Classtree:

Figure 4. Classde nitions and classtreefor x86. Many of the
classesare alias-equivalentge.g., the classCe x , containingthe
32-bitaccumulatorclassesis alias-equivalentvith Cx , contain-
ing the 16-bitaccumulatos, andC4 , containingthe 8-bit accu-
mulators.

Figure 5. Thecostof our appmoac whenregisters aren't inter-
changeableand independent.Thetarget madineis an x86. Al-
location timesare presentedor the traditional appoad (Trad-
idea) usinga singleidealizedregisterclass(with interchangeable
and independentegisters), and for our appmoach usingthe real
setof x86registerclassegGen-redl andusingthe samesetof x86
register classesbhut without any aliasing of their membes (Gen-
noaliag. Theresultsare scaledfor eac bentimarkto thealloca-
tion time of thetraditional approach.

time for otherallocationactiities (classifyingoperandsinserting
spill instructionsrewriting codeto replaceregistercandidatesvith
their assignedegisters.etc.).

Theresultsin Figure5 shav thatour generalizedapproachin-
creasesllocationtimesby lessthan30% for all benchmark&nd
lessthan15%for all but perlbomk By comparingthe numbersfor
Gen-ealagainstGen-noaliaswe canquantifythe costof aliasing,
andby comparingGen-noaliasagainstTrad-ideal we canquan-
tify the costof classtrees.

Increasesn the costto build aninterferencegraphcomefrom
several sources. When registersalias, the generalizedallocator
must perform an interferencechecknot just for the register de-

ned at a de nition point, but also for eachalias of the de ned
register This repeatedvork in the inner loop of building the in-
terferencegraphaccountgor muchof thedifferencein allocation
time betweenGen-noaliasand Gen-eal. Most of the restof the
extra time to build the interferencegraphis dueto anincreasen



thenumberof edgesnsertednto theinterferencegraphwhenreg-
ister classeslias. This resultingincreasein register contention
alsoaccountdor increasesn thetime to completethe allocation
tasksin the CoalescingandOther cateories.

In the costto build an interferencegraph, the differencesbe-
tweenTrad-idealand Gen-noaliasare dueto the costof running
squeezeChange Thisroutineis runtwice (oncefor eachendpoint)
whenaddinganedgeto theinterferencegraphunderGen-noalias
Theroutineis alsorun whennodesareremoved from the graph,
explainingthe smallchangein portionsof the allocationtimesla-
belledOther.

6.2 Costof increasedregisterpressue

We now presentanexampleof how the compile-timecostsof our
generalizedalgorithmscaleasregistersbecomescarce We focus
on architecturesvith aliasedregistersbecauseas shawvn in the
previousexperimentaliasinghasanoticeablémpactonallocation
time.

We de ne an imaginary family of targets basedon the Al-
phaarchitecture identical exceptfor the sizesof their oating-
point register les. Our primary targetin this sectionis onethat
createsdouble-precisionregistersout of alignedpairs of single-
precisionregisters. To verify that our algorithm cansuccessfully
exploit the single-precisiorregister pairs, we alsode ne a base-
line machinemodelwith only double-precisiomegisters—sdhat
a single-precisiorvalueconsumesn entiredouble-precisiomeg-
ister

For this experiment,we choseto usethe benchmarkGSM, a
speech-compressigprogramfrom the MediaBenchsuite [Lee,
Potlonjak, and Mangione-Smith1997]. This programcontains
agoodmix of single-anddouble-precisionoating-point register
candidatesAll run-timeresultsfor GSMweregeneratedisingits
“clinton ” input.

Sincewe would like to compile GSM undera rangeof regis-
ter pressuresye mustidentify a proxy for registerpressure The
proxy we useis the percentageof spill instructions(loadsand
storesexecuted Usingthismeasurefrigure6 shavsthatouralgo-
rithm encountersearlynoregisterpressuravhencompilingGSM
for a target with 12 double-precisionregisters(with pairs). The
numberof executedspill instructions(andthusregisterpressure)
increasesteadilyaswe reducethe numberof available oating-
pointregisters.

Figure 6 also reportsthe percentagef spill instructionsexe-
cutedby GSMwhencompiledfor atargetwithout single-precision
pairs. As expected,an aliasing-avare allocatoris ableto reduce
spilling by exploiting the single-precisiomegisterpairs.

Figure 7 resumesour focus on the targetswith aliasedpairs.
It shaws the total time spentin allocationfor all proceduresn
GSM. As registersbecomescarceandregisterpressurancreases
(readingthe barsright to left), total allocationtime alsoincreases.
Interestingly asFigure7 illustrates the changen allocationtime
comesin steps. The reasonis that whenspilling occurs,the al-
locatoris forcedto rekuild the interferencegraphandto launcha
new coloring attempt. As register pressurancreasesthe alloca-
tor mustdiscardandretuild theinterferencegraphmoreoften. In
this experimentthetargetswith 10 and12 double-precisiomegis-
tersrequiredthe samenumberof iterationsof thebuild-graph-and-
colorloop; the tamgetswith 6 and8 double-precisiomegistersre-
quiredanextratwo iterationsdueto spilling; andthe targetwith 4
double-precisiomegistersrequiredyet anothertwo rounds.Hence
thestepsupin time.

It may seemodd that the timestendto be so even within the
steps.Thereasorthe“10 pairs’ caseresemble$12 pairs’ is sim-
ply that,for the GSM benchmarkspilling doesnt changebetween
the two. But that's not true for the transitionbetween6 and 8
pairs.To understandhe effect of this difference considetthetime
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Figure 6. Dynamicspill-codefractionsfor the GSMbendimark.
TargetslabelledWith pairscreatedouble-pecision oating-point
registers from aligned pairs of single-pecisionregisters. Targets
labelled Without pairs store all oating-point valuesin double-
precisionregisters. Theverticalaxisshowghefractionof dynamic
instructionsthat are spills.

mO0O

Figure 7. Raisterallocationtimesfor the GSMbendimark, as
compiledfor animaginary Alphafamily with oating-point regis-
ter pairs. Thehorizontalaxisshowghenumberof single-pecision
pairs comprisingthe oating-point registerpool. Thevertical axis
showsgthetotal numberof secondsequired for registerallocation
of theentire GSMbendmark.

requiredto build aninterferencegraph.For a givenprocedurethe
rst graphtakesaslongto build for onetargetasfor another But
whenspilling forcesa secondor subsequeriterationof the build-
and-colorloop, two kinds of changesaffect graph-huilding time.
The additionof spill instructionsto the programmeanghatthere
aremoreinstructiongo be scannedvhile creatingtheinterference
graph. However, the removal (by spilling) of highly constrained
register candidatesneansthat thereare fewer interference-graph
edgedo becreated Thetime costof graphbuilding is very nearly
alinearcombinatiorof thenumberof instructionsscannedndthe
numberof edgescreated. For allocationswith 6 and 8 pairs,the
two termscounterbalanceachotheralmostexactly.

The costof copy coalescingalsodependseaily on the edge
density of the graph, becausethe heuristic that avoids over



Figure 8. Thecostof our genealization whenit isn't necessary
Thetargetis an Alpha. Allocationtimesare presentedor thetra-

ditional approacd (Trad-sep, our appmoach using sepaate allo-

cationsfor ead register class(Gen-sej andour apptoach using
asinglecombinedallocationpassfor all classe§Gen-combp. The
resultsare scaledfor ead bentimarkto theallocationtime of the

traditional approad.

coalescingrequiresvisiting the neighborsof potentialcoalesced
nodes However, theheuristicalsoentailsmorebookkeepingwhen
the numberof overconstraineaeighborsof a coalescechodeis
higher which becomesnorelikely asregisterpressuregrows. So
like interference-graphuilding time, thetime for copy coalescing
staysaboutlevel astheregisterpool dropsfrom 8 pairsto 6 pairs,
becausehe lower edgedensityon secondand subsequentolor-
ing iterationsis counterbalancebly a higherrelative populationof
overconstraineg¢andidatenodes.

The effect of increasedspilling on the “Other” time costsof
registerallocationis smaller becausehe extra time to insertload
and store instructionsand to createshort-lved temporariess a
relatively smallfraction of thework in this catchallcateyory.

In summarytheallocation-timeperformancef ourgeneralized
algorithmincreaseslowly andin a predictablenannerasregister
pressurencreasesPart of theappealbf traditionalgraphcoloring
is thatits costis commensuraté practicewith the work it gets
done,andour generalizationmetainsthatappealingproperty

6.3 Costof alwaysdoing allocation right

Our last experimentmeasureghe cost of allocatingthe integer
and oating-point registersfor a real Alpha target. The Alpha
architectureis interestingbecausdf we allocateAlpha's integer
and oating-point registersseparatelyour generalizatiornis not
needed—weanusethetraditionalformulationof graphcoloring.
Figure8 comparesllocationtimesfor thetraditionalformulation;
for ourformulation,but usingseparatallocationpassesor integer
and oating-point registers;andfor our formulationusingasingle
combinedallocationpassfor all registers. Sincewe're interested
in compilationinvolving multiple registerclassesthis sectionin-
cludesresultsfor only the SPEC oating-point benchmarks.

As the gure illustrates,the allocationtimesfor our approach
with separatellocationsof theintegerand oating-point registers
arewithin 5% of the timesof the traditionalapproach.Whenwe
run the allocationof integer and oating-point registerstogether
however, you canagainseethe costsof allocatingmultiple register
classesimultaneouslywhich werehighlightedin Section6.1.
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Separate | Combined
Benchmark| Procedures Trad Gen Gen
ammp 179 402 402 218
mesa 1106 2329 2329 1216
apsi 98 256 256 157
mgrid 13 29 29 16
art 26 53 53 27
sixtrack 147 322 322 172
equale 27 55 55 28
swim 7 14 14 7
wupwise 22 50 50 28

Table 1. Numberof procedues compiledper bendymarkand to-
tal numberof coloring iterationsrequired during register alloca-
tion underthe traditional (Trad) and our generlized (Gen ap-
proaces.

Totaledges Edges/node

Benchmark out in out in
ammp 1880.1 2107.7| 2.4 3.0
mesa 1958.5 2090.3| 1.2 1.6
apsi 8819.6 9339.5| 7.3 8.4
mgrid 10163.4 10440.4| 9.0 9.7
art 775.6 888.5| 1.3 1.6
sixtrack | 27413.6 28294.2| 3.6 4.2
equale 24195 2592.3| 15 1.7
swim 2755.6 2887.6| 3.0 3.3
wupwise 5962.2 6385.1| 3.6 4.6

Table 2. Increasein the numberof edges per interferencegraph
andtheaverge numberof edgespernodein aninterferencegraph
whencompilingwithout (out) andwith (in) specialregisternodes
in the interferencegraph. Thesenumbes are aveiages over all

interferencegraphsproducedduring ead bendmark's compila-
tion; theedges-to-nodesatio wascomputedisa geometricmean.

Table 1 may help to explain the consistentnatureof the in-
creasedn Figure8. Thetablelists thenumberof proceduresom-
piled andthe total numberof coloringiterationsrequiredfor reg-
ister allocation. Notice that thereare always slightly more than
half asmary iterationsrequiredin the combinedcase. Thisis a
resultof the factthatspilling in oneclassrequiresreallocationof
all classesThis extracost,plusthenon-linearcostof interference-
graphbuilding with largersetsof live candidatesndgreatemum-
bersof relevant candidate-de nitionpoints, accountsor the ma-
jority of the increasein allocationtime. Overall, thesecompile-
time costsshouldbe consideredvheninvestigatinghew optimiza-
tionsthatrequirethesimultaneousllocationof registerclassesas
discussedn theintroduction.

Using the Alpha con guration, we also investigatedthe time
andspaceeffectsof including specialregisternodesin the inter-
ferencegraph. In this experiment,we con gure our generalized
algorithmsothatit allocatesall registerclassesn a single pass.
We don't presenthetime effectsin detailbecaus¢herewasvery
little differencebetweertheallocationtimes(all within 2%). With
respecto spacesavings, Table2 reportson the changein the av-
eragenumberof edgesperinterferencegraphandthe averagera-
tio of edges-to-nodeper interferencegraph. We found that han-
dling registerexclusionswithoutintroducingspeciaregisternodes
eliminatesabout6%, on average of theedgesdn eachinterference
graph.



7 RelatedWork

Startingwith Chaitinetal. [1981], thereis alargebodyof work on
globalregisterallocationby graphcoloring. But only a handfulof
authorsdescribealgorithmsthat extendgraph-coloringallocation
beyondthe assumptionshatregistersareinterchangeablandin-
dependent. As we explain belav, noneof thesealgorithmsis as
completeasolutionasours.

Briggs describesan algorithm for coloring aligned and un-
alignedregisterpairs[Briggs 1992; Briggs, Cooper andTorczon
1992]. This algorithm requiresthat a nodes degree accurately
re ect its colorability To make a nodes degreere ect its col-
orability evenin the presencef aliasing,Briggsadds‘additional”
edgedo theinterferencegraphin anattemptto modelthe aliasing
constraintsUnfortunately this edge-focusedpproactsometimes
reportsthat a nodeis trivially colorablewhenit is not, andit is
not easyto seehow the approacttould be extendedto handlethe
simultaneousillocationof multiple, overlappingregisterclasses.

Nickerson[1990] presentsan algorithm that handlesregister
candidatesequiringtwo or moreadjacentalignedregisters.Can-
didatesrequiringtwo or moreregistersare called “clusters” and
the individual registersof a clusterarecalled“clustermates”. In
Nickersons approach.an interference-grapmode representsan
individual registerof a cluster Nickersonpointsoutthatit is not
alwayspossibleto usethe traditional colorability criterion every-
wherein hisinterferencegraph,evenafteridentifying andremor-
ing implicit edgeswvhoseinterferenceelationis subsumedy an
edgeof a clustermate.For thesecasesNickersoninventsan arti-
cial k to make his modelwork.

Runesonand Nystrdm [2003] describea designfor a retar
getablegraph-coloringallocatorfor irregular architecturesTheir
work goespart of the way alongthe pathto a generalizectolor-
ing criterion. Whenoverlappingaliassetsarealias-equialent,our
generalizedolorability criterionsimpli es to theirhp; i test.Our
independentlydiscoreredresults,howvever, go quite a bit farther
We shav how nestedregister classescan lead the hp; gi testto
identify candidatesas moresqueezedhanthey truly are,andwe
shav how to avoid thisinaccurag by usingsaturatiorbounds.

Koseki,KomatsuandNakatani[2002] describeatechniquefor
modifying the selectionphaseof graph-coloringallocationto in-
creasehelik elihoodthatcandidatesregiventheir preferredreg-
isters. Preference-directedraphcoloring is relatedto our work
in that it handlesmultiple register classes. However, while we
useclassinformationto helpdeterminevhencandidatenodesare
trivially colorable,Kosekiet al. useclassinformationonly during
registerselection(i.e., registerclassesppeaonly in theirregister
preferenceyraph,notin their interferencegraph). Their approach
hasno notion of saturatiorandcanincorrectlyassumehatanin-
terferencenodeis not trivially colorablewhenit actuallyis. Fi-
nally, their algorithm doesnot seemto supportarchitecturesn
whichregistersalias.

A number of researcherdave cast register allocation as a
mathematical-programmirgroblem ratherthanagraph-coloring
problem[GoodwinandWilken1996;KongandWilken1998;Ap-
pel and Geoge 2001; Fu and Wilken 2002; Scholzand Eckstein
2002;Hirnschrott,Krall, andScholz2003]. Theseapproachesan
handlea wide variety of architecturairregularities,but theseben-
e ts comeatthecostof signi cant increasesn compiletime.

8 Conclusions

Despitedecadesf researchon compiler construction,reusable
compilercomponentsemainall toorare.Chaitin'sgraph-coloring

SClearly mary othershave implementedallocatorsthat go beyond
theseassumptionshut here,we avoid discussingvhat would be catejo-
rizedas®workarounds®.
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formulationof registerallocationhasbeenremarkablyrobust, but
to malke it usablefor realtargets practitionershave almostalways
hadto augmentt in unstructuredvays. We maintainthe structure
andef ciency of theoriginal algorithmwhile makingit extremely
simpleto targetnew machinesandretro t existing allocators.

One of our key insightsis that coloring constraintson each
interference-grapimode should be expressedn termsof the set
of registersavailableto it. With this insightwe producea gener
alizationthathandlessimultaneousllocationof multiple register
classeandaccommodatesegisteraliasingin anelegantway. Be-
causeallocatorausingour approactknow aboutthesetof registers
availableto eachnode,they canrecognizevhenoverlapbetween
such setswould introduceinaccuraciesn the criterion for col-
orability, andtherebyavoid the overcountinginherentin simpler
formulations.

Acknowledgments

We thankJcao Dias, Greg Morrisett,andthe anorymousreferees
for their commentsand suggestionsThis work hasbeenfunded

in part by gifts from Intel and Microsoft, by an Alfred P. Sloan

Research-ellowship, and by NSF grants CCR-0310877 CCR-

0311482andITR-0325460.

References

Andrenv W. AppelandLal Geoge. 2001 (May). Optimalspilling
for CISCmachineswith few registers.In 2001ACM SIGPLAN
Confeenceon ProgrammingLanguae Designand Implemen-
tation, page243-253.

Andrenv W. Appel andJensPalsbeg. 2002. ModernCompilerim-
plementatiorin Java CambridgeJniversity Press2ndedition.

PrestorBriggs. 1992(April). Registerallocationvia graphcolor-
ing. TechnicalReportTR92-183,Rice University, Department
of ComputerScience.

PrestorBriggs, Keith CooperandLinda Torczon.1992(March).
Coloring register pairs. ACM Letters on ProgrammingLan-
guagesand Systemgsl(1):3-13.

PrestonBriggs, Keith Cooper and Linda Torczon. 1994 (May).
Improvementsto graph coloring register allocation. ACM
Transactionon ProgrammingLanguayes and Systems16(3):
428-455.

Gregory J. Chaitin. 1982. Register allocationand spilling via
graphcoloring. In 1982 SIGPLAN Symposiurron Compiler
Constructionpage$98-105.

Gregory J. Chaitin, Marc A. Auslander AshokK. ChandraJohn
Cocle, Martin E. Hopkins,andPeterW. Markstein.1981.Reg-
isterallocationvia coloring. ComputeriLanguaes 6(1):47-57.

Keith CooperandLinda Torczon.2003. Engineeringa Compiler.
MorganKaufmann.

Changgind-uandKentD. Wilken.2002(November) A fasterop-
timal registerallocator In 35th ACM/IEEE International Sym-
posiumon Microarchitectue, page245-256.

Lal GeogeandAndrev W. Appel. 1996(May). Iteratedregister
coalescingACM Transaction®n ProgrammingLanguaesand
Systemsl8(3):300-324.

David W. GoodwinandKentD. Wilken. 1996 (August). Optimal
and nearoptimal global register allocationsusing 0-1 integer
programming. Softwae—Pmctice & Experience 26(8):929—
965.



Ulrich Hirnschrott, AndreasKrall, and BernhardScholz. 2003
(August). Graphcoloringvs. optimalregisterallocationfor op-
timizing compilers. In Joint Modular Languaes Confeence
volume2789of Lectuie Notesin ComputeiSciencepage202—
213.SpringerPressKlagenfurt,Austria.

Richard E. Kessler Edward J. McLellan, and David A. Webh

1998(October).The Alpha21264microprocessoarchitecture.

In InternationalConfeenceon ComputeDesign page<90-95.

Timothy Kong andKent D. Wilken. 1998 (December). Precise
registerallocationfor irregulararchitecturesin 31stACM/IEEE
InternationalSymposiunen Microarchitectue, page297-307.

Akira Koseki, Hideaki Komatsu, and Toshio Nakatani. 2002
(June).Preference-directegraphcoloring. In 2002ACM SIG-
PLAN Confeenceon ProgrammingLanguaye Designand Im-
plementationpages33—44.

Chunho Lee, Miodrag Potlkonjak, and William H. Mangione-
Smith. 1997 (December). MediaBench: a tool for evaluat-
ing andsynthesizingnultimediaandcommunicationsystems.
In 30thACM/IEEE International Symposiunon Microarchitec-
ture, pages330-335.

288

Allen LeungandLal Geoge.1998. A nev MLRISC registeral-
locator StandardML of New Jersg compilerimplementation
notes.

MichaelMatz. 2003(May). Designandimplementatiorof agraph
coloring registerallocatorfor GCC. In GCC Developes Sum-
mit, pagesl51-170.

Steven S. Muchnick. 1997. AdvancedCompiler Designand Im-
plementation MorganKaufmann.

Brian R. Nickerson. 1990 (June). Graphcoloring registeralloca-
tion for processorsvith multi-registeroperands.in 1990ACM
SIGPLANConfeenceon ProgrammingLanguaye Designand
Implementationpages40-52.

JohanRunesorand Sven-Olof Nystrom. 2003 (September).Re-
targetablegraph-coloringegisterallocationfor irregular archi-
tectures. In Softwae and Compiles for EmbeddedSystems
(SCOPES)volume28260f Lecture Notesin ComputerScience
page240-254 SpringerPressKlagenfurt,Austria.

BernhardScholzand Erik Eckstein. 2002 (June). Registerallo-
cationfor irregular architectures.In Proceedingsof the Joint
Confeenceon Languajes, Compiles and Toolsfor Embedded
Systemgpagesl 39-148.



