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Abstract

We introducea new approachto computinginterproce-
dural modi cation side effects for Java programsin the
presenceof dynamicclassloading. Whencompile-time
unknown classesan be loadeddynamically the points-
to andmodi cation setscomputedstaticallybasedon the
analysedprogram,calledinternalworld, may be incom-
plete. Thus,the modi cation sideeffectscannotbe deter
minedbasedon suchsetsalone. We presenta technique,
calledinternalanalysiqlA), to classifythereferencespb-
jectsandcall sitesin theanalysedprogramsothatwe can
determinewhich points-toandmodi cation setsarede -
nitely completeandwhich maybenot. By combiningthe
points-tosetsandthis classi cation,we obtaina new 1A-
basednterproceduraside-efectanalysisfor determining
themodi cation side-efectsof ary statemenbn ary vari-
ablewith goodaccurag. We have implementedour al-
gorithmsin Soot. This paperdemonstrateswo impor-
tant applicationsof this work: partial redundang elimi-
nation(PRE)andcopy propagatiorfor eld accessedie
report signi cantly increasedopportunitiesin perform-
ing theseoptimisationsover benchmarksvhencompared
with a recently proposedtechniquein theseareas. Our
techniquesare simplesincethey are o w-insensitve and
achieve theseimprovementsat smallanalysiscosts.

1 Intr oduction

Interprocedurakide-efect analysisis an importanttech-
niguebecause¢heinformationit providescanimprovethe
precisionof mary analysigechniquesuchasdependence
analysisand livenessanalysis. In addition, mary com-
piler optimisationtechniquesely directly or indirectly on
side-efect analysiswhen optimising a program. These
techniquesare PRE, copy/constantpropagation,redun-
dantload elimination, null pointercheckelimination,ar
ray bound check elimination, instruction scheduling,to
namejust a few. Finally, side-efect analysisalso plays
animportantrole in softwareengineeringOnerecentex-
ampleis its adaptatiorio supporigeneratiorof summaries
of environmentbehaiour (Tkachuk& Dwyer2003).
Dynamic classloading, which is an integral part of
object-orientedanguagesuchas Java and C#, presents
challengesto side-efect analysis. The call graph of
the programmay be incompletewhen somedynamically
loaded classescannotbe determinedstatically When
computedbasedonly on the compile-timeknown classes
in the program the points-toandmodi cation setsmaybe
incomplete(i.e., do not containall possibleobjectsfound
whenmoredynamicallyloadedclassesecomestatically
available). Thus,the modi cation side effectsof a state-
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ment(assignmenor call site) cannotbedeterminedased
onsuchsetsalone.Considera Java programgivenin Fig-

urel(a).In lines6 and7, anobjectof a compile-timeun-

known classis createdandassignedo y. This classmay
be a subclasof classB containingan overriding method
foo to replaceB's implementation.As a result, the in-

vocationin line 13 with y asthe recever may call this

unknown overridingmethodfoo . By usingthe points-to
setscomputedbasedon A and B only, we cannotdeter

minethemodi cation setof this call site,i.e.,whetherthe
call sitemaymodify the ve objectscreatedn lines5—6

and8 —10.

Someapproachesolve this problem by making the
conserative assumptionthat a method invocation may
modify arny object (Hosking, Nystrom, Whitlock, Cutts
& Diwan 2001, Vallée-Rai,Hendren,Sundaresan..am,
Gagnon& Co 1999). The modi cation side effects of
otherkinds of statementsare also approximatedaccord-
ingly. As aresult,theconstant in line 12 cannotbeprop-
a%ate(hcrossthecall sitein line 13,implying thatthe pos-
sibly redundantoadx.f in line 14 cannotbe eliminated.
Otherapproachesxpectthe whole programto be avail-
able during the analysis(Raza mahe& 1999, Milanova,
Rounter & Ryder2002,Clausen1997,Lhotak 2003). In
orderfor the statemenin line 6 to be analysedthe set
of classeghat may be dynamicallyloadedheremustbe
explicitly speci ed (by the user). As a result,all points-
to setsare completeand side-efect analysiscan be car
ried out basedon thesesetsin the normalmanner Sup-
posethat the userindicatesthat the setjust includesB.
Theseapproachesvould concludethatx.f in line 12 is
not modi ed by thecall in line 13. Thus,theloadin line
14 canbeeliminatedandreplacedvith the constantalue
z propagatedrom line 12. However, theseoptimisations
may be incorrectif a new subclas®f classB is loadedin
line 6 atruntime.

We introducea new approachto computinginterpro-
ceduralmodi cation sideeffectsfor Java programsn the
presenceof dynamic classloading. The compile-time
known classesn theanalysegrogramform the so-called
internalworld. Thepoints-toanalysids rst appliedtothe
internalworld asif it wereawhole-programA new tech-
nique,calledinternal analysis(IA), is thenappliedto the
internalworld to classify all referencespbjectsandcall
sitesso that we can determinewhich points-tosetsand
modi cation setsarede nitely completeandwhich may
benot. By combiningthepoints-tosetsandthis classi ca-
tion, we obtainanew |A-basedinterproceduraside-efect
analysisfor determiningthe modi cation side-efects of
ary statemenbn ary variablewith goodaccurag.

Considetheprogramgivenin Figurel(a). Figurel(b)
shaws its pointer assignmentgraph (PAG) (Lhotak &
Hendren2003),whereeachnoderepresentgitherarefer
enceor acompile-timeobjectidenti ed by its line number
Let usassumehattheinternal-world consistof classef
andB only. Supposeve wantto nd outif theloadx.f
in line 14 canbereplacedwith the constantz propagated
from line 12. The points-tosetsfor all referencesanbe
obtainedby avisualinspectiorof thePAG. By performing
theside-efectanalysishasednthesepoints-tosetsalone,
we would concludethatthe call in line 13 doesnot mod-



1 publicclassA f
2 Af;
3 staticB h;
4 public staticvoid fool() f
5 A x=new A();
6 Objecto = new Unknown();
7 By=(B)o;
8 A z=new A();
Bt =new B();
B s=new B();
Ah=s;
x.f=z;
y =y.foo(x);
A a=xf,
y =t.foo(2);
d=x.f;
g

g
public classB extendsAf
publicB foo(A p) f
Bt=A.h;
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22 tf=p;
23 returnt;
24

25 g

(a) Code

X ----->  Store edge
Variable Node ;
———=  Allocation edge
C] Field Reference Node ---=>  Load edge

(b) PAG (decoratedvith theresultsof internal
analysiswherel standdor internal, S for semi-
internal,U for type-unknowmnd? for external)

PAG of fool

PAG of foo )\

I:l Allocation Node

Assignment edge

Figurel: A runningexampleprogram.

ify x.f . Thus,theloadin line 14 canbe eliminatedby
copy/constantpropagation. To accountfor an unknovn
classthat may be loadedin line 6, our internal analysis
classi esall referencesandobjectsasshowvn in the PAG.
This classi cationtells usthatwhile the points-tosetof x
is de nitely completebut the modi cation setof the call
sitein line 13 may be incomplete.In addition,the mod-
i cation setmay containan objectin the points-tosetof
X. Thus,the call site maymodify x.f , implying thatthe
loadoperationin line 14 cannotbe safelyoptimisedaway.
Similarly, the partially redundank.f in line 16 with re-
spectto x.f in line 14 cannotberemovedsafely

We have implementedour algorithmsin Soot,an op-
timising compilerfor Java. We demonstratéwo impor-
tantaltyolicationmf thiswork: PREandcopy propagation
for eld accessesBoth optimisationsare guidedby our
IA-basedinterproceduraside-efect 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)
(Hoskingetal. 2001).1n comparisorwith this algorithm,
we eliminate between0% to 108.0%redundanteld ac-
cesseandbetweer0%to 52.9%redundantoadsfor copy
propagation. Our analysesare o w-insensitve. These
bene tsareobtainedat reasonablygmallanalysiscosts.

Therestof this papetis organisedasfollows. Section?
introducessomebackgroundnformation. Section3 dis-
cusseur internalanalysis. Section4 describesur 1A-
basedside-efect analysis. Section5 presentour exper
imental resultsover benchmarks.Section6 reviews the
relatedwork. Section7 concludeghepaper

2 Background

By class we meana classor interfacein Javza. The
term virtual call meanseither an invokevirtual or
invokeinterface . Thetermstatic call meanseither
aninvokespecial or invokestatic call.

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

computedor theanalysegrogramby usinganAndersen-
stylepoints-toanalysisfor Java(Lhotak& Hendrer2003).
Secondpur internalanalysisclassi esall referencespb-
jectsandcall sitesin the analysedrogramsothatwe can
nd out the referenceswith de nitely completepoints-
to setsandthe call siteswhereall target methodscanbe
de nitely resohedwhendynamicclassloadingis permit-
ted. Third, themodi cation sideeffectsof a statemenare
found by combiningthe resultsfrom the points-toanaly-
sisandinternalanalysis.Finally, someoptimisationsare
performedon theanalysedgrogram.

Section2.1de nespreciselytheclassof internal-world
programgo whichourapproachs applicable Section2.2
describeghe intermediaterepresentatiomisedfor a pro-
gram. Section2.3 discusseur equivalent representa-
tion of aprogramusingapointerassignmengraph(PAG).
Section2.4 makesprecisethe points-toanalysisdoneon
the PAG. Section2.5 gives a classi cation of the refer
encespbjectsandcall sitesin the PAG.
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It is probablymeaninglessrying to analyseall arbitrary
incompleteJavaprogram.Let usde ne preciselytheclass
of programghatcanbe handledby this work.

Inter nal World

Denition 1 Let C be the set of classes, M the
set of the methodsin C, F the set of elds de-
clared in C. We de ne the analysedprogram, i.e.
the internal world denotedby | W, as a three-tuple:
IW = hC;M; Fi
suchthat (1) all classedn C exceptthe root class(i.e.,
java.lang.Object ) have all their superclasseis C,
(2) thereis not areferenceappearedn M with atypenot
in C, (3) thereis not a read/writeto a eld notin F, and
nally, (4) thereis not anaccesgi.e., a call) to a method
notin M.

During the executionof an analysedorogram,a class
can be loaded dynamically by using a classloader or
Class.forName() . A dynamicallyloadedclassmay



| Stat.|| Semantics | Syntax |

S; || objectcreation v = newcl()

S, copy v="

S3 staticload v = cl:f

S, staticstore clif =v

Sg instancdoad v="if

Se instancestore f=v

S; || virtualcallsite | v = "g:0p("1;:::; k)

Sg staticcall site | v = cl:op("1;:::; &
Figure 2: Statementi.e., instructions)in intermediate
representation.

be ary classin C or a subclasf ary classin C. In ad-
dition, somemethodsn M canbe native or requested
explicitly by theusernotto beinvolvedin staticanalysis.

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

De nition 3 A methodis internalif (1) it is a methodin
M, ﬁZ) it is indicated(by the user)to participatein static
analysisand(3) it is a Java method(i.e. its bytecodein-
structionsarefully available).Otherwiseijt is external

2.2

Thethree-addresatermediatgepresentatiowe usecon-

sists of the eight different kinds of statementdi.e., in-

structions)listed in Figure 2. For efciency reasons,
our internal analysisis ow-insensitve. Thus, the

o w control statementsn the programare irrelevant to

our analysisand are ignored. Every Java programis

transformedinto such a representation. Every expres-
sion of the form o.newlnstance() in a program
is transformednto new cl() if o.newlnstance()

is detectedstatically to be an object of classin C.

Otherwise,0.newlnstance() is replacedwith new

Unknown() , whereUnknowvn denotesa classthatis not

staticallyknown to bein C.

Accessego multi-dimensionalarraysare represented
in thestandardnannelby accesse one-dimensionar-
rays (with the introductionof temporaries)In this work,
a one-dimensionarrayis interpretedasa single, mono-
lithic object. By introducinga special eld, say sf, all ar-

Intermediate Representation

ray accessesanberepresentedsinstanceeld accesses.

We do notdistinguishaccesset differentcomponentsf
anarray Forexampleali] anda[j ] arerepresentety
only a. sf. Thereforeasfarasour analysisis concerned,
array accessesre expressedn the forms of Ss and Sg
givenin Figure2.

By a eld accesave meaneitherastatic eld acces®r
aninstanceeld accessLetV bethesetof localvariables
(includingthis andtemporariespndparametersEvery
instanceeld canalwaysbe expressedn theform of “:f |
where” 2 V isthebaseandf isaninstanceeld variable.
A static eld is of theform cl:f , wherethe classnamecl
isthebaseandf is astatic eld variablein thatclass.

For simplicity, the elds in distinctclassesreassumed
to have distinct names. In addition, every methodis as-
sumedto returna valueassignedo v. If its returntype
is void , v is simply consideredisa pseudovariable.As
astandardransformationgvery methodis transformedo
possesauniquereturnstatemenof theformreturn
wherer 2 V is calledareturnvariable Suchastatement
doesnot appearin Figure2. During the constructionof
the PAG for the program(seeSection2.3), the semantics
of areturnstatementn the calleeop is realisedasan as-
signmentfromr to v in the standardnanner Finally, "o
in S; is calledthereceiverexpressionatthatcall site.

Otherlanguagdeaturesof Jasa suchasexception,in-
nerclassandre ection areall dealwith similarly.

| Stat. || Syntax | Edge |
S1 v = newcl() | Allocation : (v  newcl())
S5,53,S, v=" Assignment (v )
Ss v="f Load (v )
S f = v Store ((Cf V)

Figure3: Thefour typesof PAG edges

2.3 Pointer AssignmentGraph

The pointerassignmengraph (PAG) for a program with
its statementglravn from Figure 2, is a digraphwhich
is a graphrepresentatiorof the program. Nodesin the
graphrepresentsariables parameterseld accesseand
allocationsites. Edgesin the graphrepresentsbjectcre-
ation, assignmentjoad, store statementss well as pa-
rametempassing Figure3 presentshe four typesof edges
in the graph. We referto (Lhotak & Hendren2003)for
details. Oneexampleis givenin Figurel, whereanallo-
cationnoderepresenta compile-timeobjectidenti ed by
its line number

The call graphof the internalworld programis built
in the usualmannerexceptthatall 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 methodscan be found using, for ex-
ample,the classhierarchyanalysis(CHA) (Dean,Grove
& Chamber1995). The mainreasorfor building the call
graphthis way is thatall possiblemethodscalledat a call
sitemustbeexaminedn orderto classifycorrectlyall ref-
erencesndobjectsin theinternalworld.

The PAG for a programis constructedsfollows:

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 methodsinvokable at the call site as indi-
catedin the call graph. The nodex representin@n
argumentatthecall siteis linkedto thenodey repre-
sentingthe correspondingarameteof acalleeby an
assignmenedge(y  x). Thenoder representing
thereturnvariableof a calleeis linkedto the nodev
representinghe LHS of the call statemenat the call
siteby anassignmenédge(v ).

2.4 Points-to Analysis

Let O bethesetof all compile-timeobjectscreatedn the
analysegrogram.Thepoints-tosetof areferences found
onthe PAG of the programis:
PTSv) = fo2 Ojvmaypointtoog

De nition 4 Let P bethe PAG of a program.Let P°be
the PAG of the sameprogramwhensomeexternalmeth-
odsinvoked at somecall sitesbecomenternal,implying

thatP is asubgraplof P A points-toor modi cation set
computedbasedon P is saidto be completéf it remains

unchangedvhen computedbasedon every possibleP .
Otherwisejt is incomplete

We classifythe referencespbjectsandcall sitesin the
analysedorogramin orderto determinewhich points-to
setsandmodi cation setsarede nitely completeor not.

2.5 Classication of References, Objects and Call
sites

De nition 5 An objectmaybeexternallyreadableif the
object may be pointedto by a referencein an external
methodor by a eld of anexternallyreachablebject.



De nition 6 An objectis external if it is createdin an
externalmethod.An objectwhichis createdn aninternal
gmethodis o ) ) )
> type-unknownif its runtimetypeis not statically

determined,
> semi-internal elif it is externallyreachable,
internal otherwise
A type-unknevn  object is created by
java.lang.class.newlnstance() or java.

lang.reflect.Constructor.newlnstance( ).
Such an object may be externally reachablesince its
compile-timeunknavn constructomay makeit so.

Therefore,semi-internal,type-unknavn and external
objectsare externally reachablebjects. But internal ob-
jectsarereachablenly within internalmethods.

An externally reachableobjectcanbe manipulatedoy
an externalmethodasif the objectwereexternal. There-
fore, we make a worst-caseassumptiorthat a refeence
that maypointto an externalobjectmayalsopointto any
externallyreacableobject

®e nition 7 A referencds .
external if it maypointto anexternalobject

type-unknownelif it may pointto atype-unknaevn object

> semi-internal elif it maypointto a semi-internabbject
internal otherwise

As anexternalobjectdoesnot appeaiin theresolution
of the points-toanalysisn | W, anexternalreferencanay
have an incompletepoints-toset. However, a reference
falling in the otherthreecategoriesde nitely hasa com-
pletepoints-toset. Following from the abore assumption,
we statethatan externalreferencenmay be an aliasof an-
other external, type-unknavn or semi-internalreference,
i.e. they maypointto the sameobject.

De nition 8 A callsiteisinternalif all thetargetmethods
that may be invoked at that call site areinternalmethods
andexternal otherwise.

As the code of an external methodis unknown, we
malke anotherconsenrative assumptionthat an external
call site maymodifyanyexternallyreadableobject

The next sectiondescribeghe analysistechniqueto
classifyreferencespbjectsandcall sites.

3 Internal Analysis

Theinternalanalysigs adata- ow problemfor classifying
all referencesndobjectsin theinternalworld. The semi-
latticeuseds (L; u), whereL = f> ;1;S;U;?g. The ve
latticevalues>; | ; S; U; ? , representheuninitialised,in-
ternal, semi-internal,type-unknaevn and external states,
respectiely. They areorderedas? @U @S @1 @>.
The meetoperatoru is de ned asfollows: > u e = e,
?;e= ?,UuS=U,Uul =UandSul = S,where
e2L.

As discussedh Section2.5,type-unknevn objectsare
externally reachable.Following from the Java language
speci cation,anobjectcreatedn aninternalmethodasan
instanceof aninternalclasshecomesxternallyreachable
onlyif it is

C1. pointedto by a non-privatestaticreferenceeld ,

C2. pointedto by a privatestaticreferenceeld in aclass
with atleastoneexternalmethod,

C3. returnedby a non-privateinternalmethod,

C4. returnedby a privateinternalmethodin a classwith
atleastoneexternalmethod,

C5. pointedto by aninstanceeld of anexternallyreach-
ableobiject,

C6. pointedto by anargumentof anexternalcall site.

Let us explain theserules. For RulesC1 andC2, an
externalmethodcanmake a referencepoint to the object
via astatic eld. For RulesC3andC4,aninternalmethod
maybeinvokedatacall sitein anexternalmethod.There-
fore, the objectreturnedby the internal methodmay be
pointedby thereferencavhich recevesthereturnedvalue
atthatcall site. For Rule C6, the objectmaybepointedto
by a parameteof anexternalmethodthatmaybeinvoked
atthecall site. As aresult,anobjectthatsatis esC1-C4
and C6 may be pointedto by a referencein an external
methodsoit is externallyreachabldy De nition 5. Rule
C5is deriveddirectly from De nition 5.

Eachnodein thePAG hasacell, calledLAT, to holdits
lattice value. Thevaluesin thesecellsmay changeasour
analysisprogressesThe analysisterminatesoncea max-
imal x ed-pointhasbeenreached The outputconsistsof
the points-tosetsof all referencesand an assignmenbf
IattiGcevaIuesto all referencespbjectsandcall 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:

U if cl=Unknown
LAT(0) = LAT(newcl ()) = | otherwise

Letv beareferenceWe de ne:
UpdateP28s) = 802 PTSv) : LAT(o)u = S

By RulesC1 andC2, UpdateP28) is performedfor ev-

erystatic eld v satisfyingthetwo rules.In addition,these
elds areinitialisedto ? if they arenotdeclaredas nal .

Thisis becaus@anexternalmethodcanmake v pointto an
externalobject.

By RulesC3 andC4, UpdateP2§&) is performedfor
the returnvariablev of every internalmethodde ned in
the two rules. Furthermorethe noderepresentingvery
parameteof every internalmethodde ned in thesetwo
rulesis initialisedto ? . This is becausesucha method
may be calledfrom an externalmethod. As a result,the
points-tosetsof all its referencgnarametershouldcontain
theobjectspassedy the externalmethod.

Rule C5 is realisedin the transferfunctionsfor loads
andstoresgivenin Figure4.

Finally, let us considerRule C6. As a specialcase,a
call site 0.newlnstance() in Javaimplicitly invokes
anunknawn constructorandis thusregardedasan exter-
nal call site. By this rule, UpdateP2&/) is performedfor
all theargumentsof the call site. Rule C6 is alsorealised
in thetransferfunctionsfor externalcall sitesgivenin Fig-
ure4.

3.2 Transfer Functions

Figure 4 givesthe transferfunctionsfor the four edges
givenin Figure3. Thesetransferfunctionssene to prop-
agatethe lattice valuesacrossthe edgesrepresentinghe
rst six statementandparametepassingn theprogram.
Thetransferfunctionsfor allocationandassignmentdges
areself-explanatory Let usexaminethetwo transferfunc-
tionsfor a storeedge(":f v). In (a), the lattice value
from v is propagatedo all “%f , where%is analiasof °,
because and’® may point to somecommonobjects. In
(b), LAT() is S, U or ? if andonly if = may point to at
leastone externally reachableor external object. There-
fore, an externalmethodmay make “:f pointto anexter
nal object. SOLAT(":f ) is setto ? . Similarly, all objects
in PTSVv) may becomeexternally reachablg(Rule C5).
Hence,UpdateP28) is performed. Note that (b) is ap-
pliedto ° but not to its aliasesfor two reasons.First, if
LAT(C9 is S, U or ?, then LAT("%f) will be setto ?
whenaloadfrom or astoreinto *%f is evaluated.Second,
it is redundanto perform UpdateP2&/) for eachof its



| Edges | TransferFunctions
Allocation (v newcl()) | LAT(v)u = LAT(newcl())
Assignment : (v~ LAT(v)u = LAT()
(8) LAT(V)u = LAT(:f)
Load (v =f) (b) if LAT(") = fS;U;?g
LAT(:f) =7
(@) LAT(%f)u = LAT(v), for all aliases Yof °, i.e.,
all ‘%suchthatPTS 9\ PTY) 6 ;
Store C:fF v (b) if LAT(") = fS;U;?g
LAT(:f ) =7
UpdateP28r)

Figure4: Transferfunctionsfor edges.

| Call | TransferFunctions |
Let thereben tamgetmethodsn | W atténis call sitefoundusingCHA
? if n = Ooroneof then tametsis external
_ e < w. | elif oporthedeclarectlassof "¢ is nal
s @LAT(S7)= LATCo:0pCai =255 5) =5 o i LAT( ) 2 £U; 2g
7 | otherwise
LAT(V) = ? , 5
(b) UpdateP26) 8i = 0;::::k i LAT(S7) =
_ e <\ _ ? ifthetargetmethodcl.opis external
S, (a) LAT(Sg) = LAT(cl:op("1;:::; k) = | otherwise
LAT(V) = ? , 5
(b) UpdateP26;) 8i = 1;::::k If LAT(Ss) =

Figure5: Transferfunctionsfor call sites.

aliases.Finally, let us considerthe two transferfunctions
for aloadedge(v  “:f ). In (a), thelattice valuefrom
“:f ispropagatedov. In (b),if LAT(") isS,U or?, then
LAT(:f ) = ? asexplainedin (b) of thetransferfunction
for storeedge. This partis repeatedor both loadsand
storesbecause loadfrom “:f or astoreinto :f maynot
be presenin the program.

Figure5 givesthetransferfunctionsfor the two kinds
of call sitesgivenin Figure2. Thesefunctionsare nec-
essarysincea compile-timeunknovn methodinvoked at
an externalcall site behaveslike a blackbox. In the PAG
of the program,thereare no assignmentdgesconnect-
ing theargumentgo the correspondingparametersf the
unknovn methodandno assignmenéedgeconnectinghe
returnvariableof the unknovn methodto caller's nodev
representinghe returnvalue. Let us examinethetransfer
functionsfor a virtual call site, S7, givenin Figure2. In
(a), therearefour casesn determiningthe new stateof a
virtual call site. The rst casds obvious. Thesecondtase
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 therecever. In thethird casethecall siteis externalif
its receveris type-unknavn or external. Thenanexternal
methodmay be invoked at the call site. If the lastcaseis
reachedthe call siteis internal. The transferfunction (b)
comesinto play if the call siteis external. In this case v
becomesexternalsinceit may point to an externalobject
which may be returnedfrom an externalmethodinvoked
atthe call site. In addition,every objectpointedto by an
argumentatthe call site become®xternalreachablgC6).

Thetransferfunctionfor a staticcall site, S8, aresim-
ilar but simplet

Our analysisproblemis solvediteratively until a max-
imal x edpointis found.

Theorem1 Our internal analysis provides a under
approximationof theinternal statesof refeencespbjects
and call sitesin theanalysedprogram.

Proof Followsdirectlyfrom RulesC1—CB6,theinitialisa-
tionsstatedn Section3.1andthetransferfunctionsgiven
in Figures4 and5.

3.3 Example

Considerthe examplel W givenin Figure 1, whereall

compile-timeobjectsareidenti ed by their line numbers.
All nodesn thePAG startwith > . Thenthefour allocation
nodes,5, 8, 9, and 10 areinitialisedto | while 6 to U.

Theprogramhasonestatic eld A.h , wherePTSA:h) =

f10g. Thus,the nodeA.h is setto ? andthe stateof

thenodelOis appliedu with S. Thenodesthis andp,

which representhe two parametersf the public method
foo , aresetto ?. Thevariablet , wherePTSt) = f 10g,

is returnedby the methodfoo . ThereforethenodelOis

appliedu with S again.

Let us examinethe internal analysison the example
brie y. Whenthe statement# lines6 — 7 areprocessed,
the nodey becomedJ. The nodey representghe re-
ceveratthecall sitey = y.foo(x) in line 13, where
PTSx) = f5g. Basedon the transferfunctionsfor a vir-
tual call site, the stateof the nodey dropsto ? while the
stateof the node5 dropsto S. The nodex becomesS
eventuallydueto the statementn line 5. Whenthe store
in line 12 is processedywe apply u with ? to the state
of thenodex.f andu with S to the stateof the nodein
PTSz) = f8g. Thestateof thenodex.f changedo ?
andthe stateof the node8 dropsto S. Similarly, when
thenodet in foo becomes andthestorein line 22is
processedwe applyu with ? to the stateof t.f andu
with S to the statesof thenodesin PTSp) = f5; 8g.

The maximal x ed point found eventuallyis depicted
in Figurel.

4 |A-based Side-EffectAnalysis

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



handside(LHS). In contrasta eld variablev:f maybe
modi ed by anassignmento u:f if u andv maypointto
thesameobject.In the presencef dynamicclassloading,
the points-tosetsmay be incomplete. Our internalanal-
ysis allows usto determinewhich points-tosetsarede -

nitely completeandwhich may be incomplete.Basedon
the information, we computea modi cation setfor each
statemenandthenthe side-efectson ary givenvariable.

4.1 Computing Modi cation Sets

The side-efect analysiscomputesfor eachstatementa
modi cation setconsistingof all objectsthatmaybemod-

i ed bythatstatementThemodi cation setof astatement
includesthe objectsmodi ed by the statementtself and
thosemodi ed by arny methodsthat may be invoked di-
rectly or indirectly by thatstatement.

Let MOD beamappingfrom (M [ S) (F[ fsfqg))
to(P L E),whereM isthesetof internalmethods
in W, S is the setof statementsn thesemethods/ is
the setof staticor instanceelds in | W, sf is the special

eld representingnarrayaccessP = 2°[ C isthepower
setof the setthat containsall compile-timeobjectsand
classesl = f> ;1;S;U;?g is ourlatticeset,and nally,
E = ftrue falsgy. (NotethatC is de ned in De nition 1
andO in Section2.4.)

The modi cation set MOD(x; f) speciesthatx 2
M [ S maymodify the eld f 2 F[ fsfg of all the
objectsin P. Thecomponent. representshe smallestof
the lattice valuesof all references in the analysedoro-
gramsuchthatr.f may be modi ed by x. TheE compo-
nentindicatesf s containsanexternalcall site or not. We
use MOD(x; f ):P, MOD(x; f ):L and MOD(x; f ):E to
denotethe correspondingomponent®f themodi cation
set.

Themodi cation setof aninternalmethodm 2 M is
simply taken asthe union of the modi cation setsof all
statementsontainedn the method:

MOD(m;f) = (;;>;falsg [ MOD(s;f)

sisa
statement
inm

where the existence of (;;>;fals§ ensures that
MOD(s;f) is well-de ned (in the case when the
method is empty). The union of two modi cation
setsis dened as: (Pi1;L1;E1) [ (P2;L2;E2) =
(P1[ P2;LiulyEr_ E»).

Figure6 givestherulesto computeMOD for the8 ba-
sic statementfistedin Figure2. The rst two rulesarefor
statement$, andSg thatwrite staticandinstanceelds,
respectiely. In thecaseof Sy, avirtual call site,themod-
i cation setincludesthe unionof the modi cation setsof
all the possibleinternal methodsthat may be invoked at
thatcall site. To completethe speci cationof the modi -
cationset,therearetwo cases.If the call siteis external,
weadd(; ; > ; trug tothesetsinceanexternalmethodmay
beinvokedatthecall site. If thecall siteis internal,there
is nothingto add. Therule for Sg, a staticcall site,is sim-
ilar but simplersincewhetherits uniquetarget methodis
internalor not canbedeterminedvithoutary o w analy-
sis. Finally, the four remainingstatements$s; S;; Ss and
Ss listedin Figure2 do not modify ary given eld g.

Ourinternalanalysisalsoallows usto determinavhich
modi cation setsare de nitely completeandwhich may
beincomplete.Thefollowing resultsfollow directly from
Theoreml andtherulesgivenin Figure6. Their proofs
arethusomitted.

Theorem?2 If MOD(s;f):L = ?, then MOD(s;f):P
may be incomplete Whatare missingin MOD(s;f ):P
may be any semi-internal type-unknowror external (but
not internal) object. If MOD(s;f):E = true then
MOD(s;f):P maybe incomplete Whatare missingin

BooleanSideEfectChecler(Statemens, Variablex)
(1) if x isanon- eld variableof theform v

(2) if LHS of sis x

3) return true

(4) elseifx isaninstanceeld of theform v:f

(5) if LHSof sisv

(6) return true

@) elseifLAT(v) = ? andMOD(s;f):Lv S
(8) return true

(9) elseif LAT(v) v S andMOD(s;f):L = ?

(20) return true

(11) elseifLAT(v) v S andMOD(s;f ):E
(12) return true

(13) elseif PTv)\ MOD(s;f):P 6 ;
(14) return true

(15) elseifx is astatic eld of theform cl:f
(16) if MOD(s;f):E

(17) return true

(18) elseifMOD(s;f):P = fclg

(19) return true

(20) return false

Figure7: IA-basedside-efectchecler for programs.

MOD(s;f):P may be any internal classcl 2 |W in
which f is a eld variable and any semi-internal,type-
unknownor external (but notinternal) object. Otherwise
MOD(s;f ):P is de nitely complete

4.2 Checking Side Effects

Our algorithm, CHECKER, determineghe side-efectsof
astatemens onary givenvariablex, wheres andx arein
internalmethodsn | W. Therearethreecaseslepending
on whetherx is a non- eld variablev, aninstance eld
v:f orastatic 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 , truein the
third caseif s maymodify cl:f andfalseotherwise.

The correctnes®f our algorithmfollows from Theo-
remsl and2. To understandts lasttwo caseslet ussee
how they canbe simpli ed basedon thesetwo theorems.
But sucha methodis inef cient andshouldnot be used.
Let E be a specialexternal object createdin an external
method.Let A bethesetconsistingof all semi-internalall
type-unknavn objectsandE. If LAT(v) = ?, thenaddall
elementsn A to PTSv). If MOD(s;f):L = ?,thenadd
all elementsn A to MOD(s;f ):P. If MOD(s;f ):E = ?,
thenaddall elementsn A andall internalclassesn | W
in whichf isa eld variableto MOD(s;f ):P. Thenlines
7 — 12 in CHECKER are redundantand can be removed
andlines 16— 19 canbereplacedy:

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

4.3 Example

As before we identify eachcompile-timeobject by the
numberof the line whereit is created. We alsoidentify
a statemenby its line number Below we list the modi-
cation setsof all statement& our runningexamplethat
arenotemptyi.e.,(; ;>; falsg.

MOD(22;f) = (f10g;? ;falsg
MOD(foo;f) = MOD(s;f)
s in foo
= MOD(22;f) = (f10g; ? ; falsé
MOD(11; Ah) = (fAg;>;falsg
MOD(12;f) = (f5g;S;falsg

Since LAT(y) = ? andfoo is not nal, we have

LAT(y:foo (x)) = ?. Hence,



tatement
S MOD
e .~ _ (fclg;>;falsg if g= cl:f
Syiclf =v MOD(S;;9) = (;;>; fals otherwise
. _ .+ _ (PT);LAT();fals§ ifg=f
SG i =v MOD(SGa g) - (; > fa/SQ [ otherwise
MOD(S7;g) = i MOD(m; g)
Syiv=giop(aiii k) m2 M maybe_invoke(flfrom\87
[ (;>;true if LATCo:op(C1;:::; k) = ?
(;;>,fals§ otherwise
. >ty if LAT(cl:op("1;:::; =7?
Sg:v=clop(1;:::; k) | MOD(Sg; Q) = S\/IOD(op'@g) other\/\(/ise S <))
S1,S2, Ss, S5 MOD(S:;9) = :::= MOD(Ss;9) = (;;>;falsg

Figure6: Rulesfor computingMOD for all the statement#n Figure2.

MOD(13;f) = MOD(foo;f)[ (;;>;true
= (f10g; ?;trug
MOD(13;9) = (;;>;true, whereg 6 f

SinceLAT(t :foo (z)) = I, the modi cation setfor the
statemenin line 15is:

MOD(15;f) MOD(foo;f) [ (;;>;falsg

= (f %Og; ?; falsg

MOD(fool;f) = MOD(s;f)
s in fool
= (ff; 10g; ?; trug
MOD(fool; Ah) = MOD(s; Ah)
s in fool
= (fAg;>;true

Let us apply CHECKER to conduct some

side-efect analysis.  The call in line 13 may
modify x.f , i.e., CHECKER(13;x:f) = true
because LAT(x) = S and MOD(3;f):E

= true Sincey may point to an object whose run-
time type is a subclas=f B, this call site may invoke a
compile-timeunknown overriding methodof foo in the
subclassWhenx is passe@sanargumento 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 = ?. Letusgiveascenarian whichsuch
a modi cation takesplace. The target of the call in this
statements certainlythe methodfoo containedn B be-
causethe declaredypeof t is B andthe internalstateof
t is|. The externalcall madein line 13 canmalke A.h
pointto the sameobjectthatx pointsto, i.e. the object5.
Whent is assignedn line 21,t will pointto the object
thatx pointsto. Sothe statementn line 22 thatmodi es
t.f alsomodiesx.f .

5 Experiments

We have implementecbur internalanalysisandlA-based
side-efect analysisalgorithmsin Soot (Vallée-Raiet al.
1999), a bytecodeto bytecodeoptimiser In Soot, only
whole-programanalysesndoptimisationsaresupported.
Thereis apreprocessingranslatothatconvertsJazabyte-
codeinto athree-addressepresentationalledJimple All
the statement#n Jimplerelevantto our analysisarelisted
in Figure2. Recallfrom Sectior?.2thatarrayaccesseare
interpretedasinstanceeld accesseduringtheanalysis.
A programbeinganalyseds representedby its PAG.
The points-tosetsfor theanalysegrogramarecomputed

usingapoints-toanalysigpassn Soot(Lhotak & Hendren
2003). We have implementedour internal analysisand
side-efectanalysisalgorithmasseparatgasses.

We presenbur experimentakesultsusingninebench-
marks.The rst fourarefrom SPECjvm98jasmin (ver-
sionsable-1.1)s a Java assembleinterface, jlex (ver
sionl.2.6)andjavacup (version0.10k)areJavascanner
andparsergeneratorsrom PrincetonUniversity, jb  (ver-
sion7.0)is aparserandlexer generatofor Javafrom Col-
oradoUniversityandjtar  (versionl1.21)is GNU'star
portedto Java. In our experimentstheinternal-world for
abenchmarlconsistof classeandtheir methodsn both
the applicationandthe library that can be reachedstati-
cally from ary non-privatemethodof the application.

We measurethe precisionof an side-efect analysis
with the averagenumberof eld accessesodied by a
statemen(assignmenor call site)in aprogram.We com-
pareouranalysigechniquewith thetype-basedliasanal-
ysis(TBAA) (Diwan,McKinley & Moss1998),which s
recentlyusedin (Hoskingetal. 2001)for optimisingJava
programs. Table 1 shaws that our analysisyields more
preciseresultsacrossall the benchmarksused. We have
considerednly the eld accesseandthe statementsp-
pearingin the internal methodsfrom the applicationpart
of abenchmarkOur analysisprovidesa moreprecisees-
timateabouttheaveragenumberof eld accessethatmay
bemodi ed perstatementhanthe TBAA approach.The
arrayaccessesyhich arediscussedn Section2.2,arein-
cludedin the statisticsfor instanceeld accesses.

We also demonstrateéwo important applicationsof
IA-basedside-efect analysisin compiler optimisations:
partial redundang elimination (PRE)and copy propaga-
tion for eliminatingredundanteld accesses,e., loads.
PRE is an important optimisationthat subsumedoop-
invariantcodemotion and commonsubepressionelim-
ination (Morel & Rervoise 1979). Existing PRE algo-
rithms (Horspool& Ho 1997,Knoop, Ruthing & Stefen
1994,Cai & Xue 2003)dealwith arithmeticexpressions
involvingonly localvariableqe.g.,a+ b). RecentlyHosk-
ing etal (Hoskinget al. 2001)combinePREwith TBAA
to dealwith eld accessedn comparisorwith thisearlier
approachSection6), our |A-basedside-efectanalysisal-
lows a more effective PREto be performedfor eld ac-
cessesln oursecondapplicationwe shawv furtherthatour
analysisis alsomoreeffective in performingcopy propa-
gationfor eld accessesln our experimentsboth opti-
misationsare appliedonly to the internalmethodsin the
applicationpartof abenchmark.

To the bestof our knowledge, this paperis the rst
demonstratiof theseoptimisationgn Java programsby
consideringthe interproceduramodi cation side effects
in the presencef dynamicclassloading.

Table2 compareshetwo PREalgorithmsandthetwo
copy propagationalgorithmsin termsof the numberof
redundantoadseliminated.We seecorvincingly thatour
IA-basedside-efectanalysishassuccessfullyenabledsig-



I PRE B Copy Propagation \

30

25 4

20 4

154

10 A

Analysis costs (%)

Figure 8: Analysis costsof PRE and copy propagation
usinglA-basedapproachoverthe TBAA-basedapproach.

ni cantly more redundancieso be eliminated. In PRE,
theimprovementsover the TBAA-basedalgorithmrange
from 0% to 108.0%. In copy propagationpur algorithm
eliminateshetweerf% and52.9%moreredundancies.
Table 3 shows that our internal analysisis extremely
ef cient. By computingthelatticevaluesof all references
andobjects,we areableto determinewhich points-toand
modi cation setsarede nitely completeor not, providing
sufcient informationto computethemodi cation sideef-
fects. In comparisorwith the compiletime spentby the
points-toanalysispassthe averageoverheadf our inter-
nal analysigpassfor all thebenchmarkss only 2.6%.
Finally, Figure8 presentshe analysiscostsof our IA-
basedapproaclrelative to the TBAA-basedapproachin
performingboth PRE and copy propagation. The costs
for PREincreasdrom 3.7%to 25.4%with anaverageof
14.9%overthe TBAA-basedapproachThecostsfor copy
propagatiorincreasefrom 1.9%to 9.3%with anaverage
of 3.6%. PREis moreexpensve amongthetwo optimisa-
tions sinceseveral data- ow passesrerequiredin order
to nd theoptimalplacementgor insertedemporaries.

6 RelatedWork

We review the existing work relatedto internal analysis
andside-efectanalysisbelow.

6.1

Points-to analysis(Rounter & Ryder 2000, Harrold &
Rothermell1996)for incompleteprogramson imperative
language$asbeenstudiedfor a long time. Unlike these
approachespur approachtakes into accountsomenew
featuresof object-orientedanguagessuch as polymor
phism,dynamicbindinganddynamicloading.

Chatterjeeetal. (Chatterjee& G.Ryder2001)present
apoints-toanalysisfor library modulesto nd def-usere-
lations. The analysisevaluatesa parameterisegboints-
to solutionfor eachmethodand propagatesonsenrative
assumptionaboutthe clients of the library in top-dovn
manner Thelimitation of the approachs thatit doesnot
examinethe affects of staticallyunknavn codessuchas
native codesor dynamicallyloadedcodes.

Extantanalysis(SreedharBurke & Choi 2000)is de-
signedfor the purposesf specialisinglaza programsin
thepresencef dynamicclassloading. Thetechniquepar
titions referencednto two categories:unconditionallyex-
tantrefelenceswvhenthey just pointto objectswhoserun-
timetypesarein theclosedworld andconditionallyextant
refeencestherwise.Theinternalanalysiscanobtainthe
informationaboutthe completenessf a points-tosetby
which we applyto side-efectanalysis.

Inter nal analysis

Immutability analysis (Porat, Biberstein, Koved &
Mendelson2000)is a techniquefor detectingmutability
of elds andclassesn a Java program. Field analysis
(Ghemavat, Randall& Scale2000)exploitsthedeclared
accesgestrictionsplacedon elds in orderto determine
useful propertiesof these elds, suchasexact _type ,
nonnull , mayleak andonly _init .

Escapeanalysis(Blanchet1998,Blanchet1999,Choi,
Gupta, Serrano,Sreedhar& Midkiff 1999, Whaley &
Rinard 1999, Vivien & Rinard 2001) detectsthe objects
that never escapeout of a methodor thread. An object
escapes methodM if its lifetime may exceedthe life-
time of M. An objectthat doesnot escapea methodcan
be possiblyallocatedon the methods stackframe. If an
objectdoesnot escapea thread,no otherthreadscanac-
cesgheobject. Thesynchronisatiomperationsassociated
with the objectcanbe eliminated.In general pur internal
analysiscanbe regardedasa kind of escapeanalysisfor
detectingobjectsescapingout of the analysedprogram.
Themajordifferencesarethat (1) theaccespropertieof
elds andmethodsaretakenaccount(2) thecompleteness
of points-tosetsis determinedand (3) the completeness
of virtual call sitesis evaluatedn ourtechnique.

Somedynamicpoints-toanalysistechniquedor Java
(Pechtchanski& Sarkar 2001, Hirzel, Diwan & Hind
2004) restrict themseles only to loadedclassesduring
programexecution. The analysisand optimisationtech-
niguesthatmalke useof the points-toinformationmayre-
quireruntimeinvalidationandrecompilatiormechanisms,
which canhurt performanceln addition,side-efectanal-
ysis cannot be easilydonewhensomepoints-tosetsare
incomplete. The proposedechniquen this paperallows
side-efect analysisand other analysisand optimisation
techniquedo be appliedwithout runtimeinvalidationand
recompilation.

6.2 Side-EffectAnalysis

Side-efect analysisfor imperatve languageshas been
studiedfor alongtime. Banning(Banning1979)is oneof
the earliestproviding a systematidreatmenbf this prob-
lem. His approactworksonimperative languagesvithout
pointersandwherealiasingoccursonly throughparameter
passing.CooperandKennedy(Cooper& Kennedyl988)
improve Banningswork by dividing the side-efect prob-
lem into two subproblems:the side effect analysisfor
formal parametersandthe side-efect analysisfor global
variables. Ryderet. al. (Ryder Landi, Stocks,Zhang
& Altucher 2001) presentan interprocedurakide-efect
analysisalgorithmwith pointeraliasing.Lik e theseexist-
ing approachespur approachis o w-insensitve. How-
ever, our approachworks for object-orientedanguages
thatsupportdynamicclassloading.

Someinterprocedurakide-efect analysistechniques
have beenproposedfor Java programs(Clausen1997,
Raza mahe& 1999, Lhotak 2003, Rounte 2004). How-
ever, they expectthe whole program to be presentdur-
ing the analysis. Salcianu and Rinard (Salcianu &
Rinard 2004) presenta static analysis for identifying
pure methods. Their techniqueis basedon a specialised
pointer/escapanalysisfrom (Whaley & Rinard 1999).
Our approachevaluatesside-efect basedon ary o w-
and contet-insensitve points-to analysis. This per
mits the use of a variety of existing points-to analysis
(Lhotak 2003,Berndl, Lhotéak, Qian, Hendren& Umanee
2003).Rounte andRyder(Rountes & Ryder2001)anal-
yseseparatelclient modulesandlibrary modulesimple-
mentedin C. They constructsummaryinformation con-
senatively aboutthe library modulesandthenusethein-
formationwhenthey analysetheclientmodules.

There are some intraproceduralside-efect analysis
techniqueshat support'dynamicclassloading(Hosking
etal. 2001, Vallee-Raietal. 1999). However, they simply
malketheworst-caseassumptionhata call maymodify all
objects.A simpleside-efectanalysiscalledanaive side-
effectanalysisjs implementedn (Vallée-Raietal. 1999),
thatassumeshata andb may point to the sameobject



(InstanceField Accesses)/Statement(StaticField Accesses)/Statement
BenchmarkTgaA-pased | IA-based TBAA-based] IA-based
compress 80:4 59:2 8:2 5:3
db 59:6 538 109 9:8
mpegaudio 5428 3920 7:6 5:0
jack 4143 3953 161 154
jasmin 5527 4555 9.0 7.0
javacup 5058 4237 56:9 475
jb 1340 1101 344 280
jlex 5534 4618 1.8 1.5
jtar 3860 2975 30:6 238

Benchmark Partial Redundang Elimination (PRE) Copy Propagation
enchmarkiTgaA-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 (200:0) 15 20 (33:3)
jb 19 29 (52:6) 17 26 (52:9)
jlex 476 570 (29:7) 25 25 (0:0)
jtar 58 98 (69:0) 28 37 (321)

Tablel: A comparisorof the precisionsof TBAA-basedandlA-basedside-efectanalysisechniques.

Table2: A comparisorof PREandcopy propagatioralgorithmsw.r.t, redundantoadseliminated.

for ary two eld accesses.f andb.f . Hosking et
al (Hosking et al. 2001) perform PREfor eld accesses
by using the type-basedlias analysis(TBAA) (Diwan
et al. 1998)to provide a more accurateside-efect anal-
ysis. Let the declaredypesof v andw beT; andT,, re-
spectvely. Thenv andw maybealiasedff T; andT, are
identicalor oneis a subclasf the other Therefore v:f
andw:g maybealiasedff f = g andv andw arealiases.
Our experimentalkresultsover benchmarkprogramsshov
thatour I1A-basedside-efect analysigprovidesa moreac-
curateinformationthanthe approach.

7 Conclusion

In this paper we solve animportantproblemfor ef cient
executionof Java programs. We describea framewnork
for interprocedurakide-efect analysisand optimisation
in the presenceof dynamicclassloading. Whenclasses
thataredynamicallyloadedareunknavn atcompiletime,
thepoints-toandmodi cation setsmaybeincomplete We
presentaninternalanalysistechniquefor classifyingref-
erencesn theinternal-world programinto internal,semi-
internal, type-unknevn andexternalreferencesBy com-
bining points-toanalysisandinternalanalysiswe present
an algorithmfor computinginterproceduramodi cation
sideeffectswhendynamicclassloadingis permitted.We
have evaluatedthe precisionof our side-efect analysis
anddemonstrateds effectivenessn two importantappli-
cations— PREandcopy propagatiorfor eld accesses.
Our experimentalresultsusingbenchmarkshaw signi -
cantbene ts of our analysistechniquesn compileropti-
misationsat reasonablymallanalysiscosts.
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