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Abstract. Information about which statementsin a concurrentprogrammay
happenin parallel(MHP) hasa numberof importantapplications.It canbeused
in programoptimization,debugging,programunderstandingtools,improving the
accuracy of dataflow approaches,anddetectingsynchronizationanomalies,such
asdataraces.In this paperwe proposea dataflow algorithmfor computinga
conservativeestimateof theMHP informationfor Javaprogramsthathasaworst-
casetimeboundthatis cubicin thesizeof theprogram.Wepresentapreliminary
experimentalcomparisonbetweenour algorithmanda reachabilityanalysisal-
gorithmthatdeterminesthe ”ideal” staticMHP informationfor concurrentJava
programs.This initial experimentindicatesthatourdataflow algorithmprecisely
computedtheidealMHP informationin thevastmajority of caseswe examined.
In the two out of 29 caseswherethe MHP algorithmturnedout to be lessthan
ideally precise,the numberof spuriouspairs was small comparedto the total
numberof idealMHP pairs.

1 Intr oduction
Informationaboutwhich statementsin a concurrentprogrammay happenin parallel
(MHP) hasa numberof importantapplications.It canbe usedfor detectingsynchro-
nizationanomalies,suchasdataraces[6], for improving theaccuracy of variousdata
flow analysisandverificationapproaches(e.g.[9, 14,19]), for improving programun-
derstandingtools,suchasdebuggers,andfor detectingprogramoptimizations.For ex-�
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ample,in optimization,if it is known that two threadsof controlwill never attemptto
enteracritical regionof codeat thesametime,any unnecessarylockingoperationscan
beremoved.

In general,the problemof preciselycomputingall pairs of statementsthat may
executein parallelis undecidable.If we assumethatall controlpathsin all threadsof
controlareexecutable,thentheproblemis NP-complete[21]. In this paper, we call the
solutionwith this assumptionthe ideal MHP informationfor a program.In practice,a
trade-off mustbemadewhere,insteadof theidealinformation,aconservativeestimate
of all MHP pairsis computed.In this context a conservative estimatecontainsall the
pairs that can actually executein parallel but may also containspuriouspairs. The
precisionof suchapproachescanbemeasuredby comparingthesetof pairscomputed
by anapproachwith theidealset,if thelatteris known.

In this paperwe proposea dataflow algorithmfor computinga conservative esti-
mateof MHP informationfor Java programsthathasa worst-casetime boundthat is
cubicin thesizeof theprogram.In therestof thispaperwereferto thisalgorithmasthe
MHP algorithm. To evaluatethepracticalprecisionof our algorithm,we have carried
out a preliminaryexperimentalcomparisonbetweenour algorithmanda reachability-
basedalgorithmthat determinesthe ideal MHP information for concurrentJava pro-
grams.Of course,sincethis reachabilityalgorithmcanonly berealisticallyappliedto
small programs,our experimentwas restrictedto programswith a small numberof
statements.This initial experimentindicatesthatour algorithmpreciselycomputedthe
idealMHP informationin thevastmajorityof caseswe examined.In thetwo out of 29
caseswheretheMHP algorithmturnedout to be lessthanideally precise,thenumber
of spuriouspairswassmallcomparedto thetotalnumberof idealMHP pairs.

Several approachesfor computingMHP information for programsusing various
synchronizationmechanismshavebeensuggested.CallahanandSubhlok[4] proposed
a dataflow algorithmthatcomputes,for eachstatementin a concurrentprogramwith
post-wait synchronization,thesetof statementsthatmustbeexecutedbeforethisstate-
mentcanbeexecuted(B4 analysis).DuesterwaldandSoffa[6] appliedthisapproachto
the Ada rendezvousmodelandextendedB4 analysisto be interprocedural.Masticola
andRyder[15] proposedaniterativeapproachthatcomputesaconservativeestimateof
thesetof pairsof communicationstatementsthatcanneverhappenin parallelin acon-
currentAda program.(Thecomplementof this setis a conservative approximationof
thesetof pairsthatmayoccurin parallel.)In thatwork, it is assumedinitially thatany
statementfrom a givenprocesscanhappenin parallelwith any statementin any other
process.This pessimisticestimateis thenimprovedby a seriesof refinementsthatare
appliediteratively until a fixedpoint is reached.This approachyieldsmoreprecisein-
formationthantheapproachesof CallahanandSubhlokandof DuesterwaldandSoffa.
MasticolaandRydershow that in the worst casethe complexity of their approachis���	��

�

, where
�

is thenumberof statementsin aprogram.

Recently, Naumovich andAvrunin [17] proposedadataflow algorithmfor comput-
ing MHP informationfor programswith arendezvousmodelof concurrency. Although
theworst-casecomplexity of thisalgorithmis

���	�����
, theirexperimentalresultssuggest

thatthepracticalcomplexity of thisalgorithmis cubicor lessin thenumberof program



statements1. Furthermore,theprecisionof this algorithmwasvery high for the exam-
ples they examined.For a set of 132 concurrentAda programs,the MHP algorithm
failed to find the ideal MHP information in only 5 cases.For a large majority of the
examples,theMHP algorithmwasmoreprecisethanMasticolaandRyder’sapproach.

TheMHP algorithmdescribedin thispaperis similar in spirit to thealgorithmpro-
posedfor the rendezvousmodelbut hasa numberof significantdifferencesprompted
by thedifferencebetweentherendezvous-basedsynchronizationin Adaandtheshared
variable-basedsynchronizationin Java.First,theprogrammodelfor Javais quitediffer-
entfrom theonefor Ada.Second,while thealgorithmfor Ada relieson distinguishing
betweenonly two nodetypes(nodesrepresentinginternaloperationsin processesand
nodesrepresentinginter-processcommunications),thealgorithmfor Javahasto distin-
guishbetweena numberof nodetypescorrespondingto theeclecticJava synchroniza-
tion statements.This alsoimpliesthatthetwo algorithmsemploy very differentsetsof
flow equations.Third, while the algorithmfor Ada operateson a completelyprecom-
putedprogrammodel,for Javapartialresultsfrom thealgorithmcanbeusedto modify
the programmodel in order to obtain a more preciseestimateof MHP information.
Finally, theworst-casecomplexity of theMHP algorithmfor Java is only cubic in the
numberof statementsin theprogram.

The next sectionbriefly introducesthe Java modelof concurrency andthe graph
modelusedin thispaper. Section3 describestheMHP algorithmin detailandstatesthe
major resultsaboutits termination,worst-casecomplexity, andconservativeness.Sec-
tion 4 describestheresultsof anexperimentin whichMHP informationwascomputed
for anumberof concurrentJavaprogramsusingboththeMHP algorithmandthereach-
ability approachin orderto evaluatetheprecisionandperformanceof thealgorithm.We
concludewith asummaryanddiscussionof futurework.

2 Program Model
2.1 Java Model of Concurrency
In Java, concurrency is modeledwith threads. Althoughthetermthreadis usedin the
Java literatureto refer to both threadobjectsand threadtypes,in this paperwe call
threadtypesthreadclassesandthreadinstancessimply threads. Any Java application
mustcontainaunique�����
����� method,whichservesasthe“main” threadof execution.
This is theonly threadthatis runningwhentheprogramis started.Otherthreadsin the
programhaveto bestartedexplicitly, eitherby themainthreador by someotheralready
runningthreadcalling their ������� �!�"� methods.

Javausessharedmemoryasthebasicmodelfor communicationsamongthreads.In
addition,threadscanaffect the executionof otherthreadsin a numberof otherways,
suchasdynamicallystartinga threador joining with anotherthread,which blocksthe
callerthreaduntil theotherthreadfinishes.

Themostimportantof theJavathreadinteractionmechanismsis basedonmonitors.
A monitor is a portionof code(usually, but not necessarily, within a singleobject)in
which only one threadis allowed to run at a time. Java implementsthis notion with

1 Thesizeof theprogrammodelis #%$'&)(+* in theworstcase,andtheworst-casecomplexity of
thealgorithmis cubic in thesizeof theprogrammodel.It appearsthat in practicethesizeof
theprogrammodelis linearin thenumberof programstatements& [17].
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Fig.1. Java codeexample

locksand ��p]��q
rX��s��G��tXu]v blocks.EachJava objecthasanimplicit lock, which maybe
usedby ��p]��q�rX�Xs��G��tXubv blocksandmethods.Beforea threadcanbegin executionof
a ��p]��q�rX�Xs��G��tXubv block, this threadmustfirst acquirethelock of theobjectassociated
with thisblock.If this lock is unavailable,whichmeansthatanotherthreadis executing
a ��p]��q
rX��s��G��tXu]v block for this lock, thethreadwaitsuntil thelock becomesavailable.
A threadreleasesthelock whenit exits the ��p]��q�rX�Xs��G��tXubv block.Sinceonly onethread
maybein possessionof any givenlock at any giventime, this meansthatat mostone
threadata timemaybeexecutingin oneof the ��p]�jq�rX��s�����tXu]v blocksprotectedby that
lock. A ��p]�jq�rX��s�����tXu]v methodof anobject s�w�x is equivalentto amethodin which the
wholebodyis a ��p]��q�r ��s��G��t u]v blockprotectedby thelock of theobject s�wyx .

Threadsmay interrupt their executionin monitorsby calling the zy�������"� method
of the lock objectof this monitor. During executionof the zy�y���!�"� method,thethread
releasesthe lock andbecomesinactive, therebygiving otherthreadsanopportunityto
acquirethis lock. Suchinactive threadsmay be awakenedonly by someotherthread
executingeither the ��sb����{]p��"� or the �ysb����{bp |y} }~��� methodof the lock object.The
differencebetweenthesetwo methodsis that �ys�����{]p!��� wakesup onearbitrarythread
from all the potentially many waiting threadsand ��sb����{]p]|y} }~�"� wakes up all such
threads.Similar to callsto zy���
�!�"� , callsto the �ys�����{]p!��� and �ysb����{bp |y} }~��� methods
musttakeplaceinsidemonitorsfor thecorrespondinglocks.Bothnotificationmethods



arenon-blocking,which meansthat thenotificationcall will returnandexecutionwill
continue,whethertherearewaiting threadsor not.

Theexamplein Figure1 illustratessomeof theJavaconcurrency constructs.In this
example,onethreadwritesinto andtwo threadsreadfrom asharedmemorybuffer. (The
sourcecodefor thebuffer is not shown.) Themainthread�X������u�� instantiatesa buffer
objectandalsoinstantiatestwo threads�e� and ��� of threadtype ��u �]v ub� . Notethat �G�
and ��� do not starttheir executionuntil themain threadcalls their ���X�b� �!�"� methods.
Eachof the threadsrepeatedlycalls �ysb� �]��s��X�]r���� , a functionnot shown in thefigure
thatdetermineswhetherenoughdatahasbeenwrittenandread.If �ys�� �]�ys�� �]r��"� returns
true,eachthreadtriesto enterthemonitorassociatedwith thebuffer object.If themain
threadentersthemonitor, it writesto thebufferandthencallsthe �ysb�j��{]p |y}]}~�"� method
of thebuffer, wakingup any threadswaiting to enterthemonitor, if any. It thenleaves
the monitor and calls �ysb� �]��s��X�]r���� again.If a readerentersthe monitor, it checks
whetherthebuffer containsany data.If so,it readsthedataandleavesthemonitor. If the
buffer is empty, thereadercalls the zy�y���!�"� methodof thebuffer object,relinquishing
the lock associatedwith the monitor. The readerthen sleepsuntil awakenedby the
main threadcalling w ��{ {Xu����a�ysb�j��{]p |y}]}~��� . After a readerthreadwakesup, it hasto
reacquirethe lock associatedwith thebuffer object,beforeit canre-enterthemonitor.
After it re-entersthemonitor, it readsfrom thebuffer andthenexits themonitor. After
themainthread’scall to function �ys�� �]�ys�� �]r��"� evaluatesto {X�X}���u , it exits its loopand
callsthe x s��
�!�"� methodsof threads�e� and �X� . If thread�e� hasnot terminatedby the
timethemainthreadstartsexecutingthecall to �e�)��x s��
����� , themainthreadwill block
until thread�G� terminates,andsimilarly for thread�e� . Thus,thesetwo callsto x]s��
���"�
ensurethatbothreaderthreadsterminatebeforethemainthreaddoes.(Theastutereader
will noticethatthis programmaydeadlockwith oneof thereaderthreadswaiting for a
notificationwhile thebuffer is emptyandthewriter having exited its loop.)

In the rest of the paperwe refer to �����b� �!��� , x s��"���"� , zy���
�!�"� , �ys�����{]p!��� , and��sb����{]p]|y} }~�"� methodsasthreadcommunicationmethods2.

2.2 Parallel ExecutionGraph
We usea Parallel ExecutionGraph(PEG) to representconcurrentJava programs.The
PEGis built by combining,with specialkindsof edges,controlflow graphs(CFGs)for
all threadsthat may be startedin the program.In general,the numberof instancesof
eachthreadclassmay be unbounded.For our analysiswe make the usualstaticanal-
ysis assumptionthat thereexists a known upperboundon the numberof instancesof
eachthreadclass.In addition,we assumethataliasresolutionhasbeendone(e.g.,us-
ing methodssuchas[5, 10]). After aliasresolutionis performed,we canusecloning
techniques(e.g. [20]) to resolve object and methodpolymorphism.Under theseas-
sumptions,our programmodelandalgorithmhandle“complex” configurationsof Java
concurrency mechanisms,suchas nested ��p]��q
rX��s��G��tXu]v blocks,multiple monitors,

2 Note that concurrency primitives l�C�3E9eFVO and U4.�3�5GFVO in Java have “timed” versions.Also,
additionalthreadmethods/�54CE?eFVO , /E@b/+?46"9�:GFmO , and 2�64/E@�D]6jFVO aredefinedin JDK 1.1 but
have beendeprecatedin JDK 1.2sincethey encourageunsafesoftwareengineeringpractices.
It is not difficult to incorporatehandlingof thesestatementsin our algorithmbut becauseof
spacelimitationswe donotdo this here.



multiple instancesof lock objects,etc.For example,supposethataliasresolutiondeter-
minesthatat somepoint in theprograma particularvariablemaypossiblyreferto two
differentobjects.If at thatpoint in theprogramthis variableis usedto accessa moni-
tor, cloningwill producea structurewith two branches,whereonebranchcontainsthe
monitoraccesswith thefirst objectasthelock andtheotherbranchcontainsthemonitor
accesswith thesecondobjectasthelock. Thus,aliasresolutionandcloningtechniques
areimportantfor improving theprecisionof theMHP analysis.

At presentwe inline all calledmethods,exceptcommunicationmethods,into the
controlflow graphsfor thethreads.This resultsin a singleCFGfor eachthread.Each
call to acommunicationmethodis labeledwith atuple

� s�wyx]uyq��y�m�y�
��u��Eq��X}]}]ub� � , where������u is the methodname, s�wyx]uyq�� is the object owning method �y����u , and q4�X} }]ub�
is the identity of the calling thread.For example,for the codein Figure 1, the call�G�)��������� � in themainmethodwill berepresentedwith thelabel

� �G���E�����b� �y�	�����
� � . For
convenience,wewill usethisnotationfor labelnodesthatdonotcorrespondto method
calls by replacingthe s�wyx uyq�� part of the label with the symbol’ � ’. For example,the
first nodeof athread� is labeled

� � ��wyub���
�y�m� � andthelastnodeof this threadis labeled� � ��u��Xvy�m� � .
To makeit easyto reasonaboutgroupsof communications,weoverloadthesymbol

’ � ’ to indicatethatoneof thepartsof thecommunicationlabelcantake any value.For
example,

� ���E�����b�]����� � representsthesetof labelsin whichsomethreadin theprogram
callsthe �����b�]� methodof thread� . We will write �7� � ���E�����b�]�y��� � to indicatethat �
is oneof thenodesthatrepresentsucha call. It will beclearfrom thecontext whether
a tuple

� s�wyx]uyq��y�m�y�
��u��Eq��X}]}]ub� � denotesa labelof a singlenodeor a setof nodeswith
matchinglabels.

For thepurposesof ouranalysis,additionalmodelingis requiredfor z������!�"� method
callsand ��pb��q�rX��s4�G��tXu]v blocks.Becauseanentranceto or exit from a ��p]��q�r ��s��G��t u]v
block by one threadmay influenceexecutionsof other threads,we representthe en-
trance and exit points of ��p]��q�r ��s��G��t u]v blocks with additional nodes labeled� }]syq��j��u��X� � p��m� � and

� }]syq�����ub�������V� � , where � is thethreadmodeledby theCFGand}bsyq�� is the lock objectof the ��p]��q�r ��s��G��t u]v block. We assumethat the threaden-
tersthesynchronizedblock immediatelyaftertheentrynodeis executedandexits this
block immediatelyafter the exit nodeis executed.Thus,the entrynodeis outsidethe��p]��q�rX�Xs��G��tXubv blockandtheexit nodeis insidethis block.

The executionof a zy�y���!�"� methodby a threadinvolves several activities. The
threadreleasesthe lock of the monitor containingthis zy�y���!�"� call andthenbecomes
inactive. After the threadreceivesa notification, it first hasto re-acquirethe lock of
the monitor, beforeit can continueits execution.To reasonaboutall theseimplicit
activities of a thread,we performa transformationthat replaceseachnoderepresent-
ing a zy�������"� methodcall with threedifferentnodes,as illustratedin Figure 2. The
nodelabeled

� }]syq����mzy�y�����m� � representstheexecutionof the zy�y���!�"� method,thenode
labeled

� }bsyq��j��zy���
���
�X���m� � representsthethreadbeingidle while waiting for a notifi-
cation,andthenodelabeled

� }]s�q��j���ysb����{j�4u]v��bu��X� � pb�V� � representsthethreadafter it
receiveda notificationandis in theprocessof trying to obtainthe lock to re-enterthe��p]��q�rX�Xs��G��tXubv block. The shadedregionsin the figure representthe ��p]��q�r ��s��G��t u]v
block.
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Fig.2. CFGtransformationfor U�.�3�5�FVO methodcalls

The CFGsfor all threadsin the programarecombinedin a PEGby addingspe-
cial kindsof edgesbetweennodesfrom differentCFGs.We definethefollowing edge
kinds.A waiting edgeis createdbetweenz��������
� � and �ysb�j��{j�4u]vX�]u��X� �]p nodes(the
bold edgein Figure2). A local edgeis a non-waiting edgebetweentwo nodesfrom
the sameCFG. For example, the edgebetweennodeslabeled

� }]syq��y��zy�����y�V� � and� }]syq��j��zy�������"�X���V� � isalocaledge.A notifyedgeis createdfrom anode� toanode� if� is labeled
� s�wyxy���ysb�j��{]p��V� � or

� s�wyx��m�ys�����{]p |�} }b�V� � and � is labeled� s�wyx��m��sb����{j��u]v��]u�� � � p]�E� � for somethreadobject s�w�x , wherethreads� and � aredif-
ferent.Thesetof notify edgesis notprecomputedbut ratherbuilt duringthealgorithm.
This improvestheprecisionof thealgorithmsinceinformationdoesnot propagateinto��sb����{j��u]v��]u�� � � p nodesfrom �ysb����{bp and�ys�����{]p |�} } nodesuntil it is determinedthat
thesestatementsmayhappenin parallel.A startedgeis createdfrom anode� to anode� if � is labeled

� ���������b� �y�+� � and � is labeled
� �X��wyub���"���m� � . That is, � representsa

nodethatcalls the �����b�]�!�"� methodof thethread� and � is thefirst nodein theCFG
of this thread.All startedgescanbecomputedby syntacticallymatchingnodelabels.

Figure3 shows the PEGfor the programin Figure1. The shadedregionsinclude
nodesin themonitorof theprogram;thin solidedgesrepresentlocalcontrolflow within
individual threads;the thick solid edgesarewaiting edges;the dottededgesarestart
edges;and the dashededgesare notify edges.(Note that thesenotify edgesare not
presentin the PEGoriginally but will be createdduring executionof the MHP algo-
rithm.)

2.3 Additional Terminology

For convenience,we definea numberof functions.LocalPred
� � � returnsthesetof all

immediatelocal predecessorsof � ; NotifyPred
� � � returnsthe setof all notify prede-

cessorsof a �ysb����{��4u]v��]u4�X� � p node � ; StartPred
� � � returnsthe set of all start pre-

decessorsof a wyub�j�
� node � ; and WaitingPred
� � � returnsa single zy�������"�X� prede-

cessorof a �ysb����{��4u]v��]u4�X� � p node.Setsof successorsLocalSucc
� � � , NotifySucc

� � � ,
StartSucc

� � � , and WaitingSucc
� � � are definedsimilarly. Let � denotethe set of all

threadsthattheprogrammaycreate.Let � �'�m�
denotethesetof all PEGnodesin thread� �1� . Furthermore,we definea function thread �X����� thatmapseachnodein the
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Fig.3. PEGexample

PEGto the threadto which this nodebelongs.For example,for the PEGin Figure3,
thread

� � 
 ��É �����
� andthread
� �ÂÀ 
 ��É �G� .

For convenience,we associatetwo setswith eachlock object.notifyNodes( s�w�x ) is
thesetof all �ysb����{bp and ��sb����{]p]|y} } nodesfor lock object s�w�x : notifyNodes( s�w�x )

É� s�wyx��m��sb����{]p���� ��ÊË� s�wyx��m�ys�����{]p |�} }b�+� � . Similarly, waitingNodes( s�wyx ) is the set of
all zy���
���
�X� nodesfor lock object s�w�x : waitingNodes( s4wyx )

ÉÌ� s4wyxy��zy�����j�
�X���+� � . For
theexamplein Figure3, notifyNodes( w ��{ {Xu�� )

ÉÎÍ �e¼�Ï andwaitingNodes( w �X{ {Xub� )
ÉÍ �ÂÀm¼4�m�e¹�¼�Ï .

In Java,monitorsaregivenexplicitly by ��pb��q�rX��s4�G��tXu]v blocksandmethods.Since
our model capturesa set of known threads,we can also statically computethe set
of nodesrepresentingcode in a specificmonitor. Let Monitorµ	£�È denotethe set of
PEG nodesin the monitor for the lock of object s�wyx . For the examplein Figure 3,
Monitor£m°m±�±V¥a© ÉÐÍ � � �V�e¼4�m�e½��m�ÂÀ 
 �V�ÂÀ � �m�ÂÀm¾4�m�e¹V¿��V�e¹ 
 �m�e¹ � �V�e¹V¾��m�eºV¿4Ï .
3 The MHP Algorithm
In this sectionwe presentthe dataflow equationsfor the MHP algorithm.We do this
insteadof usingthelattice/functionspaceview of dataflow problems[7] sinceit makes
explanationsof this algorithm more intuitive and, as will be evident, one aspectof



this algorithmprecludesits representationasa purely forward-or backwarddataflow
problemor even asa bidirectionalor multisource[16] dataflow problem.At the end
of this sectionwe presenta pseudo-codeversionof the worklist versionof the MHP
algorithm.

3.1 High-Level Overview
Initially weassumethateachnodein thePEGmaynothappenin parallelwith any other
nodes.Thedataflow algorithmthenusesthePEGto infer thatsomenodesmayhappen
in parallelwith othersandpropagatesthis informationfrom onenodeto another, until a
fixedpoint is reached.At thispoint,for eachnode,thecomputedinformationrepresents
a conservativeoverapproximationof all nodesthatmayhappenin parallelwith it.

To eachnode� of thePEGweassignaset Ñ � � � containingnodesthatmayhappen
in parallelwith node� , ascomputedatagivenpoint in thealgorithm.In additionto theÑ set,we associateanOUT setwith eachnodein thePEG.ThissetincludesMHP in-
formationto bepropagatedto thesuccessorsof thenode.Thereasonfor distinguishing
betweenthe Ñ � � � andOUT

� � � setsis that,dependingon thethreadsynchronizations
associatedwith node� , it is possiblethatacertainnode� mayhappenin parallelwith
node � but may never happenin parallelwith � ’s successorsor that somenodesthat
may not happenin parallelwith � may happenin parallelwith � ’s successors.Sec-
tion 3.4 givesa detaileddescriptionof all caseswherenodesareaddedto or removed
from the Ñ setof a nodeto obtainthe OUT setfor this node.Initially, Ñ andOUT
setsfor all nodesareempty.

Weproposeaworklist form of theMHP algorithm.At thebeginning,theworklist is
initialized to containall �����b� � nodesin themainthreadof theprogramthatarereach-
ablefrom the begin nodeof this main thread.The reasonfor this is thatplacesin the
mainthreadof theprogramwherenew threadsarestartedareplaceswherenew paral-
lelism is initiated.TheMHP algorithmthenrunsuntil theworklist becomesempty. At
eachstepof thealgorithmanodeis removedfrom theworklist andthenotify edgesthat
comeinto thisnode,aswell asthe Ñ andOUT setsfor thisnode,arerecomputed.If the
OUT setchanges,all successorsof this nodeareaddedto theworklist. Thefollowing
four subsectionsdescribethemajorstepstakenwhenever a nodeis removedfrom the
worklist. Thisnodeis referredto asthecurrentnode.

3.2 Computing Notify Edges
Notify edgesconnectnodesrepresentingcallsto �ysb�j��{]p!�"� and�ysb����{bp |y} }~��� methods
of anobjectto ��sb����{j��u]v��]u�� � � p nodesfor thisobject.Theintuition behindtheseedges
is to representthepossibility thata call to �ysb����{bp!�"� or ��sb����{]p]|y} }~�"� methodwakes
a waiting thread(the waiting stateof this threadis representedby the correspondingz��������
� � node)andthis threadconsequentlyentersthecorresponding�ysb����{��4u]v��]u4����]� p node.This is possibleonly if the zy���
���
�X� nodeandthe �ysb����{bp or ��sb����{]p]|y} }
nodemayhappenat thesametime.Thus,thecomputationof notify successorsfor the
currentnodecanbecapturedconciselyas

NotifySucc
� � �!É

ÒÓÔ ÓÕ
Í �7Ö �×� � s�wyxy���ysb�j��{j�4u]vX�]u��X� �]p]��� �Ø

WaitingPred
� � � �QÑ � � � Ï]� if �_� notifyNodes( s�wyx )

undefined� otherwise.



3.3 Computing Ñ Sets

To computethe currentvalueof the Ñ setfor the currentnode,we usetheOUT sets
of this node’spredecessors,aswell asinformationdependingon thelabelof this node.
Equation(1) givestherule for computingthe Ñ setfor nodeswith all possiblelabels
(hereandin therestof thepaper, “ Ù ” standsfor thesetsubtractionoperation).

Ñ � � �!É Ñ � � �GÊ
ÒÓÓÓÓÓÓÓÓÔ ÓÓÓÓÓÓÓÓÕ

�	ÚÜÛ�Ý
StartPred

�ßÞ�« OUT
�Ãà��

Ù�� �
thread

� � �V�m� � if �_� � � ��wyub���
����� ��m� Ú Û�Ý
NotifyPred

�áÞ4« OUT
�Ãà��m�

â
OUT

�
WaitingPred

� � �m�m�Ê
GENnotifyAll

� � � � if �_� � � ���ysb����{��4u]v��]u4�X� � pb�+� �Ú Û�Ý
LocalPred

�ßÞ4« OUT
�Æàj� � otherwise

(1)

As seenin equation(1), for wyub���
� nodes,the Ñ set is computedasthe union of
the OUT setsof all startpredecessorsof this node,with all nodesfrom the threadof
thecurrentnodeexcluded3. Theexplanationis thatsincethe �����b� �!��� methodis non-
blocking,thefirst nodein thethreadthatis startedmayexecutein parallelwith all nodes
thatmayexecutein parallelwith thenodethatstartedit.

For a �ys�����{j�4ubv��]u��X�]� p node � , first we computetheunionof theOUT setsof all
notify predecessorsof this node.Theresultingsetof nodesis thenintersectedwith the
OUT setof the waiting predecessorof � andthen the GENnotifyAll

� � � set (definedin
equation(2) below) is addedto theresult.Theintuition behindtakingtheunionof the
OUT setsof all notify predecessorsis thatoncea threadexecuteszy�y���!�"� , it becomes
idle, andquite sometime canpassbeforeit is awakenedby someotherthread.Only
after this happens(after a �ys�����{]p!��� or �ysb����{]p |y} }Â�"� methodcall) can this thread
resumeits execution.This meansthat, in effect, these�ysb����{]p and ��sb����{]p]|y} } nodes
arethe“logical” predecessorsof thenodethatfollowsthe zy�������"�X� node.Thereasoning
for intersectingthe resultingsetwith the OUT setof � ’s z��������
� � predecessoris that� canexecuteonly if (1) thethreadof � is waiting for a notificationand(2) oneof the
notify predecessorsof � executes.

TheGENnotifyAll setin equation(1) handlesthespecialcaseof a �ys�����{]p |�} } state-
ment awakening multiple threads.In this casethe corresponding�ysb�j��{j�4u]vX�]u��X� �]p
nodesin thesethreadsmayall executein parallel.We conservatively estimatethesets
of such �ysb�j��{j�4u]vX�]u��X� �]p nodesfrom threadsotherthanthatof thecurrentnode � . A
node � is put in GENnotifyAll

� � � if � refersto thesamelock object s�w�x as � does,the
WaitingPred nodesof � and � may happenin parallel,andthereis a node ã labeled

3 A46
J�3+9 nodesare included in the OUT setsof the corresponding/�54."2�5 nodes.Seeequa-
tions(3) and(4).



� s�wyx��m��sb����{]p]|y} }b��� � thatis a notify predecessorof both � and � . Formally,

GENnotifyAll
� � ��É

ÒÓÓÓÓÓÓÓÓÔ ÓÓÓÓÓÓÓÓÕ

ä � if �æå� � s�w�xy���ysb����{��4u]v��]u4�X� � pb�+� �Í �SÖ �ç� � s�wyx��m�ys�����{j�4ubv��]u��X�]� p]��� � Ø
WaitingPred

� � � �èÑ �
WaitingPred

� � �m� Ø�\é ãê�è�ë�4ãê� � s4wyxy���ysb����{]p |y} }b��� � Øãê� � Ñ �
WaitingPred

� � �V� â Ñ �
WaitingPred

� � �m�m�V� Ï]�
if �_� � s4wyxy���ysb����{j�4u]v��bu��X� � p]�+� �

(2)

3.4 Computing OUT Sets

TheOUT
� � � setrepresentsMHP informationthathasto bepassedto thesuccessorsof� andis computedasshown in equation(3).

OUT
� � �ìÉc� Ñ � � �eÊ GEN

� � �V� Ù KILL
� � � (3)

GEN
� � � is the setof nodesthat,althoughthey maynot be ableto executein parallel

with � , mayexecutein parallelwith � ’ssuccessors.KILL
� � � is asetof nodesthatmust

not bepassedto � ’s successors,although� itself mayhappenin parallelwith someof
thesenodes.Computationof bothGEN andKILL for thecurrentnodedependson the
labelof this node.

The following equationgivesthe rule for computingthe GEN set for the current
node� .

GEN
� � ��É

ÒÓÔ ÓÕ
� � �mwyu����
���V� � � if �_� � �j�����X�b� �y�+� �
NotifySucc

� � � � if
é s�wyxí�4�_� notifyNodes( s4wyx )ä � otherwise

(4)

For ������� � nodes,GENconsistsof asinglenodethatis thebegin nodein thethreadthat
is beingstarted.Suppose,the currentnodeis in thread � , startingthread� . Oncethis
nodeis executed,thread� is readyto startexecutingin parallelwith thread� . Thus,the
begin nodeof thread� hasto bepassedto all successorsof thecurrentnode.Notethat
thread� cannotstartuntil ���X�b� � nodecompletesits execution.This meansthis �����b� �
nodeandthe wyu����
� nodeof thread� maynothappenin parallel,andsothe w�ub���
� node
is not in the Ñ setof the ���X�b� � node.

For �ysb����{bp and �ys�����{]p |�} } nodes,the GEN setequalsthe setof all their noti-
fied successors.This conveys to the local successorsof such �ysb����{]p and ��sb����{]p]|y} }
nodesthat they may happenin parallelwith all such �ys�����{j�4ubv��]u��X�]� p nodes.Note
thatthese�ysb����{��4u]v��]u4�X� � p nodesmayor maynotbein the Ñ setsof the �ys�����{]p and��sb����{]p]|y} } nodesbecausea threadthatis beingawakenedbecomesnotifiedonly after
thecorresponding�ysb����{]p or ��sb����{]p]|y} } nodecompletesits execution.



Thecomputationof theKILL
� � � setis shown below.

KILL
� � �!É

ÒÓÓÓÓÓÓÓÓÓÓÔ ÓÓÓÓÓÓÓÓÓÓÕ

� �o�m� � if �<� � ����x]s��
���+� �
Monitorµa£�È � if �<� � s�wyxy��u��X�]� p���� �VÊ� s�wyxy���ysb�j��{j�4u]vX�]u��X� �]p]��� �
waitingNodes( s�w�x ) � if

� �_� � s�wyx��m��sb����{]p���� � ØÖ waitingNodes( s�wyx ) Ö Énî
�Vï� �_� � s�wyx��m��sb����{]p]|y} }]�+� �m�ä � otherwise

(5)

If thecurrentnode� representsx s��
� ing anotherthread
�
, thethreadcontainingthe

currentnodewill block until thread
�

terminates.This meansthatafter � completesits
execution,nonodesfrom

�
mayexecute.Thus,all nodesfrom Ñ � � � â � �o�m�

shouldbe
takenout of thesetbeingpassedto � ’s successors.

ComputingtheKILL setfor u��X� �]p and �ysb����{j�4u]v��bu��X� � p nodesis quite intuitive.
While a threadis executingin a u��X� �]p or �ysb�j��{j�4u]vX�]u��X� �]p node,it is not in themon-
itor entrancethat this noderepresents.Oncetheexecutionof this nodeterminates,the
threadis insidethis monitor. Thus,thesuccessorsof such u�� � � p or �ysb�j��{j�4u]vX�]u��X� �]p
nodemaynot happenin parallelwith any nodesfrom thismonitor.

Finally, if thecurrentnodeis a �ysb����{]p |y} } nodefor lock object s�wyx , thismeansthat
oncethisnodecompletesits execution,nothreadsin theprogramwill bewaitingonthis
object.Thus,no nodeslabeled

� s�w�xy��zy�������"�X���+� � mustbeallowedto propagateto the
localsuccessorsof thecurrentnode.If thecurrentnodeis a �ys�����{]p node,its execution
wakesupnomorethanonethread.If thereis exactlyone zy�������"�X� node,this zy���
���
�X�
nodemustfinish executionby thetime this �ys�����{]p nodefinishesits execution.

3.5 Symmetry Step
Up to this point the algorithmis a standardforward dataflow algorithm.After com-
puting Ñ andOUT setsfor eachnode,however, we have to take a stepthat is outside
this classificationto ensurethe symmetry�ÂÀ��ðÑ � �e¹ �òñ �e¹è�ðÑ � �ÂÀ � . We do this
by adding �e¹ to Ñ � �ÂÀ � if �ÂÀó�ôÑ � �e¹ � . Thenodeswhose Ñ setshave beenupdated
in this way areaddedto theworklist, sincethechangein their Ñ setsmayresultin a
changein theirOUT sets,andsoinfluenceothernodesin thegraph.

3.6 Worklist Versionof the MHP Algorithm
The Java MHP algorithm, basedon the equationsdescribedabove, consistsof two
stages.The initialization stagecomputesKILL setsfor all nodes,aswell asthe GEN
setsfor the ���X�b� � nodes.All stepsof this stagecorrespondto computationsdescribed
by equations(4) and (5). The iteration stagecomputesÑ andOUT setsand notify
edgesusinga worklist containingall nodesthathave to beinvestigated.Both stagesof
thealgorithmareshown in Figure4.

3.7 Termination, Conservativeness,and Complexity
For Java programssatisfyingtheassumptionsnotedin Section2, we have provedthat
the MHP algorithmterminates,that MHP informationcomputedby this algorithmis



Input : CFGsfor all threadsin theprogramand õ öø÷íùÎú setsKILL $¤ö�* andGEN$¤ö�*
Output : õXöæ÷Nù�ú a setof PEGnodesûð$¤ö�* suchthat õXüþý÷æûÿúGü may never happenin
parallelwith ö .
Additional Inf ormation: � is theworklist containingnodesto beprocessedõ öø÷íùê� OUT $¤ö�* is thesetof nodesto bepropagatedto thesuccessorsof ö
Initialization : õ öø÷êùÎú KILL $oùí*�� GEN$oùí*��Nûð$¤öj*�� OUT $¤ö�*����
Initialize theworklist � to includeall /�54."2�5 nodesin the D].�3E9 threadthatarereachablefrom
thebegin nodeof themainthread
THE FIRST STAGE:
(1) õXö�÷óùÎú
(2) case
(3) ö�÷�$ 5 � l�C�3E9 ���
*	� KILL $¤ö�*��7ù $�
I*
(4) ö�÷�$ C�A�l � 6�9�5�2�f ���"*
��$ C�A�l � 94C"5�3�R�3�6
:4�
6"9�5�2�f ���
*	� KILL $¤ö�*�� Monitor�����
(5) ö�÷�$ C�A�l � 94C"5�3�R�f
i4-�- ���"*�� KILL $¤ö�*�� waitingNodes( C�A�l )
(6) ö�÷�$ C�A�l � 94C"5�3�R�f ���
*	�
(7) if � waitingNodes( CEA�l ) � ��� then
(8) KILL $¤ö�*	� waitingNodes( C�A�l )
(9) ö�÷�$ 5 � /�5�."2�5 ���"*	� GEN$¤ö�*	� $���� A46
J43E9 � 5 *
THE SECONDSTAGE: Main loop.
Weevaluatethefollowing statementsrepeatedlyuntil �����

// ö is thecurrentnode:
(1) ö����������X$�� *

// ö is removedfrom theworklist:
(2) ��� 
!��"�#	$�� *

// û old, OUTold, andNotifySuccold arethecopiesof the û , OUT, andNotifySuccsetsfor this node,
// computedto determinenew nodesinsertedin thesesetson this iteration

(3) û old �Nû $¤ö�*
(4) OUTold � OUT $¤ö�*
(5) NotifySuccold � NotifySucc$¤ö�*

// computingthenew setof notify successorsfor 9�C"5�3ER�f and 9�C"5�3ER�f�i4-�- nodes
(6) if $&% ú
öø÷ notifyNodes( C�A�l ) then
(7) õXüL÷íûð$¤öj*(' waitingNodes( C�A4l ):

// createa new notify edgefrom nodeö to thewaitingsuccessorof nodeü
(8) NotifySucc$¤ö�*	� NotifySucc$¤öj*)� � WaitingSucc$¤üí*��

// if new notify edgeswereaddedfrom thisnode,addall notify successors
// of this nodeto theworklist

(9) if NotifySuccold $¤ö�* ý� NotifySucc$¤ö�* then
(10) ���*�+� NotifySucc$¤ö�*
(11) ComputethesetGENnotifyAll $¤ö�* asin equation(2)
(12) Computetheset ûð$¤öj* asin equation(1)

// theonly nodesfor which theGEN sethasto berecomputedare 94C"5�3�R�f and
// 9�C"5�3ER�f�i4-�- nodes;theirGEN setsaretheirnotify successors:

(13) if $&% ú
öø÷ notifyNodes( C�A�l ) then
(14) GEN$¤ö�*	� NotifySucc$¤öj*
(15) ComputethesetOUT $¤ö�* asin equation(3)

// do thesymmetrystepfor all new nodesin û $¤ö�* :
(16) if û old ý�Nû $¤ö�* then
(17) õXüL÷�$'ûð$¤öj*),!û old $¤ö�*I* :
(18) û $¤üí*	�æûð$¤üó*)� � öj�

// add ü to theworklist becausethechangein û $¤üí* mayleadto a
// changein OUT $¤üí*

(19) ���*�+� � üó�
// if new nodeshasbeenaddedto theOUT setof ö , addall ö ’s successorsto theworklist

(20) if OUTold ý� OUT $¤öj* :
(21) ���*�+�ø$ LocalSucc$¤ö�*(� StartSucc$¤ö�*I*

Fig.4. MHP algorithm



conservative,in thesensethatthesetsit computescontaintheidealMHP sets,andthat
the worst-casetime boundfor this algorithmis

��� Ö �æÖ º � . Thepreciseformulationsof
thesestatementsandtheir proofsaregivenin [18].

4 Experimental Results
We measuretheprecisionof both theMHP algorithmandthereachabilityanalysisby
the numberof pairsof nodesthat eachapproachclaimscanhappenin parallel.The
smallerthis number, themorepreciseis theapproach,sincebothapproachescannever
underestimatethesetof nodesthatmayhappenin parallel.We write - MHP for theset
of pairsfoundby theMHP algorithmand - Reach for thesetof pairsfoundby thereach-
ability analysis.We saythat theMHP algorithmis perfectlypreciseif - MHP

É - Reach.
For thecaseswherethis equalitydoesnot hold, we areinterestedin theratio between
the numberof spuriousMHP pairsandthe numberof all pairs found by the reacha-
bility analysis

� Ö - MHP Ù.- Reach Ö ��/ Ö - Reach Ö . (Notethatconservativenessof our algorithm
guarantees- Reach 0 - MHP.)

Becausethereis no standardizedbenchmarksuiteof concurrentJava programs,we
collectedasetof Javaprogramsfrom severalavailablesources.We modifiedthesepro-
gramssothatwe couldusea simpleparserto createthePEGwithout any preliminary
semanticalanalysis.In addition,weremovedthetimedversionsof thesynchronization
statementsand any exceptionhandling,sincetheseare currently not handledin our
algorithm.

Themajorityof ourexamplescamefrom DougLea’sbookonJavaconcurrency [11]
andits Websupplement[12]. For mostof theseexamplesLeagivesonly theclassesim-
plementingvarioussynchronizationschemes,sometimeswith a brief exampleof their
usein concurrentprograms.We usedthesesynchronizationschemesto constructcom-
pletemulti-threadedprograms.Weselectedsizesof theexamplesthatcouldbehandled
by our reachabilitytool.

Several examplesin our set camefrom other sources[1–3] on the Web. Finally,
we wrote Java implementationsfor several of the Ada concurrentexamples,suchas
diningphilosophers,thatarecommonlyusedin theconcurrency analysisliterature.All
29 examplesthatwe usedin ourexperimentsaredescribedin [18].

For eachexamplewe computethreetimes: the time to build the PEGmodel,the
time to run the MHP algorithm on this model, and the time to run the reachability
analysison thismodel.Bothapproachesareimplementedin Java.For ourexperiments,
we useda SymantecJIT compilerfor JDK 1.1 on a workstationequippedwith a 400
MHz PentiumII processorand128Mbof memory, runningWindowsNT.

Figure5 presentstheraw datafrom runningtheMHPandreachabilityalgorithmson
oursetof examples.In thisfigure,for eachexampleJavaprogram,thefirst columngives
thenameof theprogram;thesecondcolumngivesthenumberof threads,includingthe
main thread;thethird columngivestheoverall numberof nodesin thePEGmodelof
theexample;thefourthcolumngivesthenumberof nodesthatareusedto modelthread
synchronizations,e.g.,zy���
���
�X� nodes;thefifth columngivesthenumberof nodepairs
foundby theMHP algorithm;thesixthcolumngivesthenumberof nodepairsfoundby
theMHP algorithmbut not by thereachabilityanalysis(thus,thenumberof nodepairs
foundby thereachabilityanalysiscanbefoundby subtractingthenumberin thesixth



Program � 12� � 34� Synch. � 5 MHP � � 5 MHP , time time time
nodes 5 Reach � PEG MHP Reach

AlternatingMessagePrinter 3 35 27 261 0 0.33 0.10 0.08
AutomatedBanking 3 280 182 11166 0 0.27 2.03 7.51
BridgeTest 5 66 46 1193 0 0.24 0.15 11.79
CHAN OF INT 5 62 54 974 40 0.26 0.13 5.76
Chiron 5 112 87 3382 0 0.26 0.291059.57
CorrectHalves 3 33 24 188 0 0.67 0.11 0.08
CorrectSquares 4 33 21 271 0 0.24 0.08 0.14
CyclicBarrier 5 54 38 887 0 0.3 0.12 10.45
GroupPictureRenderer 4 35 26 240 0 0.23 0.09 0.13
GasStation 5 93 71 2626 0 0.29 0.24 84.61
HeatingSystem 4 66 41 1140 0 0.27 0.17 2.69
HeatingSystemPutTake 4 76 53 1497 0 0.25 0.21 4.56
IncorrectHalves 3 31 20 174 0 0.23 0.08 0.06
IncorrectSquares 4 27 15 171 0 0.23 0.08 0.09
LayeredSemaphore 4 77 59 1720 0 0.24 0.21 5.90
Mutex 5 75 54 1688 0 0.69 0.23 36.25
OneCarBridgeTest 7 39 32 420 0 0.29 0.08 10.29
PCTwoLockQueue 5 34 22 358 0 0.25 0.09 1.01
PessimisticBankAccount 3 446 288 44128 0 0.35 6.28 41.91
Phil 4 68 59 1355 0 0.26 0.19 3.78
PrintService 3 23 16 108 0 0.27 0.08 0.05
Readers-writers 5 56 46 876 0 0.24 0.11 7.75
RWVSN 5 116 80 3224 0 0.30 0.27 107.81
Semaphore 5 66 46 1349 0 0.49 0.17 25.23
SemaphoreControlledChannel5 66 46 1423 0 0.25 0.16 32.22
SplitRenderer 5 33 18 250 0 0.21 0.08 0.22
SplitRendererNested 7 51 26 727 50 0.25 0.09 4.74
ThreadedApplet 3 10 8 18 0 0.20 0.06 0.04
ThreadedAppletV2 3 14 12 36 0 0.21 0.08 0.05

Fig.5. Raw experimentaldata

column from the numberin the fifth column); finally, the seventh,eighth,andninth
columnsshow the time in secondstaken to constructthe PEGfor the exampleandto
run theMHP andreachabilityalgorithmsrespectively.

Outof the29exampleprograms,theMHPalgorithmwaslessprecisethanthereach-
ability algorithmon only two examples,CHAN OF INT andSplitRendererNested.In
bothof thesecasesthenumberof spuriouspairswassmallcomparedto thetotal num-
ber of pairs of nodesthat may happenin parallel (40 out of 934 and 50 out of 677
respectively).

Thetiming dataindicatethatin practicetheMHP algorithmis veryefficient.For all
examples,exceptthe AutomatedBankingandPessimBankAccountexamples,running
theMHP algorithmtook under0.3 second.For all but thesimplestexamples,running
theMHP algorithmtook muchlesstime thanrunningthereachabilityanalysis.In fact,



for mostexamplesit took moretime to constructthePEGmodelthanit took to run the
MHP algorithm.

5 Conclusions
Informationaboutwhich pairsof statementsmayexecutein parallelhasimportantap-
plicationsin optimization,detectionof anomaliessuchasraceconditions,andimprov-
ing theaccuracy of dataflow analysis.Efficient andprecisealgorithmsfor computing
this informationarethereforeof considerablevalue.In this paper, we have described
a dataflow methodfor computinga conservative approximationof the setof pairsof
statementsin aconcurrentJavaprogramthatmayexecutein parallel.Ouralgorithmhas
a worst-caseboundthatis cubicin thenumberof statementsin theprogram.

Wecarriedoutaninitial experimentevaluatingtheprecisionof ouralgorithmagainst
theprecisionof atechniquebasedonexhaustiveexplorationof theprogramstatespace.
Sincethis reachabilitytechnique,which is exponentialin theprogramsize,is notprac-
tical in general,we restrictedthesizeof our exampleprogramsto thosefor which we
couldcomputethe “ideally” preciseMHP information.On 27 of the29 examplepro-
grams,theMHP algorithmproducedaspreciseresultsasthereachabilityanalysis.

In thefuture,we planto improve theapplicabilityof theMHP algorithmby elimi-
natingtheuseof inlining in constructingtheprogrammodel.Evenin its currentform,
the MHP algorithmdoesnot requireinlining methodsthat do not containthreadsyn-
chronizations.Suchmethodscallsmayberepresentedin thePEGfor theprogramwith
asinglenode,whereMHP informationcomputedfor thisnodeis sufficientto determine
MHP informationfor all nodesin thecorrespondingmethod.Thus,if � is a call node
for method 6 , thenany nodein the body of 6 may happenin parallelwith any node
thatmayhappenin parallelwith a noderepresentingthecall to 6 . Specialcaremustbe
takenwhenthereis a possibilitythata methodmaybecalledby morethanonethread,
in which caseexecutionsof multiple instancesof this methodmayoverlapin time. In
this case,unlike threadnodes,MHP informationfor the nodesfrom this methodwill
containothernodesfrom the samemethod.To determinewhetherthis might happen,
we have to checkwhetherany of the call nodesto 6 is in the MHP setof any of the
othercall nodesto thismethod(thishasto bedonerecursively for nestedmethodcalls),
in which casetheMHP setsof all nodesin 6 mustcontainall nodesin 6 .

In thecaseof methodscontainingthreadsynchronizationmechanisms,we plan to
usea context-sensitiveapproach,extendingthePEGmodelto includemethodcall and
returnedges,similar to theapproachof [8], andmodifying theMHP algorithmaccord-
ingly.

Therun timeperformanceof theMHP algorithmcanbenefitfrom optimizationsof
thePEGmodel.For example,nodecoarseningapproaches,suchasdescribedin [13,15],
replacesequentialregionsof codethathavenointeractionwith otherthreadsby asingle
node.The resultingreductionin the numberof nodesin the parallelexecutiongraph
shouldimprovetheperformanceof theMHP algorithm.

At present,theMHPalgorithmisbeingusedasapartof theFLAVERS/Javatool [19]
for dataflow-basedverification of application-specificpropertiesof concurrentJava
programs.The programmodelusedby FLAVERS representsthe possibility of inter-
leaving of eventsfrom differentthreadsby edgesof a specialkind. We usetheresults



of the MHP algorithmfor computingsuchedgesby creatingan edgefrom node � to
node� if � is placedin setOUT

� � � by theMHP algorithm.UsingtheMHP algorithm
resultsin a moreprecisemodelof concurrentexecution.We plan to measurethe im-
pactof theprecisionimprovementsobtainedandoverheadsincurredby usingtheMHP
algorithmondataflow algorithmsusedin verificationof concurrentJava programs.
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