
RegionFormation Analysiswith
Demand-driven Inlining for Region-basedOptimization

TomWay, BenBreechandLori Pollock
Departmentof ComputerandInformationSciences

Universityof Delaware,Newark,DE 19716�
way,breech,pollock� @cis.udel.edu

Abstract

Region-basedcompilationrepartitionsa program into
more desirable compilation units for optimization and
scheduling, particularly bene�cial for ILP architectures.
With region-basedcompilation, the compiler can control
problemsizeandcomplexity by controlling region sizeand
contents,exposeinterprocedural schedulingand optimiza-
tion opportunitieswithoutinterprocedural analysisor large
functionbodies,and createcompilationunits for program
analysisthat more accurately re�ect the dynamicbehav-
ior of the program. This paper presentsa region forma-
tion algorithmthat eliminatesthehigh compile-timemem-
ory costsdueto an aggressiveinlining prepass.Individual
subregionsare inlined in a demand-drivenway during in-
terprocedural region formation. Our experimentalresults
ona subsetof theSPECbenchmarksdemonstratea signi�-
cant reductionin compile-timememoryrequirementswith
comparableruntimeperformance.

1. Intr oduction

For abstraction,softwaremaintenanceease,anda num-
berof otherreasons,largeapplicationsarewrittenin amod-
ular fashion. Compiler writers have addressedthe prob-
lem of modularity by developing techniquesthat range
from aggressive procedureinlining to procedurecloning
to fast, �o w and context insensitive interproceduralanal-
ysis to more sophisticated�o w and context sensitive in-
terproceduralanalysis. While evidenceshows that espe-
cially with many small functions,whole programanalysis
can signi�cantly improve the precisionof programanal-
ysis and increaseopportunitiesfor optimization,most of
thesemethodssuffer from poorscalabilityin eitheror both
compilation-timememoryandtime requirementsfor large
programs. All have beenappliedto the original program
partitionedby the programmerinto functionscreatedwith

abstractionandgoodprogramdesignin mind.
A very differentapproachthat hasbeendevelopedfor

ILP compilersis region-basedcompilation[14, 15, 19], in
which the compiler repartitionsthe programinto a new,
moredesirable, set of compilationunits prior to program
analysisandoptimization.Hank,Hwu, andRau[15] show
solid experimentalevidenceof thepotentialimpactof giv-
ing the compiler control of the compilationunit size and
contents.Thecompilercansuccessfullyrepartitionthecode
into compilationunitsthatwill enablemoreaggressive op-
timizationsto be performed. The useof pro�le informa-
tion for region formationallows the compilerto createre-
gionsthatmoreaccuratelyre�ect thedynamicbehavior of
the program. Hank, Hwu, and Rau [15] found that the
sizeof eachof the resultingcompilationunits is typically
smaller than functions,which has the effect of reducing
the impactof the quadraticalgorithmiccomplexity of the
appliedoptimizing transformations.Aggressive optimiza-
tions can be performedin the presenceof large function
bodies. In particular, by creatingnew regions, the com-
piler hasmorefreedomto move codebetweenprocedures
thanapproachesbasedon interproceduralanalysis.Hank's
implementation[14] includedclassicaloptimizationslike
global commonsubexpressionelimination, deadcodere-
moval, andcodemotion,but particularlyfoundregisteral-
locationandschedulingto beenhancedby thisapproach.

Region-basedcompilationas proposedby Hank et al.
and as implementedin the IMPACT [5] compiler is ac-
complishedby performinganaggressive inlining pass,fol-
lowedby apartitioningphasethatformsnew regionsbased
on a heuristic,bundlesregionsto look like functions,and
passesthesecompiler-createdfunctionsto the unchanged
optimizationphases.While thisapproachcanachievesome
degreeof scalabilityduringprogramanalysisandoptimiza-
tion by allowing thecompilerto controlthesizeof regions,
theregion formationphaseitself remainsquiteunscalable.

The region formation phaseworks on a form of the
wholeprogramwhich hasbeenaggressively inlined, in or-
der to be able to form regions that crossfunction bound-



aries. We refer to regionsthatconsistof instructionsfrom
morethanonefunctionof theoriginalprogramasinterpro-
cedural regions, andregionswith instructionsall from the
sameoriginal functionaslocal regions. In theexperiments
by Hanketal. [15], approximatelyhalf of theirbenchmarks
spentmore than 50% of their time in interproceduralre-
gions.Someprogramsspentmorethan40%of theirexecu-
tion time in regionsspanning9 or morefunctions.

This paperaddressesthe problemof enablingregion-
basedcompilationfor largeprograms,wherethe compile-
time spaceand time costsmust be conserved throughout
all phasesof compilation. We �rst describethe issuesin-
volved in performingthe region formationprocessin tan-
demwith inlining in orderto avoid theseparateunscalable
stepof aggressive inlining. We presentanalgorithmfor re-
gionidenti�cation thatincorporatesdemand-driveninlining
asinterproceduralregionsarebeingidenti�ed andformed.
This improvedregion formationalgorithmrecursively ana-
lyzesfunctionbodiesasinlinablecallsitesareencountered
duringregion identi�cation.

While theoriginal region-basedcompilationframework
requiresthat the entireaggressively inlined programbe in
memory at once during region formation, our approach
requiresat most enoughmemoryfor the functionsalong
the longeststaticacyclic call chainat any given time dur-
ing region formation. We have createda prototypeof
ourdemand-driveninlining andregionformationalgorithm
by extendingthe region-basedcompilation framework in
Trimaran. Our experimentalcomparisonof the memory
requirementsfor seven benchmarksindicatesthat, in the
worst case,from 2% to 55%, with an averageof 23%, of
theaggressively inlinedprogramsizelies alongthelongest
staticacyclic call chain. Usingour prototypeimplementa-
tionandtheTrimaransimulationof an8-processorHPL-PD
EPICmachine,we veri�ed thatour methodproducescom-
parableexecutiontimesandprocessorutilization to those
of theaggressiveinlining framework,while signi�cantly re-
ducingcompile-timememoryrequirements.

2. Region-basedCompilation

Hank et al. [14, 15] proposedthe region-basedcompi-
lation framework as a solution to the problemof expos-
ing interproceduralschedulingand optimizationopportu-
nities without the cost of very large function bodiescre-
atedthroughinlining, or theexpenseandcomplexity of so-
phisticatedinterproceduralanalysisandcodemotion. This
region-basedcompilationframework is embellishedin the
IMPACT [5] andTrimarancompilers[21]. Limited forms
of region-basedcompilationwereusedin theMulti�o w [20]
andCydrome[10] compilers.While they have shown it to
be especiallybene�cial in an ILP compiler, region-based
compilationalsocanbeusefulfor achieving bothinterpro-

ceduralscopeandscalabilityin programanalysis.
Regionsareformedonthe�attenedform of theprogram

after aggressive 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 set limit for
codegrowth is not yet reached.Any remaininguninlinable
callsitesare treatedashazards,which end a region along
thatpath. In this framework, a region is a subgraphof the
control�o w graph(CFG)of theprogram.

UnderHanketal.'s framework, regionsareencapsulated
in suchawaythattheoptimizercanbeinvokedwith ascope
that is limited to a given region. Thus, the quality of the
generatedcodedependsupontheability of thecompilerto
ef�ciently transformindividual regionsin isolation. Hank
etal. useapro�le-sensitiveregionformationprocessthatis
a generalizationof the pro�le-basedtraceselectionalgor-
ithm usedin theIMPACT compiler[5].

In practice, each region is encapsulatedin a single-
entry/single-exit CFGby addingdummyprologueandepi-
logue blocks and boundarycondition blocks that convey
variablelivenessat the region exit points. Sideentrances
into regionscanbe removedby tail duplication,similar to
superblockformation[17]. Thisencapsulationachievesthe
effect of makingthe region appearto the restof the com-
piler asa function. After compilationandoptimization,a
regionis re-integratedinto thecontainingfunctionbyupdat-
ing changesin data�o w conditions(i.e. variableliveness),
entryandexit pointsandconstraintson registerallocation.
Codeis generatedfrom there-integratedfunction.

Thepro�le-sensitive region formationalgorithm[15] is
comprisedof the following steps,performedbetweenag-
gressive inlining andregion encapsulation.Thesestepsare
performeduntil all blocks in the programhave beenin-
cludedin someregion. Figure1 shows a simpleexample
of two functions,(a) beforeinlining, (b) after inlining, and
(c) afterregionformation.Theresultsof eachstepof there-
gionformationalgorithmareshownbydifferent�ll patterns
in theblocksin Figure1c.

Step1: SeedSelection- From amongall basic
blocksin theprogramnot yet includedin a
region,selecttheblockwith thehighestex-
ecutionfrequency. In this simpli�ed exam-
ple, this is block8.

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

� aprocedurecall is reached,
� a minimum acceptableexecution fre-

quency for asuccessorblock is notmet
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(a) Functions F and G prior to aggres-
sive inlining.

(b) Function G is inlined into F. (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 frequency of
both its immediatepredecessorin the
regionandthatof theseedblock,which
in thissimpli�ed exampleis why block
6 is notselectedin thisstep),or

� a region sizethreshold(e.g.,200basic
blocks)is exceeded.Thesuccessorsse-
lectedin the example in this stepare
blocks10,11,5 and7.

Step3: RegionExpansionto Predecessors- A
pathof frequentlyexecutedpredecessorsto
theseedblockis chosenanalogousto these-
lectionof desirablesuccessors.The result-
ing pathafterthisstepis theseedpathof the
region. In this case,blocks2 andthen1 are
addedaspredecessors.

Step4: Region Expansion fr om All Blocks in
the SeedPath - By selectingasabove the
desirablesuccessorsof all blockscurrently
in theregion,theregionis grownalongmul-
tiple control �o w paths. In this example,
block3 is addedto theregion. Theresultof
this stepis a path-sensitive region. Blocks
notyet in a region(blocks6 and9) areused
to form additionalregions.

To summarize,threeregionsareformedin theexample.
The largestregion consistsof blocks1, 2, 3, 5, 7, 8, 10,
and11. Theremainingblocks6 and9 form singleblockre-
gions.Notethatoriginalblock4 wasreplacedby theinlined
functionG.

The promiseof region-basedcompilationis that more
desirablecompilationunits thanthe original functionsare
providedto thecompiler. Utilizing pro�le informationand
aggressive inlining, theseunitsaregroupedtogetherto ex-
posemore optimization opportunities,increaseavailable
instruction-level parallelism,and improve generatedcode
quality. By controlling the size of the compilationunit,
region-basedcompilationcanreducecompilationtime and
memoryrequirementsfor theoptimizer.

Limitations of the currentregion-basedframework in-
cludethe inherentunscalability, thepotentialfor excessive
code growth and unnecessaryinlining due to an aggres-
sive approach,and the well-known training-dataeffect of
pro�le-guidedcompilation.Placinganupperboundon the
amountof a priori inlining performed,while reducingcode
growth, mayproducelower optimizationopportunitiesand
qualityoutputcode.

In theremainderof this paper, we refer to theapproach
of aggressive inlining followed by intraproceduralpro�le-
sensitive region formation (Hank et al.) as Region aggr.
Our new approachwith demand-driven inlining is called
Region demand. In Region aggr, a hazard is a procedure
call which stopsfurtherexpansionof thecurrentregion. In
Region demandaprocedurecall is notconsideredahazard,
unlesstheprocedureis non-inlinable(e.g.recursive).

3. Issuesin Forming InterproceduralRegions

Interproceduralregionsarekey to the power of region-
basedcompilationto uncover optimizationsmisseddueto



procedureboundaries[15]. Whenaggressive inlining is not
performedprior to region formation, a numberof issues
needto be addressedby the interproceduralalgorithmfor
regionformation:

1. How cantheregion identi�cation processbechanged
tomakeregion-sensitiveinlining decisionsandidentify
interprocedural regionsasit encounterscallsites,and
whenshouldtheactual inlining beperformed?When
a callsiteis encounteredasa mostfrequentsuccessor
or predecessorof ablockin thecurrentregion,thepath
selectionprocessneedsto determinewhetherthecall
is inlinable (not all are),and if so, continueforming
thecurrentregion insidethecallee'scode.In thisway,
inlining is drivenby thedemandplacedat callsitesas
regionsarebeingformed,andinterproceduralregions
areidenti�ed by having the region formationprocess
crossfunctionboundaries,creatinganinterprocedural
algorithm. The callee's body could be inlined on de-
mandjustbeforebeginningregionformationinsidethe
callee,but by not inlining a priori , wecanaccomplish
theeffect of partial inlining guidedby the region for-
mationinsidethecallee.

2. Howdoestheregionidenti�cationprocesshandlemul-
tiple callsitesto thesamefunction?While region for-
mationon �attened codewill analyzea distinct code
segmentfor eachcallsitein theoriginal codethathas
beeninlined, region formationwithout prior inlining
analyzesthesamebodyof thefunctioncalledfor each
callsiteto thatfunctionencounteredduringregion for-
mation. Dependingon the surroundingcontext, a
calleecould be partitionedinto different regions for
differentcallsites.Thus,theinterproceduralalgorithm
needsto maintainseparateinformationfor eachinlin-
ablecallsite.

3. Howdoweensurethatdemand-driveninlining during
regionidenti�cation doesnotcreatethesameor larger
compile-timememoryrequirementsas Region aggr?
Performingdemand-driveninlining canleadto similar
large memoryrequirementsasRegion aggr if the or-
der that regionsareformedandinlining is performed
is not carefullyconsidered.In particular, asa callsite
is encountered,theregion formationalgorithmbegins
to form regions in the body of the callee. Thus, the
amountof codeexpansionanddatastructuresusedis
affectedby the handlingof the worklist of blocksfor
partitioningas the region formationcrossesdifferent
functions.

4. In thecontext of demand-driveninlining duringregion
formation,how do functionswhich are not inlined at
everycallsiteget processed?While a function's code
is partitionedinto regionsondemandfrom siteswhere

it is called,therecanbecallsitesthatarenotexpanded,
andthus,thefunctionneedsto bepartitionedinto (lo-
calonly) regionsin isolationof a callingcontext.

5. What is the mostappropriate way to allow the com-
piler to control the amountof total codegrowth cre-
atedby Region demand? A limit on the memoryre-
quirementsfor Region aggr is achieved by putting a
limit on how largetheprogramcangrow in total size
during the aggressive inlining pass,sincethe amount
of memoryneededduring analysisis proportionalto
this size. So, what are reasonableways to put lim-
its oncompile-timememoryrequirementsusedby Re-
gion demand? Total codegrowth is not a reasonable
measurefor Region demandsinceeachregion will be
analyzedandoptimizedseparatelyanddemand-driven
inlining ensuresthat thecompleteprogramwill never
bein memoryatonce.

6. Can there be any potential added memorysavings
throughregion identi�cation as a separate passfrom
codegeneration in this approach? Is it possibleto
eliminateany duplicateregionsidenti�ed in thesame
functionwith respectto differentcallsites,becausethe
functionsarenotactuallyinlined �rst?

4. RegionFormation with Demand-driven In-
lining

Interproceduralregionsarekey to the power of region-
basedcompilationto uncover optimizationsmisseddueto
procedureboundaries[15]. In this section,we describe
theRegion demandapproachto region formation,with the
goalof uncoveringinterproceduralregionsondemand.We
assumethat dynamicpro�ling informationis availablefor
eachfunctionin theprogramsimilarto pro�le-sensitiveRe-
gion aggr. Without lossof generality, we assumethateach
functionis representedasa control �o w graph(CFG)with
a singleentry block anda singleexit block. Thus, in Re-
gion aggr, the CFG for the aggressively inlined program
wouldhavenoedgesleadingto/fromthemiddleof eachin-
lined function's control �o w subgraphfrom/to the restof
theprogram'sCFGrepresentation.

4.1. A Classi�cation of Regionsof a Function

Wehavepreviouslyde�ned interproceduralandlocalre-
gionsin general.We now de�ne a classi�cationof regions
with respectto individualfunctionsandcallsiteswherethey
areinvokedin orderto motivateandexplain thealgorithm.
Figure 2 illustrateseachof the different cases. For each
function

�
, eachcallsite � with a call to

�
hasasingleentry

region associatedwith
�

, �������
	���
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Figure 2. Illustration of region classification
for individual functions

containsthe entry block of
�

. At the onecallsite in � to
function � in the�gure, theentryregionassociatedwith �
containsnotonly theentryblockin � but apaththatpasses
throughto theexit of � , andcontainstheexit of � also.At
thecallsitein � to function � , theentryregion associated
with � containsthe entry block in � andonly two other
blocksin � .

Similarly, eachcallsite � to function
�

hasa singleexit
region, ��� � � ��
 � . As is the casefor the onecallsitein � to
� , �������
	 ��
 � and ��� � � ��
 � could in fact be the sameregion
becausetheregion follows a paththatpassesthroughfrom
entryto exit; in this case,we saythat this region is a pass-
through interproceduralregion of

�
at callsite c. All re-

mainingregionscontainingblocksin
�

arecalled !#" �%$&! ��
 � ,
asthey donot involveblocksfrom thecallerof

�
. It should

be notedthat
�

may not be partitionedinto the samere-
gionsfor every callsiteto

�
, sinceregion formationwithin�

is basedon thecontext surroundingthecallsiteto
�

.
A region ' in !#" �%$&! ��
 � canbeoneof four forms:

case(1) local region: ' couldstartin
�

andinvolve only
blocks within

�
with no interproceduralregions in-

volving functionscalledfrom
�

. ' is completelylocal
to

�
in this case. In Figure2, case(1) exempli�es a

local regionof � .

case(2) entry region: ' could start in
�

and involve
blocksin functionscalledeitherdirectly or indirectly
by

�
, andendin oneof thesecalledfunctions.In Fig-

ure2, case(2) is anentryregionfor � becauseit starts
in anotherfunctionthateventuallycalls � , but there-
gionendswithin � . It is a local regionto � becauseit

startsin � .

case(3) pass-through region: ' could start in
�

, pass
throughoneor morefunctionscalledeitherdirectlyor
indirectly by

�
, andendbackin

�
. In the�gure, case

(3) is apass-throughregionof � asit containsboththe
entryandexit of � .

case(4) exit region: ' couldstartin afunctioncalledby
�

(directlyor indirectly)andendbackin
�
. In the�gure,

case(4) is anexit regionof � becauseit startsin � but
endsbackin thecaller, � .

4.2. An Inter proceduralAlgorithm for RegionFor­
mation

Figure3 presentsthe interproceduralalgorithmfor the
Region demandapproach,FormRegions. This algorithm
hasthesamebasicstructureasHank's pro�le-sensitive re-
gionformationalgorithm[14] for formingregionsintrapro-
cedurally. Hank's algorithmis extendedin several impor-
tantwaysin orderto form interproceduralregionswithout
aggressive inlining, andalsoenablepartial inlining. First,
whena callsiteis encounteredasa region is beinggrown,
FormRegionsrecursively callsitself to continueto grow the
currentregion in thecalleein thecontext of thecaller, but
without inlining at that time. Second,in orderto minimize
thesizeof thedatastructuresmaintainedat any giventime
during region formation,all regionswithin a called func-
tion will beidenti�ed beforeFormRegionsreturnsto region
formationin thecaller. Third, to enableformationof inter-
proceduralregionsthroughthis recursive approach,Form-
Regionsoperatesmainly on regionsratherthan individual
basicblocks.

FormRegionsbegins with a worklist B of all blocks in
thecurrentfunction

�
for which it is formingregions.Suc-

cessorandpredecessorblocksareaddedto the currentre-
gion only if they are desirableas de�ned in section2;
Desirable(x,y) plays this role. Non-callsiteblocks
areappendedto the region asbefore. Whena callsite � is
reachedin the analyzedcode,the recursive call to Form-
Regionsforms regionslocal to the callee,say ( , andthen
FormRegionsreturnswith theentryandexit regionsof ( .

If therewasnotapass-throughregionof ( , then �������
	&) 
 �
is concatenatedwith theregionRcurrentlybeingformedin�

whenthecallsitewasencountered(whichcompletesthat
interproceduralregion),andthis mergedregion is addedto
thelocal list Rlist of completedregionsin

�
. Next, anew

regionR is begun,consistingsolelyof ���*� �+) 
 � .
If thereis a pass-throughregion for ( , then this pass-

throughregion is addedto R, but R is not necessarilycom-
pleteat thispoint.

Region formationcontinuesin
�

by addingblocksto R.
Onceall blockson function

�
's worklist B areexhausted,



function FormRegions(f, isolated,entryR,exitR)
�

B = all blocksin func f
Rlist = �
while (blocksremainin B)

�
R = Seed(B)
seed= lastblock in R

// Add successorsto theregion
x = seed
y = mostfrequentsuccessorof x
while (y �� R && Desirable(x,y))

�
if (y is funccall && y is inlinable)

�
FormRegions(callee(y),0, entryR,exitR)
if (entryR �� exitR)

�
R = R � entryR
Rlist = Rlist � R
R = ��

S= exitR�
else

S=
�
y
�

R = R � S
x = y
B = B –

�
y
�

y = mostfrequentsuccessorof x�
// Add predecessorsto region,analogousto adding
// successors- codeomittedfor spacelimitations

// Add desirablesuccessorsto seedpath
stack= R
while (stack �� � ) �
x = Pop(stack)
foreachsuccessorof x, y

�
B
�

if (Desirable(x,y))
if (y is funccall && y is inlinable)

�
FormRegions(callee(y),0, entryR,exitR)
if (entryR �� exitR)

�
R = R � entryR
Rlist = Rlist � R
R = ��

S= exitR�
else
�

S=
�
y
�

Push(stack,y)
B = B –

�
y
��

R = R � S���
// Copy tail & addregion to Rlist
B = B � TailDuplication(R)
Rlist = Rlist � R�

// Remove entry& exit regionsfrom list
// generatecodefor regionslocal to f
entryR= region in Rlist with entryof f
exitR = region in Rlist with exit of f
if (not isolated)
Rlist = Rlist - (entryR � exitR)

CodeGen(Rlist)�

function Seed(B)
�

s= blockwith maximumweightin B
B = B – s
if (s is funccall)

�
FormRegions(callee(s),0, entryR,exitR)
if (entryR �� exitR)

�
R = R � entryR
Rlist = Rlist � R�

S= exitR�
else
S=
�
s
�

returnS�
function CodeGen(Rlist)

�
foreachregionR

�
Rlist

optimizeR
generatecodefor Rlist�

Main()
�

FormRegions(main, 1, entryR,exitR)
foreachfunc f �� main
if (notall callsitesto f wereinlined)
FormRegions(f, 1, entryR,exitR)�

Figure 3. Interprocedural algorithm for region formation with demand-driven inlining
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(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
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region. Region formation then continues
in F.
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are formed from remaining blocks (6).
Region formation is complete.

Figure 4. Example of Region demand



thereturnparametersentryR andexitR areassignedthe
regionsin

�
thatcontaintheentryandexit blocks,respec-

tively. The local regionswith respectto
�

(all regionsex-
cepttheentryandexit regionsof

�
) areoptimizedandcode

is generatedfor them,prior to returningthe entryandexit
regions.

Themainstepsof FormRegionsareillustratedfor a sin-
gle callsiteby the interproceduralCFGsin Figure4. For
clarity, the same�ll patternsare usedto differentiatethe
stepsof theRegion demandalgorithmin this �gure aswere
usedto describetheRegion aggr algorithmin Figure1. In
thisexample,a pass-throughregionof

�
exists,is returned

to � by FormRegionsasbothentryR andexitR , andis
appendedto thecurrentlyformingregionR.

Functionsthat arenot inlined at every callsite, not in-
lined at all, or arepotentialfunctionaliases,areidenti�ed
after the region formation that began with the main pro-
gram is complete. The parameterto FormRegionscalled
isolated is usedto indicatewhenno interproceduralre-
gionswill exist with respectto thecurrentfunction,namely
for forming regions in thesefunctionsand the main pro-
gram.

4.3. Analysisof SpaceRequirements

At any giventime duringexecutionof theFormRegions
algorithm,theamountof requiredmemoryincludesthedata
structuresandcodeassociatedwith eachfunctionalongthe
currentcall chain being analyzedby the recursive region
formation.Thefunctioncodeanddatastructuresfor afunc-
tionneednotbein memoryuntil acallsiteto thatfunctionis
encounteredduringtheregion formation. After region for-
mationis completefor thatcallsite,thesedatastructuresare
no longerneeded.Thus,sincewe do not analyzebodiesof
functionsat callsiteswhereinlining is prohibitedby recur-
sion,themaximummemoryrequirementfor thisalgorithm
is proportionalto thesumof thesizesof thefunctionsalong
thelongestacyclic pathin thecall graphstartingat theroot
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 that it is for full inlining, by preventingin-
lining whena certainpredeterminedpercentageof theori-
ginal codesize is reached.However, to limit the amount
of compile-timespacerequirements,weproposeaheuristic
that limits how far the region formationwill recur in the
callgraph,along a speci�c call chain. By enforcingthis
limit, we force somecallsitesto be consideredasuninlin-
able during region formation. Like the Region aggr ap-
proach,this justhastheeffectof preventinginterprocedural
regionsfrom beingformedover thosecallsites. With this
limit, the Region demandapproachcanresult in 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.eqntott 3628 62 2160 251 34.8
026.compress 1503 16 595 222 37.1
130.li 7597 357 6019 232 16.8
132.ijpeg 29259 473 12666 246 26.8
bmm 106 7 87 13 10.9
paraf�ns 388 10 209 76 20.9

Table 1. Size and function characteristics of
selected benchmarks

callsitesbeinginlined thanin theRegion aggr approach.

5. Experimental Evaluation

In this section, we experimentally comparethe Re-
gion demand and Region aggr approachesin terms of
compile-time memory use, interproceduralregions, and
runtimeperformanceof thegeneratedcode.

5.1. Methodology

Our experimentshave beenperformedon the Trimaran
compilersystem[21]. TheTrimaranSystemis anintegrated
compilationandperformancemonitoringinfrastructurede-
velopedthroughthecombinedefforts of theCompilerand
ArchitectureResearchGroupat Hewlett Packard,the IM-
PACT Groupat the University of Illinois andthe ReaCT-
ILP Laboratoryat New York University. While Trimaran
is especiallyusefulfor ILP research,it alsoprovidesa rich
compilationframework in whichoptimizationsandanalysis
modulescanbeeasilyadded,deletedor bypassed.With Re-
gion aggr asanexisting component,Trimaranwasa natu-
ral choicefor ourexperimentalwork. WehaveusedsevenC
benchmarksin our study, � ve of which arefrom SPECand
two areincludedin the Trimarandistribution. Table1 de-
scribesthebenchmarksin termsmostrelevantto ourstudy.
Thenumbersof sourcecodelinesandfunctionde�nitions
for eachbenchmarkare listed along with threemeasure-
mentsbasedon numberof Pcodeexpressions. Pcodeis a
high-level intermediatecodeusedin Trimaran.

5.2. Results

Table 2 comparesthe compile-timememory require-
mentsfor the Region aggr approachversusthe FormRe-
gionsalgorithmof Region demand. Valuesareexpressed



Region 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.eqntott 2465 3 7 44 591 246 540

026.compress 691 2 5 43 310 284 383

130.li 6598 22 35 19 601 349 666

132.ijpeg 13856 8 14 29 501 77 237

bmm 103 2 2 14 26 24 36

paraf�ns 308 2 3 26 76 32 98

Table 2. Comparison of memory requirements
during region formation

in terms of the numberof Pcodeexpressions. For Re-
gion aggr, thecompile-timememoryrequirementsarepro-
portionalto thesizeof thecodeafteraggressive inlining is
performed.For Region demand, thelengthsof staticacyclic
call chainsweremeasuredat thesourcecodelevel usingthe
c�ow utility. To measurethecompile-timememoryrequire-
ments,we calculatedanaverageandmaximumof thesum
of measuredfunctionsizes(in Pcodeexpressions)alongall
call chains.Theaveragevalueprovidesa goodestimateof
typical compile-timememoryusagefor purposesof com-
parison,while themaximumvalueshowstheworstcase.

On average,Region demanduses14% of the mem-
ory requiredby Region aggr for region formation for the
benchmarkswe studied, over a range of 1% to 41%.
Benchmarkswith larger numbersof functions and func-
tion calls, andmoreand longercall chains,008.espresso,
023.eqntott, 130.li and132.ijpeg, bene�ted the most from
Region demand. SinceRegion aggr keepsthe entire ag-
gressively inlined programin memory throughoutregion
formation, even the worst casememory requiredby Re-
gion demandcomparesfavorablyin termsof compile-time
spacerequirements. For the worst case,Region demand
usesfrom 2%to 55%asmuchcompile-timememoryasRe-
gion aggr, averagingabout23%. Thethreesmallerbench-
marks,026.compress, bmmandparaf�ns, tendednotto gain
asmuchfrom Region demand. While still makingthriftier
useof memorythanRegion aggr, thesethreecontaintoo
few functionsandfunctioncalls to gainasmuchaslarger
benchmarksdofrom Region demand.

Hank[14] hasalreadyexperimentallyshown the com-
pile time bene�ts of the applicationof classicaloptimiza-
tion within a region-basedcompilationframework versus
a function-basedcompilationframework. In particular, he
hasshown how optimizationtime improvementsaredueto
the reductionin problemsizeprovided 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.ijpeg 11.95 3575 11.89 1791
bmm 9.65 20 8.43 21
paraf�ns 6.33 55 6.08 49

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

tition, but moreimportantlyachievedby the ability to ap-
ply moreoptimizationtime to moreimportantregionsand
spendlessoptimizationtime on unimportantregionsasin-
dicatedby pro�ling information.Thus,in ourexperiments,
we focusedonhow theregionpartitionthatweproduceus-
ing Region demanddiffers from the regionsproducedby
Hank's region formation,Region aggr, in orderto evaluate
whetherour region formationalgorithmwill provide simi-
laroptimizationtimeimprovementsoverthefunction-based
framework, andif not, thecausesfor any potentialdiscrep-
ancies.

For eachbenchmark,Table3 comparestheresultsof Re-
gion aggr and Region demandin termsof characteristics
of theregionsbeingformed. Thetechniquesresultin very
similar averageregion sizesandtotal numbersof regions.
Slight variationsin sizesand numbersof regions are at-
tributedto differencesin theorderin whichcallsitesarein-
lined. Theaggressive inlining of Region aggr favors inlin-
ing frequentlyexecuted,smallerfunctionsover largerfunc-
tionsdueto the limit it placeson total codegrowth. Since
the demand-driveninliner inlinesasit is creatinga region
and reachesa callsite, it doesnot needto usea heuristic
basedon function size becauseit is inlining only what it
needsfor the interproceduralregion. The demand-driven
approachto inlining in Region demandand the recursive
natureof the algorithmleadsto the bottom-upinlining of
regions. The inlining is performedas the recursive calls
to FormRegionsreturn. The result of this demand-driven
approachis that Region demandcreatescomparablenum-
bersof regionstoRegion aggr while reducingcompile-time
memoryrequirements.

Table4 reportstheresultsof executionof thecompiled
benchmarkson 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. Thereare little or no differencesin 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.ijpeg 1.26 1.27 0.99
bmm 3.46 3.46 1.00
paraf�ns 2.07 2.06 0.99

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

mancefor 008.espresso, 023.eqntott, 132.ijpeg, bmmand
paraf�ns. Thedropin performanceandinstructionthrough-
put for 026.compressand130.li is dueto our naive heuris-
ticsfor decidingwhetherto inlineatagivencallsite,andthe
way our currentprototypesystemhandlesdemand-driven
inlining of indirect recursive function calls. In particular,
with our currentimplementation,it is possiblefor thecode
limit to bereachedbeforeinlining is performedin someof
thehighexecutionfrequency regionsresultingin optimiza-
tion loss.We planto enhanceourprototypeto performbet-
ter detectionof indirect recursion,andexplorea varietyof
differentheuristicsfor decidingwhetherto inline atagiven
callsiteduringdemand-driveninlining.

6. RelatedWork

Pro�le-driven function inlining and cloning have been
shown to have a large to moderatepositive impacton per-
formanceof C codesdependingon theuseof pro�le infor-
mationandheuristics[1, 3, 6, 16]. Othershave hadpos-
itive, but lessdramaticspeedupsfor C without the useof
pro�ling [8]. A study of inlining on Fortran codesindi-
catedthatthereexistspotentialfor performancedegradation
dueto suchsecondaryeffectsasincreasedregisterpressure,
andthatinlining shouldbeconsideredprimarilywhenit can
beshown to enablehigh-payoff optimizations[13]. All of
theseexperimentalstudiesdemonstratedtheadverseimpact
of increasedfunctionsizedueto inlining on compile-time
and spacerequirements.One middle-of-the-roadalterna-
tive to inlining andinterproceduralanalysisover theorigi-
nalprogramis procedurecloning[4, 7, 9, 13, 18, 22]; how-
ever, theproblemof scalabilityfor largeprogramsremains
for cloning.

Using pro�le-guided region partitioning followed by
region-basedoptimizationis relatedto pro�le-guided op-
timizationanalysisandtransformation.Pro�le-guideddata
�o w analysisseeksto computemoreprecisedata�o w anal-

ysis for hot paths [2], while pro�le-guided optimization
tradesmore aggressive optimization[11, 12] along heav-
ily executedpathsfor potentially increasingthe execution
time along less frequently executedpaths. Thesetech-
niquescanfocuson optimizing the samepathsaspro�le-
guidedregion-basedoptimizationby crossinginterproce-
dural boundaries.However, in pro�le-drivenregion-based
compilation,codesegmentsonhotpathsareexplicitly sep-
aratedand optimized in isolation within the new region
boundaries. In this way, classicaldata�o w analysisand
optimization techniquescan be applied to the compiler-
generatedregionswithout requiring specializeddata�o w
techniques.

7. Conclusionsand Future Work

By developingan interproceduralalgorithmfor region
formation,we have eliminatedtheneedto �atten thecode
via inlining in order to repartition the original program
for improvedanalysisandoptimization. Our experiments
demonstratethatsigni�cant improvementsin compile-time
memory usageare possibleusing a demand-driven ap-
proachto inlining, generallywithout negatively impacting
performance.

Thecontributionof this researchis thedevelopmentof a
region-basedcompilationframework thatcontrolsmemory
usageandthe sizeof the compilationunit, enablingmore
scalableoptimization of larger programs. Region-based
compilation increasesschedulingopportunities,which is
vital for improving the performanceof programsrunning
on ILP architectures.Reducingmemoryrequirementsin-
creasestheability of a region-basedcompilerto extendthis
visibility of instructionsto theschedulerwhileenablingbet-
teroptimizationon largerprograms.

We arecurrentlyextendingour implementationto have
thecapabilityof investigatingpartialinlining asa naturally
occurringside-effect of region formation. We alsoplan to
explore the impactof moresophisticatedregion-formation
heuristicson the amountof inlining performedandthere-
fore the size and numberof interproceduralregions pro-
duced.
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