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Abstract
Stack allocationof objectsoffers more ef�cient useof cachemem-
orieson moderncomputers, but �nding objectsthat can besafely
stack allocated is dif�cult, as interprocedural escapeanalysisis
imprecisein thepresenceof virtual methoddispatch anddynamic
class loading. We presenta new technique for doing optimistic
stack allocation of objects.Our techniquedoesnot require inter-
procedural analysisand is effective in the presenceof dynamic
classloading, re�ectionandexceptionhandling. Moreover, weusu-
ally achievehigherproportionsof stack allocateddata thanstatic
strategies.In this paperwe presentoptimisticstack-allocationfor
Java-like languages.For experimentsweusetracesof runningJava
programsto drive simulationsof variousgarbage collectionand
allocationstrategies.

Categoriesand SubjectDescriptors D.3.4. [Programminglan-
guages]: Processors– Memorymanagement(garbagecollection)

GeneralTerms languages,performance

Keywords garbagecollection,Java,stackallocation

1. Intr oduction
Object-orientedlanguagessuchasJava,BETA or Smalltalkrequire
allocationanddeallocationof objectsin anorderingthat is not al-
wayslast-in-�rst-out. This meansthatallocationcannotin general
occuron a stack.It is however often thecase,that a considerable
subsetof objectallocationsanddeallocationsarein last-in-�rst-out
orderor someusefulapproximationhereof.Thisopensup thepos-
sibility of performingtheseallocationson a stack-like structure.
Stackallocationholdsthe promiseof improved executionperfor-
mancethroughef�cient useof deepcachehierarchies.

In this paperwe presentan effective allocationsystemwhere
memoryallocationsoccur in stacked regions, but can be moved
to a heapif necessary. This potentially combinesthe simplicity
of universal heapallocation of objectswith the performanceof
systemswherestack allocatableobjectshave beenidenti�ed by
staticanalysis.Our approachis basedon loopsratherthanmethod
invocationsand thereforerequiressimple intraproceduralescape
analysis,whichwedescribeandimplement.Pretenuringheuristics
areexaminedandevaluated.Resultsarepresentedfrom simulating
our systemon programsfrom the SPECjvm98benchmarksuite.
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Our experimentsindicate that we in most casesachieve higher
proportionsof stack-allocateddatathanalternative strategies.

1.1 The PerformanceAr gument for Stack Allocation

Stackallocationgenerallymeansthat memory is on averagere-
claimedveryfast(onmethodtermination),andreusedimmediately
(oftenon thenext methodcall). This reusedmemoryis very likely
to bein thefastest,smallestcache,sinceit wasvery recentlyused.
Garbagecollectedheapshavedif�culty in concentratingtheirmost
frequentlyusedobjectsin an areaassmall asthat coveredby the
level 1 (fastest)cacheandeven making good useof the slightly
slower andlargerlevel 2 cacherequiressomecare.

Stackallocationalsohasthedesirablepropertyof makinggood
useof cachesregardlessof theirsizeandcon�guration.In thissense
stack allocation is cache oblivious [Pro99]. Stack allocation is,
however, notin generalasymptoticallyoptimalunderany particular
assumptionof cachebehaviour, a meaningthat is sometimesalso
associatedwith theterm.

1.2 The CacheBene�ts of a Write-allocate Cache

Despitethenumberof recentpapersdetailingstackallocationtech-
niquesfor Java, the bene�ts of stack allocationare not entirely
uncontroversial. Several papers,including [AS94], [Rei94] and
[DTM93] arguethata write-allocatecachecanreducethecostsof
heapallocationto thepoint(4-5%)whereotheroptimisationsmade
possibleby heapallocationcanmorethancompensate.

Unfortunately, it appearsthat modernprocessorsare not im-
plementedin this way. According to “The IA-32 Intel Architec-
tureSoftwareDeveloper's Manual” [Inta] Section10.2mostmem-
ory in a modernPentium4 or Xeon systemis handledin “write
backmode” (fetch-on-writemode)andno modecorrespondingto
write-allocatemodeis in practiceavailableto thesystemsprogram-
mer. The situationfor embeddedCPUsis not much better, with
thepopularXscaleRISCCPUalsoimplementinga fetch-on-write
policy. SeeSection6.2.3.3in “Intel XScaleMicroarchitecturefor
the PXA250 andPXA210 ApplicationsProcessors”[Intb]. While
many recentCPUsincludeprefetch machineinstructions[Int00],
our measurementsindicatethat they cannotreplacewrite-allocate
cachesin termsof performance.Seefor detailsour M.Sc. thesis
[Cor04].

1.3 A Review of Static EscapeAnalysis in Java

Much effort hasin the last few yearsgoneinto staticanalysisof
Java in order to determinewhich objectsmay be stackallocated
withoutalteringprogramsemantics.

The following papersdescribeescapeanalysisalgorithmsfor
Java. Theanalysesidentify objectswhoselifetime is delimitedby
the lifetime of a methodinvocation.This allows the objectsto be
allocatedin thestackframeof therelevantmethodinvocationand
deallocatedautomaticallywhen the methodreturnsand its stack
frameis removedfrom thestack.



Blanchet[Bla99], Choietal. [CGS+ 99] andReidetal. [RMB+ 99]
implementtheir staticescapeanalysisfor thestaticsubsetof Java
(without dynamicloading). Gay and Steensgaard[GS00] imple-
menttheir escapeanalysisfor Marmot,a staticcompilerthatcom-
pilesa languagethatis almostJava.

Changesto the allocation strategy are always in dangerof
changingthespacecomplexity of thealgorithmthey seekto imple-
ment.If a stackallocationanalysischangesany programthatuses
O(n) non-collectablememoryfor aninputof sizen into anew pro-
gramthatusesO(n2) non-collectablememorythenthatis unlikely
to beanacceptablèoptimisation'.Blanchettriesto avoid changes
in spacecomplexity dueto loopsby reusingspacethat is provably
deadwhenthenext loop iterationstarts.This doesnot completely
avoid spacecomplexity issuesassociatedwith loopssinceit is lim-
itedby theability of thestackallocationalgorithmto automatically
prove thingsaboutobject lifetimes. ThereforeBlanchetalsoruns
his benchmarksin a safecon�guration,wherethesystemdoesnot
do stack allocationat all in loops unlessit can reusethe space
in the stack frame by using livenessanalysis.Even in the safe
mode,spacecomplexity is not preserved in thepresenceof recur-
sive methodcalls.Theapproachto spacecomplexity issuesin Gay
andSteensgaard'spaperis similar to Blanchet'ssafecon�guration,
while Choi et al.'s proposalaggressively stack allocatesobjects
without regard for spacecomplexity issues.The stackallocation
techniquesin Reidet al.'spaperwill alsopotentiallycauseadverse
changesin spacecomplexity. ThoughReidet al. acknowledgethe
problemthey give no systematicway to avoid it.

All theJavaanalysesmentionedabove arewholeprogramanal-
yses.That is, the analysisrelies for correctnesson knowledgeof
the whole programrather than working on individual classesor
methods.This meansthe analysismustbe rebuilt if the program
dynamicallyloadsnew classesduringprogramexecution.Someof
theschemesin theoryallow previouslycalculateddatato bereused
whenthenew analysisis generated,but asfar aswe canascertain
this featureis notusedin thesampleimplementations.

Reid et al.'s proposalincludesdeepstack allocation wherean
object can be allocatedin the stack frame of a methodon the
currentcall stackotherthanthecurrentlyactiveone.They describe
arotatingstacksystemwheren differentstacksareusedin rotation,
allowing simpleallocationon any of the last n stackframes.Gay
and Steensgaardalso supportdeepstackallocation,thoughonly
onelevel deep.

Someobjectsmay be subjectto scalar replacement. That is,
they are reducedto a collectionof local variablesby inlining all
methodsthat act on the object.This optimisationis implemented
by GayandSteensgaard.

In orderto increasetheopportunitiesfor stackallocation,meth-
odsareinlinedin Blanchet'sproposalandin GayandSteensgaard's
proposal.Inlining of methodcalls (wherethecodein a methodis
copiedinto thecallingmethodinsteadof beingcalled)canincrease
the numberof objectsthat ful�ll the necessarycriteria for reduc-
tion. It is of courseonly possiblewherethe calledmethodcanbe
determinedstaticallyby thecompiler. Anothereffect of inlining is
that it canconvert a deepstackallocationinto a normalstackal-
location,by unifying the allocatingmethodandthe methodfrom
whichanobjectdoesnot escape.

Theresultsin Choi et al.'s paperareencouraging,showing that
1-70% of objectscan be stackallocated.Unfortunately, noneof
the resultsappearcomparablewith otherpapersdueto choiceof
benchmarkprograms.Resultsfor theotherpapersarepresentedin
Section2.

The emphasisin the literatureon whole-programanalysesis
a problemin the light of the trendwithin the Java world towards
moredynamicclassloading.In addition,someof thepapershave
unresolvedissuesaroundspacecomplexity.

2. Optimistic StackAllocation According to
Baker

Since the analysisof `stackability' is of necessityimprecise,it
would be nice to be able to optimistically stackallocateobjects
wherethe compilerwasin doubt,andthenmove theseobjectsto
theheapat a later time if theobjectturnedout not to bestackable
after all. A schemeto achieve this wasproposedby Henry Baker
in “CONS shouldnot CONSits Arguments,or a Lazy Alloc is a
SmartAlloc” [Bak92]. We believe it suggestsa productive line of
inquiry.

The schemewill herebe describedin termsof a downwards
growing stack. It is basedon the idea of a simple write barrier
usedfor pointer writes, combinedwith a readbarrier, which we
will show in the next sectioncanbe avoided.In Baker's scheme,
the stack is placed in the lowest part of memory, followed by
the youngestgenerationof garbagecollectedheap,followed by
the othergenerationsif any. This arrangementis critical, sinceit
makesa very fast inlined write barrierpossible.It correspondsto
anarrangementasin theleft sideof �gure 1.All objectsareinitially
allocatedon thestackin thestackframeof thecurrentlyexecuting
methodinvocation.

We now setup the“Baker constraint”:Thatnopointerin mem-
ory maypoint downwards, that is thatno pointermayhave thead-
dresserabove theaddressee.For calculatingtheheightof a pointer
wedivide memoryinto oneregion perstackframe,andonefor the
heap.It is critical to notethatwithin eachregion, theheightof all
objectsis equal,anda pointeris only downwards if it pointsto an
objectwith a lower height.

In order to conservatively detectpotential violations of this
constraint,it is enoughto comparetheaddresserwith theaddressee
– if thepointerpointsto anumericallyhigheraddress,thenit cannot
violate the constraint.If it points to a numericallylower address
then the runtime systemneedsto investigatefurther. It may be
thatthetwo objectsarein thesameregion andthushave thesame
height, or it maybethata potentialviolation of theconstrainthas
occurred.

This suggestsa simple write barrier (reinventedin [Ste99]),
suchthat(in pseudo-C)settingthe4thword in theobjectp to point
to theobjectq is codegeneratedin thefollowing way:

if (p > q) // Perform in-line fast-path test
slow_path(); // Call out-of-line slow path check

p[4] = q; // Pointer write. Not part of barrier

This codeis intendedto bevery fastfor thecommoncase,namely
the one wherethe pointer points upwards,or remainswithin the
samestackframe.The“greater-than” testis alsocompactin most
instructionsets.It will be notedthat the samefast commoncase
appliesto thewrite barrierneededto recordpointersfrom anolder
generationto a newer one (not illustratedhere).Thus the write
barriersfor both purposescanbe combined.The �rst taskof the
slow pathcodeis to determinewhetherthetwo pointersarein fact
in different regions. If not, we will term this a falsealarm. Note
that the `slow path' neednot be particularly slow. It is likely to
look ratherlikearegularwrite barrier, having afastandaslow part
itself, andit mayevenbepartially inlined.

If thepointersarein differentregions,thenourwrite barrierhas
detecteda violation of the Baker constraint(seethe left of �gure
1, wherethenew pointerfrom B to W is a violation). In this case
theslow pathcodeshouldmove (evacuate) thepointed-toobjects
(in this caseW) to the heapin order to preserve the constraint,
leaving behinda forwarding pointer for thereadbarrierto �nd. In
�gure 1 theobjectX waspointedto by theevacuatedobjectW, and
thereforethis objectwasalsoevacuated.Theresolutionaccording
to Baker is illustratedin thecentreof �gure 1, wheretheold copy
of W is replacedwith a forwardingpointerto thenew location.



Whenreadinga referencefrom an object,Baker's schemere-
quirestheprogramto useareadbarrier. Thejob of thereadbarrier
is to checkthereferencein orderto ascertainwhetherthepointed-to
objectis still there,or whetherit hasbeenmovedto anew location,
leaving behinda forwardingpointer.

The implementationof the read barrier is likely to be very
expensive in terms of code size and execution resources.A 20
percentslowdown combinedwith a 100percentcodesizeincrease
is mentionedby Zorn [Zor90]. While andField [WF] manageto
gettheoverheaddown to about10percent,but by usingtechniques
that cannotbe applied to object-orientedlanguageswith public
membervariables.Other proposalsfor fast readbarriers[BH04]
rely on all databeing tagged,which is not normally the casein
Java implementations.As will be seenin the resultssectiona
readbarrierwould be invoked on theorderof oncefor every byte
allocatedby a Java program.

What the Baker constraintbuys us is a guaranteethat, when
a methodreturns,and its stack frame is deallocatedby raising
the stackpointer therecanbe no live pointersto the datain that
stackframe.To seewhy, considerthatsinceno pointersmaypoint
downwards, and since the stack frame being deallocatedis by
de�nition the lowest object areain the system,there can be no
pointers into the stack frame being deallocated.It is therefore
garbage,andmaybedeallocated.

Registersmay containpointers,but registeroperationsarenot
checked for Baker constraintviolations. Registers are few and
cannotthemselves be referencedsince they have no address.It
is suf�cient to checkthe registersfor referencesto a stackframe
whenit is deallocated.Sincein Baker's proposalstackframesare
deallocatedat methodreturnmostregisterscansimplybezeroed.

It is of coursethecasethat theeviction of anobjectto a higher
object areais itself a write operationand is itself subjectto the
constraintandthereforemustbeprotectedby thewrite barrier. As
thepointersin theevicted objectmove to a higherarea,they may
thusendup pointingdownwards.This canresult in new recursive
evacuationswhich arehowever boundto terminatesinceno new
objectsarebeingcreatedby theprocess,andthereis a�nite number
of objectson thestackthat canbeevicted.This caseis illustrated
in thecentreof �gure 1, wheretheeviction of objectW alsoresults
in theeviction of objectX.

3. Optimistic Stack-Allocation for Java-like
languages

3.1 How to Remove the ReadBarrier

The most obvious problem with Baker's approach,and in our
opinionthemainreasonwhy it has(to our knowledge)never been
implementedlies in thereadbarrierandtheperformanceproblems
associatedwith it (seeabove).

The readbarrier of Baker's proposalis necessaryin order to
catchpointersthatpoint to theold locationandredirectthemto the
new locationof theobject.Insteadwe proposeto �nd and�x such
pointersateviction time.Thesepointerscanonly residein thesame
or lower stackframesas the objectbeingevicted (or they would
havetriggeredtheeviction earlier).It turnsout thatevacuationscan
be madevery rare,and most evacuationswill happento objects
nearthe tip of the stack(the newest,or lowestendof the stack),
so thatonly a small numberof stackframesneedbe scannedand
�x ed.SeeSection5.6. The right of �gure 1 shows the part of the
stackthatneedsscanningfor pointersthatneed�xing.

3.2 HeapAllocating SelectedObjects Immediately

We canuseheuristicsto identify someobjectsthatarelikely to be
evicted.They canthenbeheapallocatedright away. This is known
aspretenuringandis usedin othergarbagecollectionschemesto

choosethe generationan objectshouldbe allocatedin [CHL98].
Ourstackallocationschemeissafein bothdirections.If weallocate
an objecton the stackthat shouldhave beenon the heapor vice
versa then the only consequenceis a loss of performance;the
programwill still executecorrectly. Thisgivesusalot of leeway in
choosingheuristicsfor pretenuringwhencomparedwith traditional
stackallocationthat relieson a necessarilypessimisticanalysisto
decidewhich objectsbelongon thestack.

Heapallocatingobjectsimmediatelybecausethey arelikely to
be evicted soon can causeextra eviction of objects,even if we
werecorrectin sayingthat our objectwould endon the heap.To
understandwhy, considerthe following scenario:An object, A,
is stackallocated.A pointer to object B, also stackallocated,is
written into A. The pointerto B is overwrittenwith a pointerto a
third object,C. If A is now evicted,B maystayon thestack,since
thereis nolongerapointerfrom A to B thatwouldviolatetheBaker
constraint.However, if wehadbeeǹ clever' andimmediatelyheap
allocatedA, knowing that it was likely to be evicted later thenB
would have beenevictedwhenthepointerto it waswritten into A.
In practicethis effect is verysmallaswe shallseein Section5.3.

3.3 Locking of StackAllocated Objects

Choi et al. [CGS+ 99], Blanchet[Bla99] andRuf [Ruf00] cite sig-
ni�cant performancegainsfrom eliminationof unnecessarylock-
ing operationsin Java throughstaticescapeanalysis.For our vari-
ationof Baker's schemesomethingsimilar is possible.Stackallo-
catedobjectsin Java arenotaccessiblefrom otherthreads(thereis
of coursea stackperthread).

3.4 Loop-BasedAllocation and Deallocationon an Object
Stack

Conventionally, whenstackallocatingdata,thedatais allocatedon
thesamestackasthemethodinvocationdata.We proposehaving
separatestacks.Onestackholdsthemethodinvocationsasbefore.
The secondstack(the objectstack) holdsstackallocatedobjects.
This arrangementgivesus morefreedomin determiningwhento
deallocatethe stackallocatedobjects,a subjectwe delve into in
thissubsection.Wedivide theobjectstackinto regions(or frames).
It mustsupportthefollowing operations:

� Startinga new region

� Allocatinga new objectin thecurrentregion

� Evictingagivenobjectfrom any region to theheap

� Scanningtheobjectsin a regionandtheregion's successorsfor
pointersto evictedobjects.

� Deallocatinga region andall objectsin it

Notethatourregionsdonotsupportintra-regiongarbagecollection
andcompaction,which,thoughpossible,is probablynotnecessary,
andaddsconsiderableextracomplicationto animplementation.

Traditionally, thestartingof a new frame(region) andthedeal-
locationof a framehave beendoneon methodentryandexit. This
is not alwaysa goodmatchfor objectlifetime: Not all objectsal-
locatedin a givenmethodaregarbageon methodexit; conversely
otherobjectsshouldbemadeinto garbagelongbeforeexit in order
to avoid spacecomplexity bugs.Thereforevariousvariationshave
beenmadeto the framemanagementregime,e.g.deepallocation,
inlining of methodsto avoid new framecreation,heapallocationof
all objectsallocatedfrom within loops,etc.(seeSection1.3ff).

We proposea moreradicalchange:Startinga new stackregion
on entryto a loop,anddeallocatingtheregion on leaving theloop.
No allocationor deallocationon theobjectstackoccursat method
invocationor termination.On eachiterationof a loop, the region
shouldbe emptied(equivalently it can be deallocatedanda new
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Figure 1. On theleft thewrite barrier hasdetecteda potentialviolation of theconstraint, asa pointerto W wasaboutto bewritten into B.
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in [Bak92]. On theright weseethemodi�ed schemewhere thetip of thestack is scannedandthepointerin Y is �xed, removing theneedfor
thereadbarrier.

regioncreatedin thesameplace).With thisschemethemethodcall
stackandtheobjectstackaredecoupled.Thisschemeis illustrated
by �gure 2. Theadvantagesof thisschemeare:

� Factorymethods(any methodthat allocatesa new objectand
thenreturnsit to its caller)arenow notaproblem.Sincenonew
frameis startedwhencalling thefactorymethodit will allocate
thenew objectin thesameframeasits caller. This frameis not
deallocatedwhenthefactorymethodreturns.

� Constructorsthat createnew objectsandembedreferencesto
themin theobjectthey areconstructingareunproblematicfor
thesamereasons.

� All allocationcantake placein the latestframe.Sincethereis
nodeepallocationtheframescanbestackedin alinearmanner,
reducingframemanagementoverheadto aminimum.

� Objectsallocatedin a loop canstill be stackallocatedandyet
donotcauseunlimitedexpansionof a stackframe.

� Thereis noneedto inline methodbodiesin their callersmerely
in order to optimisetheir allocationbehaviour. This is both a
simpli�cation andalsoavoidsthecodesizeincreaseassociated
with inlining.

Basedon thesepointsit is our opinion that loopsform a much
more natural boundaryfor creatingand destroying regions than
methodinvocations.As far aswe know theideahasnotpreviously
beenpursued.

A potentialdisadvantageof theschemein its pureform is thata
methodthathasa recursive call outsidea loop andrecursesdeeply
would usea largeamountof memoryin this scheme.Thescheme
sharesthis �a w with all static escapeanalysesthat are powerful
enoughto stackallocatein recursive methods.

Deeply recursive method calls in most object-orientedlan-
guagesresultin memoryusageatleastproportionalto therecursion
depth,sincemostof themlack tail call optimisation.Thereforeit
is dif�cult to constructa crediblecodeexamplethat suffers from
excessive memoryusedueto this effect.

In any case,the problemcanbe neatlyavoidedin our scheme
by oneof two means.In an architecturethatdoesnot supporttail
call recursion(this includesall known Java implementations)the
systemcanusestackallocationheuristics:It wouldbetrivial to put
a limit on theobjectstacksize.If the limit is exceededwe canfall
back to doing only heapallocation.The infrastructureis already
in placeto evacuatethe stackregions.We canevacuatethe stack
regionscompletelyandswitch to a pretenuringheuristicthatonly
usestheheapsubsequently, collectingit asnormal(seeSection5.2
onpretenuringheuristics).

In a systemthatsupportstail recursioneliminationwe have the
alternative possibility of treatinga tail recursionin a very similar
way to a loop iteration.At thepoint wherea methodis calledin a
tail recursive way we canevacuateall objectsfrom thetop region,
resettingits sizeto zero.Thiswill of coursereducetheoportunities
for stackallocation.Theprimaryobjectorientedplatformwith tail
recursioneliminationis Microsoft CLR. Here,a tail recursive call
must be speciallymarked and is associatedwith a performance
penalty[BSS04],soit canbeexpectedthatonly recursive tail calls
will besomarked.

In summary, it shouldberelatively simpleto modify ourscheme
to besafefor spacecomplexity.

Having two stacks(the region stackandthe call stack)means
that two stackpointersneedto be maintained.This may increase
registerpressure,which canbe a problemon architectureswhere
registersarein shortsupply. In fact,a framepointeris alsorequired
for the region stack,in order to make it simple to testwhethera
pointeris containedin the top region andin orderto speedup the
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operationof clearingthe top region by resettingthe region stack
pointerto thestartof theregion.Ourresultsshow thatmany regions
remainemptyat all times,makingthe region framepointermore
frequentlyusedthantheregion stackpointerandthereforea better
candidatefor registerallocation.

On the otherhand,on the call stackwe may be ableto save a
register. A call stackoftenneedsboth a framepointeranda stack
pointerin orderto beableto stackalllocatevariablelengthobjects.
However, if stackallocationoccurson a different stack there is
never any needto allocatevariablelengthobjectson thecall stack,
andsothecall stackframepointercanbeomitted.

Theperformanceconsequencesof theseimplementationchoices
area subjectfor futurework.

3.5 Intrapr oceduralEscapeAnalysis

Oneconsequenceof creatinganddeallocatingstackframesaround
loopsis that we needto do escapeanalysison method-localvari-
ablesand registers.Theseanalysesallow us to determinewhich
method-localvariablesandregistersneedto be checked for dan-
gling pointerswhen the loop iteratesor terminatesand its asso-
ciatedstackregion is respectively clearedor destroyed. Dangling
pointersare pointersinto the imminently empty stackregion. If
danglingpointersare discoveredwe eitherevict the objectsthey
refer to or, if we candeterminethat the pointerswill not be used
again,null thepointers.

In the following we describethe analysisfor the Java virtual
machinebecausetheJVM is simpleandwell de�ned. In addition,
we implementedit for the byte code languagein the JVM. An
equivalentanalysiscanbe doneon the registersandspill slotsof
compiledcodefrom Java or othergarbagecollectedlanguages.

The local variablesandthe positionson the operandstackare
referredto collectively as the slots. The slots in a methodcan
transportreferencesfrom insidealoopto outsideit, andthey arenot
subjectto the “Baker constraint”with regardto pointing “down”
thestack.(This is for thesamereasonsthatregistersarenotsubject
to theconstraintin theoriginalBaker scheme,seeSection2).

The intraproceduralanalysis is rather simpler than the in-
terproceduralanalysisneededfor traditional stackallocation.No
referencecanpoint to a slot, andso thereareno aliasingissues:
Indirectslot manipulationsthataffect unknown slot(s).Also, there
is no ambiguouscontrol �o w. For every instructionthereis a lim-
ited numberof instructionsthat may follow it. In contrast,for in-
terproceduralescapeanalysis,the destinationof methodcalls is
unknown, bothdueto polymorphismanddynamicclassloading.

In addition, dynamic class loading is no problem at all for
intraproceduralanalysis.Thereis no globalaspectto our analysis,
and no data that needsrebuilding when new classeswith new
methodsareloaded.In fact we performthe entireanalysison the
systemclassesaheadof time andcanreusethe analysisfor every
programthatusesthesystemclasses.For thesamereasonre�ection
and re�ective invocation of methodsposesno problem for our
analysis.(Our analysiswill not considerthecomplicationscaused
by JVM jsr andret instructions,sincethey canbe eliminatedby
codecopying andareno longergeneratedby Java compilers).

The escapeanalysisneedsto identify pointswherethe control
�o w enters,iteratesor exits aloop.At theiterationor exit pointswe
needto identify thosereferencesthatmaystill containa reference
to the(object)stackframebeingemptiedor deleted.



3.5.1 Loop Analysis

We constructa �o w graphfor the method.In addition to the ob-
vious edgescausedby branches,conditionalbranchesandswitch
instructionswe alsoneededgescausedby exceptionhandlers.

We canmodeltheseedgesconservatively, by ignoring thetype
of the exceptionand looking only at the rangeof the exception
handler. Any instructionthat can throw an exceptionis given an
edgeto eachof thehandlersthatcover its range.Theedgeis split
in two by addinga syntheticnodebecauseour �o w graphanalysis
attachesdatato nodesratherthanedges.

If an exceptionis thrown for which no handlerexists thenthe
currentmethodis terminated,the stackis unwound,and the ex-
ceptionis `re-thrown' by the instructionthatcalledthe terminated
method.Undersomecircumstanceswe adda catch-allexception
handlerthatcleansup stackregionsandthenleavesthemethodby
re-throwing theexception.

Methodscompiled by a Java compiler will only contain re-
ducible�o w graphs.This very convenientproperty(which applies
even in the presenceof exceptionhandlers)will not necessarily
hold for otherlanguagesthat canbe compiledfor theJava virtual
machine.If a methodhasa non-reducible�o w graph,we canfall
backona lessef�cient strategy: All allocationsin this methodtake
placeontheheap,andwestartanew objectstackframejustbefore
all methodcalls,andterminateit afterthey return.This is subopti-
mal,but safein termsof spacecomplexity.

After identifying the loops,we cancategoriseeachedgein the
graphwith respectto the loop into oneof threetypes:the edges
thatenterthe loop, thebackedgesthat indicateloop iterationand
the edgesthat leave the loop. Thesethreetypesof edgesaresplit
into two with theadditionof new nodes.Thesenodeswill contain
thecodeneededto handletheresultsof our intraproceduralescape
analysis.

We designateloopsin which no allocationandno methodcalls
occur as trivial , and deletethem from our analysis.If we were
to createstackregions for suchloops they would always remain
empty and so would causeneedlessoverhead.Allocations and
methodcalls that occur within an inner loop cannotprevent the
outer loop from beingdesignatedastrivial, for thesamereason.

3.5.2 ReferenceCopy PropagationAnalysis

For the region numberanalysisin the next sectionit is useful to
know which slots(local variablesandoperandstackpositions)can
be saidto containthe samereference.Most Java virtual machine
instructionscanoperateonly on the top stackpositions,sovalues
arecopiedtherein orderto work on them.

Weconstructadata�o w analysisto determinereferencepropa-
gation.Theanalysisis conservative in thesensethat it determines
slots that areguaranteedto containthe samereference.Thereis
no attemptto tracereferencecopieswritten into or readfrom ob-
jects/arrays.

3.5.3 RegionAnalysis

Eachinstructionis given a homestackregion number. This tells
us the currentlyactive object stackregion (see�gure 2) for that
instruction. It is also the loop nestingdepth. This stack region
numbertells us the region (relative to theactive region at method
entry) that will be usedfor a stackallocationat that point. The
region at methodentry is numbered0, andthe regionscreatedon
enteringloopsarenumbered1, 2 etc.dependingonhow deeplythe
loop is nested.

We perform a data-�ow analysisto determinefor eachslot
which stackregion its referredobjectis in. Thereis no attemptto
track the stackregion numberfor referencesthat arewritten into
objectsor arrays,thenreadbackout, thoughthe Baker constraint

doesallowsusto makesomeguaranteesaboutreferencesin objects
evenwithout tracking.

As is traditional for data-�ow analysesthis proceedsby gen-
eratinga function on a lattice for eachinstruction,then�nding a
�x edpointfor thelattice.For mostinstructionsthefunctionis fairly
straightforward.For methodcall instructionsthatreturnareference
thereturnedreferenceis giventhestackregionnumbercorrespond-
ing to thehomestackregion numberof theinstruction.Allocation
instructionsresultin anew referencewhichiseithergiventhehome
stackregion numberof the allocatinginstruction,or the stackre-
gion numberzero.Zerowould be thecorrectstackregion number
if theinstructionwereknownto beallocatingtheobjectin theheap
for somereason(e.g.adirectivefrom theprogrammeror asaresult
of datafrom a trainingrun of theprogram).In our implementation
(seebelow) we do not make useof this possibility, sinceit adds
little power to theanalysis.

Referencestoreinstructions(aastore , putfield andputstatic )
area little moreinteresting.Dueto theBaker constraintwe canbe
surethat after the instructioncompletes(including possibleevic-
tions) the referencedobjecthasa stackregion numberthat is less
thanor equalthat of the referring object.We canusethe results
of the referencecopy analysisabove to extend that information
to copiesof the referencedobject referencein other slots. Con-
versely, the Baker constraintensuresthat referenceload instruc-
tions(aaload , getfield , getstatic ) yield a new referencethathas
a stackregion numberlessthanor equalthatof thereferenceused
to load it. We conservatively assumethe loadedreferencehasthe
samestackregionnumberasthereferencefrom which it is loaded.

For thenewly insertedloopexit andloopiterationnodeswecan
assumein our analysisthat,after the executionof thenew nodes,
slotswill have beencheckedandzeroedsothatnoneof themrefer
to thenow defunctstackregion.

3.5.4 Using the Analyses

We usethe resultsof the above analysesto generatecodefor the
new nodesin the �o w graph:Loop entry, loop iterationandloop
exit. Onentryto anontrivial loopwecreateanew stackregionand
arrangefor subsequentallocationsto take placein it.

On loop iterationor exit wemustcheckslotsfor referencesthat
pointto thecurrentregionnumber. Thecheckis ratherfastsincethe
slotsto becheckedareusuallyin registersin thecaseof JITedcode.
Thecheckitself is simplya greater-thancomparisonrelative to the
startof thestackregion.Theslotsthatneedcheckingarethosethat
our static intraproceduralanalysisdeterminesarereferences,live
and have the correctregion number(the region numberequalto
theloopnestingdepth).

If the runtime check �nds referencesthat point to the stack
region beingdestroyed, the correspondingobjectsareevicted. In
addition,we needto take deadslotsinto accountif they reference
the destroyed stackframe.Although they aredeadand thus will
never be usedby the programitself they are still visible to the
conventionalgarbagecollector, which usesthe slotsasroots(but
not the object stack). Thereforewe needto zero slots that are
referencesanddeadandhave thecorrectregionnumber.

This operationis rathercheap(in JITedcodeit merelyinvolves
zeroinga register)andgenerallybene�cial even in theabsenceof
stackallocation,sinceit reducesmemoryleaks.

4. Measuring Opportunities for StackAllocation
As a �rst stepto evaluateourproposedstackallocationschemewe
performsomedetailedsimulations.This involvesimplementingthe
intraproceduralanalysisandimplementingasimulatedsystemcon-
taining our stackallocationtogetherwith a conventionalgarbage
collector. This enablesus to verify that theproposalworks andto
evaluatewhatopportunitiesfor stackallocationarepresent,how to



decidewhetherto stackallocatea particularobjectandthe effec-
tivenessof looporientedcreationanddeallocationof regionsonthe
stack.

All the suggestedmodi�cations to Baker's schemefrom the
previoussection(exceptsynchronisationavoidance)arecombined
in oursimulationin orderto testhow they work in practice:

� Stackscanninginsteadof readbarriers

� Two stacks,one for methodinvocations,the other for stack
allocatingobjectsin stackedregions

� Stackregioncreationanddeletionbasedonloopentry/exit/iter-
ationwith associatedintraproceduralescapeanalysis

� Heuristicsto decidewhento pretenureobjectsto theheap

Thesimulationframework is in four stages– seeFigure3. The
�rst is anintraproceduralanalysisvery similar to thatdescribedin
theprevious section.This is implementedasa byte-codeanalyser
thatreadsJava class�les. For thesystemclasseswe producea �le
thatsummarisestheresultsof theanalysis.This �le canbeusedfor
all applicationssincethesystemclassesdonotchange.

Whentheintraproceduralanalysishasbeencompleted,thesec-
ondstageof thesimulationcanproceed:Weannotatetheclass�les
with new instructionsdesignedto generateatraceof execution.The
analysisandtheannotationcanoccurbothbefore-handandat run
time astheclassesareloadedinto theJava virtual machine.

The third stageis to trace someruns of medium sized Java
applications.A high level of detail is neededin thetrace�les.

From thesetrace�les we canrun the actualsimulationsof al-
locationandgarbagecollectionandcollectstatisticson theresults.
This is thefourth stageof thesimulation.Thearchitectureis illus-
tratedin �gure 3. An addedpotentialadvantageis thatwe canuse
interactiveprogramswithoutrunninginto problemsof repeatability
– thetracescanbereplayedseveral times.

In orderto generatethesetrace�les it is notnecessaryto modify
the Java virtual machineat all. Insteadwe modify the class�les
to log information on allocations,loop iterationsand writes of
pointersto stackandobjectlocations.This is detailedbelow.

4.1 Intrapr oceduralAnalysis for StackAllocation Ar ound
Loops

Theintraproceduralanalysisneededto generatetrace�les of mem-
ory allocationactivity is almostidenticalto theanalysisthatwould
be neededfor a virtual-machine-internalimplementationof the
stackallocationschemeproposed.Thereforetheanalysesdetailed
in the previous sectionare implemented:loop analysis(Section
3.5.1),referencecopy propagationanalysis(Section3.5.2),andre-
gion analysis(Section3.5.3).

4.2 Using the Analyses– Rewriting the Byte Codes

In this sectionwe will describehow the systemand application
classesweremodi�ed to outputa traceof their activity that could
beusedby our garbagecollectionsimulator.

The BCEL framework comeswith a subclassof Java's Class-
Loader class.We use this mechanismto run an entire applica-
tion underthe control of our byte codemodi�er, insertingtrace-
generatingcodeinto all methodsin the classescomprisingan ap-
plication. Thereare sometricky aspectsto this technique:static
initializersand�nalizers.

Static initializers in Java aremethodsthat arecalledwhenthe
classis initialized. The procedureis rather involved, and is de-
scribedin [GJS96]section12.4.2.Theorderin whichstaticinitial-
izersareinvokedis poorlyde�nedandeasyto perturbby byte-code
rewriting. This triggersvarioushard-to-diagnosebugsin the Java
systemwhile it is startingup.Therefore,following [Bur01], we do
not addtrace-generatingcodeto static initializers in the standard

libraries.The result is that someobjectsappearin the trace�les
without a precedingallocationevent.During thesimulation,these
objectsareassumedto be on the heapon the rareoccasionsthat
they areencountered.This is a worst-caseassumptionthat we do
not expectto causesigni�cant distortion.Trace-generatingcodeis
addedto to static initializers of (non-system)applicationclasses
withoutencounteringproblems.

Javaprovidesfor a�nalizer methodto becalledonanobjectim-
mediatelybeforeit is garbagecollected.In Sun's JVM implemen-
tation the �nalizers areall run in a separatethread.We chosenot
to tracethis thread,sincedoingsocausedcrashesin theVM. The
benchmarkswe ranin our systemdid not make heavy useof �nal-
izationandwe did not observe any distortiondueto this decision.
For an implementationof our stackallocationscheme,�nalizers
would not be a seriousproblem.They are typically implemented
usinga linked list to prevent prematuregarbagecollectionof ob-
jectswith nontrivial �nalizers. Thiswouldcause�nalizable objects
to beevictedto theheapimmediately.

4.3 The Simulated Machine

Webuilt asimulatedJavavirtual machine(JVM) with anallocation
and garbagecollection subsystemto run the trace �les on. The
simulatedsystemuses4 bytesper pointer. Eachsimulatedobject
is thesizeof its membervariablesplusan8 byteheaderto simulate
virtual machineoverhead.Arrays have a 12 byte header. A real
implementationmight add 4 bytesto storeextra bookkeepingin
stackallocatedobjects,thoughQianandHendren[QH03] showed
an alternative implementationthat reusesthe lock �eld for the
purpose.

The simulatedJVM hasone invocationstackand one object
stack per thread.The heapis split into a nurserywhich is col-
lectedby a semispacecopying collectorandan older generation.
In thecurrentimplementationtheoldergenerationis not collected.
Thoughideally this generationshouldbe collectedtoo, sinceno
referencesexist from maturespaceto the stacks(by design)the
additionof a maturespacecollectoris not expectedto make a big
differenceto theimportantmeasurements(on thestackregions).

Sincethe heapis two-generationwe implementeda tablethat
recordspointersfrom theold generationto thenursery. This table
is maintainedby thewrite barrier.

Objectsin thesimulatedJVM arerepresentedby objectsof type
GCSObject in thesimulator. Thisclassrepresentsbothreal�rst class
objects,stackframeson the call stackand the static data(class
variables)associatedwith classes.Thelatterareof coursealwaysin
theoldestgenerationandstackframesarenot in a speci�c region.
All other objectsare placedin a region object, which manages
their position,performsgarbagecollectionetc.Eachobjectin the
simulatoralsohasa referenceto its currentregion.

Referencesin thesimulatedJVM arerepresentedby fat pointers
in the simulator. Theseconsistof a referenceto the GCSObject
pointed to (or null) and a region referencethat indicateswhere
the object is. When objectsare moved to anotherregion in the
simulatedJVM it is importantthat pointersto them are updated
to referto thenew address(failureto dosowould indicateabug in
thealgorithm).In thesimulatorthis is representedby updatingthe
region referencein thefat pointer. If a bug in thealgorithmleaves
uswith a danglingpointerin thesimulatedJVM we risk following
a pointerto an objectthat is no longerthere.In thesimulatorthis
is representedby an assertioninsertedwherever we use the fat
pointer. Theassertionchecksthat theobjectis in thesameregion
asthefatpointerindicatesit is.

When the memory associatedwith objects in the simulated
JVM is deallocated,thememoryis reused.We simulatethis in the
simulatorby markingtheGCSObject objectasdead.Whenever we
useanobject,anassertionchecksthatit is notdead.
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The simulatorstartsby readingin two �les with the resultof
our intraproceduralanalysis.Oneof thesecontainsthe resultsfor
thestandardclasses,while theotherhastheresultsfor theprogram
run we aresimulating.SeeFigure3. We thenreadin the trace�le
itself, dispatchingtheeventsfrom thetrace�le to thecorrectparts
of thesimulator. In thetrace�le, objectsarereferredto by a 64-bit
uniqueidenti�er (UID).

4.4 GarbageCollecting the Semispaces

The semispacegarbagecollection proceedsmuch as a standard
semispacecollector, with somesmall differences.Thesimple,but
unsatisfactory, way to collect the semispacesis to treatall refer-
encesin objectsin thestackregionsasrootsandcollectasnormal.
Theproblemwith this is thatnotall objectsin thestackregionsare
reachable.This might keeppotentiallyunboundedmemoryuncol-
lectablemerelybecauseit is linkedfrom unreachableobjectsonthe
region stack.Thereforein our simulationwe treatonly theinvoca-
tion stackasa sourceof rootsandtracethroughthe region stacks
to �nd reachablereferencesto thesemispaces.We cando this with
atraditionalmarkingphasemuchliketheoneusedin the�rst stage
of a mark-sweepcollector. Thealgorithmis:

add invocation stack roots to work list
add intergeneration pointers to work list
for references in work list

if reference points to stack region object
if stack region object is not marked

mark stack region object and add it to work list
if reference points to semispace object

if semispace object is young
move it to new semispace and update reference

else
move it to old generation and add to intergen. table

As in a traditional semispacecollector the objectsmoved to the
new semispacearealsoaddedto theworklist. This is implemented
by alternatingbetweenscanningobjectson thework-list itself and
scanningnewly moved objectsin the new semispaceuntil both
sourcesof new referencesareempty.

Garbagecollectingthe semispacesdoesshow up oneinterest-
ing aspectof theBaker constraint:It doesnot applyduringsemis-
pacecollection.Thereasonfor thisis thatsemispacecollectionsoc-
curduringmulti-objectevictions.This exceptionto theBaker con-
straintis not a problemsinceno stackedregion is deallocateddur-

ing a semispacegarbagecollection,andthe constraintis restored
afterthesemispacecollectionandtheeviction have completed.

5. Results
5.1 ExamplePrograms

We choseto run four of the benchmarksfrom the popularSPEC-
jvm98 benchmarksuite. Thesebenchmarkprogramshave been
usedin several of the papersalreadydiscussedand are intended
to be representative of typical Java workloadswhile performing
an interestingamount of allocation and deallocation.They are
provided with input datain threevariations,designedto run for
1%, 10%or 100%of thestandardtime. We choseto usethe10%
datasets.In this con�guration theapplicationsgeneratetrace�les
with between32million and121million eventsin them.SeeTable
1 for details.

In Table1 we have a columnnamed“read barriers”.Our pro-
posaldoesnotincludereadbarriers,but wehavecountedhow many
timesareferenceis readfrom anobject.Thiswouldbethenumber
of readbarrieroperationsneededunderthereasonableassumption
thatreferencesonthestackare�x edateviction time,but references
in thestackedregionsarenot�x eduntil they arenext used.It canbe
seenthatreadbarriersareof theorderof oneperbyteallocated.It
seemsunlikely thata readbarrierthatis sofrequentlyinvokedcan
beimplementedef�ciently enoughto beaneffective alternative to
ourdatascanningproposal.

It canbeseenfrom Table1 thattheexampleprogramshave far
fewerloopiterationsthanthey havemethodinvocations.Thisis be-
causetrivial loop iterations(thosewithoutallocationor methodin-
vocationin thebodyof theloop)arenotcounted.Almostall alloca-
tionsareassociatedwith atleastonemethodinvocationin Java:The
constructor. The relative frequenciesof loop iterationandmethod
invocationhelpexplainwhy our loop-basedstackallocationis able
to �nd morestack-allocatabledatathaninvocation-basedstackal-
locators.

5.2 The Zero TolerancePolicy (ZT)

We experimentedwith differentpretenuringheuristics. Theseare
systemsfor making the decisionon whetherto stackallocateor
heapallocate.

Our �rst heuristicis thezero tolerance(ZT) policy. Thisheuris-
tic is therelatively simpleonethatmaintainsa`reputation'for each
point in the codewherean objectcanbe allocated.All allocation



Program Memory Objects Read Write Method Stack Non-empty Av. references Av. refs
allocated allocated barriers barriers invocations regions stack checked zeroed

(kbyte) destroyed regions perregion perregion

202jess 3876 101,592 15,620,216 485,506 5,867,568 4,296,007 35,344 0.0006 0.2074
209db 3694 113,273 5,439,867 503,179 1,216,964 498,671 53,757 0.0933 1.5869
213javac 7424 214,734 3,566,420 517,346 2,982,147 733,094 34,447 0.0427 0.1667
228jack 19,534 694,988 7,671,859 1,277,803 7,119,896 1,764,054 301,992 0.0500 0.1778

Table1. Characteristicsof theexampleprograms.
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202jess 8.4% 12.3% 21% 10.5%/5.3% 6.50%
209db 8.5% 8.7% 0.74%
213javac 21.1% 34.0% 13% 8.80%
228jack 27.1% 60.6% 20% 22.87%

Table 2. ThesimpleZero Toleranceheuristicand the more com-
plex Calling Methodheuristicwhencompared with other papers.
Thetable showsthe percentage of allocatedbytesthat were allo-
catedanddeallocatedon thestack.

points start with a good reputation,and are thereforeallowed to
stackallocate.If anobjectis evicted,thatimmediatelyblackensthe
reputationof theallocationpoint thatallocatedthatobject,causing
it to heapallocate.

TheZT heuristicis relatively easyto support.Eachobjectneeds
to carrya noteof its allocationpointwith it sothatwe canidentify
the reputationwheneviction occurs,but this note is only needed
in the stackregions.Oneoption would be to reserve a few extra
bytesfor thepurposewhentheobjectis in a stackregion, andnot
to copy them onto the heap.We shall seethat the stackregions
containfairly few objectsatany onetime sothespaceneededmay
notbesolarge.

Using this heuristicandtheCM heuristicwe will comparethe
amountof stackallocationachieved (in bytes)with someof the
otherpaperswe discussedin this article. Unfortunatelythe other
paperswith which we are comparingourselves did not run their
benchmarkswith oneof thestandarddatasetsprovidedby SPEC.
Therefore,we arenot sureof thedatasetsandin somecasespro-
gram versionsusedby the other researchersand thereare other
reasonswhy theresultsmaynot becomparable.Nevertheless,Ta-
ble2 givesa hint at therelativeef�cacy of thecompetingschemes.
Blanchetusesjavacc which is a laterversionof the jack program
foundin SPECjvm98.GayandSteensgaardrun jess with two dif-
ferentdatasets,giving thetwo differentresultsshown.

One advantagethat somestatic analyseshave is that inlining
methodsincreasesthenumberof distinctallocationsites,whichcan
improve the results.Our optimistic stackallocationschemecould
becombinedwith selective inlining to achieve thesameeffect.

5.3 Oracle

Theoraclepretenuringheuristicis a `magic' heuristicin thatit can
seeinto the future. It is of coursevery unrealistic,but it givesan
upperlimit for theeffectivenessof theotherheuristics.If aheuristic
getsalmostasgoodresultsastheoraclethenit is closeto optimal.
The oracleheuristicstackallocatesan object if and only if that
particular object would escapeeviction in a programrun where

all objectswerestackallocated.It worksby usingthedatafrom a
previoustestrun of theprogramwith theexactsameinput.

5.4 Calling Method (CM)

Thecalling method(CM) heuristicmaintainsa reputationfor each
combinationof calling methodandallocationpoint. It is an open
questionhow this could be implementedefficiently; possibilities
includegeneratinga hashusingan allocationpoint id andthe re-
turnaddresson thestack,or passinganexplicit tokenwhencalling
a method.

It is goodJava style to have multiple overloadedmethodswith
thesamenamebut with differentparameters.Thesemethodswill
oftencall eachotherin sequence.Thereforetheimmediatecallerof
amethodisveryoftenanothermethodin thesameclass,whichtells
usvery little aboutwherewe arein theprogram.For this heuristic
we thereforeusetheidentity of themostrecentmethodon thecall
stackthatis from a differentclassthanthecurrentone.

The CM heuristicworks well, thoughthereis wide variation
dependingon thebenchmarkin question.On the jack benchmark
it doublesthe amountof stackallocation,reachingnearoracular
60.6%stackallocation.

5.5 FeedbackHeuristics (ZTF and CMF)

The feedbackheuristics(ZTF and CMF) work in the sameway
asthe non-feedbackheuristicswith the correspondingnames(ZT
and CM), but they initialize their table of reputationsfrom data
collectedduringa testrun. We ran theSPECprogramson the1%
datasetsin orderto producereputationdatafor theallocationsites
usedin the10%testrunsshown in Table3.

For theJessandDB benchmarksthe input datasetfor the 1%
trainingrunis disjoint from theinputdatasetfor the10%measured
run.For theJavacbenchmarkwethink this is alsothecase.For the
Jackbenchmark,the input dataappearsto be identicalfor the1%
and10%runs.No sourcecodeis providedfor JackandJavac.

Usingfeedbackdatamakesalmostno differenceto theamount
of stackallocation,but it canmake a big differenceto theamount
of datathat is evicted from the stack.This supportsour intuition
thatmostevictionsoccurat thestartof theprogramrun.

5.6 Assessmentof the Simulation Results

For our proposalto be viable it is important that the overhead
associatedwith it is low enoughthatthecachebene�ts from stack
allocationare not more than outweighedby the extra work that
mustbeperformedby theruntimesystem.Theextrawork consists
of (1) invocationsof the slow path code from the write barrier
(seeSection2), (2) overheadfor the pretenuringheuristics,(3)
theoverheadof pointerchecksandslot zeroingresultingfrom the
intraproceduralanalysisand�nally work associatedwith evictions
of objects.Theeviction work canbedividedup into (4) theactual
copying of evictedobjectsand(5) thescanningof thestacksneeded
to �x pointersto theold locations.

1. Thefastcaseof thewrite barrierworksverywell everywhere
exceptin the nursery. For examplefor jess with the ZT heuristic
the write barrier testsaroundhalf a million pointer pairs (Table



ZT CM ZTF CMF Oracle

Allocatedanddeallocatedon stack
202.jess 8.39% 12.34% 8.34% 12.16% 55.58%
209.db 8.48% 8.65% 8.32% 8.48% 8.55%
213.javac 21.09% 34.02% 21.00% 33.91% 64.73%
228.jack 27.05% 60.61% 27.02% 60.57% 62.99%

Evictedfrom stack
202.jess 0.42% 1.09% 0.03% 0.06% 0.18%
209.db 0.20% 0.61% 0.00% 0.01% 0.16%
213.javac 0.54% 0.91% 0.18% 0.31% 0.16%
228.jack 0.06% 0.16% 0.00% 0.00% 0.07%

Datascannedto �x pointers
202.jess 4.80% 6.72% 0.06% 0.22% 0.33%
209.db 0.92% 1.53% 0.01% 0.02% 0.07%
213.javac 0.85% 1.96% 0.31% 1.15% 0.72%
228.jack 3.33% 3.34% 0.00% 0.05% 0.11%

Stackscannedfor semispaceGC
202.jess 3.61% 3.51% 3.59% 3.51% 2.11%
209.db 1.37% 1.37% 1.37% 1.37% 1.37%
213.javac 2.43% 2.16% 2.43% 2.20% 1.50%
228.jack 0.87% 0.50% 0.85% 0.51% 0.47%

Maximumregionstacksize
202.jess 15k 46k 3k 5k 11k
209.db 16k 31k 3k 3k 9k
213.javac 27k 27k 14k 14k 22k
228.jack 66k 92k 51k 62k 68k

Averageregionsscannedpereviction
202.jess 1.052 1.048 1.000 1.029 1.000
209.db 1.000 1.000 1.000 1.000 1.000
213.javac 0.946 0.977 0.897 0.963 1.000
228.jack 0.985 1.018 1.000 1.000 1.000

Table 3. Evaluationof competingpretenuringheuristics.All per-
centagesare calculatedasa proportionof total memoryallocated.
GCstack scanningdatais shownfor comparison.

1). Of these,only 12% fail the fastcaseless-thantestso that the
conventionalwrite barriercodemustbe called.Of thosethat fail
the initial test94.5%arefalsealarmscausedby two objectsboth
in the nursery, a casethat the `slow path' caneasilybe optimised
to handlequickly. Almostnowrite barrierfalsealarmsoccurin the
region stacks(0.2%),andwhenthey dohappenthey areinvariably
in themostrecentregion, which is theeasiestto testmembership
of. Moredataontheeffectivenessof thewrite barriermaybefound
in ourM.Scthesis[Cor04].

2. TheZT heuristicis simpleto implementwith low overhead
and is able to �nd substantialamountsof stack-allocatabledata
(see Table 2). The CM heuristic is considerablymore dif�cult
to implementwith low overheadbut also considerablybetter at
�nding stack-allocatabledata.

3. Our intraproceduralanalysisresultsin almostno slotsneed-
ing to becheckedwhena region is deallocated(Table1). We quite
oftenneedto zeroasingleslotwhenaregionis deallocatedor emp-
tied.This is, however, a very fastoperation(zeroinga register).

4. From Table 3 we can see that very little data is evicted
from thestackregions.Thecopying is rarelymorethan1% of the
memoryallocated,oftenmuchless.

5. Someheuristicscauserathera lot of scanningof theinvoca-
tion stackandstackregions.However, it is never morethanabout
twice asmuchscanningasthe systemwould be doing anyway in
orderto �nd rootswhengarbagecollectingthesemispacesandit is
sometimesmuchless.As canbeseenfrom Table3, the feedback-

aidedheuristicsdomuchlessstackscanningthanthenon-feedback
aidedheuristics.Thereasonfor this is probablythatalmostall evic-
tionsaffect only thebottomstackregion andthebottomfew invo-
cationstackframes.For systemswherefeedback-aidedheuristics
arenot realistic,an alternative implementationthat combinedthe
loop-oriented,heuristic-controlledoptimisticstackallocationwith
a highly optimisedreadbarriercouldbeaninterestingalternative.

In summaryall thepossiblesourcesof overheadaresmallor can
bemadeso.Againsttheseoverheadswemustconsiderthebene�ts,
i.e. how well the stacksmake useof the cache.Oneindicationof
this is their size,sincelevel 1 cachesareusuallybetween16kbyte
and64kbytelarge.Regionstacksareusuallyverysmallandcanbe
expectedto make verygooduseof thecache.TheZTF heuristicon
javac , for exampleallocates21%of objectsin a spacemaximally
14kbyte large, putting a very small upper bound on the cache
footprintof theregionstack.

In conclusion,our resultsarepositive, showing that the strate-
gies we proposehave encouragingtradeoffs betweenextra work
the runtimesystemmustperformto implementthemandthe re-
sultsthey achieve in termsof stackallocatingdata.

6. RelatedWork
Muchof therelatedwork hasbeendescribedearlier.

6.1 An Adaptive,Region-BasedAllocator for Java

“An Adaptive,Region-BasedAllocator for Java” by QianandHen-
dren[QH03] containssomeof thesameideasasourproposal.Like
ourproposalthey optimisticallystackallocateall objectsandusea
writebarrierto detectpointersinto theseregions.They alsousepre-
tenuringheuristics.Like in ourproposalstackallocatedobjectsare
placedon a differentstackfrom the methodinvocations,andthis
allows themto decouplethe two to a certainextent.Stackregion
lifetimes in [QH03] arestill basedroughlyon methodinvocations
(ratherthanloop iterations),but a methodthat returnsa reference
will alwayssharea stackregionwith its caller.

The most signi�cant differenceis the system's reactionto a
problematicpointer into a stacked region. In this casethe system
declaresthe stack region to be escaped,and it conceptuallybe-
comespartof theheap.Theregion is, however, notmovedto adif-
ferentaddress.Theconsequenceof this is thattheirstackedregions
cannotbearrangedcontiguouslyin memory, and�nding spacefor
a new region canbevery costlyin termsof executiontime.Unlike
our proposalQian andHendren's schemeallows for garbagecol-
lectionwithin thestackedregions.In effect thegarbagecollectoris
amulti-generationalcollectorthattreatstheregionsasageneration.
Heuristicsareusedto determinewhenobjectsshouldbepromoted
to othergenerations.It is not clearwhetherthis avoids the space
complexity problemsaroundloopsanddeeprecursion.

Anotherconsequenceof the more free placementof stackre-
gionsis thatthesimplewrite barrierdueto Baker (Section2) can-
notbeused.Insteadmemoryis arrangedin chunksandeachchunk
allows a relatively fast lookup to determinethe region it belongs
to. Their write barrierstill appearsrathermorecomplicatedthan
ours,and the chunksystemcausessomewasteof memorysince
thechunkshavea�x edsizeandarenotalways�lled up.Themem-
ory wastedby this is termedfroth in thepaperandvariesfrom less
than1%to over 600%dependingon thebenchmarkinvolved.

The proposalin the paperhasbeenimplementedfor the Jikes
RVM. At thetimeof thepapernoperformanceimprovementscould
beattested.Theoverheadof allocatinganddeallocatingtheregions
andtheoverheadof thewrite barrierwasmorethanthegainfrom
stackallocation.As can be seenfrom Table 2 our schemestack
allocatesmoredataandlikely with lessoverhead.



6.2 RegionInfer ence

In a series of articles starting 1992 and summarisedin 2004
[TBEH04] Mads Tofte et al. describean automatictransforma-
tion for ML progamsthat annotatesthem with region informa-
tion. All allocationtakesplacein a stackof regionsandfunctions
take zeroor moreregion parametersin additionto thoseparame-
tersthey alreadytook beforethe transformation.In thepureform
of the system,deallocationcanonly take placeby deallocatinga
wholeregion at once.Thesystemwasimplementedin theML-Kit
[BTV96].

TheML Kit region basedsystemis provedsafein termsof ob-
ject andregion lifetimes.Thusthereis no needto testat runtime
for dangerousreferencesthat refer to an object in a region closer
to the top of the stack.On the otherhand,the systemis not safe
for spacecomplexity. Certainconstructswill causememoryuse
to grow asymptoticallylarger than it would be with garbagecol-
lection.For this reasongarbagecollectionwithin the regionswas
implemented(see[HET02]). Garbagecollectionnever movesob-
jectsfrom oneregion to another, it simply shrinksthe regionsby
removing unreachableobjects.

Thoughtheanalysisis in principle local, someof the optional
analysesarewhole-programin nature.An exampleis thestorage-
modeanalysis,which attemptsto prevent tail recursive function
invocationsfrom using memory proportional to the number of
recursions(see“From RegionInferenceto vonNeumannMachines
via RegionRepresentationInference”[BTV96]).

The transformationcan be done on individual modules,but
it is always done by making use of information about the way
the module is used.Thus the code for a module may needto
be regeneratedwith different numbersof region parametersto
functions if the module is used in a different way (seeMartin
Elsman's Ph.D.thesispage189 [Els99]). This work is performed
at link time,but if theschemewasimplementedin a languagewith
dynamicloadingof code(for exampleJava) theanalysisandcode
regenerationwould complicatetherun-timesystem.

In the casewherea programcan be tunedto useonly region
allocationswithout region sizeexplosionsthe systemis likely to
besuperiorto our proposalin termsof speed,spaceandreal-time
response.

The setof objectsthat canbe stackallocatedanddeallocated
for the ML Kit region schemeis neithera supersetor a subset
of thoseour schemeallocates.No programanalysiscan �nd all
dynamically available opportunitiesfor stack allocation.This is
bothdueto inevitable insuf�ciencies in theanalysisalgorithmand
dueto data-driven programbehaviour. For example,a parserthat
is only presentedwith well-formed inputs hasa lot of codethat
is 'unreachable'in the sensethat it is never executed.However,
no correct programanalysiscan ever determinethis, since the
programanalysiscannotknow thattheinputsarewell-formed.Any
referencesthat only escapeby meansof this 'unreachablecode'
can be stackallocatedin our scheme,but mustbe allocatedin a
deepregion by the ML Kit. This region is likely to needgarbage
collection.

On the other hand,our schemecan only allocatein the top
region or on theheap,while theML Kit schemeis freeto allocate
in any region,giving moreopportunitiesfor placementof objectsin
aregionwhoselifetime correspondswell with theobject's lifetime.

Our decisiononly to allow allocationin the top region helps
reducespacewasteand simpli�es allocationand deallocationof
regions.Our regionsdo not needto be basedon a whole number
of linked memorypages,but can be arrangedcontiguouslyin a
memoryarea.

CheremandRugina[CR04] have developeda similar program
transformationfor Java.Theresultof thetransformationis aregion
annotatedprogramthat runs on a region-aware virtual machine.

Unlike the ML Kit, regions are not lexically scoped,but can be
associatedwith loops.Like the ML Kit, the resultingprogramis
safeand needsno run-time checksfor pointersinto deallocated
regions.The analysisis whole-programandthusonly targetsthe
staticsubsetof Java.Thetransformationcaneliminateconventional
garbagecollectioncompletely, but in thiscasethetransformationis
not in generalsafefor spacecomplexity. No resultsarepresented
for SpecJVMprograms.

The CheremandRuginaprogramtransformationhasmany of
thesamestrengthsandweaknessesrelative to our proposalasthe
ML Kit andfor broadlythesamereasons:Firstly, deepallocation
is allowedandsecondly, theanalysisis staticratherthandynamic.

7. Conclusionand Further Work
Ourstackallocationproposalshowspromise.Oursimulationof the
full proposal(including loop-basedrather than invocation-based
allocation,pretenuringheuristicsandstackscanningto �x pointers)
indicatesthat the overheadfrom the sourceswe identi�ed can
be expectedto be low and that a relatively large proportion of
memorycanbeallocatedonsmallstacks.Thesesmallstackscanbe
expectedto make gooduseof cachememory. Despiteits ef�cacy
theanalysisbehindour schemeis simpleto implementandrobust
in the face of popular Java technologiessuchas dynamic class
loading,exceptionhandlingandre�ection.

Therearemany avenuesthat can be explored relating to new
allocationheuristicsthatmaybemoreeffective or easierto imple-
mentthanthe onesalreadymeasured.In addition,is is worth ex-
ploring whetherobjectsthatareevictedto theheapat themoment
aregionis deallocatedcouldin somecircumstancesbeaddedto the
previousregion instead.

The next stageis to implementour schemein a Java Virtual
machine.TheJikesRVM is a suitabletargetsinceit hassomein-
frastructurefor runningwith differentgarbagecollectors.Sinceour
proposalnecessitatessomecoderewriting (insertionof exception
handlersto deallocatestackregions,checkingof local variableson
loop iterationandloopexiting) it will notbepossibleto implement
our schemeusingonly the pluggablegarbagecollection interface
providedby thestandardJikesRVM. Changeswill alsobeneeded
to thecoreVM. Suchanimplementationwouldprovideopportuni-
tiesfor moredetailedmeasurements.
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