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Abstract

Reagion-basedcompilationrepartitionsa program into
mote desiable compilation units for optimization and
sdcheduling particularly bene cial for ILP architectues.
With region-basedcompilation, the compiler can control
problemsizeand compleity by contmolling region sizeand
contentsgexposeinterprocedurl schedulingand optimiza-
tion opportunitiesvithoutinterprocedual analysisor large
functionbodies,and createcompilationunits for program
analysisthat mote accurately re ect the dynamicbehav-
ior of the program. This paper presentsa region forma-
tion algorithmthat eliminatesthe high compile-timemem-
ory costsdueto an aggressivenlining prepass.Individual
subegionsare inlined in a demand-driverway during in-
terprocedual region formation. Our experimentalresults
on a subsebf the SPECbendimarksdemonstatea signi -
cantreductionin compile-timememoryrequirementswith
compaableruntimeperformance

1. Intr oduction

For abstractionsoftwaremaintenanceaseanda num-
berof otherreasonslargeapplicationsarewrittenin amod-
ular fashion. Compiler writers have addressedhe prob-
lem of modularity by developing techniquesthat range
from aggressie procedureinlining to procedurecloning
to fast, o w and contet insensitve interprocedurahnal-
ysis to more sophisticatedo w and context sensitve in-
terprocedurabnalysis. While evidenceshaws that espe-
cially with mary small functions,whole programanalysis
can signi cantly improve the precisionof programanal-
ysis and increaseopportunitiesfor optimization, most of
thesemethodssuffer from poor scalabilityin eitheror both
compilation-timememoryandtime requirementgor large
programs. All have beenappliedto the original program
partitionedby the programmeiinto functionscreatedwith

abstractiorandgoodprogramdesignin mind.

A very differentapproachthat hasbeendevelopedfor
ILP compilersis region-basedcompilation[14, 15, 19|, in
which the compiler repartitionsthe programinto a new,
more desilable, setof compilationunits prior to program
analysisandoptimization.Hank, Hwu, andRau[15] shav
solid experimentalevidenceof the potentialimpactof giv-
ing the compiler control of the compilationunit size and
contentsThecompilercansuccessfullyepartitionthecode
into compilationunitsthatwill enablemoreaggressie op-
timizationsto be performed. The useof pro le informa-
tion for region formationallows the compilerto createre-
gionsthatmoreaccuratelyre ect the dynamicbehaior of
the program. Hank, Hwu, and Rau [15] found that the
size of eachof the resultingcompilationunits is typically
smallerthan functions, which hasthe effect of reducing
the impactof the quadraticalgorithmic compleity of the
appliedoptimizing transformations.Aggressie optimiza-
tions can be performedin the presenceof large function
bodies. In particular by creatingnew regions, the com-
piler hasmorefreedomto move codebetweenprocedures
thanapproachebasedn interproceduraanalysis.Hank's
implementation14] included classicaloptimizationslike
global commonsubepressionelimination, deadcodere-
moval, andcodemotion, but particularlyfoundregisteral-
locationandschedulingo be enhancedby thisapproach.

Region-basedcompilationas proposedby Hank et al.
and as implementedin the IMPACT [5] compileris ac-
complishedby performinganaggressie inlining passfol-
lowedby a partitioningphasehatformsnew regionsbased
on a heuristic,bundlesregionsto look like functions,and
passeghesecompilercreatedfunctionsto the unchanged
optimizationphasesWhile thisapproacttanachieze some
degreeof scalabilityduringprogramanalysisandoptimiza-
tion by allowing the compilerto controlthesizeof regions,
theregion formationphasdtself remainsquite unscalable.

The region formation phaseworks on a form of the
whole programwhich hasbeenaggressiely inlined, in or-
derto be able to form regionsthat crossfunction bound-



aries. We referto regionsthat consistof instructionsfrom
morethanonefunctionof theoriginal programasinterpro-
ceduanl regions andregionswith instructionsall from the
sameoriginal functionaslocal regions In the experiments
by Hanketal. [15], approximatelyhalf of theirbenchmarks
spentmore than 50% of their time in interprocedurate-
gions.Someprogramsspentmorethan40%of their execu-
tion time in regionsspanning or morefunctions.

This paperaddresseshe problemof enablingregion-
basedcompilationfor large programswherethe compile-
time spaceand time costsmustbe consered throughout
all phasef compilation. We rst describethe issuesin-
volvedin performingthe region formationprocessn tan-
demuwith inlining in orderto avoid the separateinscalable
stepof aggressieinlining. We presentinalgorithmfor re-
gionidenti cation thatincorporateslemand-dsreninlining
asinterprocedurategionsarebeingidenti ed andformed.
Thisimprovedregion formationalgorithmrecursvely ana-
lyzesfunctionbodiesasinlinable callsitesareencountered
duringregionidenti cation.

While the original region-based:ompilationframewvork
requiresthat the entire aggressiely inlined programbe in
memory at once during region formation, our approach
requiresat most enoughmemoryfor the functionsalong
the longeststaticagyclic call chainat any giventime dur-
ing region formation. We have createda prototype of
ourdemand-drieninlining andregion formationalgorithm
by extendingthe region-basedcompilation framework in
Trimaran. Our experimentalcomparisonof the memory
requirementdor seven benchmarksndicatesthat, in the
worst case,from 2% to 55%, with an averageof 23%, of
theaggressiely inlined programsizelies alongthe longest
staticagyclic call chain. Using our prototypeimplementa-
tion andthe Trimaransimulationof an8-processoHPL-PD
EPICmachinewe veri ed thatour methodproducesom-
parableexecutiontimes and processoutilization to those
of theaggressieinlining framework, while signi cantly re-
ducingcompile-timememoryrequirements.

2. Region-basedCompilation

Hank et al. [14, 15 proposedhe region-basedompi-
lation framawork as a solutionto the problem of expos-
ing interprocedurakchedulingand optimization opportu-
nities without the cost of very large function bodiescre-
atedthroughinlining, or the expenseandcompleity of so-
phisticatednterprocedurahnalysisandcodemotion. This
region-basectcompilationframework is embellishedn the
IMPACT [5] and Trimarancompilers[21]. Limited forms
of region-based@ompilationwereusedn theMulti o w[20]
andCydrome[10] compilers.While they have shavn it to
be especiallybene cial in an ILP compiler region-based
compilationalsocanbe usefulfor achiezing bothinterpro-

ceduralscopeandscalabilityin programanalysis.

Regionsareformedonthe attenedform of theprogram
afteraggressie inlining. A call is inlinable if it is not re-
cursive, not indirect via a function pointer andnot a pre-
compiledlibrary function, or if an arbitrarily setlimit for
codegrowth is notyet reached Any remaininguninlinable
callsitesare treatedas hazardswhich end a region along
thatpath. In this framework, a region is a subgraptof the
control o w graph(CFG)of theprogram.

UnderHanketal!sframeawork, regionsareencapsulated
in suchawaythattheoptimizercanbeinvokedwith ascope
thatis limited to a givenregion. Thus,the quality of the
generatedodedependsiponthe ability of the compilerto
efciently transformindividual regionsin isolation. Hank
etal. useapro le-sensitve region formationprocesghatis
a generalizatiorof the pro le-basedtraceselectionalgor
ithm usedin theIMPACT compiler[5].

In practice, eachregion is encapsulatedn a single-
entry/single-git CFG by addingdummyprologueandepi-
logue blocks and boundarycondition blocks that corvey
variablelivenessat the region exit points. Side entrances
into regionscanbe removed by tail duplication,similar to
superblockKormation[17]. Thisencapsulatioachie/esthe
effect of makingthe region appearto the restof the com-
piler asa function. After compilationand optimization,a
regionis re-integratednto thecontainingunctionby updat-
ing changesn data o w conditions(i.e. variableliveness),
entryandexit pointsandconstraintson registerallocation.
Codeis generatedrom there-integratedfunction.

The pro le-sensitve region formationalgorithm[15] is
comprisedof the following steps,performedbetweenag-
gressie inlining andregion encapsulationThesestepsare
performeduntil all blocksin the programhave beenin-
cludedin someregion. Figurel showvs a simple example
of two functions,(a) beforeinlining, (b) afterinlining, and
(c) afterregionformation. Theresultsof eachstepof there-
gionformationalgorithmareshavn by different Il patterns
in theblocksin Figurelc.

Stepl: SeedSelection- From amongall basic
blocksin the programnot yetincludedin a
region, selectthe block with the highestex-
ecutionfrequeng. In this simpli ed exam-
ple,thisis block 8.

Step2: Region Expansion to Successors A
path of desimable successords selected,
startingat the seedblock. This region ex-
pansionis guidedby heuristicswhich halt
the growth undera setof conditionssuch
as[14]:

e aprocedureall is reached,

e a minimum acceptablexecution fre-
gueng for asuccessoblockis notmet



(a) Functions F and G prior to aggres-
sive inlining.

(b) Function G is inlined into F.

[ seed
successors
predecessors
B non-seed path
[l outside region

(c) Region formation is performed in
new F.

Figure 1. Example of the steps in Region_aggr region formation

(e.g.,at least50% of the frequeng of
both its immediatepredecessoin the
regionandthatof theseedlock,which
in this simpli ed exampleis why block
6 is notselectedn this step),or

e aregionsizethreshold(e.g.,200 basic
blocks)is exceededThesuccessorse-
lectedin the examplein this stepare
blocks10,11,5and7.

Step3: RegionExpansionto Predecessors A
pathof frequentlyexecutedpredecessor®
theseeddlockis choseranalogouso these-
lection of desirablesuccessorsThe result-
ing pathafterthis stepis theseedbathof the
region. In this caseblocks2 andthenl are
addedaspredecessors.

Step4: Region Expansionfrom All Blocks in
the SeedPath - By selectingasabove the
desirablesuccessorsf all blockscurrently
in theregion,theregionis grown alongmul-
tiple control ow paths. In this example,
block 3 is addedo theregion. Theresultof
this stepis a path-sensitie region. Blocks
notyetin aregion (blocks6 and9) areused
to form additionalregions.

To summarizethreeregionsareformedin the example.
The largestregion consistsof blocks1, 2, 3, 5, 7, 8, 10,
and11. Theremainingblocks6 and9 form singleblockre-
gions.Notethatoriginalblock4 wasreplacedy theinlined
functionG.

The promiseof region-baseccompilationis that more
desirablecompilationunits thanthe original functionsare
providedto the compiler Utilizing pro le informationand
aggressie inlining, theseunitsaregroupedtogetherto ex-
pose more optimization opportunities,increaseavailable
instruction-level parallelism,and improve generateccode
quality. By controlling the size of the compilation unit,
region-baseadtompilationcanreducecompilationtime and
memoryrequirementgor the optimizer

Limitations of the currentregion-basedramework in-
cludethe inherentunscalability the potentialfor excessie
code growth and unnecessarynlining due to an aggres-
sive approachand the well-known training-dataeffect of
pro le-guided compilation. Placingan upperboundon the
amountof a priori inlining performedwhile reducingcode
growth, may produceower optimizationopportunitiesand
quality outputcode.

In the remainderof this paper we referto the approach
of aggressie inlining followed by intraprocedurapro le-
sensitve region formation (Hank et al.) as Region_aggr.
Our new approachwith demand-dsren inlining is called
Region.demand In Region_aggr, a hazad is a procedure
call which stopsfurther expansionof the currentregion. In
Region. demandaprocedureallis notconsidere@hazad,
unlesshe procedures non-inlinable(e.g.recursve).

3.Issuesin Forming Inter procedural Regions

Interprocedurategionsarekey to the power of region-
basedcompilationto uncover optimizationsmisseddueto



proceduréboundarie$l5]. Whenaggressieinlining is not

performedprior to region formation, a numberof issues
needto be addressedby the interprocedurablgorithmfor

regionformation:

1. How cantheregionidenti cation processhe changed
to maleregion-sensitivénlining decisionsandidentify
interprocedual regionsasit encountes callsites,and
whenshouldthe actualinlining be performed?When
a callsiteis encountere@sa mostfrequentsuccessor
or predecessarf ablockin thecurrentregion,thepath
selectionprocesneedsto determinewhetherthe call
is inlinable (not all are), andif so, continueforming
thecurrentregioninsidethe callees code.In thisway,
inlining is drivenby the demandplacedat callsitesas
regionsarebeingformed,andinterprocedurategions
areidenti ed by having the region formationprocess
crossfunctionboundariesgreatingan interprocedural
algorithm. The callees body could be inlined on de-
mandjustbeforebeginningregionformationinsidethe
callee,but by notinlining a priori, we canaccomplish
the effect of partialinlining guidedby the region for-
mationinsidethecallee.

2. Howdoegheregionidenti cation processhandlemul-
tiple callsitesto the samefunction? While region for-
mationon attened codewill analyzea distinct code
segmentfor eachcallsitein the original codethathas
beeninlined, region formationwithout prior inlining
analyzethe samebodyof thefunctioncalledfor each
callsiteto thatfunctionencountereduringregion for-
mation. Dependingon the surroundingcontext, a
callee could be patrtitionedinto different regions for
differentcallsites.Thus,theinterprocedurahlgorithm
needgo maintainseparaténformationfor eachinlin-
ablecallsite.

3. Howdoweensuethatdemand-driveinlining during
regionidenti cation doesnotcreatethesameor larger
compile-timememoryrequirrmentsas Region_aggr?
Performingdemand-dreninlining canleadto similar
large memoryrequirementsas Region_aggr if the or-
derthatregionsareformedandinlining is performed
is not carefully consideredIn particular asa callsite
is encounteredthe region formationalgorithmbegins
to form regionsin the body of the callee. Thus,the
amountof codeexpansionanddatastructuresusedis
affectedby the handlingof the worklist of blocksfor
partitioning as the region formation crossedifferent
functions.

4. Inthecontet of demand-drivemlining during region
formation, how do functionswhich are not inlined at
every callsite get processedaVhile a function's code
is partitionedinto regionson demandrom siteswhere

it is called,therecanbecallsitesthatarenotexpanded,
andthus,thefunctionneedso be partitionedinto (lo-
calonly) regionsin isolationof a calling context.

5. Whatis the mostappropriate way to allow the com-
piler to control the amountof total codegrowth cre-
atedby Reggion.deman@ A limit on the memoryre-
guirementsfor Region_aggr is achiezed by putting a
limit on how large the programcangrow in total size
during the aggressie inlining pass,sincethe amount
of memoryneededduring analysisis proportionalto
this size. So, what are reasonablavays to put lim-
its on compile-timememoryrequirementsisedby Re-
gion.deman@® Total codegrowth is not a reasonable
measurdor Region.demandsinceeachregion will be
analyzedandoptimizedseparatelanddemand-dren
inlining ensureghatthe completeprogramwill never
bein memoryatonce.

6. Can there be any potential added memorysavings
throughregion identi cation as a sepaate passfrom
code geneation in this approadc? Is it possibleto
eliminateary duplicateregionsidenti ed in the same
functionwith respecto differentcallsites becausé¢he
functionsarenotactuallyinlined rst?

4. Region Formation with Demand-driven In-
lining

Interprocedurategionsarekey to the power of region-
basedcompilationto uncover optimizationsmisseddueto
procedureboundarieq15]. In this section,we describe
the Region.demandapproacho region formation,with the
goalof uncoveringinterprocedurategionson demand We
assumehatdynamicpro ling informationis availablefor
eachfunctionin theprogramsimilarto pro le-sensitve Re-
gion_aggr. Withoutlossof generalitywe assumehateach
functionis representedsa control o w graph(CFG)with
a singleentry block and a single exit block. Thus,in Re-
gion_aggr, the CFG for the aggressiely inlined program
would have no edgedeadingto/from themiddle of eachin-
lined function's control o w subgraphfrom/to the restof
theprograms CFGrepresentation.

4.1 A Classi cation of Regionsof a Function

We have previouslyde ned interprocedurahndlocalre-
gionsin general.We now de ne aclassi cationof regions
with respecto individualfunctionsandcallsitesvherethey
areinvokedin orderto motivateandexplain thealgorithm.
Figure 2 illustrateseachof the differentcases. For each
function f, eachcallsitec with acall to f hasasingleentry
region associateavith f, entrys . whichis theregion that



funcC

func A

case l: loca C case 3: interproc.
only pass through B

case 2: loca B, case 4: loca B,
entry regioninC exit regionin C

Figure 2. lllustration of region classification
for individual functions

containsthe entry block of f. At the onecallsitein A to
functionB in the gure, theentryregionassociateavith B
containgotonly theentryblockin B but a paththatpasses
throughto theexit of B, andcontaingheexit of B also.At
the callsitein B to functionC, the entryregion associated
with C containsthe entry block in C' and only two other
blocksin C.

Similarly, eachcallsitec to function f hasa singleexit
region, exits .. As is the casefor the onecallsitein A to
B, entrys . andexity . couldin factbe the sameregion
becauseheregion follows a paththat passeshroughfrom
entryto exit; in this casewe saythatthisregionis a pass-
throughinterproceduralegion of f at callsitec. All re-
mainingregionscontainingblocksin f arecalledlocal ¢,.,
asthey do notinvolve blocksfrom thecallerof f. It should
be notedthat f may not be partitionedinto the samere-
gionsfor every callsiteto f, sinceregion formationwithin
f is basednthe contet surroundinghe callsiteto f.

A region R in local ¢, canbeoneof four forms:

case(l) local region R couldstartin f andinvolve only
blocks within f with no interprocedurakegions in-
volving functionscalledfrom f. R is completelylocal
to f in this case. In Figure2, case(1) exempli es a
localregionof C.

case(2) entry region R could startin f and involve
blocksin functionscalledeitherdirectly or indirectly
by f, andendin oneof thesecalledfunctions.In Fig-
ure2, case(2) is anentryregionfor C' becausét starts
in anotherfunctionthateventuallycalls C, but there-
gionendswithin C. It is alocalregionto B becausdt

startsin B.

case(3) pass-through region R could startin f, pass
throughoneor morefunctionscalledeitherdirectly or
indirectly by f, andendbackin f. In the gure, case
(3) isapass-throughegionof B asit containsboththe
entryandexit of B.

case(4) exitregion R couldstartin afunctioncalledby f
(directlyor indirectly)andendbackin f. In the gure,
casg(4) is anexit regionof C becausé startsin C' but
endsbackin thecaller, B.

4.2 An Inter procedural Algorithm for RegionFor-
mation

Figure 3 presentghe interprocedurahlgorithmfor the
Region.demandapproach,FormRgions This algorithm
hasthe samebasicstructureasHank's pro le-sensitve re-
gionformationalgorithm[14] for formingregionsintrapro-
cedurally Hank's algorithmis extendedin seseralimpor-
tantwaysin orderto form interprocedurategionswithout
aggressie inlining, andalsoenablepartialinlining. First,
whena callsiteis encounterecsa region is beinggrown,
FormR@ionsrecursvely callsitself to continueto grow the
currentregion in the calleein the context of the caller, but
withoutinlining atthattime. Secondjn orderto minimize
the sizeof thedatastructuresnaintainedat ary giventime
during region formation, all regionswithin a called func-
tionwill beidenti ed beforeFormRg@ionsreturnsto region
formationin thecaller Third, to enableformationof inter
procedurakegionsthroughthis recursve approachform-
Regions operategnainly on regionsratherthanindividual
basicblocks.

FormR@ions begins with a worklist B of all blocksin
thecurrentfunction f for whichit is forming regions. Suc-
cessorandpredecessadblocksare addedto the currentre-
gion only if they are desirableas de ned in section2;
Desirable(x,y) plays this role. Non-callsiteblocks
areappendedo the region asbefore. Whena callsitec is
reachedn the analyzedcode,the recursve call to Form-
Reagionsforms regionslocal to the callee,say g, andthen
FormR@ionsreturnswith the entryandexit regionsof g.

If therewasnotapass-throughegionof g, thenentry, .
is concatenatedith theregion R currentlybeingformedin
f whenthe callsitewasencounteregdwhich completeghat
interprocedurategion), andthis mergedregion is addedto
thelocallist Rlist  of completedegionsin f. Next, anew
regionRis begun,consistingsolelyof exit,. .

If thereis a pass-throughiegion for g, thenthis pass-
throughregionis addedto R, but R is not necessarilycom-
pleteatthis point.

Region formationcontinuesn f by addingblocksto R.
Onceall blockson function f's worklist B are exhausted,



function FormRegiongf, isolated entryR,exitR) {
B = all blocksin funcf
Rlist=0
while (blocksremainin B) {
R =Seed(B)
seed= lastblockin R

/I Add successor® theregion
x = seed
y = mostfrequentsuccessoof x
while (y ¢ R && Desirable(x,y)X
if (yisfunccall && vy is inlinable){
FormRegiongcallee(y) 0, entryR,exitR)
if (entryR# exitR) {
R=RU entryR
Rlist=RIlistU R
R=0

I
S=exitR

else
S={y}
R=RUS
X=y
B=B-{y}
y = mostfrequentsuccessoof x

/I Add predecessort® region, analogouso adding
/I successorscodeomittedfor spacdimitations

/I Add desirablesuccessor® seedpath
stack=R
while (stack# 0) {
x = Pop(stack)
foreachsuccessoof x,y € B {
if (Desirable(x,y))
if (y isfunccall && y isinlinable) {
FormRegiongcallee(y),0, entryR,exitR)
if (entryR# exitR) {
R=RU entryR
Rlist=Rlistu R
R=0

P
S=exitR

S={y}
Push(stack,y)
B=B-{y}

R=RUS

1}

/I Copy tail & addregionto Rlist
B =B U TailDuplication(R)
Rlist=RlistU R

/l Remove entry & exit regionsfrom list
/I generateodefor regionslocalto f
entryR= regionin Rlist with entryof
exitR = region in Rlist with exit of f
if (not isolated)
Rlist=Rlist - (entryRU exitR)

CodeGen(Rlist)

}

function Seed(BY
s = block with maximumweightin B
B=B-s
if (sisfunccall) {
FormRegiongcallee(s)0, entryR,exitR)
if (entryR# exitR) {
R=RU entryR
Rlist=RlistU R

S=exitR

returnS

}

function CodeGen(Rlistf
foreachregionR € Rlist
optimizeR
generateodefor Rlist

}

Main() {
FormRegiongmain 1, entryR,exitR)
foreachfuncf # main
if (notall callsitesto f wereinlined)
FormRegiondf, 1, entryR,exitR)
}

Figure 3. Interprocedural algorithm for region formation with demand-driven inlining

B non-seed path
H outsideregion

(a) Seed (block 2) is selected as it is the
most frequently executed block in func
F. Successors (block 4) are selected until
a callsite is reached.

(b) Region formation is performed re-
cursively in callee G, where local re-
gions are formed. Blocks 8, 10 & 11
form one region, with block 9 as a local
region. Region formation then continues
inF.

Figure 4. Example of Region.demand

(c) Successor path is completed (5 &
7), predecessors are added (1), desirable
successors are added (3). Local regions
are formed from remaining blocks (6).
Region formation is complete.



thereturnparametersntryR andexitR areassignedhe
regionsin f thatcontainthe entryandexit blocks,respec-
tively. Thelocal regionswith respecto f (all regionsex-

cepttheentryandexit regionsof f) areoptimizedandcode
is generatedor them, prior to returningthe entry and exit

regions.

The main stepsof FormRegionsareillustratedfor a sin-
gle callsite by the interproceduralCFGsin Figure 4. For
clarity, the same Il patternsare usedto differentiatethe
stepsof the Region.demandalgorithmin this gure aswere
usedto describehe Region_aggr algorithmin Figurel. In
this example,a pass-througinegion of G exists, is returned
to F' by FormRgionsasbothentryR andexitR , andis
appendedo the currentlyformingregionR.

Functionsthat are not inlined at every callsite, not in-
lined at all, or are potentialfunctionaliasesareidenti ed
after the region formation that began with the main pro-
gramis complete. The parametetto FormR@ions called
isolated  is usedto indicatewhennointerprocedurate-
gionswill exist with respecto the currentfunction,namely
for forming regionsin thesefunctionsand the main pro-
gram.

4.3 Analysis of SpaceRequirements

At ary giventime during executionof the FormR@ions
algorithm theamounbf requiredmemoryincludeshedata
structuresandcodeassociatedvith eachfunctionalongthe
currentcall chain being analyzedby the recursve region
formation.Thefunctioncodeanddatastructuregor afunc-
tion neednotbein memoryuntil acallsiteto thatfunctionis
encounteredluring the region formation. After region for-
mationis completefor thatcallsite thesedatastructuresre
no longerneeded.Thus,sincewe do not analyzebodiesof
functionsat callsiteswhereinlining is prohibitedby recur
sion,the maximummemoryrequirementor this algorithm
is proportionato thesumof thesizesof thefunctionsalong
thelongestagyclic pathin thecall graphstartingattheroot
of thecall graph.

Total code growth createdby the Region.demandap-
proachis basedon the amountof inlining performeddur-
ing region formation. Total codegrowth canbe limited in
the sameway thatit is for full inlining, by preventingin-
lining whena certainpredeterminegercentagef the ori-
ginal codesizeis reached.However, to limit the amount
of compile-timespacaequirementsywe proposea heuristic
that limits how far the region formationwill recurin the
callgraph,along a speci ¢ call chain. By enforcingthis
limit, we force somecallsitesto be consideredasuninlin-
able during region formation. Like the Region.aggr ap-
proachthisjusthastheeffect of preventinginterprocedural
regionsfrom beingformed over thosecallsites. With this
limit, the Region_demandapproachcanresultin different

TrimaranPcodeexpressions

Linesof No. Total Max. Avg.

source of Prog. | func. func.
Benchmark code funcs size size size
008.espresso| 14850 | 361 | 12503 | 513 | 34.6
023.eqgntott 3628 | 62 | 2160 | 251 | 34.8
026.compress 1503 16 595 | 222 | 37.1
130.li 7597 | 357 | 6019 | 232 | 16.8
132.ijpe 29259 | 473 | 12666 | 246 | 26.8
bmm 106 7 87 13 10.9
parafns 388 10 209 76 20.9

Table 1. Size and function characteristics of
selected benchmarks

callsitesbeinginlined thanin the Region_aggr approach.

5. Experimental Evaluation

In this section, we experimentally comparethe Re-
gion.demand and Region.aggr approachesn terms of
compile-time memory use, interproceduralregions, and
runtimeperformancef thegeneratedode.

5.1 Methodology

Our experimentshave beenperformedon the Trimaran
compilersysteni21]. TheTrimaranSysternis anintegrated
compilationandperformancemonitoringinfrastructurede-
velopedthroughthe combinedefforts of the Compilerand
ArchitectureResearchGroup at Hewlett Packard,the IM-
PACT Groupat the University of lllinois andthe ReaCF
ILP Laboratoryat New York University While Trimaran
is especiallyusefulfor ILP researchit alsoprovidesarich
compilationframewnorkin which optimizationsandanalysis
modulescanbeeasilyaddeddeletedor bypassedwith Re-
gion_aggr asanexisting componentTrimaranwasa natu-
ral choicefor ourexperimentaivork. We have usedserenC
benchmarksn our study ve of whicharefrom SPECand
two areincludedin the Trimarandistribution. Table1 de-
scribeghebenchmarkén termsmostrelevantto our study
The numbersof sourcecodelines andfunction de nitions
for eachbenchmarkare listed along with three measure-
mentsbasedon numberof Pcodeexpressions Pcodeis a
high-level intermediatecodeusedin Trimaran.

5.2 Results

Table 2 comparesthe compile-time memory require-
mentsfor the Region.aggr approachversusthe FormRe-
gionsalgorithmof Region.demand Valuesare expressed



Ragion Region.demand
aggr
Size Static Function Memory
after call chain size require.
Benchmark inline | Avg | Max | Avg | Max | Avg | Worst

008.espresso| 13871 | 5 11 38 | 919 | 678 | 1101
023.eqgntott 2465 3 7 44 | 591 | 246 | 540
026.compresy 691 2 5 43 | 310 | 284 | 383

130.0i 6598 | 22 35 19 | 601 | 349 | 666
132.ijpegy 13856 | 8 14 29 | 501 | 77 237
bmm 103 2 2 14 26 24 36
parafns 308 2 3 26 76 32 98

Table 2. Comparison of memory requirements
during region formation

in terms of the numberof Pcode expressions. For Re-
gion_aggr, thecompile-timememaoryrequirementsrepro-
portionalto the sizeof the codeafteraggressie inlining is
performed For Reggion.demandthelengthsof staticagyclic
call chainsweremeasurea@tthesourcecodelevel usingthe
c ow utility. To measurehecompile-timememoryrequire-
ments,we calculatedan averageand maximumof the sum
of measuredunctionsizes(in Pcodeexpressionsalongall
call chains.The averagevalueprovidesa goodestimateof
typical compile-timememoryusagefor purposef com-
parisonwhile the maximumvalueshovs theworstcase.

On average, Rggion.demanduses14% of the mem-
ory requiredby Region_aggr for region formationfor the
benchmarkswe studied, over a range of 1% to 41%.
Benchmarkswith larger numbersof functions and func-
tion calls, and more andlonger call chains,008.espesso
023.eqgntott130.li and 132.ijpey, bene ted the mostfrom
Regiondemand Since Reggion.aggr keepsthe entire ag-
gressiely inlined programin memory throughoutregion
formation, even the worst casememory requiredby Re-
gion.demandcomparedavorablyin termsof compile-time
spacerequirements. For the worst case,Region.demand
usedrom 2%to 55%asmuchcompile-timememoryasRe-
gion_aggr, averagingabout23%. Thethreesmallerbench-
marks,026.compess bmmandparaf ns, tendedchotto gain
asmuchfrom Region.demand While still makingthriftier
useof memorythan Region_aggr, thesethree containtoo
few functionsandfunction calls to gainasmuchaslarger
benchmarkslo from Region.demand

Hank[14 has alreadyexperimentallyshavn the com-
pile time bene ts of the applicationof classicaloptimiza-
tion within a region-baseccompilationframeawork versus
a function-basec¢ompilationframawork. In particular he
hasshovn how optimizationtime improvementsaredueto
the reductionin problemsize provided by the region par

Region_aggr Region.demand
Average Total Average Total

Benchmark| Reg. Size | Regions || Reg. Size | Regions

008.espresso | 11.74 1787 11.87 1774
023.eqntott 6.86 436 6.55 476
026.compress| 8.35 117 9.25 102
130.li 7.63 801 7.79 793

132.ijpey 11.95 3575 11.89 1791
bmm 9.65 20 8.43 21
parafns 6.33 55 6.08 49

Table 3. Comparison of Formed Regions: Re-
gion_aggr versus Region.demand

tition, but moreimportantlyachieved by the ability to ap-
ply more optimizationtime to moreimportantregionsand
spendessoptimizationtime on unimportantregionsasin-
dicatedby pro ling information. Thus,in our experiments,
we focusedon how theregion partitionthatwe produceus-
ing Region.demanddiffers from the regions producedby
Hank's region formation,Region_aggr, in orderto evaluate
whetherour region formationalgorithmwill provide simi-
lar optimizationtimeimprovementsverthefunction-based
frameawork, andif not, the causegor ary potentialdiscrep-
ancies.

For eachbenchmarkTable3 comparesheresultsof Re-
gion.aggr and Region.demandin termsof characteristics
of the regionsbeingformed. The techniquesesultin very
similar averageregion sizesandtotal numbersof regions.
Slight variationsin sizesand numbersof regions are at-
tributedto differencesn theorderin which callsitesarein-
lined. Theaggressaieinlining of Region_aggr favorsinlin-
ing frequentlyexecuted smallerfunctionsover largerfunc-
tionsdueto thelimit it placeson total codegrowth. Since
the demand-drieninliner inlines asit is creatinga region
andreachesa callsite, it doesnot needto usea heuristic
basedon function size becauset is inlining only what it
needsfor the interprocedurategion. The demand-drren
approachto inlining in Region.demandand the recursve
natureof the algorithmleadsto the bottom-upinlining of
regions. The inlining is performedas the recursve calls
to FormR@ionsreturn. The resultof this demand-dren
approachs that Region.demandcreatescomparablenum-
bersof regionsto Region_aggr while reducingcompile-time
memoryrequirements.

Table4 reportsthe resultsof executionof the compiled
benchmark®n a simulatedHPL-PD EPIC computerwith
8 functional units and an instruction width of 8. Gen-
erally, resultsfor processorresourceutilization and exe-
cution time were quite similar for Region_aggr and Re-
gion.demand Therearelittle or no differencedn perfor



Operations-per-cycle Execution
Benchmark| Region.aggr | Region.demand|| Speedup
008.espresso 2.61 2.48 0.95
023.eqntott 3.67 3.64 0.99
026.compress 2.74 2.26 0.69
130.li 2.01 1.66 0.70
132.ijpey 1.26 1.27 0.99
bmm 3.46 3.46 1.00
parafns 2.07 2.06 0.99

Table 4. Comparison of processor utilization
and execution time speedup for Region.aggr
and Region.demand

mancefor 008.espesse 023.eqntott 132.ijpey, bmmand
paraf ns. Thedropin performancendinstructionthrough-
put for 026.compessand130.liis dueto our naive heuris-
ticsfor decidingwhethetrto inline atagivencallsite,andthe
way our currentprototypesystemhandlesdemand-drien
inlining of indirect recursve function calls. In particular
with our currentimplementationit is possiblefor the code
limit to be reachedeforeinlining is performedn someof
thehigh executionfrequeng regionsresultingin optimiza-
tion loss.We planto enhanceur prototypeto performbet-
ter detectionof indirectrecursionandexplore a variety of
differentheuristicdor decidingwhetherto inline ata given
callsiteduringdemand-dsreninlining.

6. Related Work

Pro le-driven function inlining and cloning have been
shavn to have a large to moderatepositive impacton per
formanceof C codesdependingdon the useof pro le infor-
mationand heuristics[1, 3, 6, 16]. Othershave had pos-
itive, but lessdramaticspeedupgor C without the useof
proling [8]. A study of inlining on Fortran codesindi-
catedthatthereexistspotentiaffor performancelegradation
dueto suchsecondareffectsasincreasedegisterpressure,
andthatinlining shouldbeconsideregrimarily whenit can
be shavn to enablehigh-payof optimizationg[13]. All of
theseexperimentabktudiesdemonstratetheadwersempact
of increasedunction sizedueto inlining on compile-time
and spacerequirements.One middle-of-the-roadalterna-
tive to inlining andinterproceduraanalysisover the origi-
nal programis procedurecloning[4, 7,9, 13, 18, 22]; how-
ever, the problemof scalabilityfor large programsemains
for cloning.

Using pro le-guided region partitioning followed by
region-basecdptimizationis relatedto pro le-guided op-
timizationanalysisandtransformationPro le-guideddata
0 w analysisseekgo computemoreprecisedata o w anal-

ysis for hot paths[2], while pro le-guided optimization
tradesmore aggressie optimization[11, 12] along heas-
ily executedpathsfor potentiallyincreasingthe execution
time along less frequently executedpaths. Thesetech-
niguescanfocuson optimizing the samepathsaspro le-
guided region-basedoptimizationby crossinginterproce-
dural boundaries.However, in pro le-drivenregion-based
compilation,codesegmentson hot pathsareexplicitly sep-
aratedand optimizedin isolation within the new region
boundaries. In this way, classicaldata o w analysisand
optimization techniquescan be appliedto the compiler
generatedegions without requiring specializeddata o w
techniques.

7. Conclusionsand Futur e Work

By developingan interproceduraklgorithm for region
formation,we have eliminatedthe needto atten the code
via inlining in order to repartitionthe original program
for improved analysisand optimization. Our experiments
demonstratéhatsigni cant improvementsn compile-time
memory usageare possible using a demand-drien ap-
proachto inlining, generallywithout negatively impacting
performance.

The contribution of thisresearcls thedevelopmenof a
region-baseatompilationframework thatcontrolsmemory
usageandthe size of the compilationunit, enablingmore
scalableoptimization of larger programs. Region-based
compilationincreasesschedulingopportunities,which is
vital for improving the performanceof programsrunning
on ILP architectures.Reducingmemoryrequirementsn-
creasesheability of aregion-baseaompilerto extendthis
visibility of instructiondo theschedulewhile enablingbet-
ter optimizationon largerprograms.

We are currentlyextendingour implementatiorto have
the capabilityof investigatingpartialinlining asa naturally
occurringside-efect of region formation. We alsoplanto
explorethe impactof more sophisticatedegion-formation
heuristicson the amountof inlining performedandthere-
fore the size and numberof interproceduralegions pro-
duced.
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