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Abstract

We introducea new approachto computinginterproce-
dural modi�cation side effects for Java programsin the
presenceof dynamicclassloading. Whencompile-time
unknown classescanbe loadeddynamically, the points-
to andmodi�cation setscomputedstaticallybasedon the
analysedprogram,called internalworld, may be incom-
plete.Thus,themodi�cation sideeffectscannotbedeter-
minedbasedon suchsetsalone.We presenta technique,
calledinternalanalysis(IA), to classifythereferences,ob-
jectsandcall sitesin theanalysedprogramsothatwe can
determinewhich points-toandmodi�cation setsarede�-
nitely completeandwhich maybenot. By combiningthe
points-tosetsandthis classi�cation,we obtaina new IA-
basedinterproceduralside-effectanalysisfor determining
themodi�cation side-effectsof any statementonany vari-
able with goodaccuracy. We have implementedour al-
gorithms in Soot. This paperdemonstratestwo impor-
tant applicationsof this work: partial redundancy elimi-
nation(PRE)andcopy propagationfor �eld accesses.We
report signi�cantly increasedopportunitiesin perform-
ing theseoptimisationsover benchmarkswhencompared
with a recentlyproposedtechniquein theseareas. Our
techniquesaresimplesincethey are�o w-insensitive and
achievetheseimprovementsat smallanalysiscosts.

1 Intr oduction

Interproceduralside-effect analysisis an importanttech-
niquebecausetheinformationit providescanimprovethe
precisionof many analysistechniquessuchasdependence
analysisand livenessanalysis. In addition, many com-
piler optimisationtechniquesrely directlyor indirectlyon
side-effect analysiswhen optimising a program. These
techniquesare PRE, copy/constantpropagation,redun-
dantload elimination,null pointercheckelimination,ar-
ray boundcheckelimination, instructionscheduling,to
namejust a few. Finally, side-effect analysisalso plays
animportantrole in softwareengineering.Onerecentex-
ampleis its adaptationto supportgenerationof summaries
of environmentbehaviour (Tkachuk& Dwyer2003).

Dynamic classloading, which is an integral part of
object-orientedlanguagessuchasJava andC#, presents
challengesto side-effect analysis. The call graph of
theprogrammay be incompletewhensomedynamically
loadedclassescannotbe determinedstatically. When
computedbasedonly on thecompile-timeknown classes
in theprogram,thepoints-toandmodi�cation setsmaybe
incomplete(i.e., do not containall possibleobjectsfound
whenmoredynamicallyloadedclassesbecomestatically
available). Thus,the modi�cation sideeffectsof a state-
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ment(assignmentor call site)cannotbedeterminedbased
onsuchsetsalone.Considera Javaprogramgivenin Fig-
ure1(a). In lines6 and7, anobjectof a compile-timeun-
known classis createdandassignedto y. This classmay
bea subclassof classB containinganoverridingmethod
foo to replaceB's implementation.As a result, the in-
vocationin line 13 with y as the receiver may call this
unknown overridingmethodfoo . By usingthepoints-to
setscomputedbasedon A andB only, we cannotdeter-
minethemodi�cation setof thiscall site,i.e.,whetherthe
call sitemaymodify the� veobjectscreatedin lines5 – 6
and8 – 10.

Someapproachessolve this problemby making the
conservative assumptionthat a method invocation may
modify any object (Hosking, Nystrom, Whitlock, Cutts
& Diwan 2001,Vallée-Rai,Hendren,Sundaresan,Lam,
Gagnon& Co 1999). The modi�cation side effects of
otherkinds of statementsarealsoapproximatedaccord-
ingly. As aresult,theconstantz in line 12cannotbeprop-
agatedacrossthecall sitein line 13,implying thatthepos-
sibly redundantloadx.f in line 14cannotbeeliminated.
Otherapproachesexpectthe whole programto be avail-
able during the analysis(Raza�mahefa 1999,Milanova,
Rountev & Ryder2002,Clausen1997,Lhoták 2003). In
order for the statementin line 6 to be analysed,the set
of classesthat may be dynamicallyloadedheremustbe
explicitly speci�ed (by the user). As a result,all points-
to setsarecompleteandside-effect analysiscanbe car-
ried out basedon thesesetsin the normalmanner. Sup-
posethat the user indicatesthat the set just includesB.
Theseapproacheswould concludethat x.f in line 12 is
not modi�ed by thecall in line 13. Thus,the load in line
14canbeeliminatedandreplacedwith theconstantvalue
z propagatedfrom line 12. However, theseoptimisations
maybeincorrectif a new subclassof classB is loadedin
line 6 at run time.

We introducea new approachto computinginterpro-
ceduralmodi�cation sideeffectsfor Java programsin the
presenceof dynamic class loading. The compile-time
known classesin theanalysedprogramform theso-called
internalworld. Thepoints-toanalysisis �rst appliedto the
internalworld asif it wereawhole-program.A new tech-
nique,calledinternal analysis(IA), is thenappliedto the
internalworld to classifyall references,objectsandcall
sitesso that we can determinewhich points-tosetsand
modi�cation setsarede�nitely completeandwhich may
benot. By combiningthepoints-tosetsandthisclassi�ca-
tion, weobtainanew IA-basedinterproceduralside-effect
analysisfor determiningthe modi�cation side-effectsof
any statementonany variablewith goodaccuracy.

Considertheprogramgivenin Figure1(a).Figure1(b)
shows its pointer assignmentgraph (PAG) (Lhoták &
Hendren2003),whereeachnoderepresentseithera refer-
enceoracompile-timeobjectidenti�ed by its line number.
Let usassumethattheinternal-world consistsof classesA
andB only. Supposewe want to �nd out if the loadx.f
in line 14 canbereplacedwith theconstantz propagated
from line 12. Thepoints-tosetsfor all referencescanbe
obtainedby avisualinspectionof thePAG.By performing
theside-effectanalysisbasedonthesepoints-tosetsalone,
we would concludethat thecall in line 13 doesnot mod-



1 public classA f
2 A f;
3 staticB h ;
4 publicstaticvoid foo1() f
5 A x = new A();
6 Objecto = new Unknown();
7 B y = (B) o;
8 A z = new A();
9 B t = new B();

10 B s= new B();
11 A.h = s;
12 x.f = z;
13 y = y.foo(x);
14 A a= x.f;
15 y = t.foo(z);
16 d = x.f;
17 g
18 g
19 public classB extendsAf
20 publicB foo( A p ) f
21 B t = A.h;
22 t.f = p;
23 returnt;
24 g
25 g
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Figure1: A runningexampleprogram.

ify x.f . Thus,the load in line 14 canbe eliminatedby
copy/constantpropagation. To accountfor an unknown
classthat may be loadedin line 6, our internalanalysis
classi�esall referencesandobjectsasshown in thePAG.
This classi�cationtellsusthatwhile thepoints-tosetof x
is de�nitely completebut the modi�cation setof thecall
site in line 13 may be incomplete.In addition,the mod-
i�cation setmay containan objectin the points-tosetof
x. Thus,thecall sitemaymodify x.f , implying that the
loadoperationin line 14cannotbesafelyoptimisedaway.
Similarly, thepartially redundantx.f in line 16 with re-
spectto x.f in line 14cannotberemovedsafely.

We have implementedour algorithmsin Soot,an op-
timising compiler for Java. We demonstratetwo impor-
tantapplicationsof this work: PREandcopy propagation
for �eld accesses.Both optimisationsareguidedby our
IA-basedinterproceduralside-effect analysis.We present
our experimental results over four benchmarksfrom
SPECjvm98and � ve other benchmarks. We compare
our work againsta recently proposedalgorithm which
combinesPRE and type-basedalias analysis (TBAA)
(Hoskinget al. 2001). In comparisonwith this algorithm,
we eliminatebetween0% to 108.0%redundant�eld ac-
cessesandbetween0%to 52.9%redundantloadsfor copy
propagation. Our analysesare �o w-insensitive. These
bene�tsareobtainedat reasonablysmallanalysiscosts.

Therestof thispaperis organisedasfollows.Section2
introducessomebackgroundinformation. Section3 dis-
cussesour internalanalysis.Section4 describesour IA-
basedside-effect analysis.Section5 presentsour exper-
imental resultsover benchmarks.Section6 reviews the
relatedwork. Section7 concludesthepaper.

2 Background

By class we mean a class or interface in Java. The
term virtual call meanseither an invokevirtual or
invokeinterface . The termstaticcall meanseither
aninvokespecial or invokestatic call.

Our approachto conductingside-effect analysisand
optimisationhasfour steps. First, the points-tosetsare

computedfor theanalysedprogramby usinganAndersen-
stylepoints-toanalysisfor Java(Lhoták& Hendren2003).
Second,our internalanalysisclassi�esall references,ob-
jectsandcall sitesin theanalysedprogramsothatwe can
�nd out the referenceswith de�nitely completepoints-
to setsandthe call siteswhereall targetmethodscanbe
de�nitely resolvedwhendynamicclassloadingis permit-
ted.Third, themodi�cation sideeffectsof astatementare
foundby combiningthe resultsfrom thepoints-toanaly-
sisandinternalanalysis.Finally, someoptimisationsare
performedon theanalysedprogram.

Section2.1de�nespreciselytheclassof internal-world
programsto whichourapproachis applicable.Section2.2
describesthe intermediaterepresentationusedfor a pro-
gram. Section2.3 discussesour equivalent representa-
tion of aprogramusingapointerassignmentgraph(PAG).
Section2.4 makesprecisethe points-toanalysisdoneon
the PAG. Section2.5 gives a classi�cation of the refer-
ences,objectsandcall sitesin thePAG.

2.1 Inter nal World

It is probablymeaninglesstrying to analyseall arbitrary,
incompleteJavaprogram.Let usde�ne preciselytheclass
of programsthatcanbehandledby thiswork.

De�nition 1 Let C be the set of classes, M the
set of the methods in C, F the set of �elds de-
clared in C. We de�ne the analysedprogram, i.e.
the internal world denotedby I W , as a three-tuple:

I W = hC; M; Fi
suchthat (1) all classesin C except the root class(i.e.,
java.lang.Object ) have all their superclassesin C,
(2) thereis not a referenceappearedin M with a typenot
in C, (3) thereis not a read/writeto a �eld not in F, and
�nally , (4) thereis not anaccess(i.e., a call) to a method
not in M.

During the executionof an analysedprogram,a class
can be loadeddynamically by using a class loader or
Class.forName() . A dynamicallyloadedclassmay



Stat. Semantics Syntax
S1 objectcreation v = newcl()
S2 copy v = `
S3 staticload v = cl:f
S4 staticstore cl:f = v
S5 instanceload v = `:f
S6 instancestore `:f = v
S7 virtual call site v = `0:op(`1; : : : ; `k )
S8 staticcall site v = cl:op(`1; : : : ; `k )

Figure 2: Statements(i.e., instructions)in intermediate
representation.

be any classin C or a subclassof any classin C. In ad-
dition, somemethodsin M canbenative or requested
explicitly by theusernot to beinvolvedin staticanalysis.

De�nition 2 A classis internal if it is in C andexternal
otherwise.

De�nition 3 A methodis internal if (1) it is a methodin
M, (2) it is indicated(by theuser)to participatein static
analysisand(3) it is a Java method(i.e. its bytecodein-
structionsarefully available).Otherwise,it is external.

2.2 Intermediate Representation

Thethree-addressintermediaterepresentationweusecon-
sists of the eight different kinds of statements(i.e., in-
structions) listed in Figure 2. For ef�ciency reasons,
our internal analysis is �o w-insensitive. Thus, the
�o w control statementsin the programare irrelevant to
our analysisand are ignored. Every Java program is
transformedinto such a representation. Every expres-
sion of the form o.newInstance() in a program
is transformedinto new cl() if o.newInstance()
is detectedstatically to be an object of class in C.
Otherwise,o.newInstance() is replacedwith new
Unknown() , whereUnknown denotesa classthat is not
staticallyknown to bein C.

Accessesto multi-dimensionalarraysarerepresented
in thestandardmannerby accessesto one-dimensionalar-
rays(with the introductionof temporaries).In this work,
a one-dimensionalarrayis interpretedasa single,mono-
lithic object.By introducinga special�eld, say, sf, all ar-
rayaccessescanberepresentedasinstance�eld accesses.
Wedonotdistinguishaccessesto differentcomponentsof
anarray. For example,a[i] anda[j ] arerepresentedby
only a. sf. Therefore,asfar asour analysisis concerned,
array accessesare expressedin the forms of S5 and S6
givenin Figure2.

By a�eld accesswemeaneitherastatic�eld accessor
aninstance�eld access.Let V bethesetof localvariables
(includingthis andtemporaries)andparameters.Every
instance�eld canalwaysbeexpressedin theform of `:f ,
where` 2 V is thebaseandf is aninstance�eld variable.
A static�eld is of theform cl:f , wheretheclassnamecl
is thebaseandf is astatic�eld variablein thatclass.

For simplicity, the�elds in distinctclassesareassumed
to have distinct names. In addition,every methodis as-
sumedto returna valueassignedto v. If its returntype
is void , v is simply consideredasa pseudovariable.As
astandardtransformation,everymethodis transformedto
possessauniquereturnstatementof theform return r ,
wherer 2 V is calleda returnvariable. Suchastatement
doesnot appearin Figure2. During the constructionof
thePAG for theprogram(seeSection2.3), thesemantics
of a returnstatementin thecalleeop is realisedasanas-
signmentfrom r to v in thestandardmanner. Finally, `0
in S7 is calledthereceiverexpressionat thatcall site.

Otherlanguagefeaturesof Java suchasexception,in-
nerclassandre�ection areall dealwith similarly.

Stat. Syntax Edge
S1 v = newcl() Allocation : (v  newcl())

S2,S3,S4 v = ` Assignment: (v  `)
S5 v = `:f Load : (v  `:f )
S6 `:f = v Store : (`:f  v)

Figure3: Thefour typesof PAG edges

2.3 Pointer AssignmentGraph

Thepointerassignmentgraph(PAG) for a program,with
its statementsdrawn from Figure 2, is a digraphwhich
is a graphrepresentationof the program. Nodesin the
graphrepresentsvariables,parameters,�eld accessesand
allocationsites.Edgesin thegraphrepresentsobjectcre-
ation, assignment,load, storestatementsas well as pa-
rameterpassing.Figure3 presentsthefour typesof edges
in the graph. We refer to (Lhoták & Hendren2003) for
details.Oneexampleis givenin Figure1, whereanallo-
cationnoderepresentsacompile-timeobjectidenti�ed by
its line number.

The call graphof the internalworld programis built
in the usualmannerexcept that all possibletarget meth-
ods containedin the internal classesmust be included
if they may ever be invoked at a call site. By De�ni-
tion 1, thesetarget methodscanbe found using, for ex-
ample,the classhierarchyanalysis(CHA) (Dean,Grove
& Chamber1995). Themainreasonfor building thecall
graphthis way is thatall possiblemethodscalledat a call
sitemustbeexaminedin orderto classifycorrectlyall ref-
erencesandobjectsin theinternalworld.

ThePAG for a programis constructedasfollows:

1. The PAGs for all internal methodsin the analysed
programarebuilt individually.

2. For every call site in the PAG of every internal
method,we connectthis PAG with the PAGs of the
internal methodsinvokableat the call site as indi-
catedin the call graph. The nodex representingan
argumentat thecall siteis linkedto thenodey repre-
sentingthecorrespondingparameterof acalleeby an
assignmentedge(y  x). Thenoder representing
thereturnvariableof a calleeis linkedto thenodev
representingtheLHS of thecall statementat thecall
siteby anassignmentedge(v  r ).

2.4 Points-to Analysis

Let O bethesetof all compile-timeobjectscreatedin the
analysedprogram.Thepoints-tosetof areferencev found
on thePAG of theprogramis:

PTS(v) = f o 2 O j v maypoint to og

De�nition 4 Let P be thePAG of a program.Let P 0 be
thePAG of thesameprogramwhensomeexternalmeth-
odsinvokedat somecall sitesbecomeinternal,implying
thatP is asubgraphof P 0. A points-toor modi�cation set
computedbasedon P is saidto becompleteif it remains
unchangedwhen computedbasedon every possibleP 0.
Otherwise,it is incomplete.

We classifythereferences,objectsandcall sitesin the
analysedprogramin order to determinewhich points-to
setsandmodi�cation setsarede�nitely completeor not.

2.5 Classi�cation of References, Objects and Call
sites

De�nition 5 An objectmaybeexternallyreachableif the
object may be pointed to by a referencein an external
methodor by a �eld of anexternallyreachableobject.



De�nition 6 An object is external if it is createdin an
externalmethod.An objectwhich is createdin aninternal
methodis8

><

>:

type-unknownif its runtimetypeis not statically
determined,

semi-internal elif it is externallyreachable,
internal otherwise.

A type-unknown object is created by
java.lang.class.newInstance() or java.
lang.reflect.Constructor.newInstance( ) .
Such an object may be externally reachablesince its
compile-timeunknown constructormaymake it so.

Therefore,semi-internal,type-unknown and external
objectsareexternally reachableobjects.But internalob-
jectsarereachableonly within internalmethods.

An externally reachableobjectcanbemanipulatedby
anexternalmethodasif theobjectwereexternal. There-
fore, we make a worst-caseassumptionthat a reference
thatmaypoint to anexternalobjectmayalsopoint to any
externallyreachableobject.

De�nition 7 A referenceis8
><

>:

external if it maypoint to anexternalobject
type-unknownelif it maypoint to a type-unknown object
semi-internal elif it maypoint to a semi-internalobject
internal otherwise

As anexternalobjectdoesnotappearin theresolution
of thepoints-toanalysisin I W , anexternalreferencemay
have an incompletepoints-toset. However, a reference
falling in the otherthreecategoriesde�nitely hasa com-
pletepoints-toset.Following from theaboveassumption,
we statethatanexternalreferencemaybeanaliasof an-
otherexternal, type-unknown or semi-internalreference,
i.e. they maypoint to thesameobject.

De�nition 8 A call siteis internalif all thetargetmethods
thatmay be invokedat that call site areinternalmethods
andexternalotherwise.

As the codeof an external methodis unknown, we
make anotherconservative assumptionthat an external
call sitemaymodifyanyexternallyreachableobject.

The next sectiondescribesthe analysistechniqueto
classifyreferences,objectsandcall sites.

3 Inter nal Analysis

Theinternalanalysisisadata-�ow problemfor classifying
all referencesandobjectsin theinternalworld. Thesemi-
latticeusedis (L; u), whereL = f> ; I ; S;U;?g . The� ve
latticevalues,> ; I ; S;U;? , representtheuninitialised,in-
ternal, semi-internal,type-unknown and external states,
respectively. They areorderedas? @U @S @I @> .
The meetoperatoru is de�ned as follows: > u e = e,
? u e = ? , U u S = U, U u I = U andSu I = S, where
e 2 L .

As discussedin Section2.5,type-unknown objectsare
externally reachable.Following from the Java language
speci�cation,anobjectcreatedin aninternalmethodasan
instanceof aninternalclassbecomesexternallyreachable
only if it is

C1. pointedto by a non-privatestaticreference�eld ,

C2. pointedto by aprivatestaticreference�eld in aclass
with at leastoneexternalmethod,

C3. returnedby anon-privateinternalmethod,

C4. returnedby a privateinternalmethodin a classwith
at leastoneexternalmethod,

C5. pointedto by aninstance�eld of anexternallyreach-
ableobject,

C6. pointedto by anargumentof anexternalcall site.

Let us explain theserules. For RulesC1 andC2, an
externalmethodcanmake a referencepoint to theobject
via astatic�eld. For RulesC3andC4,aninternalmethod
maybeinvokedatacall sitein anexternalmethod.There-
fore, the object returnedby the internalmethodmay be
pointedby thereferencewhichreceivesthereturnedvalue
at thatcall site.For RuleC6,theobjectmaybepointedto
by aparameterof anexternalmethodthatmaybeinvoked
at thecall site. As a result,anobjectthatsatis�esC1–C4
andC6 may be pointedto by a referencein an external
methodsoit is externallyreachableby De�nition 5. Rule
C5 is deriveddirectly from De�nition 5.

Eachnodein thePAG hasacell, calledLAT, to hold its
latticevalue.Thevaluesin thesecellsmaychangeasour
analysisprogresses.Theanalysisterminatesoncea max-
imal �x ed-pointhasbeenreached.Theoutputconsistsof
the points-tosetsof all referencesandan assignmentof
latticevaluesto all references,objectsandcall sitesin the
PAG.

3.1 Initialisation

All the nodes in the PAG start with > . Every
compile-time object o of the form new cl() cre-
ated in an internal method is initialised as follows:

LAT(o) = LAT(newcl ()) =
�

U if cl =Unknown
I otherwise

Let v bea reference.We de�ne:

UpdateP2S(v) = 8o 2 PTS(v) : LAT(o)u = S

By RulesC1 andC2, UpdateP2S(v) is performedfor ev-
erystatic�eld v satisfyingthetwo rules.In addition,these
�elds areinitialisedto ? if they arenot declaredas�nal .
This is becauseanexternalmethodcanmakev point to an
externalobject.

By RulesC3 andC4, UpdateP2S(v) is performedfor
the returnvariablev of every internalmethodde�ned in
the two rules. Furthermore,the noderepresentingevery
parameterof every internalmethodde�ned in thesetwo
rules is initialised to ? . This is becausesucha method
may be calledfrom an externalmethod. As a result, the
points-tosetsof all its referenceparametersshouldcontain
theobjectspassedby theexternalmethod.

Rule C5 is realisedin the transferfunctionsfor loads
andstoresgivenin Figure4.

Finally, let us considerRule C6. As a specialcase,a
call siteo.newInstance() in Java implicitly invokes
anunknown constructorandis thusregardedasanexter-
nal call site. By this rule,UpdateP2S(v) is performedfor
all theargumentsof thecall site. RuleC6 is alsorealised
in thetransferfunctionsfor externalcall sitesgivenin Fig-
ure4.

3.2 Transfer Functions

Figure 4 gives the transferfunctionsfor the four edges
givenin Figure3. Thesetransferfunctionsserve to prop-
agatethe lattice valuesacrossthe edgesrepresentingthe
�rst six statementsandparameterpassingin theprogram.
Thetransferfunctionsfor allocationandassignmentedges
areself-explanatory. Let usexaminethetwo transferfunc-
tions for a storeedge(`:f  v). In (a), the latticevalue
from v is propagatedto all `0:f , where`0 is analiasof `,
becausè and`0 may point to somecommonobjects. In
(b), LAT(`) is S, U or ? if andonly if ` maypoint to at
leastoneexternally reachableor externalobject. There-
fore, anexternalmethodmaymake `:f point to anexter-
nal object. SoLAT(`:f ) is setto ? . Similarly, all objects
in PTS(v) may becomeexternally reachable(Rule C5).
Hence,UpdateP2S(v) is performed.Note that (b) is ap-
plied to ` but not to its aliasesfor two reasons.First, if
LAT(`0) is S, U or ? , then LAT(`0:f ) will be set to ?
whena loadfrom or astoreinto `0:f is evaluated.Second,
it is redundantto perform UpdateP2S(v) for eachof its



Edges TransferFunctions
Allocation : (v  newcl()) LAT(v)u = LAT(newcl())
Assignment : (v  `) LAT(v)u = LAT(`)

(a)LAT(v)u = LAT(`:f )
Load : (v  `:f ) (b) if LAT(`) = f S;U;?g

LAT(`:f ) = ?
(a)LAT(`0:f )u = LAT(v), for all aliases̀ 0 of `, i.e.,

all `0 suchthatPTS(`0) \ PTS(`) 6= ;
Store : (`:f  v) (b) if LAT(`) = f S;U;?g

LAT(`:f ) = ?
UpdateP2S(v)

Figure4: Transferfunctionsfor edges.

Call TransferFunctions

S7

Let thereben targetmethodsin I W at this call sitefoundusingCHA

(a)LAT(S7) = LAT(`0:op(`1; : : : ; `k ))=

8
><

>:

? if n = 0 or oneof then targetsis external
I elif opor thedeclaredclassof `0 is �nal
? elif LAT(`0) 2 f U;?g
I otherwise

(b)
�

LAT(v) = ?
UpdateP2S(` i ) 8i = 0; : : : ; k

�
if LAT(S7) = ?

S8

(a)LAT(S8) = LAT(cl:op(`1; : : : ; `k )) =
�

? if thetargetmethodcl:op is external
I otherwise

(b)
�

LAT(v) = ?
UpdateP2S(` i ) 8i = 1; : : : ; k

�
if LAT(S8) = ?

Figure5: Transferfunctionsfor call sites.

aliases.Finally, let usconsiderthetwo transferfunctions
for a load edge(v  `:f ). In (a), the lattice valuefrom
`:f is propagatedto v. In (b), if LAT(`) is S, U or ? , then
LAT(`:f ) = ? asexplainedin (b) of thetransferfunction
for storeedge. This part is repeatedfor both loadsand
storesbecausea loadfrom `:f or a storeinto `:f maynot
bepresentin theprogram.

Figure5 givesthetransferfunctionsfor thetwo kinds
of call sitesgiven in Figure2. Thesefunctionsarenec-
essarysincea compile-timeunknown methodinvokedat
an externalcall site behaveslike a blackbox. In thePAG
of the program,thereare no assignmentedgesconnect-
ing theargumentsto thecorrespondingparametersof the
unknown methodandno assignmentedgeconnectingthe
returnvariableof theunknown methodto caller's nodev
representingthereturnvalue.Let usexaminethetransfer
functionsfor a virtual call site,S7, given in Figure2. In
(a), therearefour casesin determiningthenew stateof a
virtual call site.The�rst caseis obvious.Thesecondcase
is justi�ed becausea �nal methodor a methoddeclared
in a �nal classcannotbe overridden. The methodis the
only targetof the call site regardlessof the runtimetype
of thereceiver. In thethird case,thecall siteis externalif
its receiver is type-unknown or external.Thenanexternal
methodmaybeinvokedat thecall site. If the lastcaseis
reached,thecall site is internal.Thetransferfunction(b)
comesinto play if thecall site is external. In this case,v
becomesexternalsinceit maypoint to anexternalobject
which maybe returnedfrom anexternalmethodinvoked
at thecall site. In addition,every objectpointedto by an
argumentat thecall sitebecomesexternalreachable(C6).

Thetransferfunctionfor a staticcall site,S8, aresim-
ilar but simpler.

Our analysisproblemis solvediteratively until a max-
imal �x edpoint is found.

Theorem1 Our internal analysis provides a under-
approximationof theinternal statesof references,objects
andcall sitesin theanalysedprogram.

Proof FollowsdirectlyfromRulesC1–C6,theinitialisa-
tionsstatedin Section3.1andthetransferfunctionsgiven
in Figures4 and5. �

3.3 Example

Considerthe exampleI W given in Figure 1, whereall
compile-timeobjectsareidenti�ed by their line numbers.
All nodesin thePAGstartwith > . Thenthefourallocation
nodes,5, 8, 9, and10 are initialised to I while 6 to U.
Theprogramhasonestatic�eld A.h , wherePTS(A :h) =
f 10g. Thus, the nodeA.h is set to ? and the stateof
thenode10 is appliedu with S. Thenodesthis andp,
which representthe two parametersof thepublic method
foo , aresetto ? . Thevariablet , wherePTS(t) = f 10g,
is returnedby themethodfoo . Therefore,thenode10 is
appliedu with S again.

Let us examinethe internal analysison the example
brie�y . Whenthestatementsin lines6 – 7 areprocessed,
the nodey becomesU. The nodey representsthe re-
ceiver at thecall site y = y.foo(x) in line 13, where
PTS(x) = f 5g. Basedon thetransferfunctionsfor a vir-
tual call site, thestateof thenodey dropsto ? while the
stateof the node5 dropsto S. The nodex becomesS
eventuallydueto thestatementin line 5. Whenthestore
in line 12 is processed,we apply u with ? to the state
of thenodex.f andu with S to thestateof thenodein
PTS(z) = f 8g. Thestateof thenodex.f changesto ?
andthe stateof the node8 dropsto S. Similarly, when
thenodet in foo becomes? andthestorein line 22 is
processed,we applyu with ? to thestateof t.f andu
with S to thestatesof thenodesin PTS(p) = f 5; 8g.

Themaximal�x edpoint foundeventuallyis depicted
in Figure1.

4 IA-basedSide-EffectAnalysis

In Java, a non-�eld variablecanbe modi�ed only by an
assignmentstatementwherethevariableitself is the left-



handside(LHS). In contrast,a �eld variablev:f maybe
modi�ed by anassignmentto u:f if u andv maypoint to
thesameobject.In thepresenceof dynamicclassloading,
the points-tosetsmay be incomplete.Our internalanal-
ysis allows us to determinewhich points-tosetsarede�-
nitely completeandwhich maybe incomplete.Basedon
the information,we computea modi�cation set for each
statementandthentheside-effectsonany givenvariable.

4.1 Computing Modi�cation Sets

The side-effect analysiscomputesfor eachstatement,a
modi�cation setconsistingof all objectsthatmaybemod-
i�ed by thatstatement.Themodi�cation setof astatement
includesthe objectsmodi�ed by the statementitself and
thosemodi�ed by any methodsthat may be invoked di-
rectlyor indirectlyby thatstatement.

Let MOD beamappingfrom ((M [ S) � (F [ f sf g))
to (P � L � E ), whereM is thesetof internalmethods
in I W , S is the setof statementsin thesemethods,F is
thesetof staticor instance�elds in I W , sf is thespecial
�eld representinganarrayaccess,P = 2O[ C is thepower
set of the set that containsall compile-timeobjectsand
classes,L = f> ; I ; S;U;?g is our latticeset,and�nally ,
E = f true; falseg. (NotethatC is de�ned in De�nition 1
andO in Section2.4.)

The modi�cation set MOD(x; f ) speci�es that x 2
M [ S may modify the �eld f 2 F [ f sf g of all the
objectsin P. ThecomponentL representsthesmallestof
the lattice valuesof all referencesr in the analysedpro-
gramsuchthat r.f maybemodi�ed by x. TheE compo-
nentindicatesif s containsanexternalcall siteor not. We
useMOD(x; f ):P, MOD(x; f ):L and MOD(x; f ):E to
denotethecorrespondingcomponentsof themodi�cation
set.

Themodi�cation setof an internalmethodm 2 M is
simply taken asthe union of the modi�cation setsof all
statementscontainedin themethod:

MOD (m; f ) = (; ; > ; false) [
[

s is a
statement

in m

MOD (s; f )

where the existence of (; ; > ; false) ensures that
MOD(s; f ) is well-de�ned (in the case when the
method is empty). The union of two modi�cation
sets is de�ned as: (P1; L 1; E1) [ (P2; L 2; E2) =
(P1 [ P2; L 1 u L 2; E1 _ E2).

Figure6 givestherulesto computeMOD for the8 ba-
sicstatementslistedin Figure2. The�rst two rulesarefor
statementsS4 andS6 thatwrite staticandinstance�elds,
respectively. In thecaseof S7, avirtual call site,themod-
i�cation setincludestheunionof themodi�cation setsof
all the possibleinternalmethodsthat may be invoked at
thatcall site. To completethespeci�cationof themodi�-
cationset,therearetwo cases.If thecall site is external,
weadd(; ; > ; true) to thesetsinceanexternalmethodmay
beinvokedat thecall site. If thecall siteis internal,there
is nothingto add.Therule for S8, astaticcall site,is sim-
ilar but simplersincewhetherits uniquetargetmethodis
internalor not canbedeterminedwithout any �o w analy-
sis.Finally, thefour remainingstatements,S1; S2; S3 and
S5 listedin Figure2 donotmodify any given�eld g.

Ourinternalanalysisalsoallowsusto determinewhich
modi�cation setsarede�nitely completeandwhich may
beincomplete.Thefollowing resultsfollow directly from
Theorem1 andthe rulesgiven in Figure6. Their proofs
arethusomitted.

Theorem2 If MOD(s; f ):L = ? , then MOD(s; f ):P
may be incomplete. What are missingin MOD(s; f ):P
maybeanysemi-internal,type-unknownor external (but
not internal) object. If MOD(s; f ):E = true, then
MOD(s; f ):P may be incomplete. What are missingin

BooleanSideEffectChecker(Statements, Variablex)
(1) if x is a non-�eld variableof theform v
(2) if LHS of s is x
(3) return true
(4) elseifx is aninstance�eld of theform v:f
(5) if LHS of s is v
(6) return true
(7) elseifLAT(v) = ? andMOD(s; f ):L v S
(8) return true
(9) elseifLAT(v) v S andMOD(s; f ):L = ?
(10) return true
(11) elseifLAT(v) v S andMOD(s; f ):E
(12) return true
(13) elseifPTS(v) \ MOD(s; f ):P 6= ;
(14) return true
(15) elseifx is a static�eld of theform cl:f
(16) if MOD(s; f ):E
(17) return true
(18) elseifMOD(s; f ):P = f clg
(19) return true
(20) return false

Figure7: IA-basedside-effectchecker for programs.

MOD(s; f ):P may be any internal class cl 2 I W in
which f is a �eld variable and any semi-internal,type-
unknownor external(but not internal) object.Otherwise,
MOD(s; f ):P is de�nitely complete.

4.2 Checking SideEffects

Our algorithm,CHECKER, determinesthe side-effectsof
astatements onany givenvariablex, wheres andx arein
internalmethodsin I W . Therearethreecasesdepending
on whetherx is a non-�eld variablev, an instance�eld
v:f or astatic�eld cl:f . CHECKER returnstruein the�rst
caseif s modi�es v, which is trivial in Java, true in the
secondcaseif s may modify eitherv or v:f , true in the
third caseif s maymodify cl:f andfalseotherwise.

The correctnessof our algorithmfollows from Theo-
rems1 and2. To understandits last two cases,let ussee
how they canbesimpli�ed basedon thesetwo theorems.
But sucha methodis inef�cient andshouldnot be used.
Let E be a specialexternalobjectcreatedin an external
method.LetA bethesetconsistingof all semi-internal,all
type-unknownobjectsandE. If LAT(v) = ? , thenaddall
elementsin A to PTS(v). If MOD(s; f ):L = ? , thenadd
all elementsin A to MOD(s; f ):P. If MOD(s; f ):E = ? ,
thenaddall elementsin A andall internalclassesin I W
in which f is a �eld variableto MOD(s; f ):P. Thenlines
7 – 12 in CHECKER are redundantandcan be removed
andlines16– 19canbereplacedby:

if cl 2 MOD(s:f ):P
return true

4.3 Example

As beforewe identify eachcompile-timeobject by the
numberof the line whereit is created.We also identify
a statementby its line number. Below we list the modi-
�cation setsof all statementsin our runningexamplethat
arenotempty, i.e., (; ; > ; false).

MOD(22; f ) = (f 10g; ? ; false)

MOD(foo ; f ) =
[

s in foo

MOD(s; f )

= MOD(22; f ) = (f 10g; ? ; false)
MOD(11; A:h) = (f Ag; > ; false)

MOD(12; f ) = (f 5g; S; false)

Since LAT(y) = ? and foo is not �nal , we have
LAT(y:foo (x)) = ? . Hence,



Statement MOD

S4 : cl:f = v MOD(S4; g) =
�

(f clg; > ; false) if g = cl:f
(; ; > ; false) otherwise

S6 : `:f = v MOD(S6; g) =
�

(PTS(`); LAT(`); false) if g = f
(; ; > ; false) otherwise

S7 : v = `0:op(`1; : : : ; `k )

MOD(S7; g) =
[

m 2 M maybeinvokedfrom S7

MOD(m; g)

[
�

(; ; > ; true) if LAT(`0:op(`1; : : : ; `k )) = ?
(; ; > ; false) otherwise

S8 : v = cl:op(`1; : : : ; `k ) MOD(S8; g) =
�

(; ; > ; true) if LAT(cl:op(`1; : : : ; `k )) = ?
MOD(op;g) otherwise

S1, S2, S3, S5 MOD(S1; g) = : : : = MOD(S5; g) = (; ; > ; false)

Figure6: Rulesfor computingMOD for all thestatementsin Figure2.

MOD(13; f ) = MOD(foo ; f ) [ (; ; > ; true)
= (f 10g; ? ; true)

MOD(13; g) = (; ; > ; true), whereg 6= f

SinceLAT(t :foo (z)) = I , the modi�cation set for the
statementin line 15 is:

MOD(15; f ) = MOD(foo ; f ) [ (; ; > ; false)
= (f 10g; ? ; false)

MOD(foo1 ; f ) =
[

s in foo1

MOD(s; f )

= (f 5; 10g; ? ; true)

MOD(foo1 ; A:h) =
[

s in foo1

MOD(s;A:h)

= (f Ag; > ; true)

Let us apply CHECKER to conduct some
side-effect analysis. The call in line 13 may
modify x.f , i.e., CHECKER(13; x:f ) = true
because LAT(x) = S and MOD(13; f ):E
= true. Since y may point to an object whose run-
time type is a subclassof B, this call site may invoke a
compile-timeunknown overridingmethodof foo in the
subclass.Whenx is passedasanargumentto themethod,
x.f maybemodi�ed inside.

The call in line 15 may modify x.f , i.e.,
CHECKER(15; x:f ) = true becauseLAT(x) = S and
MOD(15; f ):L = ? . Let usgiveascenarioin whichsuch
a modi�cation takesplace. The target of the call in this
statementis certainlythemethodfoo containedin B be-
causethedeclaredtypeof t is B andthe internalstateof
t is I . The externalcall madein line 13 canmake A.h
point to thesameobjectthatx pointsto, i.e. theobject5.
Whent is assignedin line 21, t will point to the object
thatx pointsto. Sothestatementin line 22 thatmodi�es
t.f alsomodi�es x.f .

5 Experiments

We have implementedour internalanalysisandIA-based
side-effect analysisalgorithmsin Soot (Vallée-Raiet al.
1999), a bytecodeto bytecodeoptimiser. In Soot, only
whole-programanalysesandoptimisationsaresupported.
Thereis apreprocessingtranslatorthatconvertsJavabyte-
codeinto athree-addressrepresentationcalledJimple. All
thestatementsin Jimplerelevantto our analysisarelisted
in Figure2. Recallfrom Section2.2thatarrayaccessesare
interpretedasinstance�eld accessesduringtheanalysis.

A programbeinganalysedis representedby its PAG.
Thepoints-tosetsfor theanalysedprogramarecomputed

usingapoints-toanalysispassin Soot(Lhoták& Hendren
2003). We have implementedour internal analysisand
side-effectanalysisalgorithmasseparatepasses.

We presentour experimentalresultsusingninebench-
marks.The�rst four arefrom SPECjvm98,jasmin (ver-
sionsable-1.1)is a Java assemblerinterface, jlex (ver-
sion1.2.6)andjavacup (version0.10k)areJavascanner
andparsergeneratorsfrom PrincetonUniversity, jb (ver-
sion7.0)is aparserandlexergeneratorfor Javafrom Col-
oradoUniversityandjtar (version1.21)is GNU's tar
portedto Java. In our experiments,the internal-world for
abenchmarkconsistsof classesandtheirmethodsin both
the applicationand the library that canbe reachedstati-
cally from any non-privatemethodof theapplication.

We measurethe precisionof an side-effect analysis
with the averagenumberof �eld accessesmodi�ed by a
statement(assignmentor call site)in aprogram.We com-
pareouranalysistechniquewith thetype-basedaliasanal-
ysis(TBAA) (Diwan,McKinley & Moss1998),which is
recentlyusedin (Hoskingetal. 2001)for optimisingJava
programs. Table 1 shows that our analysisyields more
preciseresultsacrossall the benchmarksused. We have
consideredonly the �eld accessesandthestatementsap-
pearingin the internalmethodsfrom theapplicationpart
of a benchmark.Our analysisprovidesa moreprecisees-
timateabouttheaveragenumberof �eld accessesthatmay
bemodi�ed perstatementthantheTBAA approach.The
arrayaccesses,whicharediscussedin Section2.2,arein-
cludedin thestatisticsfor instance�eld accesses.

We also demonstratetwo important applicationsof
IA-basedside-effect analysisin compiler optimisations:
partial redundancy elimination(PRE)andcopy propaga-
tion for eliminating redundant�eld accesses,i.e., loads.
PRE is an important optimisation that subsumesloop-
invariantcodemotion andcommonsubexpressionelim-
ination (Morel & Renvoise 1979). Existing PRE algo-
rithms(Horspool& Ho 1997,Knoop,Rüthing& Steffen
1994,Cai & Xue 2003)dealwith arithmeticexpressions
involvingonly localvariables(e.g.,a+ b). Recently, Hosk-
ing et al (Hoskinget al. 2001)combinePREwith TBAA
to dealwith �eld accesses.In comparisonwith thisearlier
approach(Section6), our IA-basedside-effectanalysisal-
lows a moreeffective PREto be performedfor �eld ac-
cesses.In oursecondapplication,weshow furtherthatour
analysisis alsomoreeffective in performingcopy propa-
gationfor �eld accesses.In our experiments,both opti-
misationsareappliedonly to the internalmethodsin the
applicationpartof a benchmark.

To the bestof our knowledge,this paperis the �rst
demonstrationof theseoptimisationsin Java programsby
consideringthe interproceduralmodi�cation sideeffects
in thepresenceof dynamicclassloading.

Table2 comparesthetwo PREalgorithmsandthetwo
copy propagationalgorithmsin termsof the numberof
redundantloadseliminated.We seeconvincingly thatour
IA-basedside-effectanalysishassuccessfullyenabledsig-
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Figure 8: Analysis costsof PRE and copy propagation
usingIA-basedapproachover theTBAA-basedapproach.

ni�cantly more redundanciesto be eliminated. In PRE,
the improvementsover theTBAA-basedalgorithmrange
from 0% to 108.0%. In copy propagation,our algorithm
eliminatesbetween0%and52.9%moreredundancies.

Table3 shows that our internalanalysisis extremely
ef�cient. By computingthelatticevaluesof all references
andobjects,we areableto determinewhichpoints-toand
modi�cation setsarede�nitely completeor not,providing
suf�cient informationto computethemodi�cation sideef-
fects. In comparisonwith the compiletime spentby the
points-toanalysispass,theaverageoverheadof our inter-
nal analysispassfor all thebenchmarksis only 2.6%.

Finally, Figure8 presentstheanalysiscostsof our IA-
basedapproachrelative to the TBAA-basedapproachin
performingboth PRE and copy propagation. The costs
for PREincreasefrom 3.7%to 25.4%with anaverageof
14.9%overtheTBAA-basedapproach.Thecostsfor copy
propagationincreasefrom 1.9%to 9.3%with anaverage
of 3.6%.PREis moreexpensiveamongthetwo optimisa-
tions sinceseveral data-�ow passesarerequiredin order
to �nd theoptimalplacementsfor insertedtemporaries.

6 RelatedWork

We review the existing work relatedto internalanalysis
andside-effectanalysisbelow.

6.1 Inter nal analysis

Points-toanalysis(Rountev & Ryder 2000, Harrold &
Rothermel1996)for incompleteprogramson imperative
languageshasbeenstudiedfor a long time. Unlike these
approaches,our approachtakes into accountsomenew
featuresof object-orientedlanguagessuch as polymor-
phism,dynamicbindinganddynamicloading.

Chatterjeeet al. (Chatterjee& G.Ryder2001)present
a points-toanalysisfor library modulesto �nd def-usere-
lations. The analysisevaluatesa parameterisedpoints-
to solutionfor eachmethodandpropagatesconservative
assumptionsaboutthe clientsof the library in top-down
manner. The limitation of theapproachis that it doesnot
examinethe affectsof staticallyunknown codessuchas
nativecodesor dynamicallyloadedcodes.

Extantanalysis(Sreedhar, Burke & Choi 2000)is de-
signedfor the purposesof specialisingJava programsin
thepresenceof dynamicclassloading.Thetechniquepar-
titions referencesinto two categories:unconditionallyex-
tant referenceswhenthey justpoint to objectswhoserun-
timetypesarein theclosedworld andconditionallyextant
referencesotherwise.Theinternalanalysiscanobtainthe
informationaboutthe completenessof a points-tosetby
whichwe applyto side-effectanalysis.

Immutability analysis (Porat, Biberstein, Koved &
Mendelson2000) is a techniquefor detectingmutability
of �elds and classesin a Java program. Field analysis
(Ghemawat,Randall& Scales2000)exploits thedeclared
accessrestrictionsplacedon �elds in order to determine
useful propertiesof these�elds, suchas exact type ,
nonnull , may leak andonly init .

Escapeanalysis(Blanchet1998,Blanchet1999,Choi,
Gupta, Serrano,Sreedhar& Midkif f 1999, Whaley &
Rinard1999,Vivien & Rinard2001)detectsthe objects
that never escapeout of a methodor thread. An object
escapesa methodM if its lifetime may exceedthe life-
time of M. An object that doesnot escapea methodcan
be possiblyallocatedon the method's stackframe. If an
objectdoesnot escapea thread,no otherthreadscanac-
cesstheobject.Thesynchronisationoperationsassociated
with theobjectcanbeeliminated.In general,our internal
analysiscanbe regardedasa kind of escapeanalysisfor
detectingobjectsescapingout of the analysedprogram.
Themajordifferencesarethat(1) theaccesspropertiesof
�elds andmethodsaretakenaccount,(2) thecompleteness
of points-tosetsis determined,and(3) the completeness
of virtual call sitesis evaluatedin our technique.

Somedynamicpoints-toanalysistechniquesfor Java
(Pechtchanski& Sarkar 2001, Hirzel, Diwan & Hind
2004) restrict themselves only to loadedclassesduring
programexecution. The analysisandoptimisationtech-
niquesthatmakeuseof thepoints-toinformationmayre-
quireruntimeinvalidationandrecompilationmechanisms,
whichcanhurtperformance.In addition,side-effectanal-
ysis cannot be easilydonewhensomepoints-tosetsare
incomplete.Theproposedtechniquein this paperallows
side-effect analysisand other analysisand optimisation
techniquesto beappliedwithout runtimeinvalidationand
recompilation.

6.2 Side-EffectAnalysis

Side-effect analysisfor imperative languageshas been
studiedfor a longtime. Banning(Banning1979)is oneof
theearliestproviding a systematictreatmentof this prob-
lem. His approachworksonimperativelanguageswithout
pointersandwherealiasingoccursonly throughparameter
passing.CooperandKennedy(Cooper& Kennedy1988)
improveBanning'swork by dividing theside-effectprob-
lem into two subproblems:the side effect analysisfor
formal parametersandthe side-effect analysisfor global
variables. Ryder et. al. (Ryder, Landi, Stocks,Zhang
& Altucher 2001) presentan interproceduralside-effect
analysisalgorithmwith pointeraliasing.Like theseexist-
ing approaches,our approachis �o w-insensitive. How-
ever, our approachworks for object-orientedlanguages
thatsupportdynamicclassloading.

Someinterproceduralside-effect analysistechniques
have beenproposedfor Java programs(Clausen1997,
Raza�mahefa 1999,Lhoták 2003,Rountev 2004). How-
ever, they expect the whole program to be presentdur-
ing the analysis. S�alcianu and Rinard (S�alcianu &
Rinard 2004) presenta static analysis for identifying
puremethods.Their techniqueis basedon a specialised
pointer/escapeanalysisfrom (Whaley & Rinard 1999).
Our approachevaluatesside-effect basedon any �o w-
and context-insensitive points-to analysis. This per-
mits the use of a variety of existing points-to analysis
(Lhoták2003,Berndl,Lhoták,Qian,Hendren& Umanee
2003).Rountev andRyder(Rountev & Ryder2001)anal-
yseseparatelyclient modulesandlibrary modulesimple-
mentedin C. They constructsummaryinformationcon-
servatively aboutthelibrary modulesandthenusethein-
formationwhenthey analysetheclientmodules.

There are some intraproceduralside-effect analysis
techniquesthat`support'dynamicclassloading(Hosking
et al. 2001,Vallée-Raiet al. 1999).However, they simply
maketheworst-caseassumptionthatacall maymodify all
objects.A simpleside-effectanalysis,calleda naiveside-
effectanalysis,is implementedin (Vallée-Raietal. 1999),
that assumesthat a andb may point to the sameobject



Benchmark
(InstanceField Accesses)/Statement(StaticField Accesses)/Statement
TBAA-based IA-based TBAA-based IA-based

compress 80:4 59:2 8:2 5:3
db 59:6 53:8 10:9 9:8
mpegaudio 542:8 392:0 7:6 5:0
jack 414:3 395:3 16:1 15:4
jasmin 552:7 455:5 9:0 7:0
javacup 505:8 423:7 56:9 47:5
jb 134:0 110:1 34:4 28:0
jlex 553:4 461:8 1:8 1:5
jtar 386:0 297:5 30:6 23:8

Table1: A comparisonof theprecisionsof TBAA-basedandIA-basedside-effectanalysistechniques.

Benchmark
PartialRedundancy Elimination(PRE) Copy Propagation
TBAA-based IA-based(%) TBAA-based IA-based(%)

compress 25 52 (108:0) 13 15 (15:4)
db 10 10 (0:0) 0 0 (n/a)
mpegaudio 421 493 (17:1) 122 143 (17:2)
jack 115 178 (54:8) 216 227 (5:1)
jasmin 71 93 (31:0) 13 13 (0:0)
javacup 39 78 (100:0) 15 20 (33:3)
jb 19 29 (52:6) 17 26 (52:9)
jlex 476 570 (19:7) 25 25 (0:0)
jtar 58 98 (69:0) 28 37 (32:1)

Table2: A comparisonof PREandcopy propagationalgorithmsw.r.t, redundantloadseliminated.

for any two �eld accessesa.f and b.f . Hosking et
al (Hoskinget al. 2001)performPREfor �eld accesses
by using the type-basedalias analysis(TBAA) (Diwan
et al. 1998) to provide a more accurateside-effect anal-
ysis. Let thedeclaredtypesof v andw beT1 andT2, re-
spectively. Thenv andw maybealiasesif f T1 andT2 are
identicalor oneis a subclassof theother. Therefore,v:f
andw:g maybealiasesif f f = g andv andw arealiases.
Our experimentalresultsover benchmarkprogramsshow
thatour IA-basedside-effectanalysisprovidesa moreac-
curateinformationthantheapproach.

7 Conclusion

In this paper, we solve an importantproblemfor ef�cient
executionof Java programs. We describea framework
for interproceduralside-effect analysisand optimisation
in the presenceof dynamicclassloading. Whenclasses
thataredynamicallyloadedareunknown atcompiletime,
thepoints-toandmodi�cation setsmaybeincomplete.We
presentan internalanalysistechniquefor classifyingref-
erencesin theinternal-world programinto internal,semi-
internal,type-unknown andexternalreferences.By com-
biningpoints-toanalysisandinternalanalysis,wepresent
an algorithmfor computinginterproceduralmodi�cation
sideeffectswhendynamicclassloadingis permitted.We
have evaluatedthe precisionof our side-effect analysis
anddemonstratedits effectivenessin two importantappli-
cations— PREandcopy propagationfor �eld accesses.
Our experimentalresultsusingbenchmarksshow signi�-
cantbene�ts of our analysistechniquesin compileropti-
misationsat reasonablysmallanalysiscosts.
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