Proceedings of the I nternational Conference on Software Maintenance, Washington, D.C., November 1998,
| EEE Copyright

Slicing Objects Using System Dependence Graph

Donglin LiangandMary JearHarrold

Departmenbf ComputerandinformationScience
The Ohio StateUniversity
E-mail: {dl i ang, harrol d}@i s. ohi o- st at e. edu

Abstract

We presentan SDGfor object-orientedsoftwae that is
more precisethanpreviousrepresentationsindis more effi-
cientto constructthan previousappmadces.Thenew SDG
distinguisheslatamembes for differentobjects providesa
wayto represenbbjectparametes, representshe effectsof
polymorphisnon parametes and parametetbindings,rep-
resentsncompleteclassefficiently, and providesa wayto
representclasslibraries. Basedon this systendependence
graph,weintroducetheconcepbf objectslicingandanal-
gorithmto implementhis concept. Objectslicing enables
the userto inspectthe statementsn the slice object-by-
object,andis helpfulfor deluggingandimpactanalysis.

Keywords: Slicing systemdependencegraph, program
analysisobject-oriented.

1 Introduction

Progranslicing hasmary applicationsn softwaremain-
tenancesuchasdehugging,regressionesting,programun-
derstandingandreverseengineeringe.g.,[5, 12)). A pro-
gramslice[7], is asetof programstatementandpredicates
thatmightaffectthevalueof aprogranvariablev thatis de-
finedor usedataprogrampointp; < v, p > isknown asthe
slicing criterion. Horwitz et al. developedthe systende-
pendencgraph(SDG)andatwo-phasegraph-reachability
algorithmonthe SDGto computenterproceduratlices|7].
Researcherbave extendedthe SDG to representvarious
languagefeaturesand proposedvariationsof dependence
graphghatfacilitatefiner-grainedslices(e.g.,[1, 8]).

Object-orientedconcepts,such as classesobjects, in-
heritance polymorphism,and dynamicbinding, however,
malke representatiorand analysistechniques,developed
for imperative languageprogramsjnadequatdor usewith
object-orientechrograms. Researcherbave extendedex-
isting techniquego handlesomeof thesefeatures.Larsen

andHarrold[10] extendthe SDG to represensomeof the
featuresof object-orientedprograms. They introducethe
classdependencgraph, which canrepresent classhier-

archy datamembersand polymorphism. After the SDG

is constructedusing classdependencgraphs,Horwitz et

al’s two-phaseslicing algorithm can be used,with minor

modification,for computingsliceson object-orientecpro-

grams. One limitation of this approachis that it cannot
distinguishdatamemberdfor differentobjectsinstantiated
from the sameclass;thus, the resultingslicesmay be un-

necessarilymprecise.Tonellaet al. [13] useanapproach
similar to LarsenandHarrold’s exceptthat, by passingall

datamembersof an objectasactualparametersvhenthe

objectinvokesa method the approactcandistinguishdata
membersfor different objectsinstantiatedfrom the same
class.

Although theseexisting approacheprovide techniques
for representingomefeaturesf object-orienteghrograms,
thereareseveralareasn whichthey canbeimproved. First,
to facilitatethe computatiorof morepreciseslices therep-
resentatioritself canbe mademoreprecise.For example,
existing techniquedor representingbjectsas parameters
do not distinguishamongdatamembersn a parametepb-
ject; the existing techniquefor representingbjectsof sev-
eralpossibleypesmay causespuriousdependencesmong
statementshat sendmessageso the objects. Second,to
facilitatethe applicationof slicing to larger programsthe
representatioeanbe constructednoreefficiently. For ex-
ample becausef thewayin whichdatamembersarerepre-
sentedgxisting approacheperformunnecessargata-flav
computationFinally, to correctlyrepreseninheritedmeth-
odsthatcall virtual methodsedefinedn the derivedclass,
thesimplestratgy to reuserepresentationsf theinherited
methodamustbe extended.

This papempresentan SDGfor object-orientedoftware
that is an extensionof existing representation§10, 13].
This SDG more fully representghe featuresof object-
orientedprograms,including objects, that are presentin
languagessuchas C++ and Jasa. The paperalso intro-



EO: main() { \»
int a,b;

S1: a=0;

S2: b=0;

C1: procl(a,b);
C2:  proc2(b,1);
}
E11: procl(int &x,int &y) {
S3:  if(y>0)
S4: X=X+Y;
C3:  proc2(y,l);
}

E12: proc2(int &z,int w) {
S5: Z=7+W;

}

Al _in:x_in =aAl out: b=y out
A2_in:y_in =bA2_out: a = x_out]
A3_in:w_in =1A3_out:y = z_out
A4 _in: z_in = y/A4_out: b=z_out;
A5_in: z_in=b;

F1_in: x=x_in
F2_iniy=y in
F3_in:w=w_in
F4_ in:z=z_in
F1_out:y_out=y
F2_out: x_out=x
F3_out: z_out=z

Figure 1. Pr ogr am 1 andits systemdependencgraph.

ducesthe conceptof objectslicing, which identifiesstate-
mentsin methodsof an objectthat might affect the slicing
criterion— asif the objecthadits own copy of the meth-
ods. Themainbenefitsof this SDG arethatit distinguishes
datamemberdor differentobjects,represent®bjectsthat
are usedas parameter®r datamembersn other objects,
andrepresentshe effects of polymorphismon parameters
andparametebinding! Anotherbenefitis that our SDG-
constructionalgorithmis more efficient than previous ap-
proacheswhichmayenablemoreefficientslicingonlarger
programs. A final benefitis that our techniquefor object
slicing lets a userinspectstatementsn a slice, objectby
object.

2 SlicingUsing SDGs

A systermdependencgraph(SDG)[7] containsonepro-
ceduredependencgraphfor eachprocedure A procedue
dependencgraph [4] representsa procedureas a graph
in which verticesare statement®r predicateexpressions.
Data dependenceedgesrepresentflow of data between
statement®r expressions;control dependencedgesrep-
resentcontrol conditionson which the executionof a state-
mentor expressiondepends.Eachproceduredependence
graphcontainsanentryvertex thatrepresentgntryinto the
procedureTo modelparametepassingan SDGassociates
eachprocedureentryvertex with formal-parametevertices:
a formal-in vertex for eachformal parametenof the proce-
dure; a formal-out vertex for eachformal parametetthat
may be modified[9] by the procedure An SDG associates
eachcallsitein a procedurewith a call vertex anda setof
actual-parameterertices: an actual-in vertex for eachac-
tual parameteat the callsite; an actual-outvertex for each

1our representatioralso efficiently representslassesderived from,
and objectsinstantiatedrom, library-definedclassesalthough,because
of spacdimitations,we do not discusshesefeatureshere.

actualparametethat may be modified by the called pro-
cedure.At procedureentriesandcallsites,global variables
aretreatedas parametersTheseparametewerticesrepre-
senttheassignmentfeaturingthe copy-in/copy-outparam-
eterpassingschemewwith thesevertices a data-flav analy-
sisalgorithm[2] canbe usedto computedatadependences
amongthe parameterandstatementn the procedures.

An SDG connectroceduredependencgraphsat call-
sites. A call edgeconnectsa call vertex to the entry
vertex of the called procedures dependenceraph. Pa-
rameteredgesrepreseniparameteipassing: parametefin
(parameterout) edgesconnectactual-in;formal-in vertices
(formal-outandactual-outvertices).

Figurel shavs Pr ogr am 1 andits SDG.In thefigure,
ellipsesrepresenprogramstatementand parametewer-
tices. We referto a particularparametenertex by prefix-
ing the parametetfabel with the call or entry vertex upon
which it is control dependent. For example, C1-Al.in
refersto the parametewertex representingctualparame-
tera in the call to procl() at C1. In thefigure, solid lines
representontrol dependencesiashedinesrepresentata
dependencesnddottedlinesrepresenprocedurecallsand
parametebindings. For example,statement4 is control
dependentn thevalueof thepredicataen S3;thus,thereis
a control dependencedge(S3,S4)in the SDG. The value
of b in S2is passednto procl() atC1;thus,thereis adata
dependencedge(S2,C1—+A2.in) in the SDG. A parame-
ter binding occursbetweeru in main andz in procl() at
thecall to procl() at C1; this bindingresultsin parameter
in edge(C1—ALl.in,E11—+F1in) and parameteput edge
(E11—»F2out,C1—+A2_out).

Horwitz etal [7] computeinterproceduraslicesby solv-
ing a graph-reachabilityproblemon an SDG. To facilitate
the computationof interproceduratlicesonly alongpaths
correspondingdo legal call/returnsequencesan SDG uses
summaryedgego explicitly representhetransitive flow of
dependenceacrosscall sitescausedoy datadependences,



class Base { m1() { C(Base &ba) {

int a,b; if(b>0) ba.m1();

virtual vm() { vm(); ba.m2(1);
a=a+hb; b =b+1; }

} } DO {

public: }; /lend of Base Base o;

Base() { mainl Clo); ba.Base() |
a=0; Basé)cf; 0.m1(); ‘-. 7
b=0; Base ba; }

} ba.m1(); Al in: a_in=a N
m2(int i) { ba.m2(1); A2_in: b_in=b "r
b=b+i; 0.m2(1); A3 inii_in=1 x

} } Al out: a= a_out

wm

Figure 2. Pr ogr am 2 ontheleft andits partialclassdependencgraphon theright.

controldependencesy both. A summaryedge connectsan
actual-invertex andan actual-outvertex if the valueasso-
ciatedwith the actual-invertex may affect the value asso-
ciatedwith the actual-outvertex. Thus,edge(C1—A2.in,

C1—A2_out)representthefactthat,in procedurerocl(),

thevalueof b thatis passedo procl() affectsthe valueof

a thatis returnedby procl().

Theslicing algorithmconsistsof two passesDuring the
first passthealgorithmtraversesackwardalongall edges
except parameteout edges,and marks reachedvertices.
During the secondpass,the algorithmtraversesbackward
from all verticesmarkedduringthefirst passalongall edges
exceptcall andparametein edgesandmarksreachedrer-
tices. Thesliceis theunionof themarledvertices.

To illustrate, considerthe computationof a slice for
parameterb 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—Al_out, C1—-A2.in,C1,
S2, and EO. During the second pass, the traver
sal starts from the vertices marked in passone, and
the algorithm marks vertices E12, E12—F3.out, S5,
E12-F3in E12—F4.n, E11,E11—+F1 out, C3—A3_out,
C3,C3—A3.n, C3—A4.in, E11+F2.in. Figurel depicts
theresultingsliceusingshadedrertices.

3 Limitationsof Existing Techniques

An objectcontainsa setof datamembersandmethods.
An objectcanreceve messageandinvoke its methodsto
handlethosemessages.An invoked methodrequiresac-
cesgo thedatamemberf the object. LarsenandHarrold
[10] useadditionalparameterso representhe datamem-
bersreferencedy a method,whenthe methodis invoked
to handlea messageln this way, the datadependencée-
tweentwo consecutie methodcalls, introducedby data
memberscan be representeds the datadependencée-
tweenthe actualparameterat the methodcallsites.Figure
2 shaws Pr ogr am 2 andtheportionof the SDGfor func-

tion mainl() usingthis approach.n thefigure,for exam-
ple,therearedatadependencedgedetweertheactual-out
parametewerticesrepresentinglatamembers: andb (i.e.,
ba.Base()—Al_out, ba.Base()—A2_out) for methodcall
ba.Base() andthe actual-inparameterepresenting: and
b (i.e.,ba.m1()—Al.n, ba.m1()—A2_.n) for methodcall
ba.m1(). This representatiofets the sliceromit, from the
slice,datamemberghatcannotaffect the valueof the vari-
able(s)beingsliced, thus,gainingprecision. For example,
in thefigure,theshadedrerticesbelongto theslicethatbe-
gins at 0.m2(1)’s callsitefor datamemberb (indicatedin
the figure by 0.m2()—A2_out); noneof the verticesthat
definedatamembeia, which cannotaffect thecomputation
of b’svalue,arein theslice.

One limitation of this approachis that the datadepen-
dence®btainedusingtheapproacHor creatingtheindivid-
ual proceduredependencgraphsare imprecise: by treat-
ing datamembergdeclaredn a classasif they wereglobal
to the methodsof that class,the approactfails to consider
thefactthatin differentmethodinvocationsthe datamem-
bersusedby themethodsnightbelongto differentobjects?
For example,in main1()’srepresentatiom Figure2, there
is an edgefrom o.Base()—Al_out (representing.a) to
ba.m1()—ALl.in (representingha.a), which is a spurious
datadependencesA secondimitation of the approachs
thatit doesnot handlecasedn which an objectis usedas
a parametepor asa datamemberof anotherobject. Thus,
C(Base &ba) of Pr ogr am 2 cannotberepresented.

Tonellaetal. [13] addresghefirst limitation by extend-
ing a methods signatureto include datamembersof the
classasformal parametersothatanobjectcanpassts data
memberdnto the methodas actualparameters.Their ap-
proach,however, is unnecessarilgxpensve becausesach
methodcallsite has actual parametewerticesfor all data
memberf the object,evenif only afew of themareref-

2Grove et al. addresghis problemfor call-graphconstructionusing
classcontourg6]. Thisapproachhowever, hasnotbeenusedto construct
morepreciserepresentationfor SDGs.



erencedy themethod.They addresshe secondimitation
by representingan objectas a single vertex whenthe ob-
jectis usedasa parameter This representationhowever,
might causethe slicerto produceimpreciseslices. For ex-
ample,in Pr ogr am 2, if theslicing criterionis o.b atthe
endof D(), theno in C(o) mustbe includedin the slice.
This situationrequiresthe slice to include ba in function
C(Base &ba), which in turn requiresthe slice to include
bothba.a andba.b. However, from the programwe cansee
thatba.a doesnotaffecto.b.

Both of theabove approachefl0, 13] performunneces-
sarycomputationwhile calculatingdatadependenceslhe
class dependenceagraph constructionalgorithm usesthe
datadependencgraphconstructionalgorithmthatis used
in the constructiorof atraditionalSDG:if astatemens in
methodA :: m4 callsmethodB :: ma, andB :: ms mod-
ifies B’s datamemberb, thenthe algorithm propagates
definitionof b, whichis introducedattheactual-ouparam-
eterrepresenting atthe callsite,throughoutn; . However,
no statemenin m;, exceptcall statement$o B's methods,
will usebd. Similar problemexists in Tonellaet al.s ap-
proach,jn which definitionsof datamemberof objectsare
propagatedhroughouthe program.

Polymorphism,anotherimportant object-orientedcon-
cept, lets the type of an objectbe decidedat runtime; we
referto suchanobjectasapolymorphicobject Thisfeature
is difficult to handleduringstaticanalysiswhenapolymor
phic objectrecevesa messagethe selectionof amessage-
handlingmethoddependson the runtime type of the ob-
ject. In someexisting techniqueg10], a messageentto a
polymorphicobjectis representedsa setof callsites,one
for eachcandidatemessage-handlinghethod, connected
to a polymorphicchoice vertex with polymorphicchoice
edgesThisapproachmaygiveincorrectresults:in function
main2() (shavn in Figure3), the approachusesonly one
callsiteto represenstatement(*p).m1()” becausenl() is
declarednly in Base. However, whenm1() is calledfrom
objectsof classDerived, it invokes Derived :: vm() to
modify d, andwhenm1() is calledfrom objectsof class
Base, it invokes Base :: vm() to modify a. Onecallsite
cannotpreciselyrepresenboth cases. This approachalso
computespurioudatadependencaheapproachs equi-
alentto usingseveralobjects,eachbelongingto a different
type, to represent polymorphicobject. The datadepen-
dencegraphconstructioralgorithmcannotdistinguishdata
membersith the samenamein thesedifferentobjects.

A polymorphicobjectcanalsobe usedasa parameter
or adatamemberfor anotherobject. For example,if class
Derived is derivedfrom classBase, asin Figure3, ba in
C(Base &ba) becomes polymorphicobject.No previous
work hasaddressethisissue.

Inheritanceatechniqueo facilitatecodereuse)etsade-
rivedclassinherit datamembersaandmethodsrom its par

class Derived m3() { main2(){
:public Base d=d+1; inti;
{ m2(1); Base *p;
long d; } cin>>i;
vm(){ if(i>0)
d=d+b; m4() { p=new Base();
} m1(); else
public: p=new Derived();
Derived():Base(){ 1 //endofclass ey,
d=0; (*p).m10);
} }

Figure 3. Program 3.

entclassesanddefineits own datamembersandmethods.
Existingtechniqueseusetherepresentationf baseclasses
in the constructiorof therepresentatiofor adervedclass,
so asto constructthe representatiomnly for thosemeth-
ods definedin the derived class. This simple reusestrat-
egy, however, will notwork in the presencef virtual meth-
ods. For example,we cannotdirectly reusethe representa-
tion for m1() in classBase (Figure2) whenwe construct
the representatiorior classDerived (Figure 3): in class
Base, the callsiteto virtual methodvm() is connectedo
Base :: vm(), which usesBase :: a and Base :: b and
modifiesBase :: a, whereasin classDerived, thecallsite
to virtual methodvm() is connectedo Derived :: vm(),
which usesDerived :: d and Base :: b and modifies
Derived :: d. Becausdhe datamemberasedby the two
versionof vm() differ, differentcallsiterepresentationare
requiredfor the callsiteto vm() in m1()’s representation
for classDerived thanin the callsiteto vm() in m1()’s
representatioffior Base. Moreover, the callsite for vm()
in Derived causeshe headermf m1() in Derived's SDG
to differ from the headeiof m1() in Base's SDG:m1() in
classBase hasformal-in datamemberverticesfor Base :
a and Base :: b, andformal-outdatamembervertex for
Base :: b; whereasm]1() in classDervied hasformal-in
datamemberverticesfor Derived :: d andBase :: b, and
formal-outdatamembervertex for Derived :: d.

4 System Dependence Graph Extensions

This sectionpresentsan extendedSDG thathandleshe
problemsdiscussedn the previous section. We baseour
discussioronasubsebf C++ without exceptionsthetech-
niguescanalsobe appliedto programsin other statically-
typed object-orientedanguagessuchas Jasa. Moreover,
we assumehatall dereference® pointersin the program
have beenresohed with an alias analysisalgorithm (e.g.,
[13]). We further assumehat datamembersof an object
canbeaccessednly througha method(we replaceadirect
referenceo a datamemberof an objectasa methodcall).
Finally, we treatstaticdatamemberssglobalvariablesand
staticmethodsasglobal procedure®ecausé¢hey do notas-



sociatewith ary particularruntimeobject.

Objectscanbe createdand destrged dynamically and
thenumberof runtimeobjectscanvary duringa programs
execution. Chatterjeeand Ryder[3] groupruntimeobjects
into a finite numberof equivalenceclasses;during static
analysisanequivalenceclassis representetty oneobject.
They suggestthat a possibleway to createequivalence
classess to groupall objectscreatedat the sameprogram
point into an equivalenceclass. In this paper we follow
that suggestionand useone objectto representhe setof
objectscreatedhy the sameprogramstatement.

Objects at Callsites. To representa recever objectof a
messagewe follow LarsenandHarrold’'s scheme.In our
representationa callsite containsactual-in data member
verticesto representlatamembershatarereferencedand
actual-outdatamembewerticesto representlatamembers
that are modified, by the called method. To supportthis
representationa methodentry vertex, which is analogous
to the entryvertex for a procedurealsocontainsformal-in
data memberverticesto representthose data members
referencedin the method and formal-out data member
verticesto representhosedatamembersmodifiedin the
method. Like other parametewertices,the actual-in/-out
datamemberverticesare controldependendn the method
call vertex, andtheformal-in/-outdatamemberverticesare
control dependenbn the methodentry vertex. Formal-in
data membervertices are labeledwith assignmentghat
copy the value of datamembersfrom an objectinto the
scope of the method at the beginning of the method,
and formal-out data member vertices are labeled with
assignmentghat copy the value of data membersfrom
the scopeof the methodinto the objectat the end of the
method.Underthis approachthedatadependence®lated
to datamembersof the classin a methodare computedn
thesameway asthe datadependence®r aprocedure.

Parameter Objects. To obtainmoreprecisionwhenanob-
jectis usedasa paramete(parameterobjec), our SDG ex-
plicitly representshe datamembersof the object. A pa-
rameterobjectis representedsa tree: theroot of thetree
representshe objectitself; the children of the root repre-
sentthe object’s datamembers;andthe edgesof the tree
representhe datadependenceetweenthe objectandits
datamembersUnderthis representationf a datamember
of the objectis anotherobject,we canfurther expandthis
datamemberinto a subtree Becausef the existenceof re-
cursive classdefinitions,however, the treemay not always
be ableto be repeatedlyexpandeduntil all leavesare ba-
sic datatypes. Onesolutionis to usek-limiting (i.e., only
expandthetreeto level k). In this paperwe usel-limiting.

To computemoreprecisedatadependencesyhenatree
is usedto representan object, usesor definitionsare as-

sociatedwith the data-membevertices. If the objectrep-
resentedy the treeis used,then every data-membever

tex in thetreeis associatedvith a useof the datamember;
if the objectrepresentety the treeis defined,every data-
memberertex in thetreeis associatedvith a definition of

the datamember The algorithmin Section5 shovs how

dependence®latedto a parametepbjectarecomputed.

ThecallsiteC(o) in function D() in Figure4 illustrates
the representatiorof parametembjectsat a callsite. At
the callsite,the actualparametep is representedsatree,
andthe leavesof the treerepresent’s datamembera and
b. The data-flav edgesand summaryedgesinvolving o
are connectedamongdatamembervertices. This repre-
sentationhelpsthe slicer exclude the datamembervertex
representing atcallsiteo. Base().

Polymor phic Objects. In aprogramwrittenin a statically-
typed object-orientedanguage suchas C++, the possible
typesof a polymorphicobjectcanbe determinedstatically
and usually consistof a small set of suchtypes[3]. A
polymorphicobjectis representedsatree: theroot of the
treerepresentshe polymorphicobjectandthe children of
the root representbjectsof the possibletypes. Whenthe
polymorphicobjectis usedasa parameterthe childrenare
further expandedinto trees;whenthe polymorphicobject
recevesa messagethe childrenarefurther expandednto
callsites.Notethat,in the latter case our techniquediffers
from the polymorhpicchoiceschemd10]: in ourrepresen-
tation,we have onecallsitefor eachpossibleobjecttype;in
the polymorhpicchoiceschemedifferentcallsitesareused
only for differentimplementationsf avirtual method.Our
representationolve thetwo problemsconcerningpolymor-
phic choiceschemehatwe describedn Section3.

Figure 4 shawvs the representationfor function
C(Base &ba) and D() afterwe introduceclassDerived
andfunctionmain2() of Figure3. Becauséoth D() and
main2() call C(Base &) and presentactual parameters
of differenttypesto C(Base &), the formal parameter
ba in C(Base &ba) is a polymorphic parametembject;
thus, we use treesto representdifferencereferencesto
ba. The datadependencassociatedvith datamembers
occursonly betweencallsiteswith the sameobject type.
For example theactual-outvertex labeledwith b at callsite
ba.m1()—Derived is connectedonly to the actual-in
vertex labeledwith b at callsite ba.m2(1)— Derived —
it is not connectedo the actual-invertex labeledwith b
at callsite ba.m2(1)— Base, althoughthesetwo callsites
representhe samestatement.

Classesin a Hierarchy. Within a classhierarchywetry to
maintainone copy of the representatiofior a methodand
this representatiocanbe sharecdby differentclassesn the
hierarchy A classentryvertex groupsthe methodselong-
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Figure 4. Representatiofor C'(Base &) andD() in SDG.

ing to oneclasstogethemusingmembershigdges.To iden-
tify theoriginalclassn whichamethods declaredye pre-
fix amethodnamewith the nameof the original class.As
we have discussedbefore however, amethodmight needa
new representatiomwhenwe constructthe programdepen-
dencegraphfor a new classto the hierarchy A method
needsa new representatiorif (1) the methodis declared
in the new class,or (2) the methodis declaredin a lower
level classin the hierarchyandcalls a newly redefinedvir-
tual methoddirectly or indirectly. For example,methods
declaredin Derived needa new representatiorbecause
thesemethodssatisfy(1). Base :: m1() alsoneedsa nen
representatioecauset satisfies(2): Base :: m1() calls
Derived :: vm() whichis redefinedn classDerived.

5 SDG Construction Algorithm

Const ruct SDG (Figure 5) inputs the control flow
graphfor eachprocedureor methodin a programP, and
outputsP’s SDG. Const r uct SDGfirst builds procedure
dependencegraphsfor methodsin eachclass C, in a
bottom-upfashionaccordingto the classhierarchy(lines
1-17). (Procedureshatdo not belongto ary classarepro-
cessedby assumingthat they belongto a dummy class).
To computeproceduralependencgraphgor C’s methods,
Const r uct SDG first identifiesthe methodsthat require
new proceduredependencgraphs(line 2). Then,for each
methodm thatis declaredin C, the algorithm constructs
m’s proceduradependencgraph(lines 3-8). For amethod
m declaredn abaseclass,f m directlyorindirectly callsa
virtual methodredefinedn C, thealgorithmconstructghe
proceduredependencgraphfrom m’s proceduredepen-
dencegraphthatwasbuilt for the baseclass(lines 10-12);
if m doesnotdirectly or indirectly call any virtual method
redefinedn C, the algorithmreusesn’s proceduredepen-
dencegraphwith thebaseclass(line 14).

algorithm  Const ruct SDG

input Controlflow graph(CFG)of ProgramP
output Systemdependencgraph(SDG)of P
declare

begin Const r uct SDG

1. foreach classC

2. Identify themethodghatneednew representations
3. foreach methodm declaredn C

4. Computecontroldependence®r m

5. Preprocess: with usualdata-flav analysis

6. Expandobjectsin m

7. Computedatadependence®r objects

8. endfor

9. foreach methodm in thebaseclasses

10. if m is “marked” then

11. Coyy old proceduralependencgraph
12. Adjust callsites

13. else

14. Reusen’s old proceduredependencgraph
15. endif

16. endfor

17. endfor

18. Connect ()
19. Bui | dSummar yEdges()
end Const ruct SDG

Figure 5. Algorithm to constructSDGfor P.

After constructingthe proceduredependencgraphfor
eachmethod, Const r uct SDG calls Connect () (line
18) to connect,with binding edges every callsitein these
proceduredependencgraphswith the entry of the called
method. The final stepin the constructionof an SDG is
the computationof the summaryedgesat callsites;proce-
dureBui | dSumrar yEdges() canbe implementedor
this purposeusinganexisting techniquge.g.,in [11]).

5.1 ldentify Methods Requiring New Procedure
Dependence Graphs

Const ruct SDG uses class call graphsto identify
methodshat neednew proceduredependencgraphs(line



2). Our classcall graphdiffersfrom previousdefinitionsin
that it distinguisheswo typesof call statementghat can
be presentin an object-orientedporogram: 1) a message-
sending statement— a call statementwhose execution
causesprogramcontrol to transferto anotherobject; 2)
a procedure-calktatement— a call statementwhoseex-
ecutiondoesnot causeprogramcontrol to transferto an-
other object. To definethe classcall graph,we consider
only procedure-calstatementandthe relationinducedby
them; we ignore all message-sendingtatementdecause
they causecontrolto transferout of the object. A method
my hasa procedue-call relation with anothemrmethodm.
if a procedure-callstatementin m; calls ms when the
procedure-caltatements executed.

Whena new classis declaredConst r uct SDGusesa
marking procedureon the classcall graphto identify the
methodghatneednew procedurelependencgraphsfirst,
it marksthe methodgleclaredn theclass;then,if theclass
is derived from somebaseclassesjt marksthe methods
in the baseclasseghat can reachthesemarked methods
by performinga backwardtraversalon the classcall graph
from thesemarkedmethods All markedmethodseednew
proceduralependencgraphs.

Const r uct SDGalsousesthe classcall graphto com-
putetheinterfacedor themethodghatneednew procedure
dependencgraphs. The interface of a methodor proce-
durem is definedby the set of non-localvariables(i.e.,
parametersglobal variables,or datamembers)o which
m refers,denotedas GREF' (m), andthe setof non-local
variablesthat m might modify, denotedas GMOD(m).
GMOD(m) andGREF(m) canbe computedby an ex-
isting side-efectanalysisalgorithm[9].

5.2 Construct Procedure Dependence Graphsfor
Methodsin a New Class

Const r uct SDG constructshe proceduredependence
graph for a method declaredin a new class from the
methods control flow graph(lines 4-7). Object-oriented
languagesand imperatve languagesshare mary con-
structs.Thus,Const r uct SDGhuilds control dependence
graphsfor a methodwith an existing algorithm (line 4).
Const r uct SDG huilds the data dependenceraph for
a methodin threesteps(lines 5-7). In the first step(line
5), the algorithmtreatsan objectas a simple variableand
preprocessethe methodusing a modified version of the
usualdatadependencgraphconstructioralgorithm[2]. In
thesecondstep(line 6), thealgorithmexpandsa vertex that
referencesan objectinto the representationdiscussedn
Sectiond. In thethird step(line 7), thealgorithmcomputes
the data dependencdor data membersof the objects.
Thesethree stepshandle objects at callsites, objects as
parametersandpolymorphicobjects.

Preprocess Methods. In this step,Const r uct SDG uses
a modified datadependencgraph constructionalgorithm
to preprocessa method. The algorithm createsa com-
plete callsite for a procedure-calstatemenbasedon the
GMOD andGREF of the called methodusing a tech-
nigue that is similar to the constructionof a callsite for
procedurewhich is describedn Section2. However, for
a message-sendingfatementthe algorithm createsactual
parametewerticesonly for parameterandglobalvariables
in the callees GREF andGMOD. To estimatethe data
dependencemtroducedby an objects datamembersthe
algorithmassociates useof the objectwith the call ver-
tex if the message-sendirgiatements not a construction;
similarly, the algorithm associates definition of the ob-
ject with the call vertex if the message-sendingiatement
is not a destruction.If the message'recever hasmultiple
types,thenthealgorithmcreatesa callsitefor eachpossible
typeandgroupall thesecallsiteswith a polymorphicobject
vertex. In this case hawever, the useandthe definition of
the objectare associatedvith the polymorphicobjectver-
tex insteadof the call vertices. Whenan objectis usedas
aparameterConst r uct SDGtreatsthe objectasasimple
variableandcreatesa vertex for it.

The inset graphin Figure 6 shows the result of the
preprocessingof procedureC(Base &) (in Figure 2).
The algorithmdoesnot createactualparametewrerticesin
this graphfor ba’s datamembersat callsitesrepresenting
message-sendingtatement‘ba.m1();” and “ba.m2(1);".
The algorithmassociatesiseand definition of ba with the
call verticeslabeledwith ba.m1() and ba.m2(1). Thus,
thereis adatadependencedgebetweerthesetwo vertices.

Expand Objects. In the secondstep, Const r uct SDG
expandsverticesthat referencean object using the tree-
representatiotechniquediscussedn Section4. This step
usesan object-flowsubgaph a subgraphin the datade-
pendencegraphof a methodor procedure. The subgraph
includesthe verticesthatreferenceO (i.e., method-sending
call verticesandobjectparametewrertices)andall the data
dependencedgeduilt by Const r uct SDGin thefirststep
amongthesevertices.Thebold verticesandedgesn thein-
setgraphin Figure 6 shavs the object-flov subgraphfor
objectba in procedure’ (Base &).

Const r uct SDG considersachvertex v on anobject-
flow subgraph. If v is a parametewertex representinga
single-typedobiject, then the algorithm expandsit into a
tree. If v is a parametewrertex representing polymorphic
object, then the algorithm first createsa child vertex for
eachpossibleobjecttype; andthenit expandseachchild
vertex into atree. If v is a call vertex, thenthe algorithm
createghe actualparametewrerticesfor the datamembers
in the callees GREF and GMOD. If v is a verte
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Figure 6. Constructiorof thePDGfor C(Base &)

representinga call to a polymorphicobject,thenfor each
callsite connectedto v, the algorithm createsthe actual
parameteverticesfor datamembersn thecalleesGREF
and GMOD at the callsite. The left graphin Figure 6
shavstheprocedurelependencgraphfor C() (in Figure2)
aftertheverticesin ba’s object-flov subgraprareexpanded.

Build Data Dependences for Data Members. Af-
ter expandingthe verticesin O’s object-flav subgraph,
Const r uct SDG propagateshe definitionsof datamem-
bersalongthe object-flov subgraptandbuilds the datade-
pendencdor the datamembers.Given a callsitec on the
object-flav subgraphwe representhedefinitionsetof data
memberswith the set of actual-outdatamembervertices
associateavith ¢. Similarly, we representhe usesetof ¢
with the setof actual-indatamembervertices.For a object
parameterertex, if the vertex definesthe object,thenwe
representhedefinitionsetof thedatamemberawith the set
of its datamembewertices;otherwisejf thevertex useshe
object,thenwe representhe usesetof the datamembers
with the setof its datamemberwertices.The propagatiorof
definitionscanbe donein a usualway. After the propaga-
tion, ateachvertex ontheobject-flov subgraphif thereis a
useof thedatamemberd, thenfor eachreachingdefinition
of d, we createa datadependencedge.

5.3 Construct Procedure Dependence Graphsfor
Methodsin the Base Class

Const r uct SDG builds a new proceduredependence
graphfor a methodm declaredin a baseclassif m has
beenidentifiedto directly or indirectly call a virtual method
redefinedy thederivedclass.Const r uct SDGreuseghe
control dependencénformation and the datadependence
informationfromm’s procedurelependencgraphbuilt for
the baseclass.Modificationsareneedednly at procedure
callsiteghatcall methodsvhoseGREF andGM OD have
changedthe algorithmmight needto addor remove some
actual-inverticesor actual-outvertices.An actual-invertex
representingV hasa useof N associatedvith it. Simi-
larly, anactual-outvertex representingV is associateevith
a definition of N. Thus,addingor remaoving an actual-in

or actual-outvertex requireghealgorithmto recomputehe
datadependence®latedto theuseor thedefinition. Notice
that becausehe formal parametersn the callees GREF
andGMOD do not change the modificationsonly apply
to datamembersr globalvariables.

6 Slicing an Object

In anobject-orientegprogramwhenanobjectis instan-
tiated from a class,the datamembersand methodsof the
classareinstantiatedfor the object. Becausewne useonly
onerepresentatiofor all instancesf a method,however,
the setof statementén a methodidentifiedby a slicing al-
gorithm,suchasHorwitz etal.s[7], includesstatementin
differentinstance®f the method.For tasks,suchasdelug-
ging and programunderstandingwe would like to focus
our attentionon oneobjectatatime. To dothis, we wantto
identify the statementi the methodsf aparticularobject
thatmight affect the slicing criterion— we call this object
slicing.

To slice an objectO for a criterion < v,p >, we first
obtain the completeslice from the SDG for < v,p >.
Then, we identify O’s message-sendingallsites, which
weremarkedby theslicing algorithm;the methodsnvoked
by thesecallsitesarethe only methodsof O thatcanaffect
< v,p >. Next, weidentify thestatements thesemethods
thatareincludedin the slice becausef the invocationsat
theselectectallsites;we call thesestatement$)’s slice

To identify O’s message-sendingplisites,which were
marked by the slicing algorithm, we examinethe vertices
on O’s objectflow subgraphin the methodor proceduren
which O is constructed.If O is passedisa parameteto
anothemethodor procedurewe traversethe bindingedge
atthecallsite,andcontinueto examinethe objectflow sub-
graphof the formal parametenbjectin the calledmethod
or procedure.The traversalcontinuesuntil all callsitesof
theobjecthave beenexamined.

A statemenfS in anO’s methodm canaffect < v,p >
in severalways. First, S canaffectanactual-outparameter
A, atO’'smessagseendingeallsitethatcallsm, and A,;
in turn canaffect < v, p >. This caseoccurswhenthe ex-
ecutionof p couldoccurafterthereturnof thecallsite. The



setof A4,,;'sis thesetof actual-outverticesthataremarked
by the two-phaseslicing algorithmwhenwe computethe
slice for the entire program. Given suchan A,,;, S is a
statementhatcanreachF,,;, theformal-outvertex thatis
boundto A,,;, througha path consistingonly of vertices
in m. We identify this type of statementisinga backward
traversalwithin m, beginningat ;.

Secondijf pis alsoin m, S canaffect< v, p > through
apathconsistingof only the verticeswithin m. We identify
thistype of statementisinga backwardtraversalwithin m,
beginningat p.

Third, S canaffect< v, p > by affectinganactual-inpa-
rameterA;,, atamessagasendingcallsitec in m, in which
caseA;, canreachp by somepaththatdoesnot traverse
ary parameteout edge. This meanghatp is executedbe-
fore thereturnof callsitec. To identify this type of state-
mentwe mustfirst markthe setof A;,’s. Thismarkingcan
be doneby a backwardtraversalfrom p without traversing
ary parameteout edges.The markingcanalsobe accom-
plishedby addinga markto theactual-inparametevertices
whenwe performthe first phaseof the slicing algorithm.
In this case the setof A;,, would bethe A;,,’s with the ex-
tra mark at the callsiteswithin m. After we mark the set
of A;,,’s, we identify the setof S with a backward traver-
salwithin m, beginning at the marked actual-inparameter
vertices.

It is easyto seethatif a statemenin anobjects method
canaffect < v,p >, thenit mustbe marked by oneof the
three cases. Therefore,the above processcan be usedto
computeO’s slice.

In theabove discussionwe assumehat,whenamethod
is invoked to handlea messagethe methodwill not call
other methods. If this assumptiondoes not hold, the
searchfor the statementS may requirea backwardtraver-
salthroughsereralmethods.To handlethis situation,when
we identify O’s messagsendingcallsite,we alsomarkthe

methodsthat might be involved in handlingthe message.

We mark thesemethodswith a forward traversal begin-
ning from the called methodon the classcall graph. The
marked methodsarethe only methodsof O that could af-
fect< v,p >.

To presenthe way in which our algorithmhandleshis
situation, we distinguishparametetbinding edgesassoci-
atedwith procedurecallsitesfrom parametebindingedges
associateavith message-sendiraglisites:parametebind-
ing edgesassociatedvith a procedurecallsite are called
intra-objectbindingedges parametebindingedgesassoci-
atedwith a messageendingcallsitearecalledinter-object
binding edges Thus, we have intra-object parameter
in edges intra-object parameterout edges inter-object
parametefin edges andinter-objectparameterout edges
Inter-objectbinding edgesrepresenthe boundarieof ob-
jects.

To searchfor S that might affect the slicing criterion,
we usea two-phasealgorithm. As discussedn previous
paragraphsthe backward traversalbegins with a formal-
out parametervertex (in casel), the slicing criterion (in
case?), or anactual-inparameterertex (in case3). In the
first phasethealgorithmtraverseshbackwardsonly through
data dependencedges,control dependencedges,sum-
maryedgesandintra-objeciparametein edgesvhereboth
the caller and callee have beenmarked on the classcall
graph.In theseconghasebeginningfrom verticesmarked
in thefirst phasethealgorithmtraversedackwardsthrough
all edgesexceptinter-objectbindingedgesandintra-object
parameteput edges. Verticesreachedby the traversalare
thosein O’s slice.

Figure7 shavs a partof the SDGfor Pr ogr am 2. To
obtaino’s sliceon statementb=b+i;” in Base :: m2(), the
algorithmfirst computeshecompleteslice (shadedrertices
on the SDG). Then, the algorithmidentifieso’s message-
sendingcallsiteso.m2(1) ando.Base(), which have been
markedby theslicer Thealgorithmconcludeghatonly the
statementsn Base :: Base() and Base :: m2() canaf-
fectthe executionof the slicing criteriathrougho. To iden-
tify the statementsn Base :: Base(), the algorithm per
forms a backward traversalfrom the formal-out parameter
Base(}»F2 outandmarksBase(}»F2 outand“b=0;". To
identify the statementin Base :: m2(), thealgorithmper
formsabackwardtraversalfrom theslicing criteria,without
goingthroughary inter-objectbindingedge.Thealgorithm
marksvertices“b=b+i;", m2()—»F2.in, and m2()—F3.in.
The shadedverticeswith a dotted boundarydepict those
verticesidentified by the algorithm. From the graph,we
canseethat, althoughthe slice obtainedby the usualslic-
ing algorithmincludesstatements methodm1(), o’'sslice
omits thesestatementdecausehesestatementin m1()’s
instanceor o do not affectthe slicing criterion.

At first glance slicinganobjectmayseemik eanexpen-
sive procesdecausave mustobtainthe completeslicefor
the program. However, if we useobjectslicing to browse
slicesin anobject-orientegbrogram thenthetechniqueor
objectslicingis quiteefficient: we needonly slicetheentire
programonce;thento sliceanobject,we needonly traverse
the portion of the systemdependencgraphrelatedto the
objectbeingconsidered.

7 Conclusion

We have presentechn approachto extendthe SDG to
represenbbject-orientegorograms.Comparedo otherex-
isting approachespur representatiosupportmoreprecise
slicing: it distinguisheslatamemberdelongingo different
objects;it representslatamemberseven whenobjectsare
usedasparameterst considerghe effectof polymorphism
on callsitesandparametersWe have alsopresentedn ef-
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Figure 7. Thesystemdependencgraphfor Pr ogr am 2.

ficient algorithmto constructsuchan SDG for an object-
orientedprogram. Finally, we have presentedh nenv con-
cept, objectslicing, which enableshe userto inspectthe
effectsof a particularobjecton the slicing criteria. Object
slicing providesbettersupportfor detuggingandprogram
understandindpr large scaleprograms.

In ourwork, we alsoprovide efficientmechanisnto rep-
resentclassesn classlibrariesandto represenincomplete
program. Becauseof the spacelimitations, however, we
have not presentedhesetechniquesn this paper

Our future work includesimplementingour SDG con-
structionalgorithm,andassessinghe effectivenessandef-
ficiengy of usingthe SDGto represenbbject-orientegro-
gramsandof staticslicingonobject-orienteghrogramusing
thetwo-phaseslicing algorithm.
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