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Abstract

Non-termination analysis proves that programs, or parts of a program, do not
terminate. This is important since non-termination is often an unexpected behaviour of
computer programs and exposes a bug in their code. While research has found ways of
proving non-termination of logic programs and of term rewriting systems, this is hardly
the case for imperative programs. In this paper, we describe and experiment with a
technique for proving non-termination of imperative, bytecode programs by relating
their non-termination to that of a (constraint) logic program. Moreover, we show that
our non-termination test effectively helps a termination test, by avoiding expensive
search for termination proofs of those portions of the code where such proofs do not
exist.

1 Introduction

Javabytecode[8]istheresultofthecompilationofJava,aswellasofotherpro-

gramminglanguages.Itisalow-level,object-oriented,type-safelanguagewhichis

distributedinamachine-independentformat,henceexecutableondifferentarchi-

tectures.Itisthetargetofchoiceforthecompilationofapplicationsthatmust

bedownloadedfromthenetintoclientcomputersormobilephones. Therecent

AndroidsystembyGoogle[1]usestheJavabytecodeasthetargetofthecompila-

tionofAndroidprograms,beforetranslatingitintoamachine-centeredlower-level

bytecode.
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AsaconsequenceofthewideuseofJavabytecode,researchisincreasinglyfo-

cusedonchecking,inanautomaticway,thatJavabytecodeapplicationsarenot

harmful.Thisincludestheproofthat,forinstance,theydonotoverusetheresources

ofthesystem. Onesuchresourceistime.Inparticular,proofsofterminationof

Javabytecodeprogramsguaranteethattheywillactuallyterminate.Suchproofs

areimportantforthesoftwaredeveloper,sincetheysupportthequalitystandardsof

hisproduct.Nevertheless,terminationofcomputerprogramsbeinganundecidable

property,theterminationofmanymethodsremainsunprovedandsuchmethods

mighthencebepotentiallynon-terminating.Adirectproofoftheirnon-termination

becomesdesirable,sinceitexhibitsanactual,typicallyunexpectedbehaviourofthe

programandoftenmeansthatthenon-terminatingmethodscontainabug. Cur-

rently,nosystemexiststoprovethenon-terminationofJavabytecodemethods,

sinceresearchhasmainlybeenfocusedonproofsofnon-terminationforlogicpro-

grams[4,11,10,2,16,15]andtermrewritingsystems[21,5,24,22,23,9].Intherecent

paper[7],theauthorsconsidernon-terminationofCprogramsand[6,14]provide

sometechniquesfortestingCprogramsthatdetecterrorssuchasprogramcrashes,

assertionviolationandnon-termination.In[20],anapproachtoautomaticallycheck

non-terminationofimperativeprogramsisintroduced;itisbasedonthegeneration

ofinvariantsthatareusedtoprovethatsomepotentialloopsareneverexited;the

techniqueisexperimentedonasetofprogramswritteninafragmentofJavaand

doesnotconsiderheapdatastructures.Inthispaper,weprovideanexamplewhere

ourapproachsuccessfullyprovesthenon-terminationofaprogramwhereadata

structureisdefined.

Thispaperprovidesafirstexperimentationwiththeautomaticderivationof

non-terminationproofsforJavabytecodeprograms. Westartfromourprevious

workonatoolJulia+BinTermfortheterminationanalysisofJavabytecode[19].

There,wetranslatedtheoriginalJavabytecodeprogramPintoaconstraintlogic

programPCLP whoseterminationentailsthatofP. Here,weshowhow,inthose

caseswhentheapproximationofthebytecodesisexact,thenon-terminationof

PCLP entailsthatofP. Hence,weusethesametoolasin[19]toprovethenon-

terminationofJavabytecodeprogramsbyexploitingpreviousresultsfromnon-

terminationanalysisoflogicprograms[10];namely,weprovethenon-terminationof

PCLPandhenceinfer,whenpossible,thatofP.Althoughtheseresultsarefarfrom

beingadefinitesolutiontotheproblemofnon-terminationanalysisofJavabytecode

programs,theyrepresentafirststepinthatdirectionandhighlightweaknessesofthe

currentapproach,thatmustbesolvedifnon-terminationanalysismustbeapplied

torealJavaandJavabytecodesoftware. Notethat,whileanotionofexistential

non-terminationforCisconsideredin[7],weinsteadconsideranotionofuniversal

non-terminationherefortheCLPprogramderivedfromtheJavabytecodeprogram.

Thispaperalsoshowsthatournon-terminationtesteffectivelyhelpsthetermi-

nationtestdefinedin[19].Namely,weuseournon-terminationtesttosignaltothe

terminationproverin[19]thatsomeclausesinPCLPdiverge,sothatitisuselessto

lookforan(oftenexpensive)terminationproofforthem.Notethatthistechnique

isapplicableandprofitableforallJavabytecodeprograms,alsowhentheapproxi-

mationoftheirbytecodesisnotexactorwhenalltheirmethodsactuallyterminate.

Ourterminationtestisapplied,indeed,totheCLPprogram,whoseclausesmight



notterminatebecauseoftheapproximationsinducedbytheabstractionfromPto

PCLP.

2 CompilationofJavabytecodeintoconstraintlogic
programs

Javabytecodeisalow-levelobject-orientedtype-safelanguage.Itsstaticanalysis

iscomplicatedbythefactthatithasnoexplicitstructure,differentlyfromhigh-

levellanguages,andthatitusesastackoftemporaryvariables.Hencethenumber

andtypeofthevariablesaredifferentatdifferentprogrampointsinsidethesame

method.

WehaverecentlydevelopedastaticanalysisofJavabytecodeprograms(and

henceofJavaprograms)thatprovestheterminationofmostmethodsofapro-

gram[19]. TheideaisthattheJavabytecodeprogramisfirsttranslatedintoits

basicblocksandthenanabstractinterpretation[3],basedonadenotationalseman-

ticsoverthoseblocks,isappliedbyusingdifferentabstractdomainsofanalysis.

Thelatterprovideaconservativeapproximationofthenumericalandstructural

constraintsonthenumbersordatastructureusedbytheprogram:afirstdomain,

forsharing[13],determineswhendatastructuresboundtoprogramvariablesmight

sharelocationsontheheap,sothatanupdateofonevariablemightalsoaffectthe

others.Thisinformationisexploitedintheseconddomain,forcyclicity[12],which

determineswhenthedatastructureboundtoaprogramvariablemightcontain

loopsoflocations,sothataniterationoverthatdatastructuremightnotnecessarily

terminate.Bothkindsofinformationarethenusedinapath-lengthdomain[17,19],

thatcomputestherelationshipbetweenthesizeofprogramvariablesbeforeand

aftertheexecutionofeachinstructioninthebytecode:thesizeorpath-lengthof

avariableboundtoadatastructureisthemaximallengthofpointersthatone

canfollowfromthatvariable;thepath-lengthofavariableboundtoanarrayis

thelengthofthearray;thepath-lengthofanumericalvariableisitsvalue;the

path-lengthofaBooleanvariableis0forfalseand1fortrue. Theresultofthe

path-lengthisfinallyusedtoexpresstherelationshipbetweenthesizeofthevari-

ablesatthebeginningandattheendofeachbasicblockoftheprogram.Thisis

writtenintermsofaconstraintlogicprogramPCLPoverlinearconstraints,whose

predicatesb(vars)correspondtoeachbasicblockbofPandvarsarethevariables

atthebeginningoftheexecutionofb.Theseapproximationsbuildconstraintsthat

arelaterusedinordertoderiveboundsonthevaluesofvariablesinprograms,

whichiscrucialforterminationandnon-terminationanalysestowork.Themain

resultprovedin[19],wrt.terminationanalysis,isthefollowing:

Theorem2.1LetPbeaJavabytecodeprogramandbabasicblockofP.Ifthe

queryb(vars)hasonlyterminatingcomputationsinPCLP,forallfixedintegervalues

forvars,thenallexecutionsofaJavaVirtualMachinestartedatbterminate. ✷

Theconverse,however,doesnotholdingeneral:wecanfindprogramsPand

abasicblockbofPsuchthat,inthetranslationPCLP,predicateb(vars)doesnot

terminateforsomefixedinitialintegervaluesforvars,althoughallexecutionsof

Pstartingatbdoterminate. Thisisduetotheapproximationsdoneduringthe



translationofPintoPCLP:bothsharingandcyclicityanalysesareapproximated,

sothat,forinstance,theanalysermightnotnecessarilyprovethatanon-cyclicallist

isactuallynon-cyclical. Moreover,somebytecodeshaveaninherentlynon-linear

behaviour,suchasmultiplicationsanddivisions,andcannothencebeapproximated

byusingthelinearconstraintsavailableforthepath-length.

ThetranslationfromJavaorJavabytecodetoCLPmakesituniformthetreat-

mentofanykindofloops:for,whileloops,recursion,loopshavingexitconditions

dependingonnumerical,referenceorBooleanvariables,loopsexitingbecomeofthe

breakstatement,allbecomealoopinthegraphofblocksofPCLP.Thetermination

ofPCLPcanhencebeestablishedinauniformway,alsointhepresenceofBoolean

variableassignedinsideanifstatementandhencemakingaloopexit.

AnimportantpointabouttheprogramPCLP isthatitsterminationismean-

ingfulforgroundinputsonly,whereallvariableshavebeenboundtotheirinteger

path-length(Theorem2.1). Moreover,theclausesofPCLParebinary,thatis,they

havetheformp(̃X)←c,q(̃Y),withonlyonepredicateontheright.

TheterminationofPCLP isprovedbytheBinTermtoolbyF. Mesnard,that

findsdecreasingmeasuresacrossiterationsofmostloopsinPCLP. Thecomputa-

tionalcostofthetooldecreasesbyreducingthenumberofclausesinPCLP:namely,

onlyclausesinaloopareconsidered,sincetheycorrespondtoloopsorrecursion

intheoriginalprogramPandarethosethatdeterminetheterminationornon-

terminationoftheprogram. Moreover,itscostisreducedalsobydecreasingthe

arityofthepredicates,whenitisclearthattheremovedargumentsareirrelevant

fortheterminationofthepredicates.Theseoptimisationsaredefinedandproved

correctin[18].Asaconsequence,inallourexamples,theCLPprogramwillexpress

thepath-lengthrelationshipsfortheloopsoftheprogramonly.

AlthoughtheconverseofTheorem2.1doesnotholdingeneral,therearemany

caseswhentheapproximationoftheoriginalprogramPintopath-lengthisexact,

inthesensethatalldenotationsrepresentedbythePCLPprogramareactualdeno-

tationsthatrepresentreal,concreteexecutionsofP.Thisisthecase,forinstance,

oftheapproximationsoftheinstructionsdealingwithintegervalues,withtheno-

tableexceptionofmultiplicationsanddivisions;aswellasofinstructionsdealing

withdatastructuresthathavebeensuccessfullyprovedtobenon-cyclicalbythe

cyclicityanalysis.Inthosefrequentcases,aproofofnon-terminationfortheCLP

programinducesaproofofnon-terminationfortheoriginalJavabytecodeprogram.

Inthefollowing,wediscusshowproofsofnon-terminationforCLPprogramscan

beconstructedandexemplifymanycaseswhenwecanconclude(ornot)thatthe

originalJavabytecodeprogramdoesnotterminateeither.

3 Provingnon-terminationofconstraintlogicprograms

Anon-terminationcriterionisprovidedin[10]forthestandardoperationalseman-

ticsofconstraintlogicprogramming,wherefreevariablesmayoccurinacalltoa

predicate.Thespecialisationofthiscriteriontothesemanticsweconsiderinthis

paper(freevariablesarenotallowedinacalltoapredicate)isbrieflydescribedin

thissection.

Weconsiderconstraintlogicprogramsoverpath-lengthpolyhedra(CLP(PL)).



Welet t̃denoteasequenceofterms,X̃andỸdenotesequencesofdistinctvariables,

pandqdenotepredicatesymbolsandcdenoteapath-lengthconstraint.Anatom

hastheformp(̃t)wherethelengthof̃tequalsthearityofp.Aqueryhastheform

p(̃X)|c.Aclausehastheformp(̃X)←c,q(̃Y)whereX̃andỸaredisjointandthe

variablesoccurringincnecessarilyoccurinX̃∪Ỹ.ACLP(PL)programisafinite

setofclauses. Weuse∃̃Xcasashortcutfor∃X1...∃XncwhereX1,...,Xn:=X̃.

TheprojectionofcontothesequenceX̃ isdenotedby∃̃Xcandistheconstraint

∃Var(c)\̃Xc,whereVar(c)isthesetofvariablesoccurringinc. Thesetdescribed

byaqueryQ:=p(̃X)|cisdenotedbySet(Q);itconsistsofalltheatomsofthe

formp(v(X1),...,v(Xn))whereX1,...,Xn:=X̃ andvisagroundsolutionofc.

Wesaythat Set(Q)isnon-terminatingwrt.aCLP(PL)programPwhenforall

p(v(X1),...,v(Xn))∈Set(Q),thequery

p(X1,...,Xn)|X1=v(X1),...,Xn=v(Xn)

isnon-terminatingwrt.Pbyusingthestandardsemanticsofconstraintlogicpro-

grams.Thismeansthataninfinitecomputationcanbebuiltforthatqueryinthe

programP.NotethatwedonotconsideranyprecedencebetweentheclausesofP,

thatis,weassumeanon-deterministicresolutionofapredicatewithalltheclauses

thatdefinethatpredicate. Thefollowingresultsprovidesimplenon-termination

conditionsforconstraintlogicprograms.

Theorem3.1([10])Letp(̃X)←c,p(̃Y)bearecursiveclauseinaCLP(PL)pro-

gramP.IfSet(p(̃Y)|∃̃Yc)⊆Set(p(̃X)|∃̃Xc)thenSet(p(̃X)|∃̃Xc)isnon-

terminatingwrt.P. ✷

Theorem3.1meansthatifthesetofvaluesassignedtoỸbyallthesolutionsofc

isincludedinthesetofvaluesassignedtõXbyallthesolutionsofc,thenanyvalue

assignedtoX̃byasolutionofcprovidesanon-terminatinggroundquery.Indeed,

intuitively,theconstraint∃̃XcistheguardoftheclauseandSet(p(̃Y)|∃̃Yc)⊆

Set(p(̃X)|∃̃Xc)meansthateveryoutputvalueoftheclausesatisfiesthisguard.

Hence,ifavaluesatisfiestheguard,thenitenterstheclauseandthecorresponding

outputsatisfiestheguard,sothisoutputcanalsoentertheclauseandthenext

outputsatisfiestheguard,andsoon.Noticethattheconverseoftheimplicationin

Theorem3.1doesnotalwayshold:considerforinstancetherecursiveclausep(X)←

X≥3,p(Y);wehavethatSet(p(X)|∃XX≥3),i.e.Set(p(X)|X≥3),isnon-

terminatingwrt.thisclausealthoughSet(p(Y)|∃YX≥3),i.e.Set(p(Y)|true),

isnotincludedinSet(p(X)|X≥3).

Theorem3.2([10])Letq(̃X)←c,p(̃Y)beaclauseinaCLP(PL)programPand

QbeaquerysuchthatSet(Q)isnon-terminatingwrt.P.IfSet(p(̃Y)|∃̃Yc)⊆

Set(Q)thenSet(q(̃X)|∃̃Xc)isnon-terminatingwrt.P. ✷

TheintuitionofTheorem3.2isthatanyvalueq(̃x)inSet(q(̃X)|∃̃Xc)satisfies

∃̃Xc,theguardoftheclause,andthecorrespondingoutputp(̃y)isincludedin

Set(p(̃Y)|∃̃Yc). AsSet(p(̃Y)|∃̃Yc)⊆Set(Q)andSet(Q)isnon-terminating

wrt.P,thenp(̃y)doesnotterminatewrt.P,soq(̃x)doesnotterminatealso.

Thesetheoremsprovideasimplemechanismtoinfergroundnon-terminating

queries:first,useTheorem3.1toinferasetofnon-terminatingqueriesfromthe



recursiveclausesoftheprogramandthencompletethissetwiththehelpofTheo-

rem3.2.

4 Provingnon-terminationofJavabytecodeprograms

Inthissection,wegiveseveralexamplesofsituationswherewecanconcludethe

non-terminationoftheoriginalprogramfromthatoftheCLPprogram,aswellas

exampleswhereinsteadthisisnotpossible.

4.1 Exactapproximationswithiterations

Whentheapproximationintoapath-lengthconstraintoftheJavabytecodeprogram

Punderanalysisisexact,aproofofnon-terminationofPCLPisalsoaproofofnon-

terminationofP.Theformaldefinitionofexactrequiresthebytecodestohavea

concretebehaviourwhichisexactlymatchedbytheirnumericalabstraction,that

is,everypairofstatessatisfyingtheinput/outputabstractionofthebytecodemust

correspondtoanactual,concretebehaviourofthebytecode.Notethattheconverse

mustalwaysholdbythecorrectnessoftheabstraction.

Definition4.1 [ExactAbstraction]Letinsbeabytecodeinstruction,formalised

asaninput/outputmaponconcreteJVMstates,asin[19],andletinsPLbea

correctapproximationofitsbehaviour,i.e.,aconstraintoverinputvariablesv̌and

outputvariablesv̂.Thisapproximationisexactifandonlyif,forallinputstates

σ̌andoutputvariableσ̂satisfyingthestaticinformationatins(numberandtype

oflocalvariablesandstackelements),whenever{̌v→ pathlength(̌σ(v))}∪{̂v→

pathlength(̂σ(v))}|=insPLthenσ(̌σ)=̂σ. ✷

ConsiderforinstancetheprogramAdd1:

publicclassAdd1{

publicstaticvoidmain(Stringargs[]){

intk=3;

for(inti=2;i<2+k;i++);

}

}

TheapproximationofthebytecodeprogramcorrespondingtoAdd1isexact:the

loopguardinvolvestheaddbytecodeinstructionwhoseapproximation,asprovided

in[19],is

addPLq =Unchangedq(#l,#s−2)∪{̌s
#s−2+̌s#s−1=̂s#s−2}

where#land#sarethenumberoflocalvariablesandstackelementsatprogram

pointqwheretheinstructionoccurs;wedistinguishbetweenvariablesvatthe

beginningoftheexecutionofthebytecode,writtenasv̌,andvariablesatitsend,

writtenaŝv.Theformulaabovemeansthatadddoesnotmodifyanylocalvariable

noranystackelementnotinvolvedintheaddition;moreover,thenewtopofthe

stack(̂s#s−2)holdsavaluewhichisequaltheadditionoftheformertwotopmost

stackelements(̌s#s−2andš#s−1). Thisapproximationisexactsince,forevery

coupleofinputstateσ̌andoutputstateσ̂satisfyingthestaticinformationatthis



bytecodeandtheapproximationabove,wemusthavethatthelocalvariableshave

thesamevaluesinσ̌andσ̂andthetopofthestackofσ̂isthesumofthetopmost

twovaluesontopofthestackofσ̌,sothatthosestatesaresuchthataddq(̌σ)=̂σ.

ThecorrespondingCLP(PL)programAdd1CLPis:

entry(IL2)←{IL2−OL2=−1,−IL2≥−4,IL2≥2},entry(OL2)

Thepredicateentrydenotestheentrypointoftheloopoftheprogram;localvariable

2implementsiwhilevariablekhasbeenremovedsinceitisirrelevantforthe

terminationoftheprogram. ThisCLPprogramhasbeenderivedbyusingthe

abstractinterpretationscitedintheintroduction.Namely,wehaveusedthepath-

lengthabstractanalysis,whichhasderivedtheconstraintIL2−OL2=−1(thatis,

localvariable2,whichisi,decreasesalongiterationsoftheloop)andtheconstraints

−IL2≥−4,IL2≥2,whichprovideboundsonthepossiblevaluesofthatvariable

insidetheloop.ThatCLPprogramterminates.ByTheorem2.1weconcludethat

Add1terminatesalso.IfweturnAdd1intothenon-terminatingprogram:

publicclassAdd2{

publicstaticvoidmain(Stringargs[]){

intk=3;

for(inti=2;i<2+k;i--);

}

}

wegettheCLP(PL)programAdd2CLP:

entry(IL2)←{IL2−OL2=1,−IL2≥−2},entry(OL2)

whichbyTheorem3.1doesnotterminatebecausetheprojectionoftheconstraint

ofitsuniqueclauseontoIL2(resp.OL2)is−IL2≥−2(resp.−OL2≥−1)and

wehave

Set(entry(OL2)|−OL2≥−1)⊆Set(entry(IL2)|−IL2≥−2).

Here,wecansafelyconcludethenon-terminationofAdd2fromthatofAdd2CLP.

Ourtechniqueisalsoabletohandlemorecomplicatedsituations.Forinstance,

ifwenestthenon-terminatingloopofprogramAdd2intoaterminatingloop,we

get:

publicclassAdd3{

publicstaticvoidmain(Stringargs[]){

intk=3;

for(intj=0;j<10;j++)

for(inti=2;i<2+k;i--);

}

}

ThecorrespondingCLP(PL)programAdd3CLP:

entry(IL3)←{OL3=2},block(OL3)

block(IL3)←{IL3−OL3=1,−IL3≥−2},block(OL3)

doesnotterminate.NotethattheouterloopdoesnotappearintheCLPprogram,

sincetheexitconditioni≥2+koftheinnerloopisfoundtobefalseduring



thepath-lengthanalysisandnoclauseisgeneratedwithafalseconstraint.Indeed,

suchclausewouldnotinfluencetheterminationornon-terminationbehaviourofthe

program,sinceitwouldjuststoptheCLPresolutionprocess.Indeed,byapplying

Theorem3.1totherecursiveclausewegetthatSet(Q)isnon-terminatingwrt.

Add3CLPwhere

Q:=block(IL3)|−IL3≥−2.

Noticethatwehavetoinferanon-terminatingqueryoftheform entry(···)|···

toconcludethenon-terminationofAdd3CLP becausetheentrypointoftheloops

oftheprogramisthepredicateentry.Theprojectionoftheconstraintofthefirst

clauseontoOL3isOL3=2andwehave

Set(block(OL3)|OL3=2)⊆Set(Q).

Hence,byTheorem3.2appliedtothefirstclauseofAdd3CLP andtoQ,wehave

thatSet(entry(IL3)|true)isnon-terminatingwrt.Add3CLP(wheretruedenotes

thealwayssatisfiableconstraint). Therefore,Add3CLP doesnotterminatesowe

concludethatAdd3doesnotterminateeither.

Ifwenestthenon-terminatingloopofprogramAdd2intoaseparatedmethod,

suchasin:

publicclassAdd4{

publicstaticvoidloop(intk){

for(inti=2;i<2+k;i--);

}

publicstaticvoidmain(Stringargs[]){

loop(3);

}

}

wegettheCLP(PL)programAdd4CLP:

entry(IL1)←{IL1−OL1=1,−IL1≥−2},entry(OL1)

whichdoesnotterminate(byTheorem3.1). HenceweconcludethatAdd4does

notterminateeither.

4.2 Exactapproximationswithrecursion

ThefollowingterminatingJavaprograminvolvesarecursivemethod:

publicclassRec1{

publicstaticintsum(intn){

if(n<=0)return0;

elsereturnn+sum(n-1);

}

publicstaticvoidmain(Stringargs[]){

sum(2);

}

}



TheCLP(PL)programRec1CLP:

entry(IL0)←{IL0−OL0=1,IL0≥1,−IL0≥−2},entry(OL0)

terminates,hencebyTheorem2.1weconcludethatRec1terminates.Ifweturn

Rec1intothefollowingnon-terminatingprogram(wheretheprogrammerforgotthe

basecaseintherecursivemethod):

publicclassRec2{

publicstaticintsum(intn){

returnn+sum(n-1);

}

publicstaticvoidmain(Stringargs[]){

sum(2);

}

}

wegettheCLP(PL)programRec2CLP:

entry(IL0)←{IL0−OL0=1,−IL0≥−2},entry(OL0)

ByTheorem3.1,Rec2CLP doesnotterminate.Astheapproximationofthebyte-

codeprogramcorrespondingtoRec2isexact,wecansafelyconcludethatRec2

doesnotterminateeither.

4.3 Exactapproximationswithdatastructures

Allexamplesabovedealwithintegervaluesonly. Letusconsiderthefollowing

programnow,wherealistdatastructureisdefinedandrecursivelyscanned:

publicclassList{

privateinthead;

privateListtail;

publicList(inthead,Listtail){

this.head=head;

this.tail=tail;

}

privatevoiditer(){

if(tail!=null)iter();

}

publicstaticvoidmain(Stringargs[]){

Listl=newList(0,newList(1,null));

l.iter();

}

}

Themethoditer(intendedtoperformaniterationoveralist)containsabugsince

itrecursonthesamelistratherthanonitstail(iter()insteadoftail.iter()).

Thebytecodeversionofthisprogramhasanexactapproximationasourcyclicity

analysiscorrectlyinfersthatthelistlinthemethodmain isnotcyclical. The

correspondingCLP(PL)programListCLP:

entry←true,entry



(truedenotesthealwayssatisfiableconstraint)doesnotterminate,hencewesafely

concludethattheprogramListdoesnotterminateeither.

4.4 Non-exactapproximations

Considerthemul bytecodeinstructionthatremovesthetwotopoperandstack

elementsandreplacesthemwiththeresultoftheirmultiplication. Asthereisno

linearwayofexpressingaconstraintontheresultofthemultiplication,wejustset

mulPLq =Unchangedq(#l,#s−2)

(#land#sarethenumberoflocalvariablesandstackelementsatprogrampointq

wheretheinstructionoccurs)meaningthattheinstructiondoesnotmodifyanylocal

variablesnoranystackelementwhicharenotitsoperands;however,noconstraint

onthenewtopofthestack(theresultofthemultiplication)isgenerated.TheJava

program:

publicclassMul{

publicstaticvoidmain(Stringargs[]){

intk=3;

for(inti=2;i<2*k;i++);

}

}

terminates.Noticethattheguardoftheloopinvolvesamultiplication.Thecorre-

spondingCLP(PL)programMulCLP:

entry(IL2)←{IL2−OL2=−1,IL2≥2},entry(OL2)

doesnotterminate.Indeed,theprojectionoftheconstraintoftheuniqueclauseof

MulCLPontoIL2(resp.OL2)isIL2≥2(resp.OL2≥3)andwehave

Set(entry(OL2)|OL2≥3)⊆Set(entry(IL2)|IL2≥2).

Therefore,byTheorem3.1,thenon-emptysetSet(entry(IL2)|IL2≥2)isnon-

terminatingwrt. MulCLP. However,thenon-terminationofMul doesnotfollow

fromthisresult,sinceweareusingapproximatedconstraints.

Wearefacingasimilarsituationwhendealingwithnumericfields.Thegetfieldf

instructiontakesthereferencetoanobjectolocatedontopofthestackandreplaces

itwiththevalueofo.f.In[19]wedefined

getfieldPLq f=Unchangedq(#l,#s−1)

wheneverthefieldfhasintegertype(#land#sarethenumberoflocalvariables

andstackelementsatprogrampointqwheretheinstructionoccurs).Noconstraint

isgeneratedforthenewtopoftheoperandstack(thevalueofthefield)sinceits

path-lengthisunknown.TheJavaprogram:

publicclassField{

privateintn=6;

publicstaticvoidmain(Stringargs[]){

Fieldf=newField();

for(inti=2;i<f.n;i++);

}



}

terminates.ThecorrespondingCLP(PL)programFieldCLP:

entry(IL2)←{OL2−IL2=1},entry(OL2)

doesnotterminateastheprojectionoftheconstraintofitsclauseontoIL2oronto

OL2isthealwayssatisfiableconstrainttrueandwehave

Set(entry(OL2)|true)⊆Set(entry(IL2)|true).

5 Usingnon-terminationproofstosupporttermination
analysisofJavabytecode

Acompletelydifferentuseofournon-terminationtestsconsistsinprovingthenon-

terminationofclausesofthePCLPprogramgeneratedduringtheterminationanal-

ysisofaJavabytecodeprogramP.Byremovingsuchclauses,whichcannothave

anyterminationproof,wehelptheterminationcheckerbysimplifyingitstask.

Sinceournon-terminationtestsareextremelyefficient,whileathoroughquestfor

aterminationproofisingeneralexpensive,thetrade-offispositiveandwegeta

moreefficientterminationanalysisstillkeepingthesameprecision.

Inparticular,wehaveimplementedthenon-terminationtestsofSection3to

helptheterminationproverBinTermusedinthetoolJulia+BinTerm[19].Given

aJavabytecodeprogramP,ourapproachconsistsinapreliminaryanalysiswhich

considersthestronglyconnectedcomponents(SCCs)ofPCLP;anySCCwherea

non-terminatinggroundqueryisfoundisremovedfromPCLP andtheresulting

CLPprogramPCLPisanalysedbyBinTerm.

Wehaverun Julia+BinTermonthefollowingJavabytecodeprogramsusinga

Linuxmachinebasedona2.33GHzIntelCore2Duowith2gigabytesofRAM.

P numberofmethodsinP numberofclausesinPCLP

JavaCup 270 170

JLex 137 356

Kitten 2149 1224

Thenexttablesummarizestheresults.ForeachprogramP,itreports:thenumber

ofclausesremovedfromPCLPbythenon-terminationanalysis;thenon-termination

analysistime;theBinTermrunningtimeonPCLP;theBinTermrunningtimeon

PCLP.Allthetimesareinseconds.

clauses non-termination BinTerm BinTermP
removed analysis onPCLP onPCLP

JavaCup 113 0.09s 3.90s 5.66s

JLex 204 0.20s 21.20s 55.30s

Kitten 288 0.68s 99.52s 100.99s

Intheseexperimentsonlargeprograms,thecomputationaloverheadofthenon-



terminationanalysisisnotimportantandtherunningtimeofBinTermissmaller

onPCLP thanonPCLP. ForJLex,BinTermismorethantwicefasteronPCLP
thanonPCLP,asthenon-terminationanalysisremoves204clausesfromPCLPout

of356;amongtheremovedclauses,thereisahugeSCCcontaining122clauses

wherethearityoftheinvolvedpredicatesymbolsis8,whichexplainsthegainin

efficiency.Onthecontrary,theclausesremovedforKittenareseveralbutinclude

relativelysmallcomponentsandhavesmallarity,sothatthegaininefficiencyis

notsignificantthere.Thisisbecausethecostoftheterminationanalysisincreases

significantlywiththearityofthepredicatesand,byremovingclauseswithsmall

arity,wedonotaffectverymuchtheefficiencyoftheterminationanalysis.

6 Conclusion

Inthispaper,wehavepresentedsomeexperimentswiththeautomaticderivation

ofnon-terminationproofsforJavabytecodeprograms. Whentheapproximation

ofthebytecodesintoapath-lengthconstraintisexact,thenon-terminationofthe

originalprogramcanbededucedfromthatofitsCLP translation. Whenthe

approximationisnotexact,itmayhappenthatthebytecodeprogramterminates

whileitsCLPversiondoesnotterminate(Section4.4illustratesthissituation).As

afuturework,weplantoreplacesomenon-exactapproximations(suchasthatof

thegetfieldinstructionorofthenon-lineararithmeticoperations)withexactones

thataresuitableforderivingnon-terminationproofsofJavabytecodeprograms.

Tothatpurpose,apossibilityisthatoffindingspecificexecutionsthatmakethe

programdiverge,insteadofprovingauniversalnon-termination.Inthatdirection,

wemightmakesomeprogramvariablesground,hencelinearisingsomeoperations.

Thiswouldbesimilartothetechniqueusedin[6].

Wehavealsoimplementedthenon-terminationtestsofSection3inordertohelp

theterminationproverBinTermusedinthetoolJulia+BinTerm.Theresultswe

havepresentedinSection5areencouraging;evenforsomelargeJavabytecodepro-

grams,thecomputationaloverheadofthenon-terminationanalysisisunimportant;

moreover,theterminationproverBinTermrunsmuchfasterwhenthecomponents

detectedasnon-terminatingareremovedfromtheCLPtranslationoftheoriginal

bytecodeprogram.
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