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Thispaperpresentsa simpleandefficientdataflow algorithm

for escapeanalysisof objectsin Java programsto determine

(i) if an objectcanbe allocatedon thestack;(ii) if an object

is accessedonly by a singlethreadduringits lifetime, sothat

synchronizationoperationsonthatobjectcanberemoved.We

introducea new programabstractionfor escapeanalysis,the

connectiongraph, that is usedto establishreachabilityrela-

tionshipsbetweenobjectsandobjectreferences.Weshow that

theconnectiongraphcanbesummarizedfor eachmethodsuch

thatthesamesummaryinformationmaybeusedeffectively in

different calling contexts. We presentan interproceduralal-

gorithm that usesthe above propertyto efficiently compute

theconnectiongraphandidentify thenon-escapingobjectsfor

methodsandthreads.Theexperimentalresults,from a proto-

type implementationof our framework in the IBM High Per-

formanceCompilerfor Java,areverypromising.Thepercent-

ageof objectsthatmaybeallocatedonthestackexceeds70%

of all dynamicallycreatedobjectsin threeoutof thetenbench-

marks(with a medianof 19%),11%to 92%of all lock oper-

ationsareeliminatedin thosetenprograms(with a medianof

51%), and the overall executiontime reductionrangesfrom

2% to 23% (with a medianof 7%) on a 333 MHz PowerPC

workstationwith 128MB memory.

To appearin the 1999 ACM SIGPLAN Conferenceon Object-
Oriented ProgrammingSystems,Languages, and Applications
(OOPSLA99).Denver, Colorado,November1, 1999.
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Java continuesto gain importanceasa languagefor general-

purposecomputingandfor server applications.Performance

is an important issuein theseapplicationenvironments. In

Java, eachobjectis allocatedon theheapandcanbe deallo-

catedonly by garbagecollection.Eachobjecthasa lock asso-

ciatedwith it, which is usedto ensuremutualexclusionwhen

a synchronizedmethodor statementis invokedon theobject.

Both heapallocationandsynchronizationon locks incur per-

formanceoverhead.� In this paper, we presentescapeanaly-

sisin thecontext of Javafor determiningwhetheranobject(1)

mayescapethe method(i.e., is not local to the method)that

createdtheobject,and(2) mayescapethethread thatcreated

theobject(i.e.,otherthreadsmayaccesstheobject).

For Javaprograms,weidentify two importantapplications

of escapeanalysis:

1. If anobjectdoesnotescapeamethod,it canbeallocated

onthemethod’sstackframe.Thishastwoimportantim-

plications. First, stackallocationis inherentlycheaper

thanheapallocation,whichrequires(occasionally)syn-

chronizingthe allocatorwith other threads. Stackal-

locationalsoreducesgarbagecollectionoverhead,since

thestorageonthestackis automaticallyreclaimedwhen

the methodreturns. As well, if an objectdoesnot es-

capea method,it opensup the possibility of strength-

reducingthe object accessesand eliminating the cre-

ationof theobject.

2. If anobjectdoesnotescapeathread,thennootherthread�
Weusesynchronizationandsynchronizationoperationsynonymously.
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accessestheobject.Thishasseveralbenefits,especially

in a multithreadedmultiprocessorenvironment. First,

we can eliminatethe synchronizationassociatedwith

this object. NotethatJavamemorymodelstill requires

thatweflushtheJavalocalmemoryatmonitorenter

andmonitorexit statements.Second,objectsthat

arelocal to a threadcanbe allocatedin thememoryof

theprocessorwherethatthreadis scheduled.This local

allocationhelpsimprove datalocality. Third, with fur-

theranalysis,someoperationsto flushthelocalmemory

canbesafelyeliminated.

In this paper, we introducea new framework for escape

analysis,basedon a simple programabstractioncalled the

connectiongraph. Theconnectiongraphabstractioncaptures

the “connectivity” relationshipamongheapallocatedobjects

andobjectreferences.For escapeanalysis,wesimplyperform

reachabilityanalysison theconnectiongraphto determineif

an object is local to a methodor local to a thread. Differ-

entvariantsof our analysiscanbeusedeitherin a staticJava

compiler, a dynamicJavacompiler, a Javaapplicationextrac-

tor, or a bytecodeoptimizer. To evaluatetheeffectivenessof

our method,we have implementedvariousflavors of escape

analysisin thecontext of astaticJavacompiler[11], andhave

analyzedtenmediumto largebenchmarks.

Themaincontributionsof thispaperare:

� We presenta new, simple interproceduralframework

(with flow-sensitive and flow-insensitive versions)for

escapeanalysisin thecontext of Java.

� Wedemonstrateanimportantapplicationof escapeanal-

ysisfor Javaprograms– thatof eliminatingunnecessary

lock operationson thread-localobjects. To the bestof

our knowledge,ours is the first applicationof escape

analysisfor eliminatingsynchronizationoperations.It

leadsto significantperformancebenefitsevenwhenus-

ingahighlyoptimizedimplementationof locks,namely,

thin-locks [2].

� We describehow to handleexceptionsin Java, without

beingundulyconservative. Theseideascanbeapplied

to otherdataflow analysesin thepresenceof exceptions

aswell.

� We introducea simple programabstractioncalled the

connectiongraph,whichiswell suitedfor thepurposeof

escapeanalysis.It is differentfrom points-tographsfor

aliasanalysiswhosemajor purposeis memorydisam-

biguation.In theconnectiongraphabstraction,we also

introducethenotionof phantomnodes, whichallowsus

to summarizetheeffectsof a calleeprocedureindepen-

dentof thecallingcontext. Thissuccinctsummarization

helpsimprove theoverall speedof thealgorithm.

� We presentextensive experimentalresultsfrom an im-

plementationof escapeanalysisin a Javacompiler. We

show thatthecompileris ableto detectmorethan19%

of dynamicallycreatedobjectsas stack-allocatablein

five of the ten benchmarksthat we examined(finding

higherthan70%stack-allocatableobjectsin threepro-

grams).Weareableto eliminate11%-92%of lock oper-

ationsin thosetenprograms.The overall performance

improvementrangesfrom 2% to 23% on a 333 MHz

IBM PowerPCworkstationwith 128MB memory.

The restof this paperis organizedasfollows. Section2

presentsour connectiongraphabstraction.Sections3 and4

respectively describethe intraproceduraland interprocedural

analyses,to build theconnectiongraphandto identify theob-

jects that do not escapetheir methodor threadof creation.

Section4 alsodescribesthe differencebetweenthe connec-

tion graphfor escapeanalysisandthepoints-tographfor alias

analysis.Section5elaboratesonhandlingof Javafeatureslike

exceptionsandobjectfinalizers.Section6 describesthetrans-

formationandthe run-timesupportfor theoptimization,and

Section7 presentsexperimentalresults. Section8 discusses

relatedwork, andfinally, Section9 presentsconclusions.
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We begin by presentingour framework for escapeanalysis.

We first define,in Section2.1, the notionof escapementand

introducea lattice for escapement.Then in Section2.2, we

introducea connectiongraphabstractionfor our escapeanal-

ysis.
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Webeginby formalizingthenotionof escapementof anobject

from amethodor a thread.

Definition 2.1 Let > beanobjectinstanceand ? beamethod

invocation.> is saidtoescape? , denotedas @BA�CEDEF�G�A0H�>&I=?KJ ,
if thelifetimeof > mayexceedthelifetimeof ? .

Definition 2.2 Let > bean objectinstanceand L bea thread

(instance).> is saidto escapeL , againdenotedas

@BA�CEDEF�G�A�H�>&I�LMJ , if anotherthread,LONQPR L , mayaccess> .

Alternatively, wesaythatanobject > is stack-allocatable

in ? if S9@BA0CTDEF�G�A�H�>&I
?KJ , andanobject> is local to athread

L if S9@BA�CEDEF�G�A�H�>&I*LMJ .
Let ? be a methodinvocationin a thread L . The life-

time of ? is, in that case,boundedby the lifetime of L . If

anotherthreadobject, LON , is createdin ? , we conservatively

set @BA�CEDEF�G�A0H�>BNUI
?VJ to be true for all objects >BN (including

LMN ) thatarereachablefrom LON . Thus,weensurethefollowing

proposition:

Proposition2.3 For anyobject> , SQ@BA�CEDEF�G0A�H�>&I
?VJ implies

S9@BA0CTDEF�G�A�H�>&I*LMJ , wheremethod? is invokedin threadL .

Intuitively, thepropositionstatesthatanobject,whoselife-

time is inferredby our analysisto beboundedby thelifetime

of amethod,canonly beaccessedby asinglethread.

To aid in our analysis,we definean escapementlattice

consistingof threeelements:NoEscape( W ), ArgEscape, and

GlobalEscape( X ). The orderingamongthe latticeelements

is: Y�Z�[�\
]^Z�_Q`Ta
]�b�cedgf8h�i^_Q`Ta
]�b�c2dkjB[^_9`Ta�]�b�c . jl[^_Q`Ta�]�b�c
meansthat theobjectdoesnot escapethemethodin which it

wascreated.ArgEscapewith respectto a methodmeansthat

theobjectescapesthatmethodvia themethodarguments,but

doesnotescapethethreadin whichit iscreated.Finally, Glob-

alEscapemeansthat theobjectis regardedasescapingglob-

ally (i.e., all threadsandmethods).Let monp_9`Ea
]�b�crqsc0t Ru jl[^_Q`Ta
]�b�cEI
f8hvi7_9`Ta�]�b�c0I7Y�Z�[�\�]^Z�_9`Ea
]�b�c�w , then

mBx�jB[^_9`Ta�]�b�c R m , and mBxBY�Z�[�\�]^Z�_9`Ea�]�b�c R Y�Z�[�\
]^Z�_Q`Ta�]�b�c .
Upon the completionof our interproceduralanalysis,all

objectsthataremarkedNoEscapearestack-allocatablein the

methodin which they are created. Furthermore,all objects

that aremarkedNoEscape(dueto Proposition2.3 above) or

ArgEscape, arelocal to the threadin which they arecreated,

andsowecaneliminatethesynchronizationin accessingthese

objectswithout violatingJavasemantics.
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In Java, objectsarecreatedvia new statements.To simplify

thediscussion,weshallview eacharrayasasingle,monolithic

object. In this section,we introducea compile-timeabstrac-

tion calledtheConnectionGraph thatcapturestheconnectiv-

ity relationshipamongobjects.

Definition 2.4 A connectiongraphis a directedgraph |B} R
H�~����2~B����~&�.�2~��^I
@�����@.���2@.�$J , where

� ~&� representsthesetof objects.We createat mostone

objectnodeperstatement.�
� ~�� representsthesetof referencevariables(localsand

formals)in theprogram.

� ~&� representsthesetof non-staticfieldnodes.

� ~&� representsthesetof staticfieldnodes,i.e., all global

variablesin theprogram.

� @�� is thesetof points-toedges.If ������n�@�� , then

�2n;~ � �;~ � ��~ � and �en�~ � .
� @ � is the setof deferrededges.If ������nV@ � , then

��I��en;~ � �2~ � ��~ � .
� @ � is the set of field edges. If �����pnk@ � , then

�2n;~�� and �en;~��.�2~�� .
Figure1 illustratesanexampleof a connectiongraph. In

figures,we representeachobjectasa treewith the root rep-

resentingtheobjectandthechildrenof the root representing

thereferencefieldswithin theobject.� Also, in our figures,a

solid-lineedgerepresentsa points-toedge,anda dotted-line

edgerepresentsa deferrededge.In the text, we usethenota-

tion ������ to representa points-toedgefrom node � to node

� , ����o� to representadeferrededgefrom � to � , and ����o�
to representafield edgefrom � to � .�

We usea 1-limited namingschemewhich createsonenodefor eachnew
statementin theprogram.�

SinceJavadoesnotallow nestedobjects,thetreerepresentationof anobject
consistsof only two levels– therootandits children.
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Figure1: A simpleconnectiongraph.Boxesindicateobjectnodesandcirclesindicatereferencenodes(includingfield reference
nodes).Solid edgesindicatepoints-toedge,dashededgesindicatedeferrededges,andedgesfrom boxesto circlesindicatefield
edges.

We assignto eachfield � in an objecta uniquenumber

�� ,¡�H���J thatcorrespondsto thefield identifier(or offset)in the

classdefiningtheobject. Let > � and > � betwo objectscon-

structedfrom thesameclass| . Let � beafield definedin | ,

then �� ,¡�H�> ��¢ �£J R �� ,¡�H�> ��¢ �£J .
We usedeferrededgesto modelassignmentsthat merely

copyreferencesfrom onevariableto another. Deferrededges

defercomputationsduringconnectiongraphconstruction,and

therebyhelp in reducingthenumberof graphupdatesneeded

duringescapeanalysis.Deferrededgeswerefirst introduced

for flow-insensitivepointeranalysisin [7].

Given a referencenode ¤�nV~B�M�¥~��&��~�� , the setof

objectnodes>§¦¨~�� that it (immediately)points-tocanbe

determinedby traversingthedeferrededgesfrom ¤ until we

visit thefirst points-toedgein thepath. Thedestinationnode

of the points-toedgewill be in > . We formalizethis asfol-

lows:

Definition 2.5 Let ¤©ng~ � �ª~ � �ª~ � . A points-topath

of lengthone,denotedas ¤¬« ��®­ , is a sequenceof edges

¤ R ¤�¯���°¤ � �� ¢T¢E¢ ���­ that terminatesin a points-to

edgeand containsexactlyonepoints-toedgein thepath (all

otheredges,if any, aredeferrededges).

Definition 2.6 Let ¤±n²~ � �³~ � �e~ � , thenthesetof object

nodesthat nodes¤ points-tois:´ [^µU¶£tU`(·�[(H*¤;J R u ­9¸ ¤ « ���­¹w ¢
With eachnode ­�nº~ , we associateanescapestate,de-

notedas _9`Ta�]�b�cEq£t�]�t�c�» ­�¼ , thatisanelementof EscapeSet. The

initial statefor eachnodein ~�� is GlobalEscape, whereasthe

initial statefor eachnodein ~ � �ª~ � �ª~ � , unlessother-

wise stated,is NoEscape(in Sections4 and5, we shall dis-

cussnodesrepresentingparameters,threadobjects,and ob-

jectswith non-trivial finalizers,whichareinitializedasArgEscape,

GlobalEscape, andGlobalEscape, respectively).

 �5�½ ¾ ���
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In thenext severalsections,wewill show how to computethe

connectiongraphabstractionand useit to computeescape-

mentof objects.The intuition behindour algorithmis based

on the following key observation: Let |B} be a connection

graphfor a method? , andlet > beanobjectnodein |B} . If

> canbereachedin |B} fromanynodewhoseescapestateis

notNoEscape,then > escapes? . Theintuitioneasilyextends

to theescapementof anobjectfrom athread.

½À��� �
	��$1�	"��
�%(���$	"�$3£� � �$3 4^�
���

Given the control flow graph(CFG) representationof a Java

method,weuseasimpleiterative schemefor constructingthe

intraproceduralconnectiongraph.Wedescribetwo variantsof

our analysis,a flow-sensitive version,and a flow-insensitive

version.Tosimplify thepresentation,weassumethatall multiple-

level referenceexpressionsof the form a.b.c.d... are

split into a sequenceof simple two level referenceexpres-

sionsthat areof the form a.b. Any bytecodegeneratorau-

tomatically doesthis simplification for us. For example,a

Java statementof the form a.b.c.d = new T() will be

transformedinto asequenceof simplerstatements:t = new

T(); t1 = a.b; t2 = t1.c; t2.d = t; wheret,

t1, andt2 arenew temporaryreferencevariablesof theap-

propriatetype.

Tosimplify ourpresentation,weintroduceafunctioncalledÁ�Â(´ ]^`
`�H"b¹J thatwhenappliedto a nodeF�n�~B�.�k~&� redi-
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Figure2: Illustrating
Á�Â(´ ]^`
`�H"b¹J function

rectstheincomingdeferrededgesof F to thesuccessor nodes

of F . The type of redirectededgeis the sameasthe type of

edgefrom F to thecorrespondingsuccessornode. It alsore-

moves any outgoingedgesfrom F . Figure 2 illustratestheÁ�Â(´ ]^`
`�H"b¹J function. More formally, let Ë R u�Ì ¸ Ì ��°F�w ,Í R u A�¸ FÎ��ÏA0w , and L R u�Ð ¸ FK�� Ð w . Á�Â^´ ]^`�`rH"b¹J removes

theedgesin theset
u�Ì ��kFÑ¸ Ì n�ËMwÑ� u F ���A�¸ A8n Í w¹� u F ��Ð ¸ Ð n�LOw from the connectiongraph(CG) andaddsedgesin

theset
u0Ì ���A�¸ Ì n²ËºÒ$Ó�Ô�A�n Í w�� u�Ì �� Ð ¸ Ì n�ËkÒ/Ó�Ô Ð n

LMw to theCG.Notethat
Á�Â(´ ]^`
`�H"b¹J canalwaysbeappliedto

a referencenodeto eliminateits incomingdeferrededges.

Givena node A in theCFG,theconnectiongraphat entry

to A (denotedas |&ÕÖ ) andtheconnectiongraphat exit from A
(denotedas | Õ� ) are relatedby the standarddataflow equa-

tions:

| Õ� R � Õ H�| ÕÖ J
| ÕÖ R x �E× � �
Ø��=Ù Õ,Ú | �� I

Wedefineamergebetweentwoconnectiongraphs| � R H�~ � I=@ � J
and | � R H�~ � I=@ � J to betheunionof thetwo graphs.More

formally, | � x2| � R H�~ � �2~ � I
@ � �2@ � J .
Figure3 illustratesthe connectiongraphsat variouspro-

grampointscomputedusingtheanalysisdescribedin thissection.Û
Giventhebytecodesimplificationof Javaprograms,we iden-

tify four basic statementsthat affect intraproceduralescape

analysis: (i) F = new Ü�H�J , (ii) F R�Ý , (iii) F ¢ � R�Ý , (iv)

F RÞÝ ¢ � . We presentthe transferfunctionsfor eachof these

statements.

p = new Ü () We first createa new objectnode > (if onedoes

not alreadyexist for thissite). For flow-sensitiveanaly-ß
In orderto keepthefiguresimple,wehavenot transformedastatementlike

a.f = new T1() to its equivalentform: t = new T1(); a.f = t;.

sis,wefirstapply
Á�Â^´ ]^`�`rH"b¹J andthenaddanew points-

to edgefrom F to > . For flow-insensitive analysis,we

do not apply
Á�Â(´ ]^`
`�H"b�J , but simply addthepoints-to

edgefrom F to > .

p = q As in thepreviouscase,for flow-sensitiveanalysis,we

first apply
ÁàÂ^´ ]^`�`rH"b¹J , andthenaddthe edgeFá�� Ý .

Again,for flow-insensitiveanalysisweignore
Á�Â^´ ]^`�`rH"b¹J

but addtheedgeFK�� Ý . Thedifferenceis that we can

kill what F pointsto with flow-sensitiveanalysis,but not

with flow-insensitiveanalysis.

p.f = q Let â RäãBå  �­ Ð A�L å HUF�J . If â Räæ , theneither (i)

F is null (in which case,a null pointerexceptionwill

bethrown), or (ii) theobjectthat F pointsto wascreated

outsideof thismethod(thiscouldhappenif F is aformal

parameteror reachablefrom a formal parameter).We

conservatively assumethe secondpossibility (if â R
æ ) andcreatea phantomobjectnode >èçré , andinserta

points-toedgefrom F to >�ç�é (if F is null, theedgefrom

F to > çré is spurious,but doesnotaffect thecorrectness

of ouranalysis).

Duringinterproceduralanalysis,thephantomnodeswill

be mappedbackto theactualnodescreatedby theap-

propriateprocedure.(We alsousea 1-limited scheme

for creatingphantomnodes.) Now let ê R u0ë ¸ ì ��ë Ò$Ó�ÔÎìKnÎâ¨Ò/Ó�Ôp�� ,¡�H ë J R �£w . Again, it is pos-

sible that ê is empty. In this case,we createa field

referencenode(lazily) andaddit to ê . Finally we add

edgesin
u0ë �� Ý ¸ ë n²ê&w to theconnectiongraph.Note

thatevenfor flow-sensitive analysis,we cannotin gen-

eralkill whatever F ¢ � waspointingto, andsowedonot
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S3: b a
S3:S1:

f g f g

b a
S1:

f g f g

S4:
S4:

S5: a = b.f;

b a
S1:

f g

Input S5:

f g

S3:

f g

S4:

b a
S1:

f g

f g

S3:

f g

S4:

Output S5:

S1: T1 a = new T1(...);

S2: T1 b = a;

if()
S3: a.f = new T1(...);

else

S4: b.f = new T1(...);

Figure3: An exampleillustratingconnectiongraphcomputation.TheconnectiongraphsatS1andS2arenotshown.

apply
Á�Â^´ ]^`�`rH"b ¢ í J .î

p = q.f Let â R u ì�¸ Ý « �ï ��ì£w , ê R u0ë ¸ ìÞ�� ë Ò/Ó�Ô�ì�n
âVÒ/Ó�Ôð�� ,¡�H ë J R �s ,¡�H��£J�w . As in thepreviouscase,if

â is empty, we createa phantomnodeandaddit to â ,

andif ê is empty, we createa field referencenodeand

addit to ê .

For flow-sensitive analysis,we first apply
Á�Â^´ ]^`
`�H"b¹J ,

andthenaddtheedgesin
u F �� ë ¸ ë nðê&w to thecon-

nectiongraph. For flow-insensitive analysiswe once

againignore
Á�Â(´ ]^`
`�H"b�J , but add the edgesin

u F ��ë ¸ ë n²ê&w to theconnectiongraph.

ñ ��� ��%�	,1�	"��
�%(���$	"�$3£� � �$3 4^�
���

The intuition behindour interproceduralanalysisis basedon

thefollowing observation. Assumethata methodm callsan-

othermethod ò . Now if themethod ò hasalreadybeenan-

alyzedfor escapeanalysis,thenwhen m is analyzedintrapro-

cedurally, it can simply usethe summaryinformation of òó
This is becauseevena singleobjectthat ô pointsto in any õ -limited rep-

resentationmay correspondto more thanoneprogramobject. Onecaneasily
constructexamplesto show thatakill in thiscasecanbeincorrect.

without goingthroughthebodyof methodò (this makeses-

capeanalysisdifferentfrom aliasanalysis,asdescribedfurther

in Section4.6). This analysisprocessis akin to elimination-

style of dataflow analysis. We usea programcall graph to

representthecaller-calleerelation.SinceJavasupportsvirtual

methodcalls,weusetypeinformationto refinethecallgraphö .
We iterateover thenodesin thecall graphgraphin a reverse

topologicalorderuntil thedataflow solutionconverges.÷
We handleJava threadobjectsconservatively. Considera

Javathreadobjectin amethodM:
Ð R ­¹GEø�LMù Ì G�D�¡�H�J�ú Ð ¢ A Ð D Ì0Ð H�J .Ð ¢ A Ð D Ì�Ð H�J startsthe executionof the new thread

Ð
. Sincethe

lifetime of
Ð

mayexceedthelifetime of (aninvocationof) ?
andsincetheobject

Ð
is accessedby morethanonethread(the

creatingandthecreatedthread),we mark
Ð

asGlobalEscape.

In general,wemarkany objectthatimplementstheRunnable

interfaceas GlobalEsape. This ensures,althoughconserva-

tively, that any objectusedasa thread,or any object that is

reachable from sucha threadobjectglobally escapes.Note

thatthis doesnot meanthatobjectscreatedduring theexecu-û
We couldfurtherrefinethecall graphby constructingthegraphin tandem

with theconstructionof thepoints-tograph[19].ü
Weignorebackedgesin determiningthereversetopologicalorder.
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class ListElement
{

int data;
ListElement next;
static ListElement g = null;
ListElement() {data = 0; next = null;}

static void L(int p, int q)
{

S0: ListElement u = new ListElement();
ListElement t = u;
while(p > q)
{

S1: t.next = new ListElement();
t.data = q++;
t = t.next;

}
S2: ListElement v = new ListElement();

NewListElement.T(u, v);
}

}

class NewListElement
{

ListElement org;
NewListElement next;
NewListElement() {org = null; next = null;}

static void T(ListElement f1, ListElement f2)
{

S3: NewListElement r = new NewListElement();
while(f1 != null)
{

S4: r.org = f1.next;
S5: r.next = new NewListElement();

. . . // do some computation using r

. . . // w/o changing the data structure
S6: r = r.next;

if(f1.data == 0)
{

S7: ListElement.g = f2;
}
f1 = f1.next;

}
}

}

(A)

(B)

(1)

(2)

(3)

(4)

return

Invocation
Before Method

Invocation
After Method

return

L(p,q)

T(a1,a2)

T(a1,a2)

T(f1,f2)

Method Exit

Method Entry

Figure4: An exampleprogramfor illustratinginterproceduralanalysisandits call graph.
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(A):
(B):

(C):

(E):

(D):

(F):
NonLocalGraph
GlobalEscape

Connection graph
after call to T()

f1

NonLocalGraph
ArgEscape

S4

LocalGraph

L(p,q)

T(a1,a2)

L(p,q)

T(f1,f2)

T(f1,f2)

T(a1,a2)

S3

t

S0 S1u

next

t

S0 S1

S2

next
f1

f2

g

S5
next

before call to T()
Connection graph

next

next

â2

v
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Figure5: Connectiongraphsatvariouspointsin thecall graph.Nodesthatescapegloballyareshadowed.

tion of thread
Ð

will bemarkedGlobalEsape.

We will usetheJava exampleshown in Figure4 to illus-

trateour interproceduralframework. In this example,methodý H�J constructsa linked list andmethodLMH�J constructsa tree-

like structure.Figure4(B) showsthecaller-calleerelationfor

the exampleprogramshown in Figure 4(A). In Figure 4(B)

we identify four pointsof interestto whatarerelevant for in-

terproceduralanalysis:(1) methodentry, (2) methodexit, (3)

immediatelybeforeamethodinvocation,and(4) immediately

afteramethodinvocation.Wewill presentouranalysisateach

of thesefour pointsof interestin thefollowing subsections.

ñ 56��y � �/� %^
������ �2z 	��$1/{e���¿þ2%(�
{����ÿ- � �
	"4
We processeachformal parameter(of reference-type)in a

methodoneat a time. Note that the implicit this reference

parameterfor an instancemethodappearsasthefirst parame-

ter. For eachformalparameter� Ö , thereexistsanactualparam-

eter D Ö in thecallerof themethodthatproducedthevaluefor

� Ö . At themethodentrypoint,wecanenvisionanassignment

of the form � Ö R D Ö that copiesthe valueof D Ö to � Ö . Since

Javaadvocatescall by valuesemantics,� Ö is treatedlike a lo-

cal variablewithin themethodbody, andsoit canbekilled by

otherassignmentsto � Ö . We createa phantomreferencenode

for D Ö and insert a deferrededgefrom � Ö to D Ö . The phan-

tom nodeserves as an anchorfor the summaryinformation

that will be generatedwhen we finish analyzingthe current

method.� We initialize @BA�CEDEF�G Í Ð D Ð G^»�� Ö ¼ R jB[^_9`Ta�]�b�c and

@BA�CEDEF�G Í Ð D Ð G^»�D Ö ¼ R f8hvi7_9`Ta�]�b�c . Figure5(B) illustratesthe

referencenodesf1 andf2, thephantomnodesa1anda2, and

thecorrespondingdeferrededgesat theentryof methodT().

ñ 5� �y � �$� %(
0����� �2z 	"�$1${2���&þ�%^�
{�����-��^���
We modelareturn statementthat returnsa referenceto an

objectasan assignmentto a specialphantomvariablecalled

return (similar to formal parameters).Multiple returnstate-

mentsare handledby “merging” their respective returnval-

ues. After completingintraproceduralescapeanalysisfor a

method,we usetheByPassfunction (definedin Section3) to

eliminateall thedeferrededgesin the CG, creatingphantom

nodeswherevernecessary. For example,thephantomnode Ë
in Figure5(E) is createdduringthisprocess.

We thendo reachabilityanalysison theCG holdingat the

returnstatementof themethodtoupdatetheescapestateof ob-
�
Weuse ��� astheanchorpoint ratherthan ��� , since,in Java, ��� is treatedas

a local variable,andsothedeferrededgefrom � � to � � canbedeleted.
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jects. Thereachabilityanalysispartitionsthegraphinto three

subgraphs:

1. Thesubgraphinducedby thesetof nodesthatarereach-

ablefromaGlobalEscapenode.Theinitial nodesmarked

GlobalEscapeare:staticfieldsof aclassandRunnable

objects.Thissubgraphis collapsedinto a singlebottom

nodethatefficiently representsall thenodeswhosees-

capestateis GlobalEscape.

2. Thesubgraphinducedby thesetof nodesthatarereach-

able from an ArgEscapenode,but not reachablefrom

any GlobalEscapenode. The initial ArgEscapenodes

arethe phantomreferencenodesthat representthe ac-

tual argumentscreatedat theentryof amethod,suchas

a1 anda2 in Figure4(B).

3. The subgraphinducedby the setof nodesthat arenot

reachablefrom any GlobalEscapeor ArgEscapenode

(whichremainmarkedNoEscape).

Wecall theunionof thefirst andthesecondsubgraphsthe

NonLocalGraphof themethod,andthethird subgraphtheLo-

calGraph. Figure6 givesan efficient implementationof the

reachabilityanalysisby propagatingescapestatefrom nodes

with initial stateof GlobalEscape, thenfrom nodeswith ini-

tial stateof ArgEscape. It is easyto show thattherecanonly

be edgesfrom LocalGraph to NonLocalGraph, andnot vice

versa. The NonLocalGraphrepresentsthe summaryconnec-

tion graphof themethod.This summaryinformationis used

ateachcall siteinvokingthemethod,asdescribedbelow in the

next section.	
All objectsin LocalGraph that arecreatedin the current

methodaremarkedstack-allocatable.Amongthe objects(in

NonLocalGraph)markedGlobalEscape, thosepropagatedfrom

acalleeof themethodneedto havetheiroriginal nodesin each

calleeproceduremarkedGlobalEscape. Theoriginalnodesof

a propagatednodein the currentmethodareidentifiedusing

theconceptof MapsTo betweentwo nodesof acallerCG and

a calleeCG, which is describedin Section4.4. Marking the


As a furtheroptimizationto reducethesizeof thesummaryrepresentation,

eachreferencenodein NonLocalGraphis bypassedby connectingits predeces-
sorsdirectly to its successors,so that the NonLocalGraphconsistsonly of the
nodesrepresentingactualparameters,objectsaccessedvia the parameters,and
asinglebottomnode.

ReachabilityAnalysis()u
1: � å Ì
� ý  ,A Ð R�æ

/* Nodes in ~&� escapes globally */
2: foreachnode¤ suchthat
3: @BA�CEDEF�G Í Ð D Ð G^» ¤³¼ R Y�Z�[�\
]^Z�_9`Ea
]�b�c do
4: Add ¤ to � å Ì�� ý  *A Ð .
5: while � å Ì
� ý  ,A Ð is notemptydo
6: Removeanode¤ from � å Ì�� ý  *A Ð
7: foreachoutgoingedge¤Þ�o­ do
8: if H�@BA0CTDEF�G Í Ð D Ð G7» ­�¼àPR Y�Z�[�\�]^Z�_9`Ea
]�b$c
J then
9: @BA�CEDEF�G Í Ð D Ð G^» ­s¼ R Y�Z�[�\
]^Z�_Q`Ta
]�b�c
10: Add ­ to � å Ì
� ý  ,A Ð .
11: endif
12: endfor
13: endwhile
14: � å Ì
� ý  ,A Ð R�æ

/* Phantom argument nodes */
/* state = f8hvi7_9`Ta�]�b�c */

15: foreachnode¤ suchthat
16: @BA�CEDEF�G Í Ð D Ð G^» ¤³¼ R f8hvi7_9`Ta�]�b�c do
17: Add ¤ to � å Ì�� ý  *A Ð .
18: while � å Ì
� ý  ,A Ð is notemptydo
19: Removeanode¤ from � å Ì�� ý  *A Ð
20: foreachoutgoingedge¤Þ�o­ do
21: if H�@BA0CTDEF�G Í Ð D Ð G7» ­�¼�� flhvi^_Q`Ta�]�b�c
J then
22: @BA�CEDEF�G Í Ð D Ð G^» ­s¼ R f8h�i^_9`Ea
]�b�c
23: Add ­ to � å Ì
� ý  ,A Ð .
24: endif
25: endfor
26: endwhilew
Figure6: Reachabilityanalysisoverconnectiongraphto com-
puteescapestateof objects.

originalnodesGlobalEscapecanbeperformedafterthecom-

pletion of the interproceduralescapeanalysisin a top down

passover thecall graph.

Figure5(C)- Figure5(E)show theconnectiongraphatthe

exit of methodT(). In thisconnectiongraph,theobjectnode

S4is a phantomnodethatwascreatedatStatementS4during

intraproceduralanalysisof T(). TheobjectnodesS3andS5

werecreatedlocally in T(). In thefigure,we canseethatthe

structurein Figure5(C) is local to methodT(), andso will

notescapeT(). Wealsoseethattheassignmentto theglobal

referencevariable, “g = f2”, makesthe formal parameter

f2 andthephantomactualparametera2 all GlobalEscapeas

shown in Figure5(E).(In thefigure,adeferrededgefrom g to

a2 is shown for exposition.) Thesummarygraphfor method

T()will consistof theNonLocalGraphshown in Figure5(D).

This summarygraphwill bemappedbackto caller’s connec-

tion graph(seeSection4.4).
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At amethodinvocationsite,eachparameterpassingis handled

asanassignmentto anactualparameter�D Ö atthecaller. Let ì �
beareferencetoanobject â � . Consideracall ì �7¢ � å^å H*ì � I ¢E¢E¢ ì���J ,
whereì �9¢E¢E¢ ì�� areactualparametersto � å^å H�J . Wemodelthe

call asfollows: �D � R ì � ú��D � R ì � ú ¢E¢E¢ ú
� å(å H��D � I��D � I ¢E¢E¢ �D � J .
Notethatif foo is avirtual method,wewill mergethesolution

afterprocessingeachmethodto which ì�� ¢ � å(å couldpossibly

resolve. Each �D Ö at thecall sitewill bematchedwith thephan-

tom referencenode D Ö of thecalleemethod. In Figure5(A),

two nodes, �]�� and �]�� , arecreatedwith deferrededgespoint-

ing to thefirst andthesecondactualparametersto thecall, u

andv, respectively.

ñ 5 ñ y � �/� %^
������ ��z 	"�$1${ � #¿#&%(�/������%73 4���+*��%7	�� þ2%^�
{����� ��� ��
�������� �
At thispoint,weessentiallymapthecallee’sconnectiongraph

summaryinformationbackto thecallerconnectiongraph.Three

typesof nodesplay importantrolein updatingthecaller’scon-

nectiongraph(CG) with thecallee’s CG right aftera method

invocation: �D Ö ’sof thecaller’sCG, D Ö ’s of thecallee’sCG,and

thereturn nodeof thecallee’sCG.Updatingthecaller’sCG

is donein two steps:(1) updatingthenodesetof thecaller’s

CG using �D Ö ’s and D Ö ’s; and(2) updatingthe edgesetof the

caller’s CG using �D Ö ’s and D Ö ’s. Updatingthereturn node

is doneduringthefirst stepby treatingthereturn nodethe

sameas D Ö andtreatingthe targetnodeof themethodinvoca-

tion thesameas �D Ö .
��1$�/����� ����y �$3�3 %7	! ����$%^�
Figure7 describeshow we mapthenodesin the callee’s CG

with thenodesin thecaller’sCG.Thismappingof nodesfrom

calleeCGto callerCGis basedon identifyingtheMapsTo re-

lation amongobjectnodesin thetwo CGs.As abasecase,we

ensurethat D Ö mapsto �D Ö . Giventhebasecase,wealsoensure

thatanodein ãBå  �­ Ð L å H�D Ö J mapstoany nodein ãBå  "­ Ð L å H��D Ö J .
We formally definetherelationMapsTo ( " ï � ), amongobjects

belongingto a calleeCG anda caller CG recursively asfol-

lows:

� D Ö " ï �#�D Ö

UpdateCallerNodes()u
27: foreach D Ö I$�D Ö actual parameter pair do
28: UpdateNodes ( D Ö , u �D Ö w );
29: endforw
UpdateNodes( �^Ø�Ø : field node;% ]�b£`^·�[�& : set of field nodes)
//

% ]�b£`^·�[�& is the set of MapsTo
// field nodes of �^Ø�Øu
30: foreachobjectnode­ � n ãBå  �­ Ð L å H�� Ø�Ø J do
31: foreach �­¹�8n ãBå  �­ Ð L å H��^Ø*��J
32: such that � Ø*� n % ]�b£`^·�[�& do
33: if �­Ñ��Pn % ]�b£`^·�[�'�\)((H*­Ñ��J then
34:

% ]�b£`^·�[�'�\)(�H*­¹��J
35: R % ]�b£`(·�[�'à\)(^H*­¹��J£� u �­¹��w ;
36: foreach *�^Ø�Ø such that ­¹� �� *�(Ø�Ø do

37: t,+.b % ]�b£`(·�[�& R u *�^Ø*��¸-�­Ñ�;�� *�^Ø*�^I
38: �� ,¡�H *� Ø�Ø J R �s ,¡�H *� Ø*� J�w�ú
39: UpdateNodes( *� Ø�Ø , t.+Ob % ]�b£`^·�[�& );
40: endfor
41: endif
42: endfor
43: endforw
Figure7: Algorithm to UpdatetheCaller’s ConnectionGraph
Nodes.

� > ç n ãBå  "­ Ð ATL å HUF�J�" ï � >!/8n ãBå  �­ Ð A�L å H Ý J , if

1. HUF R D Ö J¹x2H ÝMR �D Ö J , or

2. HUF R > ¢ �£J£x2H ÝMR �> ¢ 0 J¹xH�>1" ï � �>BJ¹x2H��� ,¡�H��£J R �s ,¡�H 0 J�J .
In Figure7,

% ]�b£`(·�[�'à\)(�H*­¹J denotesthesetof objectsthat

­ canbe mappedto usingtheabove MapsTo relation. In the

figure,we usethesubscriptG Ì to denotecaller nodesand G�G
to denotecalleenodes. The algorithmstartswith D Ö and �D Ö
astheoriginal “fields” that mapto/from eachother, andthen

recursively findsotherobjectsin thecaller CG thatareMap-

sTo nodesof eachcorrespondingcalleeobject. If thereis no

MapsTo nodein thecaller CG, we createonewith anescape

stateof NoEscape. Then, the escapestateof the nodesin
% ]�b£`(·�[�'à\)(^H*­¹J is markedGlobalEscapeif the escapestate

of ­ is GlobalEscape.

The main body of procedureUpdateNodes is applied

to all the calleeobject nodespointed to by the calleefield

node� Ø�Ø (Statement30). Givenacalleeobjectnode­ � , State-

ment32 computesthesetof ­Ñ� ’s MapsTo objectnodesin the
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callergraph.This isdoneby identifyingthesetof callerobject

nodes“pointed” toby thecallerfieldnode� Ø*� , whichis itself a

MapsTo field nodeof calleenode �(Ø�Ø (i.e. �^Ø*��n % ]�b£`(·�[�& ).

A caller object node, �­ � , and its field nodesare createdat

Statement32 if no MapsTo caller objectnodeexists. State-

ment33 is for termination:it skipsthebodyof theloopfor �­ �
thatis alreadyin

% ]�b£`(·�[�'à\)(^H*­ � J . Givenacalleeobjectnode

­¹� andits MapsTocallernode �­¹� , Statement38computes,for

eachfield nodeof ­¹� (i.e. *�(Ø�Ø ), thesetof MapsTo field nodes

of thecaller(i.e. t.+.b % ]�b£`(·�[�& ). It thenrecursively invokes

UpdateNodes, passing *� Ø�Ø and t.+Ob % ]�b£`^·�[�& asthe new

parameters(Statement39).

��1$�/����� ����y �$3�3 %7	8-/� � %(�
Recallthatfollowing theremoval of deferrededges,thereare

two typesof edgesin the summaryconnectiongraph: field

edgesand points-toedges.Field edgesget createdat State-

ment33 in Figure7 while thenodesareupdated.

To handlepoints-toedges,wedo thefollowing: Let F and

Ý beobjectnodesof thecalleegraphsuchthat F ��Ï�rç �� Ý .
Then,for each �F2n % ]�b£`(·�[�'à\2(7HUF�J and �Ý n % ]�b£`(·�[�'à\)(^H Ý J ,
both of the caller, we establish �Fk�� ��rçp��3�Ý by insertinga

points-toedge ��rç ��3�Ý for eachfield node ��rç of �F suchthat

�� ,¡�H��rç(J R �� ,¡�H ��rç0J .
-4�(�$#¿1$3 %
ConsiderthesummaryconnectiongraphNonLocalGraphsshown

in Figure5(D) andFigure5(E).First,all nodesthatarereach-

ablefrom globalvariableg aremarkedX (or GlobalEscape).

Then,all nodesreachablefrom thephantomnodea1, but not

reachablefrom g aremarkedas ArgEscape. Now when we

analyzemethodL() intraprocedurallywewouldconstructthe

connectionshown in figure that is right after themethodsite

of T(). We will first markthephantomnodea1 of thecallee

(in Figure5(D)) and the phantomnode �]�� of the caller (in

Figure5(F))astheinitial “field” nodes.Thenwewill mapthe

phantomnodeS4, pointedto by a1, to S0, pointedto by �]�� .
Thecycle in theNonLocalGraphof T() resultsin alsomap-

ping S1 asa MapsTo nodeof S4. The cycle also resultsin

insertingedgesfrom thenext fieldsof S0 andS1 to bothS0

andS1. This is a resultof the1-limited approachwe takein

creatingaphantomnode:wecreateatmostonephantomnode

at a statementfor eachtype. Now sincea2 is marked X , all

thenodesof thecallerreachablefrom �]�� will alsobemarked

as X .

ñ 5 576 � � ��8 �:9��
	"� ���<; 4�1/% ��� +,�$	*#&������� �
We can exploit Java’s strongtype systemin computingthe

connectiongraphfor amethodwhosebodycannotbe(or, has

not been)analyzed. The representationfor sucha method,

called a bottommethod, is called the bottom graph, which

hasonenodefor eachclassof the programthat hasbeenin-

stantiated.Given two nodes~ � and ~ � in thebottomgraph

that representtwo classes| � and | � , respectively, thereis a

points-toedgefrom ~ � to ~ � if | � containsa field that is a

referenceto | � . Thereis a deferrededgefrom ~ � to ~ � if

| � is asub-typeof | � . In effect, thebottomgraphis themost

conservative connectiongraphof the programallowedunder

Java’s typesystem.Thebottomgraphcanbeusedto (conser-

vatively) establishconnectionsamongnodesthatarereachable

from theactualparameterspassedto abottommethod.Exam-

plesof bottommethodsarenative methodsimplementedin a

non-Javalanguage.Our currentimplementationdoesnot take

advantageof thetypeinformationin bottommethods.

In a dynamicoptimizationsystem,a methodthat hasnot

beenanalyzedandoptimizedby thecompileralsobecomesa

bottommethodwhenthecompilergeneratescodefor a caller

of the method. In this case,the bottom methodmay have

beeninterpretedor compiledwithout analysis/optimization.

Thecombinationof thebottomgraphandthesummarygraph

makesour approachfor escapeanalysiswell suitedfor dy-

namicJavacompilationsystemssuchasJalapẽnoat IBM Re-

search[8].

ñ 5>= -/�

��$1/%�� � �$3 4(����� � %�	"�T���@?��$� � ���BA������ � �$3 4^�
���
Connectiongraphfor escapeanalysisandpoints-tographsfor

pointer-inducedaliasanalysis[16,19] aresimilartoeachother

in that botharestaticabstractionsof dynamicdatastructures

with pointers(or referencesin Java). The main goalof alias

analysis,however, is memorydisambiguationto answerthe

questionwhethertwo reference(pointer)expressions(of the

form a.b.c.d...) canresolve to the samememoryloca-
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tion during execution. The points-tograph,for correctness,

shouldleadto thesamenodein thegraphif thetwo reference

expressionsmightresolveto thesamememorylocationduring

execution.

The main goal of escapeanalysis,on the other hand,is

to identify objectsthat might escapea (dynamic)scopesuch

as a methodinvocationor a threadobject. The connection

graphmayleadto differentnodesin thegraphfor two pointer

expressionsthat might resolve to thesamememorylocation,

andcanstill be correct. We can,therefore,safelyignorethe

calling context for escapeanalysis,althoughnot for pointer

analysis.

5 C � � ��3 � ��� -��^
�%�1������ � �8� � � ! � � �$3 �>D�������� � ��+ 6 � � �

In thissection,we show how we handleJava-specificfeatures

suchasexceptionsandobjectfinalization.

5£56� -��^
�%�1������ � �
We now show how our framework handlesexceptions. Ex-

ceptionsare precisein Java, henceany codemotion across

the exceptionpoint shouldbe invisible to the userprogram.

An exceptionthrown by a statementis caughtby the closest

dynamicallyenclosingcatch block that handlesthe excep-

tion [17].

Onewayto dodataflow analysisin thepresenceof excep-

tionsis to adda controlflow graphedgefrom eachstatement

thatcanthrow anexceptionto eachcatch block thatcanpo-

tentially catchthe exception,or to the exit of the methodif

thereis nocatch block for theexception.The addededges

ensurethatdataflow informationholdingatanexception-throwing

statementwill not be killed by statementsafter theexception

throwing statement,since the information incorporatingthe

“kill” would be incorrectif the exceptionwas thrown. The

factoredcontrol flow graph(FCFG) of theJalapẽno dynamic

optimizingcompilerfor Java doesnot addtheseedgesphys-

ically in thecontrolflow graphs,but still allows for correctly

identifyingthepotentialcontrolflowsdueto exceptions[9].

We, however, usea simpler strategy for doing dataflow

analysisin the presenceof exceptions.Recall that we “kill”

only local referencevariablesof a method. Therefore,we

only needto worry aboutthem. Amongst thoselocal vari-

ableswithin atry block,we kill only thosethataredeclared

within the block. Local referencevariablesdeclaredoutside

thetry block shouldnot bekilled, asthey canbelive at the

terminationof theblockif anexceptionis thrown. Wewill use

thefollowing exampleto elaborateonthis point. In theexam-

ple,x is localto themethod,but non-localto thetry-catch

statement.

m0( T1 f1, T2 f2) {
T1 x;

S1: try {
S2: x = new T1(); // creates object O1
S3: x.b = f2;

// sets up a path from x to f2.
S4: ... // an exception is thrown here.
S5: x = new T1(); // creates object O2

} catch (Exception e) {
S6: System.out.println("Don’t worry");

}
S7: f1.a = x;
}

Assumethatanexceptionis thrownat
Í�E

. After thecatch

block, when
Í�F

is executed,f2 will becomereachablefrom

f1. If wewereto kill thepoints-toedgefromx to objectnode

O1 at
Í�G

, thenwe would losethe pathinformationfrom f1

to f2, andhence,would have anincorrectconnectiongraph.

Recallthatour strategy is not to kill informationfor variables

in a try block thatarenot local to theblock. Hence,in this

example,we will not deletethe previous edgefrom x to O1

(whosefield nodeb hasan edgeto f2) while analyzing
Í�G

.

Hence,at
Í�F

, afterputting an edgefrom f1 to x, we would

correctlyhaveaconnectiongraphpathfrom f1 tof2.

A method(transitively) invokedwithin atry-catch block

can be handledin the samemanneras a regular statement

block in its place: we cankill any localsdeclaredwithin the

nestedblock,beit aregularstatementblockoramethodblock.

An importantimplicationof this approachis that we canig-

norepotentialrun-timeexceptionswithin methodsthatdo not

haveany try-catch blocksin them.Many methodsin Java

correspondto thiscase.

5£5� ! � � �$3 �>D�������� �
Beforethe storagefor an object is reclaimedby the garbage

collector, theJavaVirtual Machineinvokesa specialmethod,

thefinalizer, of thatobject[17]. TheclassObject, which isa
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superclassof everyotherclass,providesadefaultdefinitionof

thefinalizemethod,whichtakesnoaction.If aclassover-

ridesthefinalize methodsuchthatits this parameteris

referenced,it meansthat an objectof that classis reachable

(dueto theinvocationof thefinalizer)evenafter thereareno

morereferencesto it from any live thread.We dealwith this

problemby marking eachobject of the classoverriding the

finalizerasGlobalEscape( X ).

=H; 	"� � �=+,�$	*#�������� � � � �JI¹� � A ; ��#&%K9£�/1$1/�$	"�

Wehaveimplementedtwooptimizationsbasedonescapeanal-

ysis in the IBM High Performance(static)Compilerfor Java

(HPCJ)for thePowerPC/AIX architectureplatform[11]: (1)

allocationof objectson the stack,and(2) eliminationof un-

necessarysynchronizationoperations.In this section,we de-

scribethe transformationsappliedto theusercode(basedon

the analysisdescribedin previous sections)andthe run-time

supportto implementtheseoptimizations.

=�56�L; 	"� � �=+,�$	,#&������� �
Oncetheanalysisconvergesduringthe iterationover thecall

graph (i.e., when there are no further changesbeing made

to any connectiongraphin termsof edgesor the EscapeS-

tateof nodes),we markeachnew site in theprogramasfol-

lows, basedon the following information: (i) if theEscapeS-

tate of the correspondingobjectnodeis NoEscape, the new

siteis markedstack-allocatable,and(ii) if theEscapeStateof

thecorrespondingobjectnodeis NoEscapeor ArgEscape, the

new site is markedasallocatingthread-localdata. Sincewe

usea 1-limited schemefor namingobjects,a new statement

(a compile-timeobjectname)is markedstack-allocatableor

thread-localonly if all objectsallocatedduringruntimeatthis

new sitearestack-allocatableor thread-local,respectively.

=�5� I¹� � A ; ��#&%K9£�/1$1/�$	"�
Weallocateobjectsonthestackby callingthenativealloca

routinein HPCJ’s AIX backend.Eachinvocationof alloca

essentiallygrows thecurrentstackframeat run time by some

amount. In our currentimplementation,we do not reusethe

spaceallocatedby alloca, even if that spaceis no longer

Program Description

vtrans High PerformanceJavaTranslator(IBM)
jgl JavaGenericLibrary 1.0(ObjectSpace)
jacorb JavaObjectRequestBroker0.5(U. Freie)
jolt Javato C translator(KB Sriram)
jobe JavaObfuscator1.0(E. Jokipii)
javacup JavaConstructorof Parsers(S.Hudson)
hashjava JavaObfuscator(KB Sriram)
toba Javato C translator(U. Arizona)
wingdis Javadecompiler, demoversion(WingSoft)
pbob portableBusinessObjectBenchmark(IBM)

Table1: Benchmarksusedin ourexperiments.

live. � ¯
A secondarybenefitof stackallocationis theelimination

of occasionalsynchronizationfor allocationof objectsfrom

the thread-commonheap. In order to avoid synchronization

on eachheapallocation, the run-time systemin HPCJuses

the following scheme.Eachthreadusuallyallocatesobjects

from its thread-localheapspace.For allocatinga largeobject

or whenthe local heapspaceis exhausted,the threadneeds

to allocatefrom thread-commonheapspace,which requiresa

relatively heavy-weightsynchronization.Stack-allocatedob-

jectsreducethe requirementfor allocationsfrom the thread-

commonheapspace.

Eliminationof synchronizationoperationsrequiresrun-time

supportat two places: allocationsitesof objects,i.e., new

sites;andusesitesof objectsassynchronizationtargets,i.e.,

synchronized methodsor statements.In HPCJ,synchro-

nized methodsand statementsare implementedusing moni-

torenterand monitorexit atomic operations.The implemen-

tation of theseoperationsin HPCJhastwo parts: (1) atomic

compare and swap operationfor ensuringmutual exclu-

sion,and(2) PowerPCsync primitive for flushingthe local

cache.

We mark objectsat the allocationsitesusinga singlebit

in the objectrepresentation,indicatingwhetherthe object is

thread-local.At theusesitesof objects,we modifiedtherou-

tine implementingmonitorenteronanobjectto bypasstheex-

pensiveatomicoperation(compare and swap) if its thread-�,M
In caseswhere(i) theobjectrequiresafixedsize,and(ii) eitherjustasingle

instanceof anew statementexecutesin agivenmethodinvocation,or theprevi-
ousinstanceof theobjectallocatedatanew statementis nolongerlivewhenthe
new statementis executednext,it is possibleto allocateafixedpieceof storage
onthestackframefor thatnew statement.Ourcurrentimplementationdoesnot
takeadvantageof thisspecialcase.
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local bit is set,and insteadusea non-atomicoperation. It

is importantto notethatour schemehasbenefitsevenfor the

thin-locksynchronizationimplementation[2], whichstill needs

an atomicoperation(compare and swap); we completely

eliminatetheneedfor atomiclock operationsfor thread-local

objects. Note that we still flush the local memoryto ensure

thatglobalvariablesaremadevisibleatsynchronizationpoints

to observe Java semantics[17]. Since the only changewe

makeregarding synchronizationis to eliminate the instruc-

tions that ensuremutualexclusion,thesemanticsof all other

thread-relatedoperationssuchaswait andnotify remain

unchangedaswell.

N -���1/%7	"��#&% � ���$3�I£%^�T�$3 ���

This sectionevaluatesescapeanalysison severalJava bench-

mark programs. We experimentedwith four variantsof the

algorithm for the two applications: (1) Flow sensitive (FS)

analysis,(2) Flow sensitiveanalysiswith boundedfield nodes

(BFS),(3) Flow insensitiveanalysis(FI), andFlow insensitive

analysiswith boundedfield nodes(BFI). The differencebe-

tweenFSandFI is thatFI ignoresthecontrol-flow graphand

never kills. Boundedfield nodesessentiallylimit thenumber

of field nodes that we wish to model for eachobject. We

useasimplemodoperationto keepthenumberof field nodes

bounded.For instance,the
�
th referencefield of anobjectcan

be mappedto H �PORQ�S ¤;J th field node. In our implementa-

tion, we used¤ RUT . Boundingthenumberof fieldsreduces

thespaceandtimerequirementfor ouranalysis,but canmake

theresultlessprecise.

Our testbedconsistedof a 333 MHz uniprocessorPow-

erPCrunningAIX 4.1.5,with 1 MB L2 Cacheand512 MB

memory. We selecteda setof 10 medium-sizedto large-sized

benchmarksdescribedin Table1 to run our experiments.Ta-

ble2 givestherelevantcharacteristicsfor thebenchmarkpro-

grams. Columns2 and3 give the numberof classesandthe

sizeof theclassesin bytesfor thesetof programs.Columns

4 and5 presentthe total numberof objectsdynamicallyallo-

catedin theusercodeandoverall(includingboththeusercode

andthe library code). Columns6 and7 show thecumulative

spacein bytesoccupiedby theobjectsduringprogramexecu-

tion. Finally, columns8 and9 show thetotal numberof lock

operationsdynamicallyencounteredduringexecution.

In the restof this section,we presentour resultsfor the

abovevariantsof our analysis.All of theremainingmeasure-

mentsthatwepresentreferto objectscreatedin theusercode

alone.Modifying any operationsrelatedto objectcreationin

the library codewould require recompilationof the library

code(not donein our currentimplementation).Section7.1

discussesresultsfor stackallocationof objects. Section7.2

discussesresultsfor synchronizationelimination. Section7.3

discussestheactualexecutiontimeimprovementsdueto these

two optimizations.

N 56� 9�����
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Figure8 showsthepercentageof userobjectsthatweallocate

on the stack,and Figure 9 gives the percentagein termsof

space(bytes)that is stack-allocatable.

A substantialnumberof objectsarestack-allocatablefor

jacorb, jolt, wingdis, andtoba (if onedoesnotbound

thenumberof fieldsnodes).We did not seemuchdifference

betweenFS and FI (i.e. flow-sensitive and flow-insensitive

withoutboundingthenumberof fieldsdistinguished).And in

mostcases,boundingthenumberof field did not makemuch

differencein thepercentagevalues(for example,seetrans,

jgl, jolt, jobe, javacup, hashjava, andwingdis).

Interestingly, toba andjolt (both of which areJava to C

translators)have similar characteristicsin termsof stackal-

locatabilityof objects.Both of thesebenchmarkshave a sub-

stantialnumberof objectsthatarestack-allocatable.But in the

caseof toba, limiting thenumberof fieldsdrasticallyreduces

thenumberof objectsthatarestack-allocatable.

N 5� V ��
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For lock elimination,we collectedtwo setsof data(againfor

differentvariantsof theanalysis).Firstwemeasuredthenum-

berof dynamicobjectsthatarethread-localandthenwemea-

suredhow many lock operationsareexecutedover theseob-

jects. Figure10 shows thepercentageof userobjectsthatare

local to a thread,andFigure11 shows thepercentageof lock

operationsthatareremovedfor thesethread-localobjectsdur-

ingexecution.It canbeseenthatourmostpreciseanalysisver-
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Program Number size Numberof objects Sizeof objectsin bytes Totalnumberof
of of allocated allocated locks

classes classes user user+ library user user+ library user user+ library
trans 142 503K 263K 727K 7656K 31333K 868K 885K
jgl 135 217K 3808K 4157K 124409K 139027K 10391K 10434K
jacorb 436 308K 103K 48036K 2815K 3423323K 546K 672K
jolt 46 90K 94K 593K 3006K 17511K 1030K 1348K
jobe 46 60K 204K 339K 7957K 13331K 77K 106K
javacup 59 101K 67K 330K 1672K 8454K 191K 287K
hashjava 98 183K 173K 248K 4671K 827K 158K 165K
toba 19 86K 154K 2201K 5878K 59356K 1060K 1246K
wingdis 48 178K 840K 2561K 25902K 92238K 2105K 2299K
pbob 65 333K 19787K 48206K 639980K 2749520K 35691K 171189K

Table2: Benchmarkscharacteristics

sionfindsa lot of opportunitiesto eliminatesynchronization,

removing more than50% of the synchronizationoperations

in half of the programs.Onecandeducecertaininteresting

characteristicsby comparingthe two graphs.For pbob, one

canseethatthepercentageof thread-localobjects( W G�X
Y ) is

higherthanthe percentageof locks removed ( WZ� G�Y ). Our

observationis thatrelatively few thread-localobjectsareactu-

ally involvedin synchronization.

For wingdis, we have found a large percentageof ob-

jectsthat arethread-local( W F
G�Y ), andwereableto remove

W\[�� Y of them. Notice thatjobe hasvery few thread-local

objects.(Thepercentagesrangebetween0.3%and0.8%,too

small to have any significance.)However, theversionsof our

analysisusingunboundednumberof field nodesareable to

remove a muchhigherpercentageof synchronizationopera-

tions thanthe boundedversion. We conjecturethat this dif-

ferencecomesfrom the fact that in theboundedcases,some

GlobalEscapefieldsandNoEscapefieldscanbemappedonto

the samenode,resultingin lossof precision. Another inter-

estingcharacteristicwe observed is that for most cases,all

four variantsof theanalysisperformedequallywell (exceptfor

jacorb, hashjava, toba, andpbob). For toba, bound-

ing thenumberof fields,again,significantlyreducedtheper-

centagevaluesof boththenumberof thread-localobjectsand

thenumberof synchronizationoperationsthatcouldbeelimi-

nated.
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Table3 summarizesour resultsfor executiontime improve-

ments.Thesecondcolumnshows theexecutiontime (in sec-

onds)prior to applyingoptimizationsdueto escapeanalysis.

The third column shows the percentagereductionin execu-

tion time dueto stackallocationof objectsandsynchroniza-

tion eliminationwith our flow-sensitiveanalysisversion.The

time for pbob is not shown, becauseit runs for a predeter-

minedlengthof time; its improvementis givenasanincrease

in thenumberof transactionsin that time period. pbob was

runon a4-wayPowerPCSMPmachine.

Table3 shows an appreciableperformanceimprovement

(greaterthan15% reductionin executiontime) in threepro-

gramsandrelatively modestimprovementsin otherprograms.

^ I�%73 ����%^�`_ª�$	*)

Lifetime analysisof dynamicallyallocatedobjectshasbeen

traditionally usedfor compiletime storagemanagement[24,

22, 3]. Park andGoldberg introducedthetermescapeanaly-

sis [22] for staticallydeterminingwhich partsof a list passed

to afunctiondo notescapethefunctioncall (andhencecanbe

stackallocated).OthershaveimprovedandextendedParkand

Goldberg’s work [12, 4]. Birkedalet al. [3] proposea region

allocationmodel,whereregionsaremanagedduringcompila-

tion. A typesystemis usedto translateafunctionalprogramto

anotherfunctionalprogramannotatedwith regionswhereval-

uescouldbestored.Hanan[18] usesatypesystemto translate

astronglytypedfunctionalprogramto anannotatedfunctional

program,wheretheannotationis usedfor for stackallocation

ratherthanfor regionallocation.

Priorwork onsynchronizationoptimizationhasaddressed

the problemof reducingthe amountof synchronization[13,

20, 21]. Theseapproachesassumethat the mutualexclusion
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Figure8: Percentageof userlocalobjectsallocatedon thestack.
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0

20

40

60

80

100

trans
jgl

jacorb
jolt

jobe
javacup

hashjava
toba

wingdis
pbob

FS

BFS

FI

BFI

Figure11: Percentageof locksremoved.

16



ordering implied by the original synchronizationis needed,

andsoonly attemptto reducethenumberof suchoperations

without violating the original ordering. In contrast,our ap-

proachfindsunnecessarymutualexclusionlockoperationsand

eliminatesthem.

Therehave beena numberof parallel efforts on escape

analysisfor Java[15,23, 6, 1, 25,5]. BogdaandHölzleuseset

constraintsfor computingthread-localobjects[6]. Their sys-

temis a bytecodetranslater, andusesreplicationof execution

pathsasthe meansfor eliminatingunnecessarysynchroniza-

tion. After replication,they convertsynchronizedmethodsthat

accessonly thread-localobjectsinto non-synchronizedmeth-

ods. This conversion, in general,breaksJava semantics—

sinceat thebeginningandthe endof a synchronizedmethod

or a statement,thelocal memoryhasto besynchronizedwith

themainmemory(seeSection6). Replication,however, offers

anopportunityfor specializinganallocationsitethatgenerates

boththread-localandthread-globalobjectsalongdifferentcall

chains.They alsosummarizetheeffect of native methods(al-

thoughmanually).Using thesummaryinformation,they im-

prove the precisionof their analysis. Our approachcan be

extendedto includespecializationandnativemethodanalysis.

Aldrich et al. describea set of analysesfor eliminating

unnecessary synchronizationon multiple re-entriesof a mon-

itor by thesamethread,nestedmonitors,andthread-localob-

jects[1]. They alsoremovesynchronizationoperations,which

can breakJava semantics. They claim that their approach,

however, shouldbe safefor mostwell-written multithreaded

programsin Java, which assumea “looser synchronization”

modelthanwhatJavaprovides.

Program Execution percentage
time (sec) reduction

trans 5.2 7 %
jgl 18.8 23 %
jacorb 2.5 6 %
jolt 6.8 4 %
jobe 9.4 2 %
javacup 1.4 6 %
hashjava 6.4 5 %
toba 4.0 16 %
wingdis 18.0 15 %
pbob N/A 6 %

Table3: Improvementsin executiontime

Blanchetusestype heights(which are integer values)to

encodehow anobjectof onetypecanhave referencesto other

objectsor is asubtypeof anotherobject[5]. Theescapingpart

of an objectis representedby the heightof its type. He pro-

posesa two-phase(a backwardphaseand a forward phase)

flow-insensitive analysisfor computingescapeinformation.

He usesescapeanalysis,like our work, for both stackallo-

cationandsynchronizationelimination. For synchronization

elimination, beforeacquiringa lock on an object å , his al-

gorithm testsat runtimewhether å is on the stack– if it is,

thesynchronizationis skipped.Our algorithmusesa separate

thread-localbit within eachobject,andcanskip thesynchro-

nizationevenfor objectsthatarenotstackallocatable(but are

threadlocal).

To reducethesizeof finite-statemodelsof concurrentJava

programs,Corbettusesatechniquecalledvirtualcoarsening[10].

In virtual coarsening,invisible actions(e.g.,updatesto vari-

ablesthat arelocal or protectedby a lock) arecollapsedinto

adjacentvisibleactions.Corbettusesasimpleintraprocedural

pointeranalysis(aftermethodinlining) to identify theheapob-

jectsthatarelocalto athread,andalsoto identify thevariables

thatareguardedby variouslocks. Dolby’s analysistechnique

for inlining of objectsin C++canalsobeextendedto eliminate

synchronizationin Javaprograms[14].

a�y � � 
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In this paper, we have presenteda new interproceduralalgo-

rithmfor escapeanalysis.Apartfromusingescapeanalysisfor

stackallocationof objects,wehavedemonstratedanimportant

new applicationof escapeanalysis– eliminatingunnecessary

synchronizationin Java programs.Our approachusesa data

flow analysisframework andmapsescapeanalysisto a sim-

ple reachabilityproblemover a connectiongraphabstraction.

With apreliminaryimplementationof thisalgorithm,ourstatic

Javacompileris ableto detecta significantpercentageof dy-

namicallycreatedobjectsasstack-allocatable,ashighas70%

in somecases.It is ableto eliminate11%to 92%of lock oper-

ationsin our benchmarks(eliminatingmorethan50%of lock

operationsin half of them). We observe overall performance

improvementsrangingfrom 2% to 23% on our benchmarks,
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andfind thatmostof theseimprovementscomefrom savings

on lock operationson the thread-localobjects,as thesepro-

gramsdo not seemto incur a significantgarbagecollection

overheaddueto relatively low memoryusage.We expectto

improve theseresultswith a moreaggressive implementation

of ouralgorithmthattreatsnativemethodslessconservatively,

andby applyingour optimizationsto the Java standardclass

library routinesaswell. In the future,we alsoplan to extend

our algorithmto cover the more generalproblemof region-

basedstorageallocation,andto eliminateunnecessarysync

operationsfor flushingof localmemory.

Interproceduralanalysisin thepresenceof dynamicload-

ing andreloadingof classes,asallowedin Java,is in generala

hardproblem.We arecurrentlyworking on extendingour es-

capeanalysisto Jalapẽno,adynamicJavacompilationsystem

at IBM Research[8].

�Q
() � ��'83 %(� � %�#�% � �

We would like to thankDavid Bacon,Michael Burke, Mike

Hind,GanesanRamalingam,VivekSarkar, VenSeshadri,Marc

Snir, and Harini Srinivasanfor useful technicaldiscussions.

WealsothankOOPSLA’99 andPLDI’99 refereesfor their in-

sightful commentson earlydraftsof thepaper.

I£%0+,%�	�% � 
0%(�

[1] JonathanAlridch, CraigChambers,EminGunSirer, and

SusanEggers. Static analysisfor eliminating unnes-

sarysynchronizationfrom java programs. In Proceed-

ings of the Sixth International Static AnalysisSympo-

sium, Venezia,Italy, September1999.

[2] D. F. Bacon, R. Konuru, C. Murthy, and M. Serrano.

Thin locks: Featherweightsynchronizationfor Java. In

Proc.ACM SIGPLANConferenceonProgrammingLan-

guageDesignand Implementation, Montreal, Canada,

June1998.

[3] L. Birkedal,M. Tofte,andM. Vejlstrup.Fromregion in-

ferenceto vonNeumannmachinesvia regionrepresenta-

tion inference.In Proc.23rdAnnualACM Symposiumon

Principlesof ProgrammingLanguages, January1996.

[4] B. Blanchet. Escapeanalysis:Correctness,proof, im-

plementationand experimentalresults. In Proc. 25th

AnnualACM Symposiumon Principlesof Programming

Languages, pages25–37,SanDiego,CA, January1998.

[5] BrunoBlanchet.Escapeanalysisfor objectorientedlan-

guages:Application to Java. In Proceedingsof ACM

SIGPLANConferenceonObject-OrientedProgramming

Systems,Languages,and Applications, Denver, Col-

orado,November1999.

[6] Jeff BodgaandUrs Hölzle. Removing unnecessaysyn-

chronizationin java. In Proceedingsof ACM SIG-

PLAN Conference on Object-OrientedProgramming

Systems,Languages,and Applications, Denver, Col-

orado,November1999.

[7] Michael Burke, Paul Carini, Jong-Deok Choi, and

Michael Hind. Flow-insensitive interproceduralalias

analysisin the presenceof pointers. In K. Pingali,

U. Banerjee,D. Gelernter, A. Nicolau, and D. Padua,

editors,LectureNotesin ComputerScience,892, pages

234–250.Springer-Verlag,1995. Proceedingsfrom the

7th Workshopon Languagesand Compilersfor Paral-

lel Computing. ExtendedversionpublishedasResearch

ReportRC 19546,IBM T. J. WatsonResearchCenter,

September1994.

[8] Michael G. Burke, Jong-Deok Choi, StephenFink,

David Grove, Michael Hind, Vivek Sarkar, Mauricio J.

Serrano,V. C. Sreedhar, Harini Srinivasan,and John
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