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Abstract
With the rapid growth of networking andhigh-computingpower, the demandof larger and

morecomplex softwaresystemshasincreaseddramatically. To dealwith thecomplexity in de-
signinglarge-scalecomplex softwaresystems,theconceptof component-basedsoftwaredesign
hasgainedpopularityrecently. However, in pursuingacomponent-basedapproachthereareob-
staclesto be overcome.Oneof themis the state-explosionproblemin the formal verification
of large-scalecomponent-basedsystems.In this paper, we introducea modelingtechniqueand
two condensationtheoriesto modelandverify component-basedsoftwaresystems.Ourconden-
sationtheoriesaremuchweaker thancurrenttheoriesusefulfor thecompositionalverification.
Moresignificantly, ournew condensationtheoriescaneliminatetheinterleavedbehaviorscaused
by asynchronouslysendingactions.Therefore,our techniqueprovidesa muchmorepowerful
meansfor the compositionalverificationof asynchronousprocesses.Our techniquecan effi-
ciently analyzeseveral state-basedproperties:deadlockstateandreachablestate. The experi-
mentalresultsshow a significantimprovementin the analysisof large-scalecomponent-based
systems.

1 INTRODUCTION
With the rapid growth of networking andhigh-computingpower, the demandof larger and

morecomplex softwaresystemshasincreaseddramatically. Examplesincludeweb-basedsys-
tems,multimediasystems,telecommunicationsystems,intelligentagentssystems,flight control
systems,patiencemonitoringsystems,robotics,virtual realitysystems,andsoon. However, the
developmentof large-scaleandcomplex softwaresystemsis muchmoredifficult anderrorprone.
Thisis dueto thefactthattechniquesandtoolsfor assuringthecorrectnessandreliability of soft-
waresystemslag far behindthe increasinggrowth of sizeandcomplexity of softwaresystems.
The resultsareunreliableandpoorly performingapplications,delayedprojects,andconsider-
ablecostoverruns. In orderto improve theusabilityandreliability of large-scalesystems,the
supportingtechniquesanddevelopmenttoolsneedto begreatlyenhanced.

Formal verificationis rapidly becomingacceptedasa promisingandautomatedmethodto
verify thecorrectnessof softwaresystems.Despitemany worksin theareaof formalverification,
one of main bottlenecksso far is the stateexplosion problem. When the size of a software



systemincreaseslinearly, theanalysiscomplexity of thesystemcouldgrow exponentially. The
capabilityandperformanceof currenttechniquesstill cannotefficiently verify typicallarge-scale
softwaresystemsin practice.

A technique“compositionalverification”, which is consideredmoresuitablefor analyzing
well-definedsubsystems,suchascomponent-basedsystems,hasbeenproposedby researchers
to dealwith thestate-explosionproblemof large-scalesystems.However, currentcompositional
verificationtechniquesareefficientonly for verifyingevent-basedpropertiesof synchronouspro-
cesses.In thispaper, weintroduceamodelingtechniqueandtwo condensationtheoriesto model
andverify component-basedsoftwaresystems.Ourcondensationtheoriesaremuchweaker than
currenttheoriesusefulfor thecompositionalverification.Moresignificantly, ournew condensa-
tion theoriescaneliminatetheinterleavedbehaviors causedby asynchronouslysendingactions.
Therefore,our techniqueprovides a much more powerful meansfor the compositionalveri-
fication of asynchronousprocesses.Our techniquecanefficiently analyzeseveral state-based
properties:deadlockstateandreachablestate.Theexperimentalresultsshow a significantim-
provementin theanalysisof large-scalecomponent-basedsystems.

2 THE MODEL
This sectionintroducesa model,namelymultisetlabeledtransitionsystems(MLTSsin the

sequel). MLTSs are closely relatedto labeledtransitionsystems(LTSs for short) which are
intensively usedasa state-spacemodelin the family of processalgebras.Therearethreedis-
tinguishingfeaturesbetweenMLTSsandtraditionalLTSs. First, the label of a transitionis a
multisetof actionsin MLTSsinsteadof oneactionin LTSs. Second,we make a cleardistinc-
tionbetweensynchronouslycommunicatingactionsandasynchronouslycommunicatingactions.
Third, thecompositionof traditionalLTSsis for synchronousprocessesonly, while thecomposi-
tion of bothsynchronousandasynchronousprocessescanbeachievedin MLTSs.Thesefeatures
of MLTSspromisethedevelopmentof anew mechanismfor compositionalverification.With the
useof thenew mechanism,thehighanalysiscomplexity of large-scalesystemscansignificantly
bereduced.
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Figure1: MLTSspecificationof aserver.

Thebehavior of a processcanbemodeledby anMLTS.An MLTS consistsof states,transi-
tions,actions,andoneinitial state. In graphicalrepresentationof MLTSs,astateis denotedby a
shadedcircle,anda transitionby a solid arrow labeledwith actions. The initial stateis pointed
outby adottedarrow.

A statein MLTSscould be interpretedasa condition. The statesof an MLTS describethe
possibleconditionsof aprocess.For instance,Figure1 givesanMLTSwhichspecifiesaserver.
Theconditionof SERVERis eitherreadyto accepta request(stateReady) or busy in retrieving
data(stateRetrieve-data). Thestateof anMLTS is changedby theexecutionof actions. Once
SERVERperformsthe actionof receiving request(Receive-Req), the conditionof SERVER is



changedfrom stateReadyto stateRetrieve-data. The condition of SERVER returnsto state
ReadyafterSERVERsendsout data(actionSend-data). An initial stateis theconditionat the
beginning.Theinitial stateof SERVERis Ready.

The relationshipof statesandactionsis representedby transitions. A transitioncontainsa
startingstate, oneor moreactions, andanendingstate. For example,transition(Ready, Receive-
Req,Retrieve-data) indicatesthatstateRetrieve-datais reachablefrom stateReadyby theexe-
cutionof actionReceive-Req. In thefollowing, wefirst give theformaldefinitionof MLTSs.

Definition 2.1Multiset LabeledTransition Systems(MLTSs)� A multi-set MSconsistsof asetD ��� andamappingMS: D ����� N, whereN =
�
1,2,3,...� is

thesetof positive integers.MS is saidto beamulti-set of a setS if f (if andonly if) D ���	� S.� A MLTS is aquadruple(S, 
�� , T, s
�� ), where
1) S is asetof states; s
�� is the initial state;
2) 
 � , which is a setof actions(transitionlabels),comprisesinvisible (or internal) action ( � )
andcommunicatingactions 
 , where 
 consistsof 
	����� (synchronouslycommunicatingac-
tions), 
�� � (asynchronouslysendingactions), and 
���� (asynchronously receiving actions);
and
3) T � S � M ����� S is a setof transitions suchthat � (s, m , s’) ! T: m is a non-empty
multisetof 
�� .

In MLTSs,a transitionis labeledwith a multisetof actions. A multisetconsistsof count-
ableobjects. This meansthat an actioncanhave multiple instancesin a transitionlabel. We
usesynchronouscommunicationand/orasynchronouscommunicationastheprimitive meansof
communicationbetweenprocesses.Synchronouslycommunicatingactions( "  $#%� ) in MLTSsare
usedto specifyunbuffered modeof synchronouscommunicationwhich is usuallyreferredto
ashandshakingor rendezvouscommunication.Synchronouscommunicationbetweenprocesses
is performedthrougha simultaneousexecutionof actionswhich readfrom or write to a shared
channel.In otherwords,actionswhichreadfrom or write to asharedchannel,have to takeplace
at thesametime.

Thesemanticsof asynchronousinteractionof MLTSsis essentiallythesameasasynchronous
messagepassingusedin NIL [5] andPLITS [2]. In asynchronouscommunication,a sending
processis not blocked to wait for its communicatingpartners. Oncea messageis ready, the
processis free to performits asynchronouslysendingaction. Messageswhich have not been
received by receiversarestoredin the buffers of channels.In MLTSs,the channelbuffers of
asynchronouscommunicationhaveunboundedcapability. An asynchronouslyreceiving process,
asin the caseof synchronouscommunication,may be blocked in orderto wait for messages.
Notethatchannelsfor synchronouscommunicationhave no buffer for thestorageof messages,
sincesynchronouscommunicationbetweenprocesseshasto take placeat thesametime.

3 DEADLOCK STATE AND REACHABLE STATE
In this section,we focuson thepropertiesof deadlockstatesandreachablestates.A stateis

saidto be reachable in an MLTS if the statecanbe reachedfrom the initial statevia directed
edges.Recallthata statein MLTSscouldbeinterpretedasa condition.Thus,a reachablestate
canbeconsideredasa possibleconditionthataprocessor systemcanreach.



A systemis said to be deadlocking if the systemhasreacheda condition(state)suchthat
the systemcannotdo anything. In practice,a deadlock state reflectsa failure or successful
terminationof asystem.In orderto distinguishfailurefrom successfultermination,wepreserve
the conditionsof deadlockingsystems,i.e., deadlock states. From the inspectionof deadlock
states, we caneasilydeterminewhethera deadlockingsystemfails or successfullyterminates.
In addition,a deadlock state, which providesdetailedconditionsof thewholesystem,is useful
for debuggingandmodifyinganimpropersystemdesign.Thefollowing definesreachablestates
anddeadlock statesin MLTSs.

Definition 3.1 (ReachableStates)
Let (S, 
�� , T, s
&� ) beanMLTS.A states is reachablein (S, 
�� , T, s
&� ) if f
1) s= s
�� or
2) ' (s( , m) , s) ) *+*+* (s�-,.) , m� , s� ) suchthat
i) /�021 , ii) s( = s
�� , iii) s� = s, andiv) � 1 3 j 3 n: (s45,.) , m4 , s4 ) ! T.

Definition 3.2 (DeadlockStates)
Let (S, 
�� , T, s
&� ) beanMLTS.A states is a deadlock stateof (S, 
�� , T, s
&� ) if f
1) s is reachablein (S, 
 � , T, s
�� ) and2) 6' (s,m, s’) ! T (shasnooutgoingtransition).

4 CONDENSATION THEORIES FOR MLTSs
Thissectionpresentsournewly derivedcongruencetheoriesfor thecompositionalverification

of deadlockstatesandreachablestates.Wecall ourcongruencetheoriesIOT-failure equivalence
and IOT-stateequivalence. IOT-failure equivalencepreserves the propertyof deadlockstates
while IOT-stateequivalencepreserves the propertyof reachablestates.We will explain these
two congruencetheoriesusingsimpleexamples.

4.1 Pathsand Input/Output-T races(IO-Traces)
The computationof an MLTS canbe describedin termsof paths. A pathis an alternating

sequenceof statesandtransitionsin MLTSs.For example,MLTSP7 in Figure2 hasapath8 7 =
�
s( , (s( , Ch) , s) ), s) , (s) , Ch9 !, s9 ), s9 , (s9 , Ch: !, s: ), s: , (s: , Ch; , s; ), s;<� .

For simplicity, wealsowrite path 8 7 as�
s( , Ch) , s) , Ch9 !, s9 , Ch: !, s: , Ch; , s; � .

Similarly, MLTSP7%,>= in Figure2 hasapath8 7%,>= =
�
s( , (Ch) , Ch9 !, Ch: !), s: , Ch; , s; � .

Path 8 7 meansthat if the local conditionof MLTS P7 is states( , thenP7 is readyto sequen-
tially executeactions

�
Ch) , Ch9 !, Ch: !, Ch; � andto sequentiallyreachstates

�
s) , s9 , s: , s; � .

However, the executionalongpath 8 7 may fail dueto someconditionoutsideMLTS P7 , i.e.,
theenvironmentconditionof P7 . In otherwords,for theoccurrenceof a pathto besuccessful,
weneedto considertheglobalconditionwhichconsistsof a localconditionandanenvironment
condition.

We useIO-tracesin orderto deduceandcomparetheglobalconditionsrequiredfor theoc-
currencesof paths(actions).IO-tracesarederived from pathsby removing somedetailswhich
areirrelevantto thesuccessof paths’occurrences.Basedon IO-traces, wehave developedIOT-
failure equivalenceandIOT-stateequivalenceaspresentedin thefollowing sections.
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Figure2: Exampleof pathsandIO-traces.

An IO-traceconsistsof i) a startingstate,ii) anendingstate,andiii) a sequenceof multisets
of actions.Informally speaking,anIO-traceis derivedfrom apathby

1) removing intermediatestates,
2) replacinga transitionwith two orderedelements(multisets),i.e., i) its environmentpre-
conditionandthenii) its environmentpost-condition,
3) removing emptymultisetsof actions,and
4) summingupadjacentmultisetsof environmentpost-conditions.
The environmentpre-conditionof a transitionconsistsof synchronouslycommunicatingac-

tionsandasynchronouslyreceivingactionswhicharelabeledon thetransition.Theenvironment
post-conditionof a transitionis representedby asynchronouslysendingactionslabeledon the
transition.Theexecutionof invisibleactionsdoesnot interactwith theenvironment.Therefore,
invisibleactionsarenot includedin IO-traces. Let usconsiderMLTSsin Figure2 asanexam-
ple. AssumethatCh) andCh; aresynchronouscommunicationchannelsbetweenprocessesP7
andP? . It is clearthat the environmentpre-conditionof transition(s( , Ch) , s) ) is

�
Ch)@� ; the

environmentpost-conditionof transition(s( , Ch) , s) ) is null. Now let usderive the IO-tracefor
thepath 8 7 =

�
s( , Ch) , s) , Ch9 !, s9 , Ch: !, s: , Ch; , s; � in MLTS P7 above. After 1) removing

intermediatestatess) , s9 ands: , and2) replacinga transitionwith its environmentpre-condition
andthenits environmentpost-condition, weget

s( , � Ch)@� , � � , � � , � Ch9 ! � , � � , � Ch: ! � , � Ch; � , � � , s; .
After that,weremoveemptymultisetsof actionsandsumupadjacentmultisetsof environment

post-conditions(or asynchronouslysendingactions). As a result,theIO-traceof path 8 7 is
IOT8 7 = s( , � Ch) � , � Ch9 !, Ch: ! � , � Ch;<� , s; .

Similarly, we canderive theIO-traceof path 8 7%,>= =
�
s( , (Ch) , Ch9 !, Ch: !), s: , Ch; , s; � in

MLTSP7%,>= above as
IOT8 7%,>= = s( , � Ch)@� , � Ch9 !, Ch: ! � , � Ch; � , s; .

Frompaths8 7 and 8 7%,>= , wecanseethattwo differentpathsmighthaveanidenticalIO-trace.
IO-tracesareusefulfor predictingthesuccessfuloccurrencesof paths(or actions).Basedon IO-
traces, IOT-failure equivalenceand IOT-stateequivalencewill be presentedin the following
sections.



4.2 IO-TraceFailures(IOT-Failures)
In ordertoefficientlyanalyzealarge-scalesystem,it isdesirabletoeliminatedatawhichareir-

relevantto theverificationof interestingproperties.Our IOT-failureequivalenceis developedfor
thecompositionalverificationof deadlockstates.ThismeansthatIOT-failureequivalentMLTSs
are interchangeablein the compositionalverificationof MLTSswithout lossof any deadlock
state.IOT-failure equivalenceis very usefulfor reducingthesize(complexity) of MLTSswhen
we focuson thepropertyof deadlockstates.

Informallyspeaking,anIOT-failure for anMLTSis apairconsistingof i) anIO-tracet starting
from theinitial stateandii) thesetof environmentpre-conditionsfor theoutgoingtransitionsof
theendingstateof t. In addition,theendingstateof theIO-tracet above shouldbestable.

A states is saidto be stableif f s doesnot have any out-transitionwhoseenvironmentpre-
conditionis empty;otherwises is non-stable. In otherwords,only stablestatesarecandidates
for theconstructionof deadlockstates,becausea non-stablestatehasat leastoneout-transition
which is guaranteedto beexecutablein any conditionof theenvironment.

Let usconsiderMLTS P7 in Figure2 asanexample. In MLTS P7 , both transitions(s) , Ch9
!, s9 ) and(s9 , Ch: !, s: ) have anemptyenvironmentpre-conditionbecausethey executeneither
synchronouslycommunicatingactionnor asynchronouslyreceivingaction. Therefore,statess)
ands9 arenon-stable. In contrast,statess( , s: , s; , andsA arestable. Thesestablestatesare
reachedfrom theinitial states( via thefollowing IO-tracesrespectively:

IOT8 ( = s( , B , s( ,
IOT8 : = s( , � Ch)@� , � Ch9 !, Ch: ! � , s: ,
IOT8 ; = s( , � Ch) � , � Ch9 !, Ch: ! � , � Ch;<� , s; , and
IOT8 A = s( , � Ch)@� , � Ch9 !, Ch: ! � , � ChA ?� , sA .

FromthesestablestatesandIO-traces, wegetfour IOT-failuresin MLTSP7 :
IOTF( = (IOT8 ( , � Ch)@� ),
IOTF: = (IOT8 : , �C� Ch; � , � ChA ?�C� ),
IOTF; = (IOT8 ; , B ), and
IOTFA = (IOT8 A , B ).

IOT-failuresIOTF; andIOTFA have anemptysetof environmentpre-conditionssincestates
s; andsA have noout-transition.States: hastwo out-transitions(s: , Ch; , s; ) and(s: , ChA5D , sA ).
Transition(s: , Ch; , s; ) hasan environmentpre-condition

�
Ch; � , andtransition(s: , ChA@D , sA )

hasanenvironmentpre-condition
�
ChA ? � . Therefore,thesetof environmentpre-conditionsof

IOT-failure IOTF: is
�C�

Ch; � , � ChA ? �C� .
Two MLTSs E ) and EF9 aresaidto be IOT-failure equivalentif f E ) and EF9 have thesameset

of IOT-failures. For instance,P7%,>= in Figure2 alsohasfour IOT-failuresIOTF( , IOTF: , IOTF; ,
andIOTFA . Thus,MLTSsP7 andP7%,>= in Figure2 areIOT-failureequivalent. Similarly, MLTSs
P? andP?G,>= in Figure2 areIOT-failure equivalentaswell.

IOT-failure equivalenceis a congruencein termsof deadlockstates.Therefore,IOT-failure
equivalentMLTSsareinterchangeablein thecompositionalverificationof MLTSswithout loss
of any deadlockstate.For example,from theMLTSsin Figure2, we cancomposetwo MLTSs
asshown in Figure3. Without verifying thesetwo MLTSsin Figure3, we canguaranteethat
they have thesamesetof deadlockstates,i.e.,sH AGI 9 I )JI )JI (LK andsH ; I : I )JI )JI )MK .
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Figure3: Deadlock-stateequivalentMLTSs.

4.3 IO-TraceStates(IOT-States)
IOT-stateequivalenceis developedfor thecompositionalverificationof reachablestates.An

IO-trace state(IOT-state) is an IO-trace startingfrom the initial state. Two MLTSsaresaid
to be IOT-stateequivalentif they have the sameset of IOT-states. IOT-stateequivalenceis
a congruencein termsof reachablestates. This meansthat IOT-stateequivalentMLTSs are
interchangeablein thecompositionalverificationof MLTSswithout lossof any reachablestate.
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Figure4: Exampleof IOT-statesandIOT-stateequivalentMLTSs.

As a simpleexample,let usconsiderMLTSsPN andPNG,>= in Figure4. AssumethatCh) and
Ch9 aresynchronouscommunicationchannels.Statess) , s9 , ands: in MLTS PN areconcisely
representedby amacrostatein MLTSPNG,>= . WecanseethatMLTSsPN andPNG,>= areIOT-state
equivalentbecausethey have thesamesetof IOT-states:

IOTS( = s( , B , s( ,
IOTS) = s( , � Ch)@� , s) ,
IOTS9 = s( , � Ch) � , s9 ,
IOTS: = s( , � Ch)@� , s: , and
IOTS; = s( , � Ch)@� , � Ch9 � , s; .



5 CONCLUSION
This paperpresentsa new modeling techniqueand two new condensationtheoriesto re-

ducethe stateexplosionproblemof asynchronousprocessesaswell assynchronousprocesses
in component-basedsoftware systems.Our condensationtechniquehasreasonablecomplex-
ity (polynomial in the numbersof statesandtransitions). From the experimentalresults,our
techniquepromisesa much more efficient analysis,especiallyfor asynchronousprocessesin
distributedsystems.Thecondensationtheoriescanbeappliedto Petrinetsmodeltoo [6]. The
currentversionof our techniquefocuseson theanalysisof deadlockstatesandreachablestates.
Nevertheless,we believe that a more elaboratedextensioncan be usedto verify many other
importantsafetyandlivenesspropertiesof distributedsystems,suchasaccessibilityandevent
sequences.An extensionof ourwork is currentlyunderstudy.
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