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Abstract

We presentan SDGfor object-orientedsoftware that is
moreprecisethanpreviousrepresentationsandis moreeffi-
cientto constructthanpreviousapproaches.Thenew SDG
distinguishesdatamembersfor differentobjects,providesa
wayto representobjectparameters,representstheeffectsof
polymorphismonparametersandparameterbindings,rep-
resentsincompleteclassesefficiently, andprovidesa wayto
representclasslibraries. Basedon this systemdependence
graph,weintroducetheconceptof objectslicingandanal-
gorithmto implementthis concept.Objectslicing enables
the user to inspectthe statementsin the slice, object-by-
object,andis helpfulfor debuggingandimpactanalysis.

Keywords: Slicing, systemdependencegraph, program
analysis,object-oriented.

1 Introduction

Programslicinghasmany applicationsin softwaremain-
tenance,suchasdebugging,regressiontesting,programun-
derstanding,andreverseengineering(e.g.,[5, 12]). A pro-
gramslice[7], is asetof programstatementsandpredicates
thatmightaffectthevalueof aprogramvariable� thatis de-
finedor usedataprogrampoint � ; �������
	 is knownasthe
slicing criterion. Horwitz et al. developedthe systemde-
pendencegraph(SDG)anda two-phasegraph-reachability
algorithmontheSDGtocomputeinterproceduralslices[7].
Researchershave extendedthe SDG to representvarious
languagefeaturesand proposedvariationsof dependence
graphsthatfacilitatefiner-grainedslices(e.g.,[1, 8]).

Object-orientedconcepts,suchas classes,objects,in-
heritance,polymorphism,anddynamicbinding, however,
make representationand analysis techniques,developed
for imperative languageprograms,inadequatefor usewith
object-orientedprograms. Researchershave extendedex-
isting techniquesto handlesomeof thesefeatures.Larsen

andHarrold [10] extendtheSDGto representsomeof the
featuresof object-orientedprograms. They introducethe
classdependencegraph, which canrepresenta classhier-
archy, datamembers,andpolymorphism. After the SDG
is constructedusing classdependencegraphs,Horwitz et
al.’s two-phaseslicing algorithmcanbe used,with minor
modification,for computingsliceson object-orientedpro-
grams. One limitation of this approachis that it cannot
distinguishdatamembersfor differentobjectsinstantiated
from the sameclass;thus, the resultingslicesmay be un-
necessarilyimprecise.Tonellaet al. [13] useanapproach
similar to LarsenandHarrold’s exceptthat,by passingall
datamembersof an objectasactualparameterswhenthe
objectinvokesa method,theapproachcandistinguishdata
membersfor different objectsinstantiatedfrom the same
class.

Although theseexisting approachesprovide techniques
for representingsomefeaturesof object-orientedprograms,
thereareseveralareasin whichthey canbeimproved.First,
to facilitatethecomputationof morepreciseslices,therep-
resentationitself canbe mademoreprecise.For example,
existing techniquesfor representingobjectsasparameters
do not distinguishamongdatamembersin a parameterob-
ject; theexisting techniquefor representingobjectsof sev-
eralpossibletypesmaycausespuriousdependencesamong
statementsthat sendmessagesto the objects. Second,to
facilitatethe applicationof slicing to larger programs,the
representationcanbeconstructedmoreefficiently. For ex-
ample,becauseof thewayin whichdatamembersarerepre-
sented,existing approachesperformunnecessarydata-flow
computation.Finally, to correctlyrepresentinheritedmeth-
odsthatcall virtual methodsredefinedin thederivedclass,
thesimplestrategy to reuserepresentationsof theinherited
methodsmustbeextended.

ThispaperpresentsanSDGfor object-orientedsoftware
that is an extensionof existing representations[10, 13].
This SDG more fully representsthe featuresof object-
orientedprograms,including objects, that are presentin
languagessuchas C++ and Java. The paperalso intro-



A1_out: b = y_out;

F4_in: z = z_in
F1_out: y_out=y
F2_out: x_out=x
F3_out: z_out=z

A1_in: x_in = a;
A2_in: y_in = b;

A4_in: z_in = y;
A3_in: w_in = 1;

A2_out: a = x_out;
A3_out: y = z_out;

A5_in: z_in = b;
A4_out: b= z_out;

F3_in: w= w_in
F2_in: y = y_in
F1_in: x = x_in

E0:   main() {
            int a,b;
S1:      a=0;
S2:      b=0;
C1:      proc1(a,b);
C2:      proc2(b,1);
         }
E11: proc1(int &x,int &y) {
S3:      if(y>0)
S4:          x=x+y;
C3:      proc2(y,1);
         }
E12: proc2(int &z,int w) {
S5:      z=z+w;
         }
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Figure 1. Program 1 andits systemdependencegraph.

ducesthe conceptof objectslicing, which identifiesstate-
mentsin methodsof anobjectthatmight affect theslicing
criterion— asif the objecthadits own copy of the meth-
ods.Themainbenefitsof this SDGarethatit distinguishes
datamembersfor differentobjects,representsobjectsthat
areusedas parametersor datamembersin otherobjects,
andrepresentsthe effectsof polymorphismon parameters
andparameterbinding.1 Anotherbenefitis that our SDG-
constructionalgorithmis moreefficient thanprevious ap-
proaches,whichmayenablemoreefficientslicingonlarger
programs.A final benefitis that our techniquefor object
slicing lets a userinspectstatementsin a slice, objectby
object.

2 Slicing Using SDGs

A systemdependencegraph(SDG)[7] containsonepro-
ceduredependencegraphfor eachprocedure.A procedure
dependencegraph [4] representsa procedureas a graph
in which verticesarestatementsor predicateexpressions.
Data dependenceedgesrepresentflow of data between
statementsor expressions;control dependenceedgesrep-
resentcontrolconditionson which theexecutionof a state-
mentor expressiondepends.Eachproceduredependence
graphcontainsanentryvertex thatrepresentsentryinto the
procedure.To modelparameterpassing,anSDGassociates
eachprocedureentryvertex with formal-parametervertices:
a formal-in vertex for eachformal parameterof theproce-
dure; a formal-out vertex for eachformal parameterthat
maybemodified[9] by theprocedure.An SDGassociates
eachcallsitein a procedurewith a call vertex anda setof
actual-parametervertices:an actual-invertex for eachac-
tual parameterat thecallsite;anactual-outvertex for each

1Our representationalso efficiently representsclassesderived from,
andobjectsinstantiatedfrom, library-definedclasses,although,because
of spacelimitations,wedonot discussthesefeatureshere.

actualparameterthat may be modifiedby the calledpro-
cedure.At procedureentriesandcallsites,globalvariables
aretreatedasparameters.Theseparameterverticesrepre-
senttheassignmentsfeaturingthecopy-in/copy-outparam-
eterpassingscheme;with thesevertices,a data-flow analy-
sisalgorithm[2] canbeusedto computedatadependences
amongtheparametersandstatementsin theprocedures.

An SDGconnectsproceduredependencegraphsat call-
sites. A call edge connectsa call vertex to the entry
vertex of the called procedure’s dependencegraph. Pa-
rameteredgesrepresentparameterpassing: parameter-in
(parameter-out) edgesconnectactual-in;formal-invertices
(formal-outandactual-outvertices).

Figure1 showsProgram 1 andits SDG.In thefigure,
ellipsesrepresentprogramstatementsand parameterver-
tices. We refer to a particularparametervertex by prefix-
ing the parameterlabel with the call or entry vertex upon
which it is control dependent. For example,C1� A1 in
refersto the parametervertex representingactualparame-
ter � in thecall to 
������������ at C1. In thefigure,solid lines
representcontroldependences,dashedlines representdata
dependences,anddottedlinesrepresentprocedurecallsand
parameterbindings. For example,statementS4 is control
dependenton thevalueof thepredicatein S3;thus,thereis
a control dependenceedge(S3,S4)in theSDG.The value
of � in S2is passedinto 
������������ at C1; thus,thereis a data
dependenceedge(S2,C1� A2 in) in the SDG.A parame-
ter bindingoccursbetween� in ������� and � in 
������������ at
thecall to 
������������ at C1; this bindingresultsin parameter-
in edge(C1� A1 in,E11� F1 in) and parameter-out edge
(E11� F2 out,C1� A2 out).

Horwitz etal [7] computeinterproceduralslicesby solv-
ing a graph-reachabilityproblemon an SDG.To facilitate
the computationof interproceduralslicesonly alongpaths
correspondingto legal call/returnsequences,an SDGuses
summaryedgesto explicitly representthetransitiveflow of
dependenceacrosscall sitescausedby datadependences,
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    Base o;
    C(o);
    o.m1();
}

C(Base &ba) {

D()  {

      ba.m2(1);
}

}

      ba.m1();

   o.m2(1);
   ba.m2(1);

A1_out: a= a_out

main1() {
   Base o;

A1_in:  a_in = a

A2_out: b=b_out

   ba.m1();
   Base ba;

A3_in: i_in = 1

    if(b>0)
m1() {

A2_in:  b_in = b

       vm();
    b = b+1;

   b=b+i;
m2(int i) {

}

}

class Base {
    int a,b;
    virtual vm() {

        a = 0;
        b = 0;
    }

        a = a + b;
    }
  public:
    Base() {

main1()

o.Base()

A2_out
}; //end of Base

ba.m2(1)

A3_in A2_outA2_in

A1_out

ba.Base()

A2_out A1_out

o.m2(1)

A3_in A2_out

Slice

A2_in

ba.m1();

A1_out A2_outA1_inA2_in

Figure 2. Program 2 on theleft andits partialclassdependencegraphon theright.

controldependences,or both.A summaryedgeconnectsan
actual-invertex andan actual-outvertex if the valueasso-
ciatedwith the actual-invertex may affect the valueasso-
ciatedwith theactual-outvertex. Thus,edge(C1 A2 in,
C1 A2 out) representsthefactthat,in procedure!�"�#�$�%�&�' ,
thevalueof ( that is passedto !�"�#�$�%�&�' affectsthevalueof) thatis returnedby !�"�#�$�%�&�' .

Theslicingalgorithmconsistsof two passes.During the
first pass,thealgorithmtraversesbackwardalongall edges
except parameter-out edges,and marks reachedvertices.
During the secondpass,the algorithmtraversesbackward
fromall verticesmarkedduringthefirst passalongall edges
exceptcall andparameter-in edges,andmarksreachedver-
tices.Thesliceis theunionof themarkedvertices.

To illustrate, considerthe computationof a slice for
parameter( at callsite C2 (i.e., C2 A4 out). During
the first pass,the algorithm marks verticesC2 A4 out,
C2 A3 in, C2 A5 in, C2, C1 A1 out, C1 A2 in,C1,
S2, and E0. During the second pass, the traver-
sal starts from the vertices marked in pass one, and
the algorithm marks vertices E12, E12 F3 out, S5,
E12 F3 in E12 F4 in, E11,E11 F1 out, C3 A3 out,
C3,C3 A3 in, C3 A4 in, E11 F2 in. Figure1 depicts
theresultingsliceusingshadedvertices.

3 Limitations of Existing Techniques

An objectcontainsa setof datamembersandmethods.
An objectcanreceive messagesandinvoke its methodsto
handlethosemessages.An invoked methodrequiresac-
cessto thedatamembersof theobject.LarsenandHarrold
[10] useadditionalparametersto representthe datamem-
bersreferencedby a method,whenthe methodis invoked
to handlea message.In this way, thedatadependencebe-
tween two consecutive methodcalls, introducedby data
members,can be representedas the datadependencebe-
tweentheactualparametersat themethodcallsites.Figure
2 showsProgram 2 andtheportionof theSDGfor func-

tion * )�+�, %�&�' usingthis approach.In thefigure,for exam-
ple,therearedatadependenceedgesbetweentheactual-out
parameterverticesrepresentingdatamembers) and ( (i.e.,( ).- /0)2143 &�'5 A1 out, ( )�- /6)2173 &�'8 A2 out) for methodcall( ).- /0)2143 &�' andthe actual-inparameterrepresenting) and( (i.e., ( ).- *9%�&�'5 A1 in, ( ).- *:%�&�'8 A2 in) for methodcall( ).- *9%�&�' . This representationlets thesliceromit, from the
slice,datamembersthatcannotaffect thevalueof thevari-
able(s)beingsliced,thus,gainingprecision.For example,
in thefigure,theshadedverticesbelongto theslicethatbe-
gins at # - *
;<&=%7' ’s callsite for datamember( (indicatedin
the figure by # - *
;<&�'5 A2 out); noneof the verticesthat
definedatamember) , whichcannotaffect thecomputation
of ( ’s value,arein theslice.

One limitation of this approachis that the datadepen-
dencesobtainedusingtheapproachfor creatingtheindivid-
ual proceduredependencegraphsare imprecise:by treat-
ing datamembersdeclaredin a classasif they wereglobal
to themethodsof thatclass,theapproachfails to consider
thefactthatin differentmethodinvocations,thedatamem-
bersusedby themethodsmightbelongtodifferentobjects.2

For example,in * )�+�, %�&�' ’srepresentationin Figure2, there
is an edgefrom # - /0)2143 &�'5 A1 out (representing# - ) ) to( ).- *9%�&�'5 A1 in (representing( ).- ) ), which is a spurious
datadependences.A secondlimitation of the approachis
that it doesnot handlecasesin which an objectis usedas
a parameteror asa datamemberof anotherobject. Thus,> & /0)?173A@ ( ) ' of Program 2 cannotberepresented.

Tonellaet al. [13] addressthefirst limitation by extend-
ing a method’s signatureto include datamembersof the
classasformalparameterssothatanobjectcanpassits data
membersinto the methodasactualparameters.Their ap-
proach,however, is unnecessarilyexpensive becauseeach
methodcallsite hasactualparameterverticesfor all data
membersof theobject,even if only a few of themareref-

2Grove et al. addressthis problemfor call-graphconstructionusing
classcontours[6]. Thisapproach,however, hasnotbeenusedto construct
morepreciserepresentationsfor SDGs.
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erencedby themethod.They addressthesecondlimitation
by representingan objectasa singlevertex whenthe ob-
ject is usedasa parameter. This representation,however,
might causetheslicer to produceimpreciseslices.For ex-
ample,in Program 2, if theslicing criterionis B?C D at the
endof EGF�H , then B in IJF�BKH mustbe includedin the slice.
This situationrequiresthe slice to include DML in functionIJFON6L2P7Q6RSDML?H , which in turn requiresthe slice to include
both DTL.C L and DTL.C D . However, from theprogram,wecansee
that DTL.C L doesnotaffect B?C D .

Bothof theaboveapproaches[10, 13] performunneces-
sarycomputationwhile calculatingdatadependences.The
class dependencegraph constructionalgorithm usesthe
datadependencegraphconstructionalgorithmthat is used
in theconstructionof a traditionalSDG:if a statementU in
methodVXWYW�ZG[ callsmethodN\W]W�Z_^ , and N`W]W<Z�^ mod-
ifies N ’s datamemberD , then the algorithmpropagatesa
definitionof D , which is introducedat theactual-outparam-
eterrepresentingD at thecallsite,throughoutZ [ . However,
nostatementin Z [ , exceptcall statementsto N ’s methods,
will use D . Similar problemexists in Tonella et al.’s ap-
proach,in whichdefinitionsof datamembersof objectsare
propagatedthroughouttheprogram.

Polymorphism,anotherimportantobject-orientedcon-
cept, lets the type of an objectbe decidedat runtime; we
referto suchanobjectasapolymorphicobject. Thisfeature
is difficult tohandleduringstaticanalysis:whenapolymor-
phic objectreceivesa message,theselectionof a message-
handlingmethoddependson the runtime type of the ob-
ject. In someexisting techniques[10], a messagesentto a
polymorphicobjectis representedasa setof callsites,one
for eachcandidatemessage-handlingmethod, connected
to a polymorphicchoice vertex with polymorphicchoice
edges.Thisapproachmaygiveincorrectresults:in functionZ_L�a�bdc<F�H (shown in Figure3), the approachusesonly one
callsiteto representstatement“(*p).m1()” becauseZ9e�F�H is
declaredonly in N0L2P4Q . However, when Z9e�F�H is calledfrom
objectsof class EfQ7gha�i�Qhj , it invokes EfQ7gha�i?QhjkWYWli�ZmF�H to
modify j , and when Z9e�F�H is called from objectsof classN6L2P7Q , it invokes N6L2P7QnWYWdi�Z9F�H to modify L . Onecallsite
cannotpreciselyrepresentboth cases.This approachalso
computesspuriousdatadependence:theapproachis equiv-
alentto usingseveralobjects,eachbelongingto a different
type, to representa polymorphicobject. The datadepen-
dencegraphconstructionalgorithmcannotdistinguishdata
memberswith thesamenamein thesedifferentobjects.

A polymorphicobjectcanalsobe usedasa parameter
or a datamemberfor anotherobject. For example,if classEfQ7g7a�i?Qhj is derivedfrom classN6L2P7Q , asin Figure3, DML inIJFON6L2P7QoRSDTL2H becomesapolymorphicobject.No previous
work hasaddressedthis issue.

Inheritance,atechniqueto facilitatecodereuse,letsade-
rivedclassinherit datamembersandmethodsfrom its par-

    long d;
    vm(){
      d=d+b;
    }
 public:
    Derived():Base(){
      d=0;
    }

    m3() {
        d=d+1;
       m2(1);
    }

   m4() {
       m1();
   }
}; // end of class

     :public Base
class Derived

{

main2(){
   int i;
   Base *p;
   cin>>i;
   if(i>0)
      p=new Base();
   else
      p=new Derived();
   C(*p);
   (*p).m1();
}

Figure 3. Program 3.

entclasses,anddefineits own datamembersandmethods.
Existingtechniquesreusetherepresentationof baseclasses
in theconstructionof therepresentationfor a derivedclass,
so as to constructthe representationonly for thosemeth-
ods definedin the derived class. This simple reusestrat-
egy, however, will notwork in thepresenceof virtual meth-
ods. For example,we cannotdirectly reusetherepresenta-
tion for Z9e�F�H in classN0L2P4Q (Figure2) whenwe construct
the representationfor class EpQ4gha�i?Q7j (Figure 3): in classN6L2P7Q , the callsiteto virtual method i�Z9F�H is connectedtoN6L2P7QqWYWri�ZmF�H , which usesN6L2P7QqW]WsL and N6L2P7QqWYWsD and
modifiesN0L2P4Q0WYW?L , whereas,in classEfQ7g7a�i?Qhj , thecallsite
to virtual methodi�ZmF�H is connectedto EfQ7gha�i�QhjtWYWui�Z9F�H ,
which uses EfQ7gha�i?Qhj\WYWpj and N0L?P7QvW]WwD and modifiesEfQ7gha�i?Qhj9W]Wxj . Becausethedatamembersusedby the two
versionsof i�ZmF�H differ, differentcallsiterepresentationsare
requiredfor the callsite to i�Z9F�H in Z9e�F�H ’s representation
for class EfQ7gha�i�Qhj than in the callsite to i�ZmF�H in Z:e�F�H ’s
representationfor N0L?P7Q . Moreover, the callsite for i�ZmF�H
in EfQ7g7a�i?Qhj causestheheaderof Z9e�F�H in EfQ7g7a�i?Qhj ’s SDG
to differ from theheaderof Z:e�F�H in N6L2P7Q ’s SDG: Z9e�F�H in
classN0L2P4Q hasformal-indatamemberverticesfor N6L2P7QSWYWL and N6L2P7QyW]WzD , and formal-outdatamembervertex forN6L2P7Q
WYW{D ; whereas,Z9e�F�H in classEfQ7g7i�a|Qhj hasformal-in
datamemberverticesfor EfQ7g7a�i?QhjGWYW�j and N6L2P7QfWYW.D , and
formal-outdatamembervertex for EfQ7gha�i�Qhj}WYW~j .
4 System Dependence Graph Extensions

This sectionpresentsanextendedSDGthathandlesthe
problemsdiscussedin the previous section. We baseour
discussiononasubsetof C++withoutexceptions;thetech-
niquescanalsobe appliedto programsin otherstatically-
typedobject-orientedlanguages,suchasJava. Moreover,
we assumethatall dereferencesto pointersin theprogram
have beenresolved with an alias analysisalgorithm(e.g.,
[13]). We further assumethat datamembersof an object
canbeaccessedonly throughamethod(wereplacea direct
referenceto a datamemberof anobjectasa methodcall).
Finally, wetreatstaticdatamembersasglobalvariablesand
staticmethodsasglobalproceduresbecausethey donotas-
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sociatewith any particularruntimeobject.
Objectscanbe createdanddestroyed dynamically, and

thenumberof runtimeobjectscanvary duringa program’s
execution.ChatterjeeandRyder[3] groupruntimeobjects
into a finite numberof equivalenceclasses;during static
analysis,anequivalenceclassis representedby oneobject.
They suggestthat a possibleway to createequivalence
classesis to groupall objectscreatedat thesameprogram
point into an equivalenceclass. In this paper, we follow
that suggestion,anduseoneobject to representthe setof
objectscreatedby thesameprogramstatement.

Objects at Callsites. To representa receiver object of a
message,we follow LarsenandHarrold’s scheme.In our
representation,a callsite containsactual-in data member
verticesto representdatamembersthatarereferenced,and
actual-outdatamemberverticesto representdatamembers
that are modified, by the called method. To supportthis
representation,a methodentry vertex, which is analogous
to theentryvertex for a procedure,alsocontainsformal-in
data membervertices to representthose data members
referencedin the method and formal-out data member
verticesto representthosedatamembersmodified in the
method. Like other parametervertices,the actual-in/-out
datamemberverticesarecontroldependenton themethod
call vertex, andtheformal-in/-outdatamemberverticesare
control dependenton the methodentry vertex. Formal-in
data memberverticesare labeledwith assignmentsthat
copy the value of datamembersfrom an object into the
scope of the method at the beginning of the method,
and formal-out data member vertices are labeled with
assignmentsthat copy the value of data membersfrom
the scopeof the methodinto the object at the end of the
method.Underthis approach,thedatadependencesrelated
to datamembersof theclassin a methodarecomputedin
thesamewayasthedatadependencesfor a procedure.

Parameter Objects. To obtainmoreprecisionwhenanob-
ject is usedasaparameter(parameterobject), ourSDGex-
plicitly representsthe datamembersof the object. A pa-
rameterobjectis representedasa tree: the root of the tree
representsthe object itself; the childrenof the root repre-
sentthe object’s datamembers;and the edgesof the tree
representthe datadependencesbetweenthe objectandits
datamembers.Underthis representation,if a datamember
of the object is anotherobject,we canfurther expandthis
datamemberinto a subtree.Becauseof theexistenceof re-
cursive classdefinitions,however, thetreemaynot always
be able to be repeatedlyexpandeduntil all leavesareba-
sic datatypes. Onesolutionis to usek-limiting (i.e., only
expandthetreeto level k). In thispaper, weuse1-limiting.

To computemoreprecisedatadependences,whena tree
is usedto representan object, usesor definitionsare as-

sociatedwith the data-membervertices. If the objectrep-
resentedby the tree is used,thenevery data-memberver-
tex in thetreeis associatedwith a useof thedatamember;
if theobjectrepresentedby the treeis defined,every data-
membervertex in thetreeis associatedwith a definitionof
the datamember. The algorithmin Section5 shows how
dependencesrelatedto aparameterobjectarecomputed.

Thecallsite �J�O�K� in function �n��� in Figure4 illustrates
the representationof parameterobjectsat a callsite. At
thecallsite,theactualparameter� is representedasa tree,
andthe leavesof the treerepresent� ’s datamember� and�
. The data-flow edgesand summaryedgesinvolving �

are connectedamongdatamembervertices. This repre-
sentationhelpsthe slicer excludethe datamembervertex
representing� atcallsite �?� �6�2�7�?��� .
Polymorphic Objects. In a programwritten in astatically-
typedobject-orientedlanguage,suchasC++, the possible
typesof a polymorphicobjectcanbedeterminedstatically
and usually consistof a small set of such types [3]. A
polymorphicobjectis representedasa tree: theroot of the
treerepresentsthe polymorphicobjectandthe childrenof
the root representobjectsof the possibletypes. Whenthe
polymorphicobjectis usedasa parameter, thechildrenare
further expandedinto trees;whenthe polymorphicobject
receivesa message,the childrenarefurther expandedinto
callsites.Notethat,in the lattercase,our techniquediffers
from thepolymorhpicchoicescheme[10]: in our represen-
tation,wehaveonecallsitefor eachpossibleobjecttype;in
thepolymorhpicchoicescheme,differentcallsitesareused
only for differentimplementationsof avirtual method.Our
representationsolvethetwo problemsconcerningpolymor-
phicchoiceschemethatwedescribedin Section3.

Figure 4 shows the representation for function�J�O�0�?�7�0� � �2� and �G��� after we introduceclass �f�7�h���?�h�
andfunction �������d����� of Figure3. Becauseboth �n��� and�_�����d�<��� call �J�O�0�?�7���S� and presentactualparameters
of different types to �J�O�6�2�7�9�S� , the formal parameter� � in �J�O�0�2�4�
� � �?� is a polymorphic parameterobject;
thus, we use trees to representdifferencereferencesto� � . The data dependenceassociatedwith datamembers
occursonly betweencallsiteswith the sameobject type.
For example,theactual-outvertex labeledwith

�
at callsite� �.� �9�����5���f�7�h���?�h� is connectedonly to the actual-in

vertex labeledwith
�

at callsite
� �.� �
�<�=�7�8�t�f�7�h�����h� —

it is not connectedto the actual-invertex labeledwith
�

at callsite
� ��� �
�<���h�5���6�2�7� , althoughthesetwo callsites

representthesamestatement.

Classes in a Hierarchy. Within a classhierarchy, we try to
maintainonecopy of the representationfor a methodand
this representationcanbesharedby differentclassesin the
hierarchy. A classentryvertex groupsthemethodsbelong-
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Figure 4. Representationfor �����z���T���z  and ¡J�O  in SDG.

ing to oneclasstogetherusingmembershipedges.To iden-
tify theoriginalclassin whichamethodis declared,wepre-
fix a methodnamewith thenameof theoriginal class.As
wehave discussedbefore,however, a methodmightneeda
new representationwhenwe constructtheprogramdepen-
dencegraphfor a new classto the hierarchy. A method
needsa new representationif (1) the methodis declared
in the new class,or (2) the methodis declaredin a lower
level classin thehierarchyandcallsa newly redefinedvir-
tual methoddirectly or indirectly. For example,methods
declaredin ¢p£4¤h¥�¦?£7§ needa new representationbecause
thesemethodssatisfy(1). ¨0©?ª7£_«Y«.¬9­�®�¯ alsoneedsa new
representationbecauseit satisfies(2): ¨6©2ª7£:«]«{¬:­�®�¯ calls¢f£7¤7¥�¦?£h§}«]«~¦�¬m®�¯ which is redefinedin class¢f£7¤h¥�¦�£h§ .
5 SDG Construction Algorithm

ConstructSDG (Figure 5) inputs the control flow
graphfor eachprocedureor methodin a program ° , and
outputs° ’s SDG.ConstructSDG first builds procedure
dependencegraphs for methodsin each class ± , in a
bottom-upfashionaccordingto the classhierarchy(lines
1-17). (Proceduresthatdo not belongto any classarepro-
cessedby assumingthat they belongto a dummy class).
To computeproceduredependencegraphsfor ± ’smethods,
ConstructSDG first identifiesthe methodsthat require
new proceduredependencegraphs(line 2). Then,for each
method ¬ that is declaredin ± , the algorithmconstructs¬ ’s proceduredependencegraph(lines3-8). For a method¬ declaredin abaseclass,if ¬ directlyor indirectlycallsa
virtual methodredefinedin ± , thealgorithmconstructsthe
proceduredependencegraph from ¬ ’s proceduredepen-
dencegraphthatwasbuilt for thebaseclass(lines10-12);
if ¬ doesnot directly or indirectly call any virtual method
redefinedin ± , thealgorithmreuses¬ ’s proceduredepen-
dencegraphwith thebaseclass(line 14).

algorithm ConstructSDG
input Controlflow graph(CFG)of Program²
output Systemdependencegraph(SDG)of ²
declare
begin ConstructSDG

1. foreach class³
2. Identify themethodsthatneednew representations
3. foreach method́ declaredin ³
4. Computecontroldependencesfor ´
5. Preprocesś with usualdata-flow analysis
6. Expandobjectsin ´
7. Computedatadependencesfor objects
8. endfor
9. foreach method́ in thebaseclasses
10. if ´ is “marked” then
11. Copy old proceduredependencegraph
12. Adjustcallsites
13. else
14. Reusé ’s old proceduredependencegraph
15. endif
16. endfor
17. endfor
18. Connect()
19. BuildSummaryEdges()
end ConstructSDG

Figure 5. Algorithm to constructSDGfor µ .

After constructingthe proceduredependencegraphfor
eachmethod,ConstructSDG calls Connect() (line
18) to connect,with binding edges,every callsite in these
proceduredependencegraphswith the entry of the called
method. The final stepin the constructionof an SDG is
the computationof the summaryedgesat callsites;proce-
dureBuildSummaryEdges() can be implementedfor
thispurposeusinganexisting technique(e.g.,in [11]).

5.1 Identify Methods Requiring New Procedure
Dependence Graphs

ConstructSDG uses class call graphs to identify
methodsthatneednew proceduredependencegraphs(line
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2). Our classcall graphdiffersfrom previousdefinitionsin
that it distinguishestwo typesof call statementsthat can
be presentin an object-orientedprogram: 1) a message-
sendingstatement— a call statementwhose execution
causesprogramcontrol to transferto anotherobject; 2)
a procedure-callstatement— a call statementwhoseex-
ecutiondoesnot causeprogramcontrol to transferto an-
other object. To definethe classcall graph,we consider
only procedure-callstatementsandtherelationinducedby
them; we ignore all message-sendingstatementsbecause
they causecontrol to transferout of the object. A method¶
· hasa procedure-call relationwith anothermethod¶�¸
if a procedure-callstatementin ¶G· calls ¶_¸ when the
procedure-callstatementis executed.

Whena new classis declared,ConstructSDG usesa
marking procedureon the classcall graphto identify the
methodsthatneednew proceduredependencegraphs:first,
it marksthemethodsdeclaredin theclass;then,if theclass
is derived from somebaseclasses,it marksthe methods
in the baseclassesthat can reachthesemarked methods
by performinga backwardtraversalon theclasscall graph
from thesemarkedmethods.All markedmethodsneednew
proceduredependencegraphs.
ConstructSDG alsousestheclasscall graphto com-

putetheinterfacesfor themethodsthatneednew procedure
dependencegraphs. The interfaceof a methodor proce-
dure ¶ is definedby the set of non-localvariables(i.e.,
parameters,global variables,or datamembers)to which¶ refers,denotedas ¹»º½¼S¾}¿ ¶
À , andthe setof non-local
variablesthat ¶ might modify, denotedas ¹SÁÃÂ½Än¿ ¶
À .¹SÁÃÂ½ÄG¿ ¶
À and ¹»º½¼S¾}¿ ¶
À canbe computedby an ex-
istingside-effectanalysisalgorithm[9].

5.2 Construct Procedure Dependence Graphs for
Methods in a New Class

ConstructSDG constructsthe proceduredependence
graph for a method declaredin a new class from the
method’s control flow graph(lines 4-7). Object-oriented
languagesand imperative languagesshare many con-
structs.Thus,ConstructSDG builds control dependence
graphs for a methodwith an existing algorithm (line 4).
ConstructSDG builds the data dependencegraph for
a methodin threesteps(lines 5-7). In the first step(line
5), the algorithmtreatsan objectasa simplevariableand
preprocessesthe methodusing a modified versionof the
usualdatadependencegraphconstructionalgorithm[2]. In
thesecondstep(line 6), thealgorithmexpandsavertex that
referencesan object into the representationsdiscussedin
Section4. In thethird step(line 7), thealgorithmcomputes
the data dependencefor data membersof the objects.
Thesethree stepshandleobjects at callsites, objects as
parameters,andpolymorphicobjects.

Preprocess Methods. In this step,ConstructSDG uses
a modifieddatadependencegraphconstructionalgorithm
to preprocessa method. The algorithm createsa com-
plete callsite for a procedure-callstatementbasedon the¹SÁÃÂ½Ä and ¹»º½¼S¾ of the called methodusing a tech-
nique that is similar to the constructionof a callsite for
procedure,which is describedin Section2. However, for
a message-sendingstatement,the algorithmcreatesactual
parameterverticesonly for parametersandglobalvariables
in the callee’s ¹»º½¼S¾ and ¹SÁÃÂ½Ä . To estimatethe data
dependencesintroducedby an object’s datamembers,the
algorithmassociatesa useof the objectwith the call ver-
tex if themessage-sendingstatementis not a construction;
similarly, the algorithm associatesa definition of the ob-
ject with the call vertex if the message-sendingstatement
is not a destruction.If themessage’s receiver hasmultiple
types,thenthealgorithmcreatesacallsitefor eachpossible
typeandgroupall thesecallsiteswith apolymorphicobject
vertex. In this case,however, theuseandthedefinitionof
the objectareassociatedwith the polymorphicobjectver-
tex insteadof the call vertices.Whenan object is usedas
a parameter, ConstructSDG treatstheobjectasa simple
variableandcreatesavertex for it.

The inset graph in Figure 6 shows the result of the
preprocessingof procedure ÅJ¿OÆ0Ç2È4ÉkÊ À (in Figure 2).
Thealgorithmdoesnot createactualparameterverticesin
this graphfor ËTÇ ’s datamembersat callsitesrepresenting
message-sendingstatement“ba.m1();” and “ba.m2(1);”.
Thealgorithmassociatesuseanddefinitionof ËTÇ with the
call verticeslabeledwith ËTÇ.Ì ¶:Í ¿ À and ËTÇ.Ì ¶�Î ¿ ÍhÀ . Thus,
thereis adatadependenceedgebetweenthesetwo vertices.

Expand Objects. In the secondstep,ConstructSDG
expandsverticesthat referencean object using the tree-
representationtechniquediscussedin Section4. This step
usesan object-flowsubgraph: a subgraphin the datade-
pendencegraphof a methodor procedure.The subgraph
includestheverticesthatreferenceÂ (i.e.,method-sending
call verticesandobjectparametervertices)andall thedata
dependenceedgesbuilt byConstructSDG in thefirststep
amongthesevertices.Theboldverticesandedgesin thein-
set graphin Figure 6 shows the object-flow subgraphfor
object ËTÇ in procedureÅJ¿�Æ6Ç2È7ÉAÊ À .
ConstructSDG considerseachvertex Ï on anobject-

flow subgraph. If Ï is a parametervertex representinga
single-typedobject, then the algorithm expandsit into a
tree. If Ï is a parametervertex representinga polymorphic
object, then the algorithm first createsa child vertex for
eachpossibleobject type; and then it expandseachchild
vertex into a tree. If Ï is a call vertex, thenthe algorithm
createsthe actualparameterverticesfor the datamembers
in the callee’s ¹»º½¼S¾ and ¹SÁÃÂ½Ä . If Ï is a vertex
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Figure 6. Constructionof thePDGfor Ð�Ñ�ÒzÓ�ÔTÕ�Öz×
representinga call to a polymorphicobject, thenfor each
callsite connectedto Ø , the algorithm createsthe actual
parameterverticesfor datamembersin thecallee’s Ù»Ú½ÛSÜ
and ÙSÝÃÞ½ß at the callsite. The left graph in Figure 6
showstheproceduredependencegraphfor àJá�â (in Figure2)
aftertheverticesin ãMä ’sobject-flow subgraphareexpanded.

Build Data Dependences for Data Members. Af-
ter expanding the vertices in Þ ’s object-flow subgraph,
ConstructSDG propagatesthe definitionsof datamem-
bersalongtheobject-flow subgraphandbuilds thedatade-
pendencefor the datamembers.Given a callsite å on the
object-flow subgraph,werepresentthedefinitionsetof data
memberswith the set of actual-outdatamembervertices
associatedwith å . Similarly, we representthe usesetof å
with thesetof actual-indatamembervertices.For a object
parametervertex, if the vertex definesthe object,thenwe
representthedefinitionsetof thedatamemberswith theset
of its datamembervertices;otherwise,if thevertex usesthe
object,thenwe representthe usesetof the datamembers
with thesetof its datamembervertices.Thepropagationof
definitionscanbedonein a usualway. After thepropaga-
tion,ateachvertex ontheobject-flow subgraph,if thereis a
useof thedatamemberæ , thenfor eachreachingdefinition
of æ , wecreateadatadependenceedge.

5.3 Construct Procedure Dependence Graphs for
Methods in the Base Class

ConstructSDG builds a new proceduredependence
graphfor a method ç declaredin a baseclassif ç has
beenidentifiedto directlyor indirectlycall avirtual method
redefinedby thederivedclass.ConstructSDG reusesthe
control dependenceinformation and the datadependence
informationfrom ç ’sproceduredependencegraphbuilt for
thebaseclass.Modificationsareneededonly at procedure
callsitesthatcall methodswhoseÙ»Ú½ÛSÜ and ÙSÝÃÞ½ß have
changed:thealgorithmmight needto addor remove some
actual-inverticesor actual-outvertices.An actual-invertex
representingè hasa useof è associatedwith it. Simi-
larly, anactual-outvertex representingè is associatedwith
a definition of è . Thus,addingor removing an actual-in

or actual-outvertex requiresthealgorithmto recomputethe
datadependencesrelatedto theuseor thedefinition.Notice
that becausethe formal parametersin the callee’s Ù»Ú�Û6Ü
and ÙSÝÃÞ½ß do not change,the modificationsonly apply
to datamembersor globalvariables.

6 Slicing an Object

In anobject-orientedprogram,whenanobjectis instan-
tiatedfrom a class,the datamembersandmethodsof the
classareinstantiatedfor the object. Becausewe useonly
onerepresentationfor all instancesof a method,however,
thesetof statementsin a methodidentifiedby a slicing al-
gorithm,suchasHorwitz et al.’s [7], includesstatementsin
differentinstancesof themethod.For tasks,suchasdebug-
ging and programunderstanding,we would like to focus
ourattentionononeobjectata time. To dothis,wewantto
identify thestatementsin themethodsof aparticularobject
thatmight affect theslicing criterion— we call this object
slicing.

To slice an object Þ for a criterion éêØ.ëOìîí , we first
obtain the completeslice from the SDG for éïØ.ëOìðí .
Then, we identify Þ ’s message-sendingcallsites, which
weremarkedby theslicingalgorithm;themethodsinvoked
by thesecallsitesaretheonly methodsof Þ thatcanaffecté�Ø.ëOì
í . Next, weidentify thestatementsin thesemethods
that areincludedin the slice becauseof the invocationsat
theselectedcallsites;wecall thesestatementsÞ ’s slice.

To identify Þ ’s message-sendingcallsites,which were
marked by the slicing algorithm,we examinethe vertices
on Þ ’s objectflow subgraphin themethodor procedurein
which Þ is constructed.If Þ is passedasa parameterto
anothermethodor procedure,we traversethebindingedge
at thecallsite,andcontinueto examinetheobjectflow sub-
graphof the formal parameterobjectin the calledmethod
or procedure.The traversalcontinuesuntil all callsitesof
theobjecthavebeenexamined.

A statementñ in an Þ ’s methodç canaffect éòØ.ëOì�í
in severalways.First, ñ canaffect anactual-outparameteróõô5ö7÷

at Þ ’smessagesendingcallsitethatcalls ç , and
óõô5ö7÷

in turn canaffect éòØ.ëOìqí . This caseoccurswhentheex-
ecutionof ì couldoccurafterthereturnof thecallsite.The
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setof ø�ù=ú7û ’s is thesetof actual-outverticesthataremarked
by the two-phaseslicing algorithmwhenwe computethe
slice for the entireprogram. Given suchan ø ù5ú7û , ü is a
statementthatcanreachý ù=ú7û , theformal-outvertex that is
boundto ø ù5ú4û , througha pathconsistingonly of vertices
in þ . We identify this typeof statementusinga backward
traversalwithin þ , beginningat ý ù=ú7û .

Second,if ÿ is alsoin þ , ü canaffect ������ÿ�� through
apathconsistingof only theverticeswithin þ . We identify
this typeof statementusinga backwardtraversalwithin þ ,
beginningat ÿ .

Third, ü canaffect ������ÿ�� by affectinganactual-inpa-
rameterø
	�� at a messagesendingcallsite 
 in þ , in which
caseø
	�� canreachÿ by somepath that doesnot traverse
any parameter-out edge.This meansthat ÿ is executedbe-
fore the returnof callsite 
 . To identify this type of state-
mentwemustfirst markthesetof ø 	�� ’s. Thismarkingcan
bedoneby a backwardtraversalfrom ÿ without traversing
any parameter-outedges.Themarkingcanalsobeaccom-
plishedby addingamarkto theactual-inparametervertices
whenwe performthe first phaseof the slicing algorithm.
In this case,thesetof ø
	�� would bethe ø
	�� ’s with theex-
tra mark at the callsiteswithin þ . After we mark the set
of ø
	�� ’s, we identify the setof ü with a backward traver-
salwithin þ , beginningat themarkedactual-inparameter
vertices.

It is easyto seethatif a statementin anobject’smethod
canaffect �����Oÿ�� , thenit mustbemarkedby oneof the
threecases.Therefore,the above processcan be usedto
compute� ’s slice.

In theabovediscussion,weassumethat,whenamethod
is invoked to handlea message,the methodwill not call
other methods. If this assumptiondoes not hold, the
searchfor thestatementü mayrequirea backward traver-
salthroughseveralmethods.To handlethissituation,when
we identify � ’s messagesendingcallsite,wealsomarkthe
methodsthat might be involved in handlingthe message.
We mark thesemethodswith a forward traversal begin-
ning from the calledmethodon the classcall graph. The
markedmethodsarethe only methodsof � that could af-
fect �����Oÿ�� .

To presenttheway in which our algorithmhandlesthis
situation,we distinguishparameterbinding edgesassoci-
atedwith procedurecallsitesfrom parameterbindingedges
associatedwith message-sendingcallsites:parameterbind-
ing edgesassociatedwith a procedurecallsite are called
intra-objectbindingedges; parameterbindingedgesassoci-
atedwith a messagesendingcallsitearecalledinter-object
binding edges. Thus, we have intra-object parameter-
in edges, intra-object parameter-out edges, inter-object
parameter-in edges, and inter-objectparameter-out edges.
Inter-objectbinding edgesrepresentthe boundariesof ob-
jects.

To searchfor ü that might affect the slicing criterion,
we usea two-phasealgorithm. As discussedin previous
paragraphs,the backward traversalbegins with a formal-
out parametervertex (in case1), the slicing criterion (in
case2), or anactual-inparametervertex (in case3). In the
first phase,thealgorithmtraversesbackwardsonly through
data dependenceedges,control dependenceedges,sum-
maryedges,andintra-objectparameter-in edgeswhereboth
the caller and calleehave beenmarked on the classcall
graph.In thesecondphase,beginningfrom verticesmarked
in thefirst phase,thealgorithmtraversesbackwardsthrough
all edgesexceptinter-objectbindingedgesandintra-object
parameter-out edges.Verticesreachedby the traversalare
thosein � ’s slice.

Figure7 shows a partof theSDGfor Program 2. To
obtain � ’s sliceonstatement“b=b+i;” in �����������Kþ�� �"! , the
algorithmfirst computesthecompleteslice(shadedvertices
on the SDG). Then, the algorithmidentifies � ’s message-
sendingcallsites �$# þ�� �&%�! and �$# �������'�(! , which have been
markedby theslicer. Thealgorithmconcludesthatonly the
statementsin �)���*�+���,�)���*�$�(! and �������+���rþ��-�"! canaf-
fect theexecutionof theslicingcriteriathrough� . To iden-
tify the statementsin �������.���/�)�$���$�"! , the algorithmper-
forms a backward traversalfrom the formal-outparameter
Base()0 F2 out andmarksBase()0 F2 out and“b=0;”. To
identify thestatementsin �)�$���1����þ�� �(! , thealgorithmper-
formsabackwardtraversalfromtheslicingcriteria,without
goingthroughany inter-objectbindingedge.Thealgorithm
marksvertices“b=b+i;”, m2()0 F2 in, and m2()0 F3 in.
The shadedverticeswith a dottedboundarydepict those
verticesidentified by the algorithm. From the graph,we
canseethat,althoughthe slice obtainedby the usualslic-
ing algorithmincludesstatementsin methodþ2%3�(! , � ’sslice
omits thesestatementsbecausethesestatementsin þ4%'�"! ’s
instancefor � donotaffect theslicingcriterion.

At first glance,slicinganobjectmayseemlikeanexpen-
sive processbecausewe mustobtainthecompleteslicefor
the program. However, if we useobjectslicing to browse
slicesin anobject-orientedprogram,thenthetechniquefor
objectslicingis quiteefficient: weneedonly slicetheentire
programonce;thento sliceanobject,weneedonly traverse
the portion of the systemdependencegraphrelatedto the
objectbeingconsidered.

7 Conclusion

We have presentedan approachto extend the SDG to
representobject-orientedprograms.Comparedto otherex-
isting approaches,our representationsupportmoreprecise
slicing: it distinguishesdatamembersbelongingtodifferent
objects;it representsdatamembersevenwhenobjectsare
usedasparameters;it considerstheeffectof polymorphism
on callsitesandparameters.We have alsopresentedanef-
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Figure 7. Thesystemdependencegraphfor Program 2.

ficient algorithmto constructsuchan SDG for an object-
orientedprogram. Finally, we have presenteda new con-
cept,objectslicing, which enablesthe userto inspectthe
effectsof a particularobjecton theslicing criteria. Object
slicing providesbettersupportfor debuggingandprogram
understandingfor largescaleprograms.

In ourwork,wealsoprovideefficientmechanismto rep-
resentclassesin classlibrariesandto representincomplete
program. Becauseof the spacelimitations, however, we
havenotpresentedthesetechniquesin thispaper.

Our future work includesimplementingour SDG con-
structionalgorithm,andassessingtheeffectivenessandef-
ficiency of usingtheSDGto representobject-orientedpro-
gramsandof staticslicingonobject-orientedprogramusing
thetwo-phaseslicingalgorithm.
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