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Abstract

This paperpresents simpleandefficient dataflow algorithm
for escapeanalysisof objectsin Java programsto determine
(i) if anobjectcanbe allocatedon the stack;(ii) if anobject
is accessednly by a singlethreadduringits lifetime, sothat
synchronizatiomperation®nthatobjectcanberemoved. We
introducea new programabstractiorfor escapeanalysis,the
connectiongraph, thatis usedto establishreachabilityrela-
tionshipshetweerobjectsandobjectreferencesWe show that
theconnectiorgraphcanbesummarizedor eachmethodsuch
thatthesamesummaryinformationmaybe usedeffectively in
different calling contexts. We presentan interprocedurahl-
gorithm that usesthe above propertyto efficiently compute
theconnectiorgraphandidentify thenon-escapingbjectsfor
methodsandthreads.The experimentakesults,from a proto-
type implementatiorof our framevork in the IBM High Per
formanceCompilerfor Java,arevery promising.Thepercent-
ageof objectsthatmaybeallocatedon the stackexceeds7’0%
of all dynamicallycreatedbjectsin threeout of thetenbench-
marks(with a medianof 19%),11%to 92% of all lock oper
ationsareeliminatedin thoseten programgwith a medianof
51%), and the overall executiontime reductionrangesfrom
2% to 23% (with a medianof 7%) on a 333 MHz PowerPC

workstationwith 128 MB memory

To appearin the 1999 ACM SIGPLAN Conferenceon Object-
Oriented ProgrammingSystems, Languages and Applications
(OOPSLA99) Derver, ColoradoNovemberl, 1999.

1 Introduction

Java continuesto gainimportanceasa languagefor general-
purposecomputingandfor sener applications.Performance
is an importantissuein theseapplicationervironments. In
Java, eachobjectis allocatedon the heapand canbe deallo-
catedonly by garbagecollection. Eachobjecthasalock asso-
ciatedwith it, whichis usedto ensuremutualexclusionwhen
a synchronizednethodor statements invokedon the object.
Both heapallocationandsynchronizatioron locksincur per
formanceoverhead- In this paper we presenescapenaly-
sisin thecontext of Javafor determiningvhetheranobject(1)
may escapethe method(i.e., is not local to the method)that
createdheobject,and(2) mayescapehethread thatcreated
theobject(i.e., otherthreadamayaccesshe object).

For Javaprogramsye identify two importantapplications

of escapanalysis:

1. If anobjectdoesnotescap@methodjt canbeallocated
onthemethodsstackframe. Thishastwoimportantim-
plications. First, stackallocationis inherentlycheaper
thanheapallocation which requireqoccasionallysyn-
chronizingthe allocatorwith otherthreads. Stackal-
locationalsoreducegarbagesollectionoverheadsince
thestorageonthestackis automaticallyreclaimedvhen
the methodreturns. As well, if anobjectdoesnot es-
capea method,it opensup the possibility of strength-
reducingthe object accessesnd eliminating the cre-

ationof the object.

2. If anobjectdoesnotescapeathreadthennootherthread

1 We usesynchronizatiorandsynchronizatiormperatiorsynonymously



accessetheobject. This hasseveralbenefitsgspecially
in a multithreadedmultiprocessorernvironment. First,
we can eliminatethe synchronizatiorassociatedvith
this object. Note that Java memorymodelstill requires
thatweflushtheJavalocalmemoryatnoni t or ent er
andnoni t or exi t statements.Second,objectsthat
arelocal to a threadcanbe allocatedin the memoryof
the processowherethatthreadis scheduledThislocal
allocationhelpsimprove datalocality. Third, with fur-
theranalysissomeoperationgo flushthelocalmemory

canbesafelyeliminated.

In this paper we introducea new framework for escape
analysis,basedon a simple programabstractioncalled the
connectiorgraph. The connectiongraphabstractiorcaptures
the “connectiity” relationshipamongheapallocatedobjects
andobjectreferenceskFor escapanalysiswe simply perform
reachabilityanalysison the connectiongraphto determineif
an objectis local to a methodor local to a thread. Differ-
entvariantsof our analysiscanbe usedeitherin a staticJava
compiler a dynamicJava compilet a Java applicationextrac-
tor, or a bytecodeoptimizer To evaluatethe effectivenessof
our method,we have implementedvariousflavors of escape
analysisn the context of a staticJavacompiler[11], andhave
analyzedenmediumto large benchmarks.

Themain contritutionsof this paperare:

e We presenta new, simple interproceduraframevork
(with flow-sensitve and flow-insensitve versions)for

escapeanalysign thecontext of Java.

¢ Wedemonstratanimportantapplicationof escapanal-
ysisfor Javaprograms-thatof eliminatingunnecesary
lock operationson thread-localobjects. To the bestof
our knowledge, oursiis the first applicationof escape
analysisfor eliminating synchronizatioroperations.lIt
leadsto significantperformancdenefitsevenwhenus-
ing ahighly optimizedimplementatiorof locks,namely
thin-loks[2].

e We describehow to handleexceptiongn Java, without
beingunduly consenative. Theseideascanbe applied

to otherdataflow analysesn the presencef exceptions

aswell.

e We introducea simple programabstractioncalled the
connectiorgraph whichis well suitedfor thepurposeof
escapeanalysis.lt is differentfrom points-tographsfor
alias analysiswhosemajor purposeis memorydisam-
biguation. In the connectiorgraphabstractionyve also
introducethenotionof phantormodeswhich allows us
to summarizehe effectsof a calleeproceduréndepen-
dentof thecalling contet. Thissuccinctsummarization

helpsimprove the overall speedf thealgorithm.

o We presentextensie experimentalresultsfrom anim-
plementatiorof escapenalysisn a Javacompiler We
shaw thatthe compileris ableto detectmorethan19%
of dynamically createdobjectsas stack-allocatablén
five of the ten benchmarkghat we examined(finding
higherthan 70% stack-allocatablebjectsin threepro-
grams).We areableto eliminatel11%-92%of lock oper
ationsin thoseten programs.The overall performance
improvementrangesfrom 2% to 23% on a 333 MHz

IBM PowerPCworkstationwith 1228 MB memory

The restof this paperis organizedasfollows. Section2
presentur connectiongraphabstraction.Sections3 and 4
respectrely describethe intraprocedurabndinterprocedural
analysesto build the connectiorgraphandto identify the ob-
jects that do not escapetheir methodor threadof creation.
Section4 also describeghe differencebetweenthe connec-
tion graphfor escapenalysisandthepoints-tographfor alias
analysis.Sections elaborate®nhandlingof Javafeaturedike
exceptionsandobijectfinalizers.Section6 describeshetrans-
formationandthe run-timesupportfor the optimization,and
Section7 presentexperimentalresults. Section8 discusses

relatedwork, andfinally, Section9 presentgonclusions.
2 Framework for Escape Analysis

We begin by presentingour framework for escapeanalysis.
We first define,in Section2.1, the notion of escapemerand
introducea lattice for escapementThenin Section2.2, we
introducea connectiorgraphabstractiorfor our escapenal-

ysis.



2.1 Escapement of an Object

We beagin by formalizingthe notionof escapemerdf anobject

from amethodor athread.

Definition 2.1 LetO beanobjectinstanceand M bea method
invocation.O is saidto escapeM , denotedas Escapes(O, M),

if thelifetime of O mayexceedhelifetime of M.

Definition 2.2 LetO bean objectinstanceand T’ bea thread
(instance) O is saidto escap€l’, againdenotedas
Escapes(0, T), if anotherthread, T’ # T, mayacces®.

Alternatively, we saythatanobjectO is stak-allocatable
in M if ~Escapes(O, M), andanobjectO islocalto athread
T if =Escapes(0,T).

Let M be a methodinvocationin a threadT'. The life-
time of M is, in that case boundedby the lifetime of T'. If
anotherthreadobject,7”, is createdn M, we consenatively
set Escapes(O’, M) to betrue for all objectsO’ (including
T') thatarereachablérom 7”. Thus,we ensurehefollowing

proposition:

Proposition2.3 For anyobjectO, ~Escapes(O, M) implies
—Escapes(0,T), where method) is invokedn threadT.

Intuitively, thepropositiorstateghatanobject,whosédife-
time is inferredby our analysisto be boundedy thelifetime
of amethod canonly beaccessedly asinglethread.

To aid in our analysis,we definean escapemenitattice
consistingof threeelements:NoEscapdT), ArgEscapeand
GlobalEscapd_). Theorderingamongthe lattice elements
is: GlobalEscape < ArgEscape < NoEscape. NoEscape
meanghatthe objectdoesnot escapehe methodin which it
wascreated.ArgEscapavith respecto a methodmeanghat
the objectescapeshat methodvia themethodargumentsput
doesnotescapehethreadn whichit is created Finally, Glob-
alEscapemeanghatthe objectis regardedasescapingylob-
ally (i.e., all threadsandmethods).Let A € EscapeSet =
{NoEscape, ArgEscape, GlobalEscape}, then
AANoEscape = A,andAA GlobalEscape = GlobalEscape.

Upon the completionof our interprocedurabnalysis,all
objectsthataremarkedNoEscaperestack-allocatablen the

methodin which they are created. Furthermore all objects

that are markedNoEscapgdueto Proposition2.3 above) or
ArgEscapearelocal to the threadin which they are created,
andsowe caneliminatethesynchronizatiolin accessinghese

objectswithout violating Java semantics.
2.2 Connection Graph Abstraction

In Java, objectsare createdvia new statements.To simplify
thediscussionye shallview eacharrayasasingle,monolithic
object. In this section,we introducea compile-timeabstrac-
tion calledthe ConnectiorGraphthatcaptureghe connectv-

ity relationshipamongobjects.

Definition 2.4 A connectiorgraphis a directedgraphCG =
(NoUN,.UN;UN,, E,UE3U Ey), wher

e N, repreentsthe setof objects.We createat mostone

objectnodeper statement.

e N, representsthe setof referencevariables(localsand

formals)in the program.
¢ N; represantsthe setof non-statidfield nodes.

e N, represensthesetof staticfield nodesj.e., all global

variablesin theprogram.

e FE, isthesetof points-toedges.If z — y € E,, then
z € N.UN;UN, andy € N..

e Ej isthesetof deferrededges.If z — y € Eq4, then
z,y € N, UN;sUN,.

e E; is the setof field edges. If z — y € Ey, then
z € Noandy € Ny U N,.

Figure1 illustratesan exampleof a connectiongraph. In
figures,we represeneachobjectas a treewith the root rep-
resentingthe objectandthe childrenof the root representing
the referencedields within the object® Also, in ourfigures,a
solid-line edgerepresents points-toedge,anda dotted-line
edgerepresents deferrededge. In the text, we usethe nota-
tionz 5 y to represent points-toedgefrom nodez to node
Y,z L y to represena deferrededgefrom z to ¢, andz il y

to represenafield edgefrom z to y.

2We usea 1-limited namingschemewhich createsonenodefor eachnew
statemenin the program.

3SinceJavadoesnotallow nestecbbjectsthetreerepresentationf anobject
consistof only two levels— therootandits children.
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Figurel: A simpleconnectiorgraph. Boxesindicateobjectnodesandcirclesindicatereferencenodes(includingfield reference
nodes).Solid edgesndicatepoints-toedge dashededgesndicatedeferrededges and edgesdrom boxesto circlesindicatefield

edges.

We assignto eachfield f in an objecta uniquenumber
fid(f) thatcorrespondso thefield identifier (or offset)in the
classdefiningthe object. Let O, andO- betwo objectscon-
structedrom the sameclassC'. Let f be afield definedin C,
thenfid(O:.f) = £id(O-. f).

We usedeferrededgesto modelassignmentthat merely
copyreference$rom onevariableto another Deferrededges
defercomputationgluringconnectiorgraphconstructionand
therebyhelpin reducingthe numberof graphupdateeeded
during escapeanalysis. Deferrededgeswerefirst introduced
for flow-insensitve pointeranalysisn [7].

Given areferencenodem € N, U Ny U N, the setof
objectnodesO C N, thatit (immediately)points-tocanbe
determinedy traversingthe deferrededgesrom m until we
visit thefirst points-toedgein the path. The destinatiomode
of the points-toedgewill bein O. We formalizethis asfol-

lows:

Definition 2.5 Letm € N, U Ny U Ny. A points-topath
of lengthone, denotedas m it n, is a sequencef edges
m=mo 2 m > ... 5 nthatterminatesn a points-to
edgeand containsexactly one points-toedgein the path (all

otheredgesif any, are deferrededges).

Definition 2.6 Letm € N, U Ny U N, thenthesetof object
nodeghat nodesm points-tois:

PointsTo(m) = {n|m £ n}.

With eachnoder € N, we associaten escapestate de-
notedasEscapeState[n], thatis anelemenbf EscapeSefThe
initial statefor eachnodein N, is GlobalEscapewhereagshe
initial statefor eachnodein N, U N, U Ny, unlessother

wise stated,is NoEscapgin Sections4 and5, we shall dis-

cussnodesrepresentingparametersthreadobjects,and ob-
jectswith non-trvial finalizers whichareinitializedasArgEscae,

GlobalEscapeandGlobalEscaperespectiely).
2.3 Basic Idea for Escape Analysis

In the next severalsectionsye will shav how to computethe
connectiongraphabstractionand useit to computeescape-
mentof objects. Theintuition behindour algorithmis based
on the following key obsenation: Let CG be a connection
graphfor a methodM, andlet O beanobjectnodein CG. If
O canbereadedin CG fromanynodewhoseescapestateis
notNoEscapethenO escaped/. Theintuition easilyextends

to the escapemendf anobjectfrom athread.
3 Intraprocedural Analysis

Given the control flow graph(CFG) representationf a Java
method we usea simpleiterative schemeor constructinghe
intraproceduratonnectiorgraph.We describeéwo variantsof
our analysis,a flow-sensitve version,and a flow-insensitve
version.To simplify thepresentationye assumehatall multiple-
level referenceexpressionsof the form a. b.c.d... are
split into a sequenceof simple two level referenceexpres-
sionsthat are of the form a. b. Any bytecodegeneratoru-
tomatically doesthis simplification for us. For example,a
Java statemenbf theforma. b. c. d = new T() will be
transformednto asequencef simplerstatementst = new
T(); t1 =a.b; t2 =tl.c; t2.d = t; wheret,
t 1, andt 2 arenew temporaryreferencevariablesof theap-
propriatetype.

To simplify ourpresentationweintroduceafunctioncalled

ByPass(p) thatwhenappliedto anodep € N, U N; redi-



ByPass(p)

Figure2: lllustrating ByPass(p) function

rectstheincomingdeferrededgesof » to the successonodes
of p. Thetype of redirectededgeis the sameasthe type of
edgefrom p to the correspondinguccessonode. It alsore-
moves ary outgoingedgesfrom p. Figure 2 illustratesthe
ByPass(p) function. More formally, let R = {r|r R p},
S = {s|p 5 s}, andT = {t|p > t}. ByPass(p) remores
theedgesn theset{r A plr € R}U{p L sls e Stu{p LA
t|t € T} from the connectiongraph(CG) andaddsedgesn
theset{r A slr€ Rands € S}U{r 2 tlr € R andt €
T} tothe CG. Notethat ByPass(p) canalwaysbe appliedto
areferencenodeto eliminateits incomingdeferrededges.
Givena nodes in the CFG,the connectiorgraphat entry
to s (denotedasC{) andthe connectiorgraphat exit from s
(denotedas C3) arerelatedby the standarddataflow equa-

tions:

Cs £2(C7)

Cis = A'r‘GPred(s)ng

Wedefineamegebetweeriwo connectiorgraphsC, = (N1, E1)
andC> = (N2, E2) to betheunionof thetwo graphs.More
formally, C1 A C2 = (N1 U N2, E1 U E»).

Figure 3 illustratesthe connectiongraphsat variouspro-
grampointscomputedisingtheanalysisiescribedn this section®
Giventhe bytecodesimplificationof Java programswe iden-
tify four basic statementghat affect intraprocedurakscape
analysis: (i) p = new (), (i) p = g, (i) p.f = g, (iv)

p = q.f. We presenthe transferfunctionsfor eachof these

statements.

p =newr() Wefirstcreateanew objectnodeO (if onedoes

not alreadyexist for this site). For flow-sensitve analy-

*In orderto keepthefiguresimple,we have not transformed statemenlike
a.f = new T1() toitsequivalentform:t = new T1(); a.f =t;.

sis,wefirstapply ByPass(p) andthenaddanew points-
to edgefrom p to O. For flow-insensitve analysiswe
do not apply ByPass(p), but simply addthe points-to
edgefromp to O.

p =9 Asinthepreviouscasefor flow-sensitve analysiswe
first apply ByPass(p), andthenaddthe edgep R q.
Again, for flow-insensitve analysisveignore ByPass(p)
but addthe edgep L g. Thedifferenceis thatwe can
kill whatp pointsto with flow-sensitve analysisput not

with flow-insensitve analysis.

pf=q LetU = PointsTo(p). If U = 0, theneither (i)
p is null (in which case,a null pointerexceptionwill
bethrown), or (ii) theobjectthatp pointsto wascreated
outsideof thismethod(this couldhapperif p is aformal
parameteor reachabldrom a formal parameter).We
consenatively assumehe secondpossibility (if U =
@) andcreatea phantomobjectnodeO,:, andinserta
points-toedgefrom p to Oy (if p is null, theedgefrom
p 10 Oy is spurious put doesnot affect the correctness

of ouranalysis).

Duringinterproceduradnalysisthephantonmodeswill
be mappedbackto the actualnodescreatedby the ap-
propriateprocedure. (We alsousea 1-limited scheme
for creatingphantomnodes.) Now let V' = {v|u it
v and v € U and fid(v) = f}. Again, it is pos-
sible that V' is empty In this case,we createa field
referencenode(lazily) andaddit to V. Finally we add
edgesn {v EA glv € V'} totheconnectiorgraph.Note
thatevenfor flow-sensitve analysiswe cannotin gen-

eralkill whatever p. f waspointingto, andsowe do not
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Figure3: An exampleillustrating connectiorgraphcomputation Theconnectiorgraphsat S1andS2 arenot shavn.

apply ByPass(p.f) .°

p=qf LetU = {ulg 25 u}, V = {vju D vand u €
U and fid(v) = fid(f)}. Asin thepreviouscase|f
U is empty we createa phantomnodeandaddit to U,
andif V' is empty we createa field referencenodeand
additto V.

For flow-sensitve analysis we first apply ByPass(p),
andthenaddthe edgesn {p A v|v € V'} to thecon-
nectiongraph. For flow-insensitve analysiswe once
againignore ByPass(p), but add the edgesin {p LA
v|v € V'} to theconnectiorgraph.

4 Interprocedural Analysis

The intuition behindour interprocedurahnalysisis basedon
thefollowing obsenation. Assumethata methodA callsan-
othermethodB. Now if the methodB hasalreadybeenan-
alyzedfor escapanalysisthenwhen A is analyzedntrapro-

cedurally it cansimply usethe summaryinformation of B

SThis is becausevena single objectthatp pointsto in any k-limited rep-
resentatiormay correspondo more thanone programobject. One caneasily
construciexamplego shaw thatakill in this casecanbeincorrect.

without going throughthe body of methodB (this makeses-
capeanalysidifferentfrom aliasanalysisasdescribedurther
in Section4.6). This analysisprocesds akin to elimination-
style of dataflow analysis. We usea programcall graphto
representhecallercalleerelation. SinceJava supportsirtual

methodcalls,we usetypeinformationto refinethecall graptf .

We iterateover the nodesin the call graphgraphin areverse
topologicalorderuntil the dataflow solutionconverges’

We handleJava threadobjectsconsenatively. Considera
Javathreadbbjectin amethodM: ¢ = new Thread(); t.start().
t.start() startsthe executionof the new threadt. Sincethe
lifetime of ¢ mayexceedthelifetime of (aninvocationof) M
andsincetheobjectt is accessetly morethanonethread(the
creatingandthe createdhread),we mark ¢ asGlobalEscape
In generalwe markary objectthatimplementgheRunnabl e
interfaceas GlobalEsape This ensuresalthoughconsenra-
tively, thatary objectusedasa thread,or ary objectthatis
reathablefrom sucha threadobject globally escapes.Note

thatthis doesnot meanthat objectscreatedduring the execu-

SWe could furtherrefinethe call graphby constructinghe graphin tandem
with the constructiorof the points-tograph[19].
TWeignorebackedgesn determiningthe reversetopologicalorder



cl ass ListEl enent
{
int data;
Li st El ement next;
static ListElement g = null;
Li st El enent () {data = 0; next = null;}

static void L(int p, int Q)
{

SO: Li st El enent u = new Li st El enent ();
ListElement t = u;
while(p > q)
{
S1: t.next = new ListEl enent();
t.data = g++;
t = t.next;
S2: Li st El enent v = new Li st El enent();
NewLi st El enent. T(u, v);
}
}
cl ass NewlLi st El emrent
{
Li st El enent org; (B)

NewlLi st H enent next;
NewLi stH enent () {org = null; next = null;}

static void T(ListElement f1, ListElenment f2)

{
S3: NewLi st El ement r = new NewlLi st Elerment () ;
while(fl !'= null)

{
S4: r.org = f1. next;
S5: r.next = new NewlistH enent ();
/1 do sonme conputation using r
. /1 w o changing the data structure
S6: r = r.next;
if(fl. data == 0)
{
S7: Li stEl enent.g = f2;
}
fl1 = f1.next;
}
}
}

(A

Figure4: An exampleprogramfor illustratinginterprocedurahnalysisandits call graph.
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Figure5: Connectiorgraphsatvariouspointsin the call graph.Nodesthatescapeylobally areshadaved.

tion of threadt will be markedGlobalEsape
We will usethe Java exampleshown in Figure4 to illus-

trateour interproceduraframevork. In this example,method
L() constructsa linkedlist andmethodT’() constructsa tree-
like structure.Figure4(B) shownsthe callercalleerelationfor
the example programshawn in Figure 4(A). In Figure 4(B)
we identify four pointsof interestto whatarerelevantfor in-
terprocedurahnalysis:(1) methodentry, (2) methodexit, (3)
immediatelybeforea methodinvocation,and(4) immediately
afteramethodnvocation.We will presenburanalysisateach

of thesefour pointsof interestin thefollowing subsections.

4.1 Connection Graph at Method Entry

We processeachformal parameter(of reference-type)n a
methodoneat a time. Notethattheimplicit t hi s reference
parametefor aninstancanethodappearssthefirst parame-
ter. For eachformal parametelf;, thereexistsanactualparam-
etera; in the callerof the methodthat producedhe valuefor
fi. At themethodentry point, we canerwvision anassignment
of theform f; = a; thatcopiesthe valueof a; to f;. Since
Java adwocatescall by valuesemanticsy; is treatedike alo-

calvariablewithin the methodbody, andsoit canbekilled by

otherassignment$o f;. We createa phantomreferenenode
for a; andinserta deferrededgefrom f; to a;. The phan-
tom nodesenes as an anchorfor the summaryinformation
that will be generatedvhenwe finish analyzingthe current
method® We initialize EscapeState[f;] = NoEscape and
EscapeState[a;] = ArgEscape. Figure5(B) illustratesthe
referencanoded 1 andf 2, thephantormodesal anda2, and

thecorrespondingleferrededgesat the entryof methodT() .
4.2 Connection Graph at Method Exit

We modelar et ur n statementhatreturnsa referenceo an
objectasan assignmento a specialphantomvariablecalled
return (similar to formal parameters).Multiple returnstate-
mentsare handledby “merging” their respectie returnval-
ues. After completingintraprocedurakscapeanalysisfor a
method,we usethe ByPassfunction (definedin Section3) to
eliminateall the deferrededgesin the CG, creatingphantom
nodeswherever necessaryfFor example, thephantomnodeR
in Figure5(E) is createdduringthis process.

We thendo reachabilityanalysison the CG holdingatthe

returnstatemenof themethodio updateheescapetateof ob-

®We usea; astheanchormointratherthany;, since,in Jaza, f; is treatedas
alocalvariable,andsothedeferrededgefrom f; to a; canbedeleted.



jects. Thereachabilityanalysispartitionsthe graphinto three

subgraphs:

1. Thesubgraphinducedby thesetof nodeghatarereach-
ablefromaGlobalEscap@&ode.Theinitial nodesmarked
GlobalEscapare:staticfieldsof aclassandRunnabl e
objects.This subgraptis collapsednto a singlebottom
nodethatefficiently representsll the nodeswhosees-

capestateis GlobalEscape

2. Thesubgraphinducedby thesetof nodeghatarereach-
able from an ArgEscapenode,but not reachabldrom
ary GlobalEscapenode. The initial ArgEscapenodes
arethe phantomreferencenodesthat representhe ac-
tual agumentsreatedat the entry of amethod suchas
alanda2in Figure4(B).

3. The subgraphnducedby the setof nodesthatare not
reachablerom ary GlobalEscapeor ArgEscapenode

(whichremainmarkedNoEscapg

We call theunionof thefirst andthe secondsubgraphshe
NonLocalGaphof themethod andthethird subgrapttheLo-
calGraph Figure6 givesan efficient implementatiorof the
reachabilityanalysisby propagatingescapestatefrom nodes
with initial stateof GlobalEscapethenfrom nodeswith ini-
tial stateof ArgEscape It is easyto shav thattherecanonly
be edgesfrom LocalGraphto NonLocalGaph andnot vice
versa. The NonLocalGaphrepresentshe summaryconnec-
tion graphof the method. This summaryinformationis used
ateachcall siteinvokingthemethod asdescribedelow in the
next section®

All objectsin LocalGraphthatare createdn the current
methodare markedstack-allocatable Amongthe objects(in
NonLocalGaph) markedGlobalEscapegthosepropagatedrom
acalleeof themethodheedo havetheiroriginal nodesn each
calleeproceduranarkedGlobalEscapeTheoriginal nodesof
a propagatedodein the currentmethodare identifiedusing
the conceptof Maps™® betweerntwo nodesof acallerCG and

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

° As afurtheroptimizationto reducethe sizeof the summaryrepresentation,
eachreferencenodein NonLocalGraphis bypassedy connectingts predeces-
sorsdirectly to its successorsso thatthe NonLocalGraphconsistsonly of the
nodesrepresentingictualparameterspbjectsaccessedia the parametersand
asinglebottomnode.

Reachabi i t yAnal ysi s()

[ERG SN

WorkList = ()

/* Nodes in N, escapes globally */
2 foreachnodem suchthat

3 EscapeState[m] = GlobalEscape do

4. Add m to WorkList.

5: while Work List is notemptydo

6: Remaweanodem from Work List

7 foreachoutgoingedgemn — n do

8 if (EscapeState[n] # GlobalEscape) then
9: EscapeState[n] = GlobalEscape

10: Add n to Work List.

11: endif
12: endfor
13: endwhile

14: WorkList =0
/* Phant om ar gunent nodes */
/* state = ArgEscape */

15: foreachnodem suchthat

16: EscapeState[m] = ArgEscape do
17: Addm to WorkList.

18: while Work List is notemptydo

19: Remaweanodem from Work List
20: foreachoutgoingedgern — n do

21: if (EscapeState[n]) > ArgEscape) then
22: EscapeState[n] = ArgEscape
23: Add n to WorkList.

24: endif

25: endfor

26: endwhile

}

Figure6: Reachabilityanalysisover connectiorgraphto com-
puteescapestateof objects.

original nodesGlobalEscapeanbe performedafterthecom-
pletion of the interprocedurakscapeanalysisin a top down
passoverthecall graph.

Figure5(C)- Figure5(E) showv theconnectiorgraphatthe
exit of methodT( ) . In thisconnectiorgraph,the objectnode
S4is a phantomnodethatwascreatedat Statemen§4during
intraprocedurahnalysisof T() . The objectnodesS3andS5
werecreatedocally in T() . In thefigure,we canseethatthe
structurein Figure5(C) is local to methodT( ), andso will
notescapd () . We alsoseethattheassignmento the global
referencevariable,“g = f 2", makesthe formal parameter
f 2 andthe phantomactualparametea? all GlobalEscapes
shavnin Figure5(E). (In thefigure,adeferrecedgefrom g to
a2 is shown for exposition.) The summarygraphfor method
T() will consistof theNonLocalGaphshavnin Figure5(D).
This summarygraphwill be mappedbackto caller’s connec-

tion graph(seeSectiorn4.4).



4.3 Connection Graph Immediately Before a Method
Invocation

At amethodnvocationsite,eachparametepassings handled

asanassignmerto anactualparametet; atthecaller Letw;
beareferenceo anobjectl/;. Consideacall u; . foo(us, . .
whereus . . . u,, areactualparametero foo(). We modelthe
call asfollows: d1 = wu1;dz = usz;...; foo(dy, dz,...d%).

Notethatif foois avirtual method we will megethe solution
afterprocessinggachmethodto which 1. foo could possibly
resole. Eachd; atthecall sitewill bematchedwith thephan-
tom referencenodea; of the calleemethod. In Figure5(A),

two nodes,a! anda2, arecreatedwith deferrededgespoint-
ing to thefirst andthe secondactualparameterso the call, u

andv, respectiely.

4.4 Connection Graph Immediately After a Method
Invocation

At thispoint, we essentiallymapthecallees connectiorgraph

SUn),

summaryinformationbackto thecallerconnectiorgraph.Three

typesof nodegplayimportantrolein updatingthecaller’s con-
nectiongraph(CG) with the callees CG right aftera method
invocation:d;'s of thecaller's CG, a;’s of thecallees CG,and
ther et ur n nodeof thecallees CG.Updatingthecaller'sCG
is donein two steps:(1) updatingthe nodesetof the caller’s
CG usingd;’s anda;’s; and(2) updatingthe edgesetof the
caller's CG usingad;’s anda;’s. Updatingther et ur n node
is doneduringthefirst stepby treatingther et ur n nodethe
sameasa; andtreatingthe tagetnodeof the methodinvoca-

tion thesameasd;.
Updating Caller Nodes

Figure 7 describedhow we mapthe nodesin the callees CG
with thenodesn thecaller’s CG. Thismappingof nodesfrom
calleeCGto callerCGis basednidentifyingthe MapsTre-

lation amongobjectnodesn thetwo CGs. As abasecasewe

ensurehata; mapsto ¢;. Giventhebasecasewe alsoensure

thatanodein PointTo(a;) mapsoary nodein PointTo(d;).
We formally definetherelationMaps™® (—), amongobjects
belongingto a calleeCG anda caller CG recursvely asfol-

lows:

e a; — d;
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Updat eCal | er Nodes()

27: foreacha;, d; act ual paraneter pair do
28: Updat eNodes (ai, {d:});
29: endfor

}
Updat eNodes( f..: field node;
MapsToF: set of field nodes)
/'l MapsToF is the set of MapsTo
[/l field nodes of f..

{

30:  foreachobjectnoden, € PointTo( f..) do
31: foreachr, € PointTo( fer)

32: such that f.. € MapsToF do

33: if i, & MapsToObj(n,)then

34: MapsToObj(n,)

35: = MapsToObj(n,) U {r.};

36: foreachf.. such that no = fe.do
37: tmpMapsToF = {fe,n | 7o LA fer,
38: fid(fee) = de(fer)}y

39: Updat eNodes( fee, tmpMapsToF) ;
40: endfor

41 endif

42 endfor

43 endfor

}

Figure7: Algorithm to Updatethe Caller’s ConnectiorGraph
Nodes.

o O, € PointsTo(p) —> O4 € PointsTo(q), if

1 (p=ai)A(g=d;)or

2. (p=0.f)A(g=0.9) A
(0 — O) A (Fid(f) = fid(g)).

In Figure?7, MapsToObj(n) denoteshesetof objectsthat
n canbe mappedo usingthe abore Maps™ relation. In the
figure, we usethe subscripter to denotecaller nodesandee
to denotecalleenodes. The algorithm startswith a; anda;
astheoriginal “fields” that mapto/from eachother andthen
recursvely finds otherobjectsin the caller CG thatare Map-
sTo nodesof eachcorrespondingalleeobject. If thereis no
Maps™ nodein the caller CG, we createonewith anescape
stateof NoEscape Then, the escapestateof the nodesin
MapsToObj(n) is markedGlobalEscapéf the escapestate
of n is GlobalEscape

The main body of procedureUpdat eNodes is applied
to all the callee object nodespointedto by the callee field
nodef.. (Statemen80). Givenacalleeobjectnoden., State-

ment32 computeghe setof n,’'s MapsD objectnodesin the



callergraph.Thisis doneby identifyingthesetof callerobject
nodes‘pointed”to by thecallerfield nodef.., whichisitselfa
Maps field nodeof calleenode f.. (i.€. fer € MapsToF).
A caller object node, 7., andits field nodesare createdat
StatemenB2 if no Maps™D caller objectnodeexists. State-
ment33is for termination:it skipsthebody of theloop for 7,
thatis alreadyin MapsToObj(n,). Givenacalleeobjectnode
n, andits Maps™ callernoder,,, Statemen88 computesfor
eachfield nodeof n, (i.e. f-.), the setof Maps® field nodes
of thecaller(i.e. tmpMapsToF'). It thenrecursvely invokes
Updat eNodes, passingf;e and tmpMapsToF asthe new

parametergStatemenB9).

Updating Caller Edges

Recallthatfollowing the removal of deferrededgesthereare
two typesof edgesin the summaryconnectiongraph: field
edgesand points-toedges. Field edgesget createdat State-
ment33in Figure7 while thenodesareupdated.

To handlepoints-toedgeswe do the following: Let p and
g be objectnodesof the calleegraphsuchthatp Ll fe it q.
Then,for eachp € MapsToObj(p) andg € MapsToObj(q),
both of the caller, we establishp LN fp £ g by insertinga

points-toedgefp £ g for eachfield nodefp of  suchthat

fid(fp) = fid(fp).

Example

ConsidethesummaryconnectiorgraphNonLocalGaphsshovn

in Figure5(D) andFigure5(E). First, all nodeghatarereach-
ablefrom globalvariableg aremarked_L (or GlobalEscapg
Then,all nodesreachabldrom the phantomnodeal, but not
reachabldrom g are markedas ArgEscape Now whenwe
analyzemethodL () intraprocedurallyve would constructhe
connectiorshavn in figure thatis right after the methodsite
of T() . We will first markthe phantomnodeal of thecallee
(in Figure5(D)) and the phantomnodea? of the caller (in
Figure5(F)) astheinitial “field” nodes.Thenwe will mapthe
phantomnodeS4, pointedto by a1, to SO, pointedto by a?.
Thecycle in the NonLocalGaphof T() resultsin alsomap-
ping S1 asa Maps™ nodeof S4. The cycle alsoresultsin
insertingedgedrom thenext fieldsof SO andS1 to bothSO

andSl1. Thisis aresultof the 1-limited approachwe takein
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creatingaphantonmode:we createat mostonephantormode
at a statemenfor eachtype. Now sincea2 is marked_L, all
thenodesof the callerreachabldrom a2 will alsobe marked

as.l.

4.5 Java's Strong Type Information

We can exploit Java’s strongtype systemin computingthe
connectiorgraphfor a methodwhosebody cannotbe (or, has
not been)analyzed. The representatiotior sucha method,
called a bottommethod is called the bottom graph, which
hasonenodefor eachclassof the programthat hasbeenin-
stantiated.Given two nodesN; and N> in the bottomgraph
thatrepresentwo classeC: andC., respectiely, thereis a
points-toedgefrom N, to N, if Ci containsa field thatis a
referenceo C,. Thereis a deferrededgefrom Ny to N, if
C- is asub-typeof C; . In effect, thebottomgraphis themost
consenative connectiongraphof the programallowed under
Java’stype system.Thebottomgraphcanbe usedto (conser
vatively) establistconnectionemongnodeghatarereachable
from theactualparameterpassedo abottommethod.Exam-
plesof bottommethodsare natve methodimplementedn a
non-Jaalanguage Our currentimplementatiordoesnot take
adwantageof thetypeinformationin bottommethods.

In a dynamicoptimizationsystem,a methodthat hasnot
beenanalyzedandoptimizedby the compileralsobecomes
bottommethodwhenthe compilergeneratesodefor a caller
of the method. In this case,the bottom methodmay have
beeninterpretedor compiled without analysis/optimization.
The combinatiorof the bottomgraphandthe summarygraph
makesour approachfor escapeanalysiswell suitedfor dy-
namicJava compilationsystemsuchasJalap@&oat IBM Re-

search8].
4.6 Escape Analysis versus Points-to Analysis

Connectiorgraphfor escapeanalysisandpoints-tographsfor
pointerinducedaliasanalysiq16, 19 aresimilarto eachother
in that both are staticabstraction®f dynamicdatastructures
with pointers(or referencesn Java). The main goal of alias
analysis,however, is memorydisambiguationto answerthe
guestionwhethertwo reference(pointer) expressionqof the

forma. b. c. d...) canresole to the samememoryloca-



tion during execution. The points-tograph,for correctness,
shouldleadto thesamenodein the graphif thetwo reference
expressionsnightresolhe to 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 the graphfor two pointer
expressionghat might resole to the samememorylocation,
andcanstill be correct. We can, therefore safelyignorethe
calling context for escapeanalysis,althoughnot for pointer

analysis.
5 Handling Exceptions and Finalization of Java

In this sectionwe shov how we handleJava-specifideatures

suchasexceptionsandobjectfinalization.

5.1

Exceptions

We now shov how our framevork handlesexceptions. Ex-

ceptionsare precisein Java, henceary code motion across
the exception point shouldbe invisible to the userprogram.
An exceptionthrown by a statements caughtby the closest
dynamicallyenclosingcat ch block that handlesthe excep-
tion [17].

Onewayto do dataflow analysisn thepresencef excep-
tionsis to adda control flow graphedgefrom eachstatement
thatcanthrow anexceptionto eachcat ch blockthatcanpo-
tentially catchthe exception,or to the exit of the methodif

thereis no cat ch block for the exception. The addededges

ensurdhatdataflow informationholdingatanexception-thraving

statementvill not bekilled by statementsifter the exception
throwing statementsince the information incorporatingthe
“kill”  would be incorrectif the exceptionwasthrown. The
factored contml flow graph (FCFG) of the Jalapéo dynamic
optimizing compilerfor Java doesnot addtheseedgesphys-
ically in the controlflow graphs but still allows for correctly
identifying the potentialcontrol flows dueto exceptiong9].
We, however, usea simpler stratgy for doing dataflow
analysisin the presencef exceptions. Recallthat we “kill”
only local referencevariablesof a method. Therefore,we

only needto worry aboutthem. Amongstthoselocal vari-
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ableswithin at r y block,we kill only thosethataredeclared
within the block. Local referencevariablesdeclaredoutside
thet ry block shouldnot bekilled, asthey canbelive atthe
terminationof theblockif anexceptionis throvn. We will use
thefollowing exampleto elaborateonthis point. In the exam-
ple,x islocalto themethodbut non-localto thet r y- cat ch

statement.

no( T1 f1, T2 f2) {

T1 x;
S1: try {
S2: x = new T1(); // creates object OL
S3: x.b =f2;
/1 sets up a path fromx to f2.
S4: /1 an exception is thrown here.
S5: x = new T1(); // creates object
} catch (Exception e) {
S6: Systemout. println("Don’t worry");
}
S7: fl.a = x;
}

Assumehatanexceptionisthrovn at S4. Afterthecat ch
block, when S7 is executedf 2 will becomereachabldrom
f 1. If weweretokill thepoints-toedgefrom x to objectnode
01 at S5, thenwe would losethe pathinformationfrom f 1
to f 2, andhence would have anincorrectconnectiongraph.
Recallthatour stratey is notto kill informationfor variables
in at ry block thatarenotlocal to the block. Hence,in this
example,we will not deletethe previous edgefrom x to OL
(whosefield nodeb hasanedgeto f 2) while analyzingS5.
Hence,at §7, after putting an edgefrom f 1 to x, we would
correctlyhave aconnectiorgraphpathfromf 1 to f 2.

A method(transitizely) invokedwithin at r y- cat ch block
can be handledin the samemanneras a regular statement
block in its place: we cankill ary localsdeclaredwithin the
nestedlock,beit aregularstatemenblock oramethodblock.
An importantimplication of this approachis thatwe canig-
norepotentialrun-timeexceptionswithin methodshatdo not
haveary t r y- cat ch blocksin them.Many methodsn Java

correspondo this case.
5.2 Finalization

Beforethe storagefor an objectis reclaimedby the garbage
collector the Java Virtual Machineinvokesa specialmethod,

thefinalizer, of thatobject[17]. TheclassObj ect, whichisa



superclassf every otherclass providesa defaultdefinitionof
thef i nal i ze methodwhichtakesnoaction.If aclassover
ridesthef i nal i ze methodsuchthatitst hi s parameters
referencedjt meansthat an objectof that classis reachable
(dueto theinvocationof the finalizer) even afterthereareno
morereferencego it from ary live thread. We dealwith this
problemby marking eachobject of the classoverriding the

finalizerasGlobalEscapé€_L).

6 Transformation and Run-Time Support

We haveimplementedwo optimizationsasednescapeanal-
ysisin the|IBM High Performancégstatic) Compilerfor Java
(HPCJ)for the PaverPC/AlX architectureplatform[11]: (1)
allocationof objectson the stack,and (2) eliminationof un-
necessargynchronizatioroperations.In this section,we de-
scribethe transformationsppliedto the usercode(basedon
the analysisdescribedn previous sections)andthe run-time

supportto implementtheseoptimizations.

6.1 Transformation

Oncethe analysisconvergesduringthe iterationover the call
graph (i.e., when there are no further changesbeing made
to ary connectiongraphin termsof edgesor the EscapeS-
tate of nodes)we mark eachnew sitein the programasfol-
lows, basedon the following information: (i) if the EscapeS-
tate of the correspondingbjectnodeis NoEscapethe new
siteis markedstack-allocatableand(ii) if the EscapeStatef
thecorrespondin@bjectnodeis NoEscaper ArgEscapethe
new site is markedasallocatingthread-locadata. Sincewe
usea 1-limited schemefor namingobjects,a new statement
(a compile-timeobjectname)is markedstack-allocatabler
thread-locabnly if all objectsallocatedduringruntime atthis

new sitearestack-allocatabler thread-localrespectiely.

6.2 Run-Time Support

We allocateobjectsonthe stackby callingthenative al | oca
routinein HPCJ5 AIX backend Eachinvocationof al | oca
essentiallygrows the currentstackframeat run time by some
amount. In our currentimplementationwe do not reusethe

spaceallocatedby al | oca, evenif that spaceis no longer
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Program| Description

vtrans High Performancdava Translato(IBM)
jal JavaGenericLibrary 1.0 (ObjectSpace)
jacorb Java ObjectRequesBroker0.5(U. Freie)
jolt Javato C translator(KB Sriram)

jobe Java Obfuscatorl.O (E. Jokipii)

javacup | JavaConstructoof ParsergS. Hudson)
hashjaa | JavaObfuscato(KB Sriram)

toba Javato C translator(U. Arizona)

wingdis | Javadecompilerdemoversion(WingSoft)
pbob portableBusinesObjectBenchmarkIBM)

Tablel: Benchmarksisedin our experiments.

live.t°

A secondanpbenefitof stackallocationis the elimination
of occasionakynchronizatiorfor allocationof objectsfrom
the thread-commorheap. In orderto avoid synchronization
on eachheapallocation, the run-time systemin HPCJuses
the following scheme.Eachthreadusually allocatesobjects
from its thread-locaheapspace.For allocatinga large object
or whenthe local heapspaceis exhaustedthe threadneeds
to allocatefrom thread-commoieapspacewhich requiresa
relatively heary-weight synchronization.Stack-allocate@b-
jectsreducethe requiremenfor allocationsfrom the thread-
commonheapspace.

Eliminationof synchronizatiomperationgsequiresun-time
supportat two places: allocationsitesof objects,i.e., new
sites;andusesitesof objectsassynchronizatiortamgets,i.e.,
synchr oni zed methodsor statementsin HPCJ,synchro-
nized methodsand statementsare implementedusing moni-
torenter and monitorexit atomic operations. The implemen-
tation of theseoperationdn HPCJhastwo parts: (1) atomic
conpar e_and_swap operationfor ensuringmutual exclu-
sion,and(2) PaverPCsync primitive for flushingthe local
cache.

We mark objectsat the allocationsitesusing a single bit
in the objectrepresentationindicatingwhetherthe objectis
thread-local At the usesitesof objects,we modifiedtherou-
tineimplementingnonitorenteron anobjectto bypasshe ex-

pensveatomicoperationconpar e_and_swap) if its thread-

%|n casesvhere(i) theobjectrequiresafixedsize,and(ii) eitherjustasingle
instanceof anew statemenéxecutesn agivenmethodinvocation,or theprevi-
ousinstanceof theobjectallocatedatanew statemenis nolongerlivewhenthe
newstatements executedext,it is possibleto allocatea fixed pieceof storage
onthestackframefor thatnew statementOur currentimplementatiordoesnot
takeadvantageof this specialcase.



local bit is set,andinsteaduse a non-atomicoperation. It
is importantto notethat our schemehasbenefitsevenfor the
thin-locksynchronizatioimplementatiofi2], whichstill needs
an atomicoperation(conpar e_and_swap); we completely
eliminatethe needfor atomiclock operationdor thread-local
objects. Note that we still flush the local memoryto ensure
thatglobalvariablesaremadevisible atsynchronizatiomoints
to obsene Java semantic§17]. Sincethe only changewe
make regarding synchronizatioris to eliminate the instruc-
tions that ensuremutualexclusion, the semanticof all other
thread-relatedperationssuchaswai t andnot i fy remain

unchangedswell.
7 Experimental Results

This sectionevaluatesescapenalysison several Java bench-
mark programs. We experimentedwith four variantsof the

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

analysis(2) Flow sensitve analysiswith boundedield nodes
(BFS),(3) Flow insensitve analysigFl), andFlow insensitve

analysiswith boundedfield nodes(BFI). The differencebe-

tweenFSandFl is thatFl ignoresthe control-flov graphand

neverkills. Boundedfield nodesessentiallylimit the number
of field nodes that we wish to modelfor eachobject. We

useasimplemodoperationto keepthe numberof field nodes
bounded For instancethe kth referencdield of anobjectcan

be mappedto (¥ mod m)th field node. In our implementa-
tion, we usedm = 3. Boundingthe numberof fieldsreduces
the spaceandtime requiremenftor our analysisbut canmake
theresultlessprecise.

Our testbedconsistedof a 333 MHz uniprocessoPow-
erPCrunningAlX 4.1.5,with 1 MB L2 Cacheand512 MB
memory We selecteda setof 10 medium-sizedo large-sized
benchmarkslescribedn Tablel to run our experiments.Ta-
ble 2 givestherelevantcharacteristicfor thebenchmarlpro-
grams. Columns2 and 3 give the numberof classesandthe
sizeof the classesn bytesfor the setof programs.Columns
4 and5 presenthe total numberof objectsdynamicallyallo-
catedn theusercodeandoverall (includingboththeusercode
andthe library code). Columns6 and7 showv the cumulative

spacean bytesoccupiedby the objectsduringprogramexecu-
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tion. Finally, columns8 and9 shaw thetotal numberof lock
operationglynamicallyencountereduringexecution.

In the restof this section,we presentour resultsfor the
above variantsof our analysis.All of the remainingmeasure-
mentsthatwe presenteferto objectscreatedn theusercode
alone. Modifying ary operationgelatedto objectcreationin
the library code would require recompilationof the library
code(not donein our currentimplementation). Section7.1
discussesesultsfor stackallocationof objects. Section7.2
discussesesultsfor synchronizatiorelimination. Section7.3
discussetheactualexecutiontime improvementsiueto these

two optimizations.
7.1 Stack Allocation

Figure8 showvsthe percentagef userobjectsthatwe allocate
on the stack,and Figure 9 givesthe percentagen termsof
spacdbytes)thatis stack-allocatable.

A substantiahumberof objectsare stack-allocatabléor
jacorhb,jolt,w ngdis, andt oba (if onedoesnotbound
the numberof fields nodes).We did not seemuchdifference
betweenFS and Fl (i.e. flow-sensitve and flow-insensitve
without boundingthe numberof fields distinguished) And in
mostcasesboundingthe numberof field did not makemuch
differencein the percentag@alues(for example,seet r ans,
jgl,jolt,jobe,javacup, hashj ava, andw ngdi s).
Interestinglyt oba andj ol t (both of which areJavato C
translatorshave similar characteristicén termsof stackal-
locatability of objects.Both of thesebenchmark$ave a sub-
stantialnumberof objectsthatarestack-allocatableButin the
caseoft oba, limiting thenumberof fieldsdrasticallyreduces

thenumberof objectsthatarestack-allocatable.
7.2 Lock Elimination

For lock elimination,we collectedtwo setsof data(againfor
differentvariantsof theanalysis) Firstwe measuredhenum-
berof dynamicobjectsthatarethread-locakndthenwe mea-
suredhow mary lock operationsare executedover theseob-
jects. Figure 10 shows the percentagef userobjectsthatare
localto a thread,andFigure 11 shows the percentag®f lock
operationghatareremovedfor thesethread-locabbjectsdur-

ing execution.It canbeseerthatourmostpreciseanalysisver



Program|| Number size Numberof objects Sizeof objectsin bytes Total numberof
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
jal 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
hashjaa 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: Benchmarksharacteristics

sionfindsa lot of opportunitiego eliminatesynchronization,
remaving more than 50% of the synchronizatioroperations
in half of the programs. One candeducecertaininteresting
characteristichy comparingthe two graphs.For pbob, one
canseethatthe percentagef thread-locabbjects(x 50%) is
higherthanthe percentagef locks removed (=~ 15%). Our
obsenationis thatrelatively few thread-locabbjectsareactu-
ally involvedin synchronization.

For wi ngdi s, we have found a large percentagef ob-
jectsthatarethread-local~ 75%), andwereableto remove
~ 91% of them. Notice thatj obe hasvery few thread-local
objects.(The percentagesangebetweer0.3%and0.8%,to0
smallto have ary significance.)However, the versionsof our
analysisusingunboundechumberof field nodesare able to
remove a much higher percentagef synchronizatioropera-
tions thanthe boundedversion. We conjecturethat this dif-
ferencecomesfrom the fact thatin the boundedcasessome
GlobalEscapdieldsandNoEscapdieldscanbe mappednto
the samenode,resultingin lossof precision. Anotherinter
esting characteristiove obsened is that for most cases.all
four variantsof theanalysigperformedequallywell (exceptfor
j acor b, hashj ava, t oba, andpbob). Fort oba, bound-
ing the numberof fields, again,significantlyreducedhe per
centagevaluesof boththe numberof thread-locabbjectsand
thenumberof synchronizatioroperationghat couldbe elimi-

nated.

7.3 Execution Time Improvements

Table 3 summarizeur resultsfor executiontime improve-

ments. The secondcolumnshaws the executiontime (in sec-
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onds)prior to applyingoptimizationsdueto escapenalysis.
The third column shows the percentageeductionin execu-
tion time dueto stackallocationof objectsand synchroniza-
tion eliminationwith our flow-sensitve analysisversion. The
time for pbob is not shawvn, becauseét runsfor a predeter
minedlengthof time; its improvementis givenasanincrease
in the numberof transactionsn thattime period. pbob was
runon a4-wayPonverPCSMP machine.

Table 3 shavs an appreciableperformancémprovement
(greaterthan 15% reductionin executiontime) in threepro-

gramsandrelatvely modesimprovementsn otherprograms.
8 Related Work

Lifetime analysisof dynamicallyallocatedobjectshasbeen
traditionally usedfor compiletime storagemanagemeni24,
22, 3]. ParkandGoldbeg introducedthe term escapeanaly-
sis[22] for staticallydeterminingwhich partsof alist passed
to afunctiondo notescapehefunctioncall (andhencecanbe
stackallocated) Othershave improvedandextendedPark and
Goldbeg’swork [12, 4]. Birkedaletal. [3] proposea region
allocationmodel,whereregionsaremanagediuringcompila-
tion. A typesystems usedo translateafunctionalprogramto
anotheffunctionalprogramannotatedvith regionswhereval-
uescouldbestored.Hanan[18] usesatypesystento translate
astronglytypedfunctionalprogramto anannotatedunctional
programwherethe annotatioris usedfor for stackallocation
ratherthanfor region allocation.

Priorwork on synchronizatioroptimizationhasaddressed
the problemof reducingthe amountof synchronizatior{13,

20, 21]. Theseapproachesssumehatthe mutualexclusion
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orderingimplied by the original synchronizatioris needed,
andsoonly attemptto reducethe numberof suchoperations
without violating the original ordering. In contrast,our ap-
proachfindsunnecesarymutualexclusionlock operationgnd
eliminateshem.

There have beena numberof parallel efforts on escape
analysidor Java[15, 23, 6, 1, 25,5]. BogdaandHolzle useset
constraintfor computingthread-locabbjects[6]. Their sys-
temis a bytecoderanslaterandusesreplicationof execution
pathsasthe meansfor eliminatingunnecesary synchroniza-
tion. After replication they convertsynchronizednethodghat
acces®nly thread-locabbjectsinto non-synchronizedheth-
ods. This corversion,in general,breaksJava semantics—
sinceat the baginning andthe endof a synchronizednethod
or a statementthe local memoryhasto be synchronizedvith
themainmemory(seeSectiong). Replication however, offers
anopportunityfor specializinganallocationsitethatgenerates
boththread-locaandthread-globabbjectsalongdifferentcall
chains.They alsosummarizehe effect of natve methodgal-
thoughmanually). Using the summaryinformation, they im-
prove the precisionof their analysis. Our approachcan be
extendedo includespecializatiorandnative methodanalysis.

Aldrich et al. describea setof analysedor eliminating
unnecessy synchronizatioron multiple re-entriesof a mon-
itor by the samethread,nestednonitors,andthread-locabb-
jects[1]. They alsoremove synchronizatiomperationsyhich
can break Javza semantics. They claim that their approach,
however, shouldbe safefor mostwell-written multithreaded
programsin Java, which assumea “looser synchronization”

modelthanwhatJava provides.

Program| Execution| percentage
time(sec)| reduction
trans 52 7%
jal 18.8 23%
jacorb 25 6 %
jolt 6.8 4%
jobe 9.4 2%
javacup 1.4 6 %
hashjaa 6.4 5%
toba 4.0 16%
wingdis 18.0 15%
pbob N/A 6 %

Table3: Improvementsn executiontime
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Blanchetusestype heights(which are integer values)to
encodehow anobjectof onetypecanhave referenceso other
objectsor is a subtypeof anotheobject[5]. Theescapingart
of an objectis representetby the heightof its type. He pro-
posesa two-phasea backwardphaseand a forward phase)
flow-insensitve analysisfor computingescapenformation.
He usesescapeanalysis,like our work, for both stackallo-
cationandsynchronizatiorelimination. For synchronization
elimination, beforeacquiringa lock on an object o, his al-
gorithm testsat runtime whethero is on the stack— if it is,
thesynchronizations skipped.Our algorithmusesa separate
thread-locabit within eachobject,andcanskip the synchro-
nizationevenfor objectsthatarenot stackallocatablegbut are
threadlocal).

To reducethesizeof finite-statemodelsof concurrentava
programsCorbettusesatechniquecalledvirtual coarsening10].
In virtual coarseningjnvisible actions(e.g., updatego vari-
ablesthat arelocal or protectedby a lock) are collapsednto
adjacenvisible actions.Corbettusesa simpleintraprocedural
pointeranalysigaftermethodnlining) to identify theheapob-
jectsthatarelocalto athread andalsoto identify thevariables
thatareguardedoy variouslocks. Dolby’s analysistechnique
for inlining of objectsin C++ canalsobeextendedo eliminate

synchronizatiorin Javaprogramg14].
9 Conclusions

In this paper we have presentedh new interprocedurablgo-
rithmfor escap@nalysis Apartfrom usingescapanalysigor
stackallocationof objectswe have demonstratednimportant
new applicationof escapenalysis- eliminatingunnecessary
synchronizationin Java programs.Our approachusesa data
flow analysisframevork and mapsescapeanalysisto a sim-
ple reachabilityproblemover a connectiorgraphabstraction.
With apreliminaryimplementatiorof thisalgorithm,our static
Java compileris ableto detecta significantpercentagef dy-
namicallycreatedbjectsasstack-allocatablegshigh as70%
in somecaseslt is ableto eliminate11%to 92%of lock oper
ationsin our benchmarkgeliminatingmorethan50% of lock
operationsn half of them). We obsene overall performance

improvementsrangingfrom 2% to 23% on our benchmarks,



andfind that mostof 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 moreaggressie implementation
of ouralgorithmthattreatsnative methoddessconsenatively,
andby applyingour optimizationsto the Java standardclass
library routinesaswell. In thefuture,we alsoplanto extend
our algorithmto cover the more generalproblemof region-
basedstorageallocation,andto eliminateunnecessargync
operationdor flushingof local memory

Interprocedurahnalysisin the presencef dynamicload-
ing andreloadingof classesasallowedin Java,is in generah
hardproblem.We arecurrentlyworking on extendingour es-
capeanalysigo Jalapéo,adynamicJava compilationsystem
at|IBM Researcli8].

Acknowledgement

We would like to thank David Bacon, Michael Burke, Mike
Hind, GanesaRamalingamYivek SarkarVenSeshadriMarc
Snir, and Harini Srinivasanfor useful technicaldiscussions.
We alsothankOOPSLA99 andPLDI'99 refereedor theirin-

sightful comment®on earlydraftsof the paper

References

[1] JonatharAlridch, CraigChambersEmin Gun Sirer, and
SusanEggers. Static analysisfor eliminating unnes-
sary synchronizatiorfrom java programs. In Proceed-
ings of the Sixth International Static Analysis Sympo-

sium Veneziataly, Septembe999.

[2] D. F. Bacon,R. Konuru, C. Murthy, and M. Serrano.
Thin locks: Featherweighsynchronizatiorfor Java. In
Proc. ACM SIGPLANConfeenceon ProgrammingLan-
guageDesignand Implementation Montreal, Canada,

Junel998.

[3] L. Birkedal,M. Tofte,andM. Vejlstrup.Fromregionin-
ferenceto von Neumanmmachinewia regionrepresenta-
tioninferenceln Proc.23rd AnnualACM Symposiuron

Principlesof ProgrammingLanguags, Januaryl996.

18

[4] B. Blanchet. Escapeanalysis: Correctnessproof, im-
plementationand experimentalresults. In Proc. 25th
AnnualACM Symposiunon Principlesof Programming

Languags, page25-37,SanDiego, CA, Januaryl 998.

[5] BrunoBlanchet.Escapenalysisor objectorientedlan-
guages:Application to Java. In Proceedingsof ACM
SIGPLANConfeenceon Object-OrientedProgramming
SystemsLanguages,and Applications Derwver, Col-

orado,November1999.

[6] Jef BodgaandUrs Holzle. Rema/ing unnecessagyn-
In Proceedingsof ACM SIG-

PLAN Confeence on Object-Oriented Programming

chronizationin java.

SystemsLanguages,and Applications Derwver, Col-

orado,November1999.

[7] Michael Burke, Paul Carini, Jong-Deok Choi, and
Michael Hind. Flow-insensitve interproceduralalias
analysisin the presenceof pointers. In K. Pingali,
U. Banerjee,D. Gelernter A. Nicolau, and D. Padua,
editors,Lecture Notesin ComputerScience892, pages
234-250.SpringerVerlag,1995. Proceeding$rom the
7th Workshopon Languagesand Compilersfor Paral-
lel Computing ExtendedversionpublishedasResearch
ReportRC 19546,IBM T. J. WatsonResearcihCenter

Septembe994.

[8] Michael G. Burke, Jong-Deok Choi, StephenFink,
David Grove, Michael Hind, Vivek Sarkar Mauricio J.
Serrano,V. C. SreedharHarini Srinivasan,and John
Whaley. TheJalapéodynamicoptimizingcompilerfor
java. In Proc. ACM SIGPLAN1999Java GrandeCon-

ference Junel999.

[9] Jong-DeokChoi,David Grove, MichaelHind, andVivek
Sarkar Efficient and PreciseModeling of Exceptions
for the Analysis of Java Programs,1999. To appearat

PASTE’99.

[10] Jame<C. Corbett.Constructingcompacimodelsof con-
currentjava programs. In Proceedingof the 1998In-
ternationalSymposiurof Softwae Testingand Analysis

ACM PressMarch1998.



[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

IBM Corporation. IBM High PerformanceCompiler
for Java, 1997. Information availablein Web pageat
http://simont 01.torol ab.i bm coni hpj / hpj
download at

available for

http://ww. al phaWrks. i bm com fornul a.

A. Deutsch. On the compleity of escapeanalysis. In
Proc. 24th Annual ACM Symposiunon Principles of
ProgrammingLanguages pages358-371,San Diego,
CA, Januaryl997.

P. Diniz and M. Rinard. SynchronizationTransforma-
tions for Parallel Computing. In Proceedingsof the
9'th Workshopon Languagesand Compilersfor Paral-

lel ComputersJanuaryl997.

Julian Dolby. Automatic inline allocation of objects.
In Proceedingof the 1997 ACM SIGPLANConfeence
of ProgrammingLanguageDesignand Implementation

LasVegas,Nevada, Junel997.

David Gay and Bjarne Steensgaard. Stack allocating
objectsin Java. ResearctReport,Microsoft Research,
1999.

R. GhiyaandL. J. Hendren. Puttingpointeranalysisto
work. In Proc. 25th Annual ACM Symposiunon Prin-
ciplesof ProgrammingLanguagespagesl21-133 San
Diego, CA, Januaryl998.

JamesGosling,Bill Joy, andGuy Steele. The Javd™)
LanguageSpecification Addison-Wesley, 1996.

J.Hannan.A type-basednalysisfor stackallocationin
functionallanguages.Iln Proc. 2nd International Static

AnalysisSymposiunSeptembet 995.

Michael Hind, Michael Burke, Paul Carini, and Jong-
Deok Choi. Interprocedurapointeraliasanalysis. ACM
Transactionson ProgrammingLanguagesand Systems

To appear

Z. Li and W. Abu-Sufah. On reducingdatasynchro-
nizationin multiprocessedbops. IEEE Transactionon
ComputersC-36(1):105-109Januaryl987.

[21]

.htm,

19

[22]

(23]

[24]

[25]

S.P Midkiff and D. Padua. Compiler algorithmsfor
synchronization.|EEE Transactionson Computers C-
36(12):1485-1499)ecembef987.

Y.G. ParkandB. Goldbeg. Escapenalysison lists. In
Proc. ACM SIGPLANConfeenceon Programming_an-
guageDesignand Implementationpagesl17—-127 July
1992.

A. Reid, J. McCorquodale,J. Baker W. Hsieh, and
J.Zachary The needfor predictablegarbagecollection.
In WCSSS'9%brkshopon CompilerSupportfor System
Softwae, March1999.

C. Ruggieriand T.P. Murtagh. Lifetime analysisof dy-
namicallyallocatedobjects. In Proc. 15th AnnualACM
Symposiunon Principles of ProgrammingLanguages
pages285-293 Januaryl988.

JohnWhaley andMartin Rinard. Compositionapointer
andescapenalysisfor java programs. In Proceedings
of ACM SIGPLANConfeenceon Object-OrientedPro-
grammingSystemsl_.anguagesand Applications Den-

ver, Colorado,November1999.



