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ABSTRACT

Programslicingisatechniquetodecomposeprogramsdependingoncontrolflowanddataflow
amongstseverallinesofcodeinaprogram.Conditionedslicingisageneralizationofstaticslicing
anddynamicslicing.Avariable,thedesiredprogrampoint,andaconditionofinterestformaslicing
criterionforconditionedslicing.Thispaperproposesanapproachtocalculateconditionedslices
forprogramscontainingmultipleprocedures.TheapproachistermedNode-MarkingConditioned
Slicing (NMCS) algorithm. In this approach, first and foremost step is to build an intermediate
symbolizationofagivenprogramcodeandthenextstepistodevelopanalgorithmforfindingout
conditionedslices.Thedependencegraph, termedSystemDependenceGraph(SDG), isused to
symbolizeintermediatepresentation.AfterconstructingSDG,theNMCSalgorithmchoosesnodes
thatsatisfyagivenconditionbytheprocessofmarkingandunmarking.Thealgorithmalsofindsout
conditionedslicesforeveryvariableateverystatementduringtheprocess.NMCSalgorithmemploys
astacktosavecallcontextofamethod.FewedgesinSDGarelabeledtoidentifythestatementthat
callsamethod.Theproposedalgorithmisimplemented,anditsperformanceistestedwithseveral
casestudyprojects.
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Note: This is an extended version of the paper published in Proceedings of 3rd International 
Conference on Computational Intelligence in Data Mining (ICCIDM 2016),Bhubaneswar,2016
(Sahuetal.,2016).

1. INTRoDUCTIoN

Programslicingisadecompositiontechniqueutilizedtodecomposeprogramsdependingoncontrol
flowanddataflowamongstseverallinesofcodeinaprogramcode.Itisakindofprogramanalysis
technique.Ittakesoutstatementsrelatedtocomputationofavariable’svalueataspecifiedpointin
program.Thepulledoutstatements,containingassignmentandpredicatestatements,constitutea
programslice.Thesestatementsmayaffectorbeaffectedbyvalueofvariablevatprogramlocation
l.Asliceiscomputedbyemployingaslicingcriterion.Thetuple< l, v >isregardedasaslicing
criterion.Theslicemaybestaticordynamicaccordingtoinputtoprogramcode.Itissaidtobestatic
whenitextractsallstatementsfromaprogramcodew.r.t.aslicingcriterionregardlessinputtoprogram
(Weiser,1981).Ontheotherhand,itissaidtobedynamicwhenallstatementsfromaprogramare
extractedw.r.t.aslicingcriterionforaspecificinputtoprogramcode(Korel&Laski,1988).

Programslicesarecomputedintwosteps.Thefirstandforemoststepisconcernedwiththe
constructionofanintermediatesymbolizationofprogramcode.Innextstep,analgorithmisapplied
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tothatintermediaterepresentationtofindoutslices.Programslicinghasbeenemployedinmany
areasofsoftwareengineeringlikedebugging,softwaremaintenance,testing,functionalcohesion,
softwarerefactoring,softwarequalityassurance,etc.

Conditionedslicingisageneralizationofstaticslicinganddynamicslicing(Canforaetal.,1998).
Aconditionedsliceisintheformofatuple<Pr,lc,q>,wherePrisacondition,lcisarequiredstatement
inprogramcodeandtisavariable.Conditionedslicingputsawaythosechunksoforiginalprogram
thatcannotaffectvariablesatrequiredstatementuponsatisfactionofconditions.Aconditionedslice
iscomputedintwosteps:first,theprogramissimplifiedwithrespecttoconditionprovidedinslicing
criterion.Thus,statements,notsatisfyinggivencondition,areremoved.Then,asliceiscomputedon
thereducedprogram.Thereducedprogramisreferredtoasaconditionedprogram.Moredetailson
conditionedslicingcanbeobtainedin(Canforaetal.,1998;Chedaetal.,2008;Danicicetal.,2000;
(Danicicetal.,2004;Foxetal.,2004;Harmanetal.,2001;Hieronsetal.,2002).

Motivation
Staticslicingdoesnottakeintoaccounttheinformationaboutexecutionstateoftheprogramcode.
Thus,staticslicesareconstructedirrespectiveoftheinputtotheprogramcode.Dynamicslicing
utilizesthecompleteinformationaboutexecutionbehavioroftheprogram.Thus,dynamicslicesare
dependentoninputtoprogramcode.Theremustbeaslicingtechniquethatpreservestheexecution
behaviorof theprogramand is independentof input to theprogram.Conditioned slicing solves
thisproblembycomputingtheslicesataparticularprogrampointforavariablewithrespecttoa
condition.Nowadays,mostoftheprogramsareinterproceduralinnature.Thereishardlyanywork
doneonconditionedslicingofinterproceduralprograms.Thispaperdemonstratesatechniqueto
findoutconditionedslicesofprogramscontainingmultipleprocedures.

objectives
Theobjectiveofthisworkistoproposeanalgorithmtodetermineconditionedslicesofinterprocedural
programsusinganintermediaterepresentation,adependencegraph.Theauthorsalsoaimatcomputing
slicetimeforvariousprogramsofdifferentlinesofcode.

The structure of the rest of paper is done as per following ways. Section 2 delivers some
backgrounddetailsoftheproposedtechnique.InSection3,literaturesurveyisdiscussed.InSection4,
theproposedapproach,i.e.,Node-MarkingConditionedSlicing(NMCS)algorithmforinterprocedural
programsisdiscussed.Section5outlinescomplexityanalysisofNMCSalgorithm.InSection6,the
correctnessofNMCSalgorithmisestablished.Section7providestheimplementationandexperimental
resultsoftheproposedtechnique.Section8providesconclusionsandfutureworks.

2. BACKGRoUND

Thissectiondiscussessomebasicconceptsrequiredtounderstandtheproposedwork.

2.1. System Dependence Graph (SDG)
Severalresearchershavecontributedtowardstheareaofprogramslicing.Foragivenslicingcriterion,
aslicecanbedeterminedmanuallyforasimpleprogramwithlesscomplexity.But,withincreasing
sizeandcomplexityoftheprograms,automaticslicecomputationisof

greatestimportance.Currentautomatedslicingtechniquesrequirethattheinformationavailable
inaprogramsourcecodebefirsttransformedintosomeintermediaterepresentationandthenthe
slicingtechniquebeapplied.Thedifferenttypesofprogramrepresentationsincludecontrolflow
graph (CFG), program dependence graph (PDG), system dependence graph (SDG). Details of
programrepresentationscanbediscovered in (Binkley&Gallagher,1996;Horwitzetal.,1990;
Mohapatra,2005).
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3. LITeRATURe SURVey

ThetechniqueusedbyWeiserinvolvedsolvingdataflowequations,andtheslicewascalledstatic
backwardslice(Weiser,1981).OttensteinandOttensteindevelopedprogramdependencegraph(PDG)
forintraproceduralprogramsandcomputedtheslicebytraversingbackwardonthePDG(Ottenstein
&Ottenstein,1984).Horwitz et al.workedoutSystemDependenceGraph (SDG) to symbolize
interproceduralprogramsourcecodesandrecommendedatwo-phasealgorithmtocalculateslices
(Horwitzetal.,1990).ThetechniqueofdynamicslicingwasfirstdevelopedbyKorelandLaski
(Korel&Laski,1988).Silvaperformedasurveyonsomeworkdoneonprogramslicing(Silva,2012).
Hereportedvariousfeaturesandapplicationsofeachtechniqueusingexamplesandestablishedthe
relationsbetweenthem.

Canforaetal.broughtintheconceptofconditionedslicinganddevelopedageneralframework,
employingsubsume relation, forprogramslicingmodels thatwerebasedondeletingstatements
(Canfora et al., 1998). A conditioned program slicer, ConSIT, was originated by Danicic et al.
(Danicicetal.,2000).Foxetal.putintheory,design,implementationandutilityofConSITsystem
(Foxetal.,2004).Luciadiscusseddifferentslicingmethodsthatwerebasedondeletingstatements
togetherwiththeirapplicationstosoftwareengineering(Lucia,2001).Harmanetal.introducedthe
pre/postconditionedslicingmethodthatcouldbeemployedforprogramanalysisregardingpre-and
post-conditions(Harmanetal.,2001).Hieronsetal.discussedutilityofconditionedslicingtoaid
partitiontesting(Hieronsetal.,2002).Danicicetal.proposedanapproachtocomputeexecutable
unionslicesusingconditionedslicing(Danicicetal.,2004).Chedaetal.demonstratedatechnique
forcalculatingconditionedslicesthatweretobeemployedtofirst-orderfunctionallogiclanguages
(Chedaetal.,2008).

All theworks (Canforaetal.,1998;Chedaetal.,2008;Danicicetal.,2000;Danicicetal.,
2004;Foxetal.,2004;Harmanetal.,2001;Hieronsetal.,2002)areconcernedwithcomputationof
conditionedslicesforintraproceduralprogramsi.e.forprogramscontainingonlyasingleprocedure.
Theinterproceduralaspectshavenotbeentakenintoconsiderationbythem.Theworkaccomplished
forcalculatingconditionedslicesforinterproceduralprogramsi.e.forprogramscontainingmultiple
proceduresisalsolimited.Nowadays,mostoftheprogramscontainmultipleprocedures.So,there
isarequirementtofindoutconditionedslicesforprogramscontainingmultipleprocedures.Sahu
etal.proposedanapproachtofindoutconditionedslicesforinterproceduralprograms(Sahuetal.,
2016).Theyhadnotperformedanyexperimentalresultsanalysisanddidnottakeanycasestudiesto
testtheirapproach.Thispaperproposesamethodtofindoutconditionedslicesforinterprocedural
programsalongwithexperimentalresultanalysis.Intheabsenceofanyexistingrelatedwork,the
proposedmethodcannotbecomparedwithanyexistingwork.Table1summarizesvariousslicing
approachesdevelopedbydifferentresearchers.

4. NoDe-MARKING CoNDITIoNeD SLICING (NMCS) ALGoRITHM

In this section, an algorithm termed Node-Marking Conditioned Slicing (NMCS) algorithm is
proposedforcomputingconditionedslicesofagivenproblemalongwiththeconstructionofsystem
dependencegraph(SDG).

Conditionedslicescanefficientlybecalculatedbyemployingasystemdependencegraph(SDG)
astheintermediateprogramsymbolization.ConstructionofSDGiscomprisedofthefollowingsteps:

1. ConstructingProcedureDependenceGraph(PDG)foreachmethodinaclass.
2. ConstructingSystemDependenceGraph(SDG)bycombiningallPDGs.

ThealgorithmforconstructingSDGisprovidedinAlgorithm1.Thispaperusesthetermsnode
andvertexinterchangeably.
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Algorithm 1: SDG Construction Algorithm Input:AprogramP.
Output:ThecorrespondingSDG.ProcedureConstructPDG()

For start of a method do Make method entry node. 
End For 
For every executable statement in the program code P do Make a 
vertex in the graph. 
End For 
For all nodes created do 
If vertex e is under scope of node d then
Insert a control dependence edge from d to e, d → e. End If
If vertex d controls execution of vertex e, then
Insert a control dependence edge from d to e, d → e. End If
If vertex d defines a variable t and vertex e utilizes t, then 
Insert a data dependence edge from d to e, d → e.
End If End For 
End Procedure 
Procedure ConstructSDG()
For all methods in a class do Call ConstructPDG.
End For 
For every parameter present in method call Create an actual-in 

Table 1. Comparison of various slicing approaches at a glance

Sl. 
No.

Year Author(s) Computed 
static slice?

Computed 
dynamic 

slice?

Computed 
conditioned 

slice?

Computed 
Intraprocedural 

slice?

Computed 
Interprocedural 

slice?

Considered 
Object- 

Oriented 
Features?

1 1981 Weiser(1981) Yes No No Yes No No

2 1984 Ottensteinand
Ottenstein(1984)

Yes No No Yes No No

3 1988 KorelandLaski
(1988)

No Yes No Yes No No

4 1990 Horwitzetal.(1990) Yes No No No Yes No

5 1996 LarsenandHarrold
(1996)

No Yes No No Yes Yes

6 1998 Canforaetal.(1998) No No Yes Yes No No

7 2000 Danicicetal.(2000) No No Yes Yes No No

8 2001 Harmanetal.(2001) No No Yes Yes No No

9 2002 Hieronsetal.(2002) No No Yes Yes No No

10 2004 Danicicetal.(2004) No No Yes Yes No No

11 2004 Foxetal.(2004) No No Yes Yes No No

12 2005 Mohapatra(2005) No Yes No No Yes Yes

13 2006 Mohapatraetal.
(2006)

No Yes No No Yes Yes

14 2007 SahuandMohapatra
(2007)

No Yes No No Yes Yes

15 2008 Chedaetal.(2008) No No Yes Yes No No

16 2012 Rayetal.(2012) No Yes No No Yes Yes

17 2013 Rayetal.(2013) No Yes No No Yes Yes

18 2014 Singhetal.(2014) No Yes No No Yes Yes

19 2015 Munjaletal.(2015) No Yes No No Yes Yes

20 2015 Sahuetal.(2015) No Yes No No Yes Yes

21 2017 Proposedapproach No No Yes No Yes No
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parameter vertex. 
End For 
For every parameter present in method definition Create a formal-
in parameter vertex.
End For 
For every parameter in method call that is modified inside the 
method Create an actual-out parameter vertex.
End For 
For every actual-out parameter vertex 
Create corresponding formal-out parameter node. End For
If a method is called vertex d and vertex e defins that method, 
then Insert a call edge from d to e, d → e.
Label the edge d → e with d. End If
If vertex e returns a value to call vertex d, then Insert a data 
dependence edge from e to d, e → d.
Label the edge e → d with d. End If
If vertex e is actual-in and vertex f is formal-in parameter 
vertices for a call vertex d, then Insert a parameter-in edge from 
e to f, e → f.
Label the edge e → f with d. End If
If vertex e is actual-out and vertex f is formal-out parameter 
vertices for a call vertex d, then
Insert a parameter-out edge from f to e, f → e. Label the edge f → 
e with d.
End If 
If a path exists from actual-in vertex d to corresponding actual-
out vertex e, then Insert summary edge from d to e, d → e.
End If 
If a path exists from actual-in vertex d to corresponding call 
vertex e, then Insert summary edge from d to e, d → e.
End If End For 
End Procedure

AnexampleJavaprogramisdepictedinFigure1.Theprogramisadoptedfrom(Canforaetal.,
1998).Theprogramin(Canforaetal.,1998)iswritteninC.Theprogramusedinthispaperiswritten
insimpleJavaanditdoesnottaketheobject-orientedfeaturesintoaccount.Staticsliceforslicing
criterion<30, sint>ofexampleprogramdepictedinFigure1iscomprisedofstatementsnumbered
2,3,4,5,6,7,8,9,10,12,13,14,15,17,19,21,22,23,25,27,28,30.Thesestatementsarealso
depictedinrectangularboxesinFigure1(b).Dynamicsliceforslicingcriterion<{c = 3, x = { 8, -3, 
11}}, 30, sint>ofexampleprogramdepictedinFigure1iscomprisedofstatementsnumbered2,3,
4,5,6,7,8,10,12,13,14,15,17,19,21,22,23,25,27,28,30.Thesestatementsarealsodepicted
inrectangularboxesinFigure2(a).

Algorithm1isusedtoconstructSDGforexampleprogramcode.Verticesthatsatisfyspecified
conditionaremarkedandconditionedslicesarecalculatedthroughoutmarkingprocessbyNMCS
algorithm.Correspondingtoamethodcall,thelabelofthecalledgeisrecordedinavariable,CSe.
Astack,SCC,ismaintainedtorecordcallingcontext.Whenaparameter-inedgeispassedthrough,
labelofthatedgeispushedontostack,andwhenaparameter-outedgeispassedthrough,stackis
popped.ThepoppeditemofstackiscomparedwithCSeforequalityandconditionedsliceismodified
ifbothareequal.

Letcond_slice(u)symbolizesconditionedsliceforslicingcriterion<Pr, lc, q>,forPrbeing
acondition,qbeingavariableandlcbeingthestatementcorrespondingtovertexw.Lets1, s2, …, 
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skindicateallpredecessorverticesofwindependencegraphthataremarked.So,conditionedslice
forslicingcriterion<Pr, lc, q>isprovidedascond_slice(u)={u,s1,s2,…,sk}Ucond_slice(s1)U
cond_slice(s2)U…Ucond_slice(sk)

Algorithm2presentstheproposedNMCSalgorithminpseudocodeform.Table2depictsthe
notationsusedinAlgorithm2.

Algorithm 2: Node-Marking Conditioned Slicing (NMCS) Algorithm Input:SDGofprogram
Pandtheslicingcriterion<Pr,lc,q>.

Output:Listofnodescontainedintherequiredconditionedslice.
1. SetMarked=φ.//Initiallyunmarkallnodes.
2. Setcond_slice(w)= φ.
3. ChecktheprogramPforconditionPr.
4. Foreachstatementsatisfyingcondition,Pr,do

(a) Marked=Marked U {w}.//Marknodew.
(b) Update cond_slice(w)={w, s1, s2, …, sk} U cond_slice(s1) U cond_slice(s2) U… U 

cond_slice(sk).

Figure 1. (a) An Example Java Program (b) Static w.r.t slicing criterion <30, sint> of example program depicted in Figure 1
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(c) Ifwisamethodcallvertexthen
i. panodeM=f(M,panode).
ii. MeM=g(M,Me).
iii. pfnodeM=h(M,pfnode).
iv. Marked=Marked U {w}.//Marknodew.
v. Marked=Marked U panodeM.//Markassociatedactualparameternodes.
vi. Marked=Marked U {MeM}.//Markcorrespondingmethodentrynode.

Figure 2. (a) Dynamic slice with respect to slicing criterion <{n=3,x={8,-3,11}},30,sint> of example program code depicted in Figure 
1 (b) Conditioned slice for slicing criterion <{test(x)! = 0}, 30, sint> of example program code depicted in Figure 1
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vii.Marked=Marked U pfnodeM.//Markassociatedformalparameternodes.
viii. SetCSe=w.//Setcallsitetocurrentcallmethodu.

(d) Ifwisanewoperatorvertexthen
i. panodeM=f(M,panode).
ii. MeM=g(M,Me).
iii. pfnodeM=h(M,pfnode).
iv. Marked=Marked U {w}.//Marknodew.
v. Marked=Marked U panodeM.//Markassociatedactualparameternodes.
vi. Marked=Marked U { MeM }.//Markcorrespondingconstructorentrynode.
vii.Marked=Marked U pfnodeM.//Markassociatedformalparameternodes.
viii. SetCSe=w.//Setcallsitetocurrentcallmethodw.

(e) If(w,z)isaparameter-inedgethen
i. CallSCC.push(Label(w,z)).//Pushlabelofedge(w,z)ontostackSCC.

(f) If(w,z)isaparameter-outedgethen
i. WhileSCCisnotemptydo
A. p=SCC.pop().//pisthepoppeditem
B. Ifp=CSethen
a. Modifycond_slice(z)={z} U cond_slice(w).

Table 2. Notations used in Algorithm 2

Notation Meaning

Pr Acondition

w AnodeinSDGcorrespondingtoastatementsinprogramPthatsatisfiesconditionPr.

cond_slice(w) Conditionedslicecorrespondingtonodew.

s1,s2,…,sk PredecessornodesofwinSDGthataremarked.

U SetUnionOperator.
Example:IfXandYaretwosets(orlists),thenX U Ycombinesalltheelementsofset(orlist)all
theelementsofset(orlist)YwithsetX(orlist).

Label(i,j) Labelofedge(i,j).

Marked Worklistcontainingallmarkednodes.

panode Worklistcontainingactual-inandactual-outparameterverticesassociatedwithamethodcallor
constructorcallnode.

pfnode Worklistcontainingformal-inandformal-outparameternodesbelongingtoanentrynodeofa
methodcorrespondingtoamethodcallorconstructorcall.

Me Worklistcontainingallmethodentrynodescorrespondingtomethodcall,constructorcall.

MeM WorklistcontainingmethodentrynodeofamethodM.

CSe Callsitevariableforedgee.

SCC Stacktokeeptrackofcallcontext.

panodeM WorklistcontainingactualparameternodesassociatedwithamethodMcorrespondingtomethod
call,constructorcall.

pfnodeM WorklistcontainingformalparameternodesassociatedwithamethodM.

f Functionthatextractsactual-inandactual-outparameterverticesassociatedwithcallofamethod
M.

g Functionthatextractsformal-inandformal-outparameternodesbelongingtoamethodM.

h FunctionthatextractsmethodentrynodeofamethodM.
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(g) Ifavertexwreturnsavaluetoavertexzthatisamethodcallvertexthen
i. WhileSCCisnotemptydo
A. p=SCC.pop().//pisthepoppeditem
B. Ifp=CSethen
a. Modifycond_slice(z)=cond_slice(z) U cond_slice(w).

5. Foragivenslicingcommand<Pr,lc,q>do
(a) Seekoutcond_slice(w)forvariableq.
(b) Displaycond_slice(w).

4.1. working of NMCS Algorithm
AnexampleisemployedtoexplainworkingofNMCSalgorithm.TheexampleJavacodedepicted
inFigure1isconsideredhere.Figure3depictsitsSDG.

AllnodesofSDGare firstunmarkedandcond_slice=φ is set foreachnodeuofSDGthat
satisfiestheconditionPr.Lettheslicingcriterionbe<{test(x)!=0}, 30, sint>.TheNMCSalgorithm
firstmarksnodes10,11,12,13,14,15,16,17,18,19,20,21,22,2,3,4,23,24,27,28,6,7,8,9,
29,6,7,8,30,31inordersincetheseverticessatisfythegivencondition.Actualparametervertices
associatedwithacallingmethodandformalparameterverticesassociatedwithcorrespondingcalled
methodarealsomarked.Duringthemarkingprocess,conditionedsliceforeverynodeinSDGthat
aremarkedisalsofoundout.

Whennode22,whichisamethodcallnode,ismarked,CSe=22accordingtoStep4(c)(viii).
Whennodea1_inismarked,itisfoundthattheedge(22→a1_in, 2→f1_in)isaparameter-inedge.
AccordingtoStep4(e)(i),thelabeloftheedge(22→a1_in, 2→f1_in),whichis22,ispushedonto
thestackSCC.Whennode4ismarked,itisfoundthatnode4returnsvaluetruetothemethodcall
node22.Thus,accordingtoStep4(g),thestackSCCisrepeatedlypoppedandcheckedtoseeifthe
poppeditemisequaltoCSe.Itisseenthatthepoppeditemisp=22andp=CSe.Then,cond_slice(22)
isupdatedascond_slice(22) U cond_slice(4).

Similarproceduresi.e.,Step4(c)-Step4(g)arefollowedformethodcallvertices28and29.Table
3depictstheworkingofthesteps4(c)-4(g)inAlgorithm2duringmarkingofmethodcallnodes.

Now, conditioned slice for slicing criterion <{test(x)! = 0}, 30, sint> i.e., for variable sint
atstatementnumber30withconditionthattest(x)ispositiveistobedetermined.AsperNMCS
algorithm,conditionedsliceiscalculatedasfollows:

Figure 3. SDG of program code depicted in Figure 1
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cond_slice(30)={30,10,28} U cond_slice(10) U cond_slice(28). cond_
slice(10)={10}.
cond_slice(28)={8, 10, 28, 28→a2_in, 28→a3_in} U cond_slice(8) U 
cond_slice(10) U cond_slice(28→a2_in) U cond_slice(28→a3_in). 
cond_slice(8)={7, 8, 6→f2_in} U cond_slice(6→f2_in) U cond_
slice(7). 
cond_slice(28→a2_in)={28→a2_in, 15, 23, 28} U cond_slice(15) U 
cond_slice(23) U cond_slice(28). 
cond_slice(28→a3_in)={28→a3_in, 17, 25, 28} U cond_slice(17) U 
cond_slice(25) U cond_slice(28).

Inthisway,evaluatingalltheexpressionsrecursively,thefinalconditionedsliceatstatement30
isobtainedasthesetofstatementscorrespondingtofollowingsetofnodes:

{2,3,4,6,7,8,10,12,13,14,15,17,19,21,22,23,27,28,30}

TheboldnodesinFigure4representstatementsincludedinconditionedslice.Thesestatements
arealsodepictedinrectangularboxesinFigure2(b).

Table4depictscompletelistofcond_slice(u)foreachnodesatisfyingcondition

Pr=”test(x)!=0”.

5. CoMPLeXITy ANALySIS

ThissectiondiscussesspaceandtimecomplexityoftheproposedNMCSalgorithm.

5.1. Space complexity
SupposeIPisaprogramhavingnstatements.AsinglevertexintheSDGwillbeusedtorepresent
eachstatement.But,thestatementsrepresentingmethodinvocationandmethoddefinitionwillrequire
extraverticestotakecareofrepresentingtheactualandformalparameters.Forsuchastatement,
numberofadditionalverticesrequiredissameasnumberoftheactualorformalparameters.Letthe

Table 3. Working of the steps 4(c)-4(g) in Algorithm 2 during marking of method call nodes

Marked 
node

Parameter-in edge Parameter-
out edge

CSe Pushed item Popped item 
(p)

Stack 
content s

Whether 
p=CSe?

Whether 
update 

performed?

22 (22→a1_in,
2→f1_in)

- 22 22 - 22 - -

4 - (4→22) 22 - 22 - Yes -

28 (28→a2_i
n,6→f2_in)

- 28 28 - 28 - -

(28→a3_in,
6→f3_in)

- 28 28 - 28,28 - -

8 - (8→28) 28 - 28 28 Yes Yes

28 - 28 - Yes Yes

29 (29→a4_in,
6→f2_in)

- 29 29 - 29 - -

(29→a5_in,
6→f3_in)

- 29 29 - 29,29 - -

8 - (8→29) 29 - 29 29 Yes Yes

29 - 29 - Yes Yes
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followingassumptionbetaken:thenumberofparametersinamethodinvocationislessthanm,where
missomeboundedpositiveinteger.Since,thenumberofactualorformalparametersinamethod
callisasmallboundedpositivenumber,sommustbeasmallboundedpositivenumber.Itcanbe
statedthatatmostmnumberofnodesinSDGareusedtorepresenteachstatementofprogramcode
IP.Thus,spacerequirementforSDGofaprogramcodeIPcontainingnstatementsisO(mn2).Since
misasmallboundedpositivenumber,so,spacerequiredforstoringtheSDGisO(n2).Again,some
amountofspaceisrequiredforstackthatisemployedforkeepingtrackofthecallingcontext.This
necessitatesmaximumO(k)space,wherekisthenumberofparametersinamethodinvocationsince
thestackisusedforstoringthelabelsofonlyparameter-inedgesandthestackispoppedoutwhen
parameter-outedgesareencountered.Also,someamountofspaceisneededforstoringcond_slice(u)
foreachsatisfiedstatementwofprogramcodeIP.ThisrequiresmaximumO(n)space.So,forn
statementsinprogramcodeIP,maximumO(n2)spaceisneededtostorecond_slice(u).Thus,total

Table 4. List of cond_slice(u) for each node satisfying condition Pr=”test(x)!=0”

w cond_slice(w)

2 2,10,12,13,14,19,21,22,27

3 2,3,10,12,13,14,19,21,22,27

4 2,3,4,10,12,13,14,19,21,22,27

6 2,3,4,6,10,12,13,14,15,16,17,18,19,21,22,23,27,28,29

7 2,3,4,6,7,10,12,13,14,15,16,17,18,19,21,22,23,27,28,29

8 2,3,4,6,7,8,10,12,13,14,15,16,17,18,19,21,22,23,27,28,29

10 10

11 10,11

12 10,12

13 10,12,13

14 10,14

15 10,15

16 10,16

17 10,17

18 10,18

19 10,12,13,14,19,27

20 10,12,13,14,19,20,27

21 10,12,13,14,19,21,27

22 2,3,4,10,12,13,14,19,21,22,27

23 2,3,4,10,12,13,14,15,19,21,22,23,27

24 2,3,4,10,12,13,14,16,19,21,22,24,27

27 10,14,19,27

28 2,3,4,6,7,8,10,12,13,14,15,17,19,21,22,23,27,28

29 2,3,4,6,7,8,10,12,13,14,16,18,19,21,22,23,27,29

30 2,3,4,6,7,8,10,12,13,14,15,17,19,21,22,23,27,28,30

31 2,3,4,6,7,8,10,12,13,14,16,18,19,21,22,23,27,29,31
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spacerequiredfortheNMCSalgorithmisO(n2)+O(m).Askismuchlessthann,thetotalspace
requirementforNMCSalgorithmisO(n2),nbeingnumberofstatementsinprogram.

5.2. Time complexity
SupposePisaprogramcodehavingnstatements.ThetotaltimecomplexityofNMCSalgorithmis
duetofollowingcomponents:

• TimeneededtoconstructSDGwhichisO(n2).
• TimeneededtostorerequiredinformationateachnodeofSDG,whichisO(n).
• TimeneededtotraverseSDGandreachatspecifiednode,whichisO(n2).
• Timerequiredtoperformpushandpopoperationsonstack,whichisO(1).
• Timeneededtoseekoutdatastructurecond_slice(u)forobtainingconditionedslice,whichis

O(1)aseverynodeofSDGisannotatedwithitsmostrecentconditionedslice.

Hence,totaltimerequirementforNMCSalgorithmtocomputeconditionedsliceisO(n2).

6. CoRReCTNeSS PRooF

ThissectionpresentscorrectnessproofofNMCSalgorithm.
Theorem1
Theconditionedslicecomputedw.r.t.agivenslicingcriterionbyNMCSalgorithmisalways

correct.
Proof
ThemethodofMathematicalinductionhasbeenusedtoestablishthecorrectnessoftheproposed

NMCSalgorithm.ConsideraprogramPforwhichNMCSalgorithmcomputesaconditionedslice.
Foragivencondition,theconditionedslicew.r.t.firststatementthatsatisfiesconditioniscertainly
correct.Itcanalsobearguedthatconditionedslicewithrespecttosecondstatementsatisfyingthe
givenconditionisalsocorrect.SupposetheNMCSalgorithmhascorrectlycomputedtheconditioned
slicesbeforethestatementlcrepresentingthenodeuthatsatisfiesthegivencondition.Itisonly
requiredtodeterminethatconditionedslicecomputedafterstatementusatisfyinggivenconditionis
correct.LetPrbethecondition,qbethevariableusedatuandcond_slice(u)beconditionedslice
w.r.t.slicingcriterion

Figure 4. Bold nodes exhibiting conditioned slice for slicing criterion <test(x)!=0,30,sint> of example Java code given in Figure 1
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<Pr,lc,q>.Itisclearthatconditionedslicecond_slice(u)iscomposedofallthosestatementsby
whichvalueofvariableqhasbeeninfluencedandtheconditionPrhasbeensatisfied.Theproposed
NMCSalgorithmhasmarkedallthenodesthatsatisfiestheconditionPr.Letm1,m2,…,mkbethe
markedverticesonwhichthevertexuisdependent.Then,cond_slice(u)={u} U cond_slice(m1) U 
cond_slice(m2) U … U cond_slice(mk).Sincecond_slice(m1),cond_slice(m2),…,cond_slice(mk)
areallcorrectconditionedslices,theconditionedslicecond_slice(u)calculatedinStep4(b)ofthe
algorithmmustalsobecorrect.Thus,thecorrectnessofNMCSalgorithmisestablished.□

7. IMPLeMeNTATIoN

A tool termed Conditioned Slicing Tool (CST) (Figure 5) has been developed to compute the
conditionedslices.ThearchitectureofCSTisgiveninFigure3.CSTiscomposedoftwocomponents:
SDG Generator and Slicer. SDG Generator consists of two components: ASM Framework and
JSDGFramework.ASMisanopensourceJavabytecodemanipulationandanalysisframework.Itis
employedtomanipulatetheexistingclassesandtogeneratenewclassesdynamically.Severalpackages
arecollectedtogetherinASMforanalysisofdifferenttasks.ThegivenJavaprogramiscompiled
usingJavacompiler,andthegeneratedJavabytecodeisgivenasinputtotheASMframework.The
JSDGframeworkcollectsalltheinformationrelatedtoaprogramsuchastypeofstatement,type
ofdependencybetweenstatements,thenumberofclasses,thenumberofmethods,etc.fromASM
frameworkandgeneratestheSDGofprogramcode.ThegeneratedSDGisfedtoSlicercomponent.
TheslicingcriterionisgiventoSlicerthroughaGraphicalUserInterface(GUI).TheSliceruses
theSDGandslicingcriteriontocomputetheconditionedslice.ThecomputedslicesarefedtoGUI
fordisplaytotheuser.ThedifferentpackagesusedinCSTareprovidedinTable5.Differentcodes
utilizedforstoringdifferentformsofedgesinSDGareprovidedinTable6.

7.1. experimental Results
TheCSTisappliedonvariousprogramsgiveninTable7withdifferentslicingcriteriaforseveral
conditions.Sincetheconditionedslicesarecomputedatdifferentstatementsofaprogram,average
slicecomputationtimeiscalculated.ThedetailsoftheoutcomesaregiveninTable8.Theslice
computationtimeincludesthetimetofindouttheconditionedsliceaftergeneratingSDGandthe
timetoextractslicewithrespecttoaslicingcriterion.

It can be observed from Table 8 that the SDG generation time and slice computation time
increaseswiththeincreaseoflinesofcode.Also,theslicecomputationtimeincreasesasthenumber
ofconditionsincreases.Figure6depictstheSDGgenerationtimeandslicecomputationtimefor
thecasestudiestaken.

7.2. Threats to Validity
ThissectiondiscussessomepossiblethreatstovalidityofproposedNMCSalgorithm.

• Thepresenceofrecursions,polymorphism,exceptionhandling,etc.arenotconsideredinthis
approach.

• Thisapproachalsodoesnotconsidermultithreadingprogramsanddistributedprograms.Only
singlethreadedprogramshavebeenconsidered.

• ThetoolCSTtakesonlyJavaprograms.ItmaynotworkwellforprogramswritteninC,C++,
C#languages.

• ThetoolCSThasbeentestedonsevenmoderatesizedprogramsgiveninTable4.Itmaynothandle
verylargesizeindustrialprojectsasthegeneratedSDGwillbeverylargeandunmanageable.
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8. CoNCLUSIoN AND FUTURe woRKS

Thispaperhasdemonstratedatechniquetofindoutconditionedslicesforinterproceduralprogramsi.e.
programscontainingmultipleprocedures.Thetechniquehasbeentermednode-markingconditioned
slicing(NMCS)algorithm.Systemdependencegraph(SDG)isfirstconstructed.Next,nodessatisfying
condition,specifiedinslicingcriterion,aremarked.Theslicesarealsofoundoutduringthemarking
processusingmarkednodesonly.Infuture,theauthorswilldevelopsometechniquestocalculate
conditionedslicesforlargeandcomplexobject-orientedsoftware,aspect-orientedsoftware,feature-
orientedsoftware,web-basedapplications,etc.Theauthorswillalsoextendthisworktofindout
conditionedslicesofconcurrentanddistributedprograms.

Figure 5. Architecture of Conditioned Slicing Tool (CST)

Table 5. Packages employed in CST

Package Description

com.asm.internal StorestheinternalclassesthatoperatewithASMframework

com.asm.internal.util StorestheutilityclassesthatoperatewithASMframework

com.graph Storesthecommonattributesofagraphanddeterminesthedependenciesamongst
differentpartsofprogram

com.graph.element Storesthebasicelementofagraph

com.graph.internal Storestheinternalrepresentationofagraph

com.graph.Iterator Storesthedifferentiteratorsfordifferentsearchingalgorithm

com.graph.pdg Storestheprogramdependencegraphrelatedinformation

com.graph.sdg Storesthesystemdependencegraphrelatedinformation

com.util Storesthecommonutilityclasses

com.util.datastructure Storesthecommondatastructureclasses
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Table 6. Encodings employed for different forms of edges in SDG

Code Edge Type

0 Noedge

1 Controldependenceedge

2 Datadependenceedge

3 Calledge

4 Parameter-inedge

5 Parameter-outedge

6 Summaryedge

Table 7. Programs used

Sl. 
No.

Program Name Description

1 SumProd Findsthesummationandproductofpositiveandnegativeintegers(Figure2(a))

2 FindMax Findsthemaximumofthreenumbers

3 BankApplication Simulatesasimplebankingapplicationwithdepositandwithdrawalfeature

4 TopologicalSort Performsatopologicalsortonadirectedgraph

5 CircularSingleLinkedList Performscreation,insertion,deletionoperationsonacircularsinglelinkedlist

6 RedBlackTree Performscreation,insertion,deletionoperationsonaRed-Blacktree

7 ShortestPath SimulatesDijkstra’salgorithmtodetermineshortestpathbetweentwonodeson
agraph

8 BankingSystem Simulatesasimplebankingsystemfortransactionsonanaccount

9 Elevator Simulatesanelevatorsystem

10 ATMSimulation SimulatesanATMsystem

Table 8. Average Slice computation time

Sl. 
No.

Program Name Lines of 
Code

Number 
of 

conditions

Number 
of nodes 
in SDG

Number 
of edges in 

SDG

SDG 
generation 
time (ms)

Average Slice 
computation 

time (ms)

1 FindMax 17 1 23 49 127 109

2 SumProd 31 1 37 85 149 124

3 BankApplication 52 2 60 98 173 157

4 TopologicalSort 85 2 94 172 226 195

5 CircularSingleLinkedList 265 3 286 497 770 593

6 RedBlackTree 280 3 315 453 986 823

7 ShortestPath 502 4 573 921 2496 1983

8 BankingSystem 887 5 913 1209 3605 2103

9 Elevator 1089 5 1109 1385 2963 2765

10 ATMSimulation 1283 6 1315 1485 4013 3091
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