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Constructingcomprehensie operationaimodelsof intendedsystembehaiour is a comple
and costly task. Consequentlypractitionershave adoptedtechniqueghat supportpartial be-
haviour descriptionand focus on elaboratingthesedescriptionsiteratively. Scenario-based
speci cations,for example,areincrementallyelaboratedo cover systembehaiour thatis of
interest.However, how shouldpartial behaioural modelsdescribedvy differentstaleholders
with differentviewpointsbe composed™ow shouldpartialmodelsof componeninstance®f
the sametype be puttogether?

In this thesis,we usemodelmeging basedon obsenationalre nementasa generalksolu-
tion to thesequestionsywheremeiging consistenmodelsis a procesghatresultsin aminimal
commonre nement. We prove severalmathematicatharacterizationsf meiging andconsis-
tengy, studyalgebraigropertiesof the melge operatoyandgive new andimprovedalgorithms
relatedto constructingnemge. Finally, we presenta casestudythatillustratesthe utility of our

results.
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Chapter 1

Intr oduction

State-basebdehaiour modellingandanalysishasbeenshavn to be successfuin uncovering
subtledesignerrors[8]. However, the adoptionof suchtechnologiedy practitionershasbeen
slow. Partly, thisis dueto thedif culty of constructingoehaioural models-thistaskrequires
considerablexpertisein modellingnotationsthatdevelopersoftenlack. In addition,andper
hapsmoreimportantly the bene ts of the analysisappearafter comprehensie behaioural
modelshave beenbuilt: classicaktate-basethodellingapproachearegenerallynotsuitedfor

providing earlyfeedbackwhensystemdescriptionsarestill partial.

In contrastjnteraction-basedpeci cations,suchasmessagsequencehartg30], arebe-
comingincreasinglypopular Thesescenario-basedotationsare partial behaioural descrip-

tionsthatpromoteincrementaklaboratiorof systembehaiour.

Therehasbeeninterestin developinganunderstandingndexploiting therelationbetween
interaction-basedndstate-basedodellingtechniqueg46]. In particular severalapproaches
to the synthesif state-basedhodelsfrom scenario-basespeci cations(e.g.[51, 35]) have
beendeveloped.Theseapproacheaimto combinethe bene ts of theincrementaklaboration

in interaction-basedpeci cationswith thebehaioural analysisin state-basethodels.

A currentlimitation of synthesisapproachess thatthe modelsbeingsynthesizede.g.,la-

belledtransitionsystemgLTSs)[31], areassumedo be completedescriptionsof the system
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behaiour up to somelevel of abstractionj.e., the statemachineis assumedo completely
describethe systembehaiour with respecto a x ed alphabebf actions. This completeness
assumptionis limiting, particularlyif state-basednodellingis to be adoptedin iterative de-
velopmeniprocessef3], processethatadoptuse-casandscenario-basespeci cations(e.g.,
[52]), or thatareviewpoint-oriented26].

In suchdevelopmentontets,amoreappropriataypeof state-basethodelto synthesizas
onein which currentlyunknonvn aspect®of behaiour canbe explicitly modelled.Thesemod-
els candistinguishbetweenpositive, negative, and unknovn behaiours: positive behaiour
refersto the behaiour thatthe systemis expectedto exhibit, negative behaiour refersto the
behaiour thatthe systemis expectedto never exhibit, andunknonvn behaiour couldbecome
positive or negative, but the choicehasnot yet beenmade.State-basethodelsthatdistinguish
betweenthesekinds of behaiour arereferredto aspartial behavioual models A number
of suchmodelsexist andpromisingresultson their useto supportincrementamodellingand
viewpoint analysishasbeenreported(e.g.,Partial LabelledTransitionSystemqPLTSs)[50],
multi-valuedstatemachineq12], Modal TransitionSystemgMTSs) [37], Mixed Transition

Systemg11] andmulti-valuedKripke structureg5]).

1.1 Motivation for Merge

Although synthesisof partial behaioural modelscan provide substantiabene ts [50], such
modelslack a speci ¢ conceptthatis particularlyhelpfulin the context of behaioural model
elaborationpnamely modelmeging. Scenariosaretypically provided by differentstakehold-
erswith differentviewpoints[26], describingdifferent,yet overlappingaspect$6] of thesame
system.How shouldthesepartial modelsbe put together?Alternatively, considercombining
behaioural modelsof componeninstancef the sametype. Typically, severalinstanceof

the samecomponeninay appeatrin a givenscenariog.g.,several instanceof a client com-

ponentthatconcurrentlyaccess sener. Standarcapproache$o synthesigproducea separate
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behaiouralmodelfor eachclientinstancge.g.[51, 35]). However, it is reasonabléo integrate
all modelsof all clientinstancesnto a modelfor the client componentypebecausall clients
shouldsharethe samecharacteristicsHow canthesepartialmodelsbe composed?

Note that compositionof behaioural modelsis not a novel idea[42, 24]; however, its
main focushasbeenon parallelcompositionwhich describesow two differentcomponents
work together In the contect of modelelaborationye areinterestedn composingwo partial
descriptionof the samecomponento obtaina moreelaboratesersionof both original partial
descriptionsWe call this operationa meige.

In ageneramemging framawork, differentstaleholdergprovide modelsandtheir properties.
If themodelscanbe meiged(i.e., they areconsistent)thena meigedmodelthatpreseresthe
staleholders'propertiess constructedIf themodelsareinconsistentthensomeform of feed-
backthatgivesinsightinto why the mergefailedshouldbereturned.ChechikandUchitel[49]
have instantiatedhis framework for anadaptatiorof MTSs[37]. In particular they arguethat
thecoreconceptunderlyingmodelmergingis thatof acommonobsenationalre nement,and
de ne consisteng astheexistenceof suchamodel. They shav thatmeiging consistentnodels
is aprocesghatshouldresultin a minimal commonobsenationalre nement,anddiscusshe
role of theleastcommonobsenationalre nementandthe greatestommonabstractiorin this

process.
In this thesis,we addresseveral questiongelatedto memge: (1) Whatpropertiesarepre-

senedin amege?(2) Whencantwo systemde merged?(3) Whatfeedbackcanbereturned
whenmodelscannotbe merged?(4) Whenis mege unique?(5) How cancomplex modelsbe
meiged? In addition,we provide several algorithmsthat arerelatedto thesequestionsanda

casestudythatillustratesour resultson arealisticexample.

1.2 Contributions of this Thesis

We extendthework of ChechikandUchitel[49], andpresentmary noveltiesrelatedto memging

MTSs: mathematicatharacterizationsf merging andconsisteny, algebraigpropertiesof the
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mege operatoynew andimprovedalgorithmsrelatedto constructingneige,anda casestudy

Thespeci c contritutionsareasfollows.

Firstly, we de ne a -valuedcounterpartof the logic weak -calculusand prove that it
characterizepropertypreserationin meige (Question(1)). As weak -calculuscanbe quite
subtleto use,we alsode ne a -valuedcounterparto the logic FLTL, intendedfor useas
the main speci cationlanguagean the meging framework, and prove thatit is presered by

obsenationalre nement(Question(1)).

Secondly we provide a characterizatiorf consisteng usingweak -calculusproperties
that distinguishbetweentwo systems,.e., that evaluateto true in one systemand false in
the other Suchpropertieaturallycharacterizeonsisteng for modelswith the samevocab-
ulary. For modelswith differentcommunicatingalphabetsdistinguishingpropertiesareonly
meaningfulwhenformulatedandevaluatecdoverthesharedlphabebetweerthemodels.Con-
sequentlydecidingconsisteng in suchcontetsis non-trivial, andwe thereforegive sufcient
conditionsto prove soundnesandcompletenessf a consisteng characterizatioffor this case
(Questiong2) and(3)).

Thirdly, we introduceconsisteng relationsde ned betweertwo MTSsandprovethatthere
is a consisteng relationbetweenwo systemdf andonly if they areconsistentwhichis an-
othercharacterizatiof consisteng (Question(2)). Usingconsisteng relationsrelations,we
give conditionsfor the uniquenes®f memge, which is particularly relevant when attempting
automationif morethanonemeige exists,thensomeform of humaninterventionis required.

We concludethattheseconditionsareconsequences the modellingnotation(Question(4)).

Fourthly, We study algebraicpropertiesof the memge operationto facilitate the meige of
complec systemsWe showv thatmostdesiredoropertieholdwhenthereis auniquemege,and
give countergamplesandinsightsinto why thesamepropertiedail to holdwhenincomparable
meigesexist. However, we prove that the right choice of meige can usually be madewith

respecto a givenalgebraigproperty(Question(5)).

Fifthly, we give severalalgorithmsrelatedto meige, which no longerrely on the determi-
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nag/ conditionasasufcient condition[49]. Speci cally, we giveimprovedalgorithmsfor: (i)
checkingconsisteny, (ii) buildingacommonre nement,and(iii) buildingacommonabstrac-
tion thatcanelaboratednto a minimal commonobsenationalre nement. We alsogive a new
algorithmfor constructingaweak -calculuspropertythatdistinguishedbetweennconsistent
systems.

Lastly, we provide a casestudythatillustratesour resultson arealisticexample.

1.3 Organizationof this Thesis

The restof the thesisis organizedasfollows. In Chapter2, we give preliminaryde nitions
usedthroughouthethesis.Chapter3 reviews merging MTSs,andis basen [49]. In Chapter
4, we de ne consisteng relations,give sufcient conditionsfor memge to be unique, prove
that obsenationalre nementis characterizedy -valuedweak -calculusandpreseres -
valuedFLTL, andusetheseresultsto prove a characterizatiorof consisteng. In Chapters,
we presenpositve andnegative resultson algebraicpropertiefor merging, bothfor the case
in which memging yields aleastcommonre nementandfor the casein which it yields oneof
several differentminimal commonre nements,while providing insightson the implications
of theseresultswith respecto engineeringpartial behaioural models.In Chapter6, we give
several algorithmsrelatedto meige. In Chapter7, we presenta casestudythatillustratesthe
utility of our theoreticalresultsfor engineeringand reasoningaboutpartial descriptionsof
systembehaiour. Finally, Chapter8 presentsa summaryof our results,compareshis work

with relatedapproachesanddiscusseslirectionsfor future work.



Chapter 2

Background

In this chapter we give and exemplify preliminary de nitions and x the notation. Section
2.1discussefabelledtransitionsystemsandmodaltransitionsystemghatextendthem. Sec-
tion 2.2 reviews operationson MTSs: re nement, obsenation graphs,and parallelcomposi-
tion. Finally, Section2.3 de nestemporallogicsweak -calculusandFLTL thatwill be used

throughouthethesisto reasoraboutMTSs.

2.1 Transitions Systems

We begin with thefamiliar concepf labelledtransitionsystemgLTSs)[31], whicharewidely
usedfor modellingandanalyzingthebehaiour of concurrentainddistributedsystemsAn LTS
is a statetransitionsystemwheretransitionsarelabelledwith actions.The setof actionsof an
LTS is calledits communicatingalphabetand constituteshe interactionsthat the modelled
systemcan have with its ervironment. In addition, LTSs can have transitionslabelledwith
, representin@ctionsthat are not obsenable by the ervironment. Examplesof a graphical
representatiomf LTSsaremodels and , givenin Figure2.1(a). In this thesis,the state
labelled is assumedo betheinitial stateof thetransitionsystemunlessstatedotherwise.ln
addition, transitionslabelledwith setsare abbreviationsfor anindividual transitionon every

actionin theset,andthefonts , ,and areusedfor namingspeci c transitionsystems.
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Figure 2.1: (a) LTSsand MTSs for readerand writer policies; Obsenational re nements:

(b) over the alphabet ; (c) over the alphabet

De nition 1. (LabelledTransitionSystems)_ et Statesbe a universal setof states, bea

universal setof observableaction labels,and let . A LabelledTransition
System(LTS)is atuple , Whee Stateds a nite setof states,

is a setof labels, is a transitionrelation betweerstates and is the
initial state We use to denotethe communicatinglphabet(vocalulary) of

Existingsemanticgor LTSsassumédhatanLTS givesa completebehaioural description
with respectto its alphabet. ConsiderLTS  which modelsa readlock. Startingin state
0, this modelallows sequencesf alternating and actions,and,
by the completenesassumptiondoesnot allow two actionswithout having a

actionin betweerthem.LTS is modellingalock thatcanbeheld by at most
onereaderatary time. Model , ontheotherhand,allowstwo readergo holdthelock simul-

taneously and arenotconsideredo beequvalentunderary of the standardequivalence
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relationssuchasstrongbisimulation trace,obsenational,or failureequvalencg24, 42].
Modal Transition Systems(MTSs) [37] allow explicit modelling of what is not known

aboutthe behaiour of a system.They extend LTSswith anadditionalsetof transitionsthat

modelthe interactionswith the ernvironmentthatthe systemcannotbe guaranteedo provide,

but equallycannotbe guaranteedo prohibit.

De nition 2. (Modal TransitionSystems)A Modal TransitionSystem(MTS) is a structule

, Whee : is an LTSrepresentingrequiredtransitions
of the systenand is an LTSrepresentingpossible(but not necessarilyequired)
transitionsof the system. We use to denotethe communicatingalphabet

(vocalulary) of

Figure2.1(a)shavsagraphicarepresentationf someMTSs. For example MTS models
apartialpolicy for areadlock thatcanbe acquiredby atleastonereaderat ary time, but does
notrule outconcurrenteadersTransitionlabelsthathave aquestiormarkarethosen
We refer to theseas “maybe” transitions,to distinguishthem from requiredtransitions(i.e.,
thosein ). NotethatLTSsarea specialtype of MTSs thatdo not have maybetransitions;

thus,models and canbeconsideredMTSsaswell.

Givenan MTS , We say transitionson througha required
transition(denoted ) if and . Similarly, we
say transitionson throughamaybetransition(denoted ) if

,and transitionson througha possibletransition(denoted ) if
or (i.e., ). We write to mean . We
saythat proscribes (denoted )if  cannottransiton throughmaybeor required
transitions Finally, foranMTS andastate , we denotechanging

theinitial stateof from to as . Forexample,sometransitionsof theMTS , showvn
in Figure2.1(a),are (betweerstate) and1), and (aself-loop
in statel). Additionally, we call the set theshaed actionsbetween and

, and thenon-shaedactionshetween and
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In this presentationwe associate@achMTS  with its communicatingalphabet | ex-
tendingthe presentatiorof [37]. The communicatingalphabetis the setof eventsthat are
relevantto themodel,i.e.,thescopeof a partialdescription Allowing modelsto have different
scopess fundamentafor meiging descriptionsof differentconcernsaandviewpoints,asdis-
cussedn Chapter3. In addition,our choiceis in line with processalgebrasemanticsuchas

FSP[41].

2.2 Re nement

Re nementof MTSs capturesthe notion of elaborationof a partial descriptioninto a more
comprehensk one,in which someknowledgeover the maybebehaiour hasbeengained. It
canbe seenasbeinga “more de ned than” relation betweentwo partial models. Intuitively,
re nementin MTSsis aboutcorvertingmaybetransitionganto requiredtransitionsor removing
themaltogether:anMTS renesanMTS if preseresall of therequiredandall of
the proscribedbehaioursof . Alternatvely, renes if cansimulatetherequired

behaiourof ,and cansimulatethe possiblebehaiour of

De nition 3. (Re nement)Let betheuniverseofall MTSs. isare nementof ,written
, when and is containedin somere nementrelation

for which thefollowing holdsfor all andall

We oftenreferto this form of re nementasstrongre nement.

Considerthe MTSs shown in Figure2.1(a). MTS isre ned by the LTS ( ),
incorporatingthe new knowledgethatthe maybeself-loopat state  shouldberemoved. The
re nementrelationbetweernthesemodelsis . TheLTS renes
( ), with there nementrelation . Finally, the MTS

re nes viatherelation
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Figure2.2: Rulesfor the hiding operator

Althoughre nementcaptureghe notion of modelelaborationjt requiresthe alphabetf
the processedeing comparedo be equal. In practice,model elaborationcanleadto aug-
mentingthe alphabebf the systemmodelto describebehaioural aspectshat previously had
not beentaken into account. To capturethis aspectof modelelaborationwe introducetwo
conceptshiding andobsenationalre nement.

Hiding is an operationthat makesa setof actionsof a modelunobserableto its erviron-
mentby reducingthealphabebf the modelandreplacingtransitiondabelledwith anactionin

thehiding setby , asshownin Figure2.2.

De nition 4. (Hiding) Let beanMTSand bea setof observ-
ableactions. withtheactionsof hiddendenoted ,iIsanMTS ,
wheee and are the smallestrelationsthat satisfythe rules in Figure 2.2, whee

.Weuse @ todenote

Let beaword over . meanghatthereexist
suchthat , , and for ) meanshat
thereexist suchthat , , for , and

, .e., thereis atleastonemaybetransitionon someletter of

. For , We write to denote , and to denote
, 1.e., thereis at leastone maybetransitionon . For and
, We write to denote , and for
or , i.e., the maybetransitionprecedes
orison alongthepathfrom to . For , weextend towordsin thesame
way asfor . For , let if and if . For and
, We oftenwrite to mean andsimilarly for . Transitions

onthethin arrov arereferredto assimpletransitions andtransitionson the thick arrow
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arereferredto asobservabldransitions.
To comparea modelwith anotheronewith anaugmentedlphabetywe musthidethe addi-
tional actionsin the secondnodelandthenuseobservationate nement— effectively, re ne-

mentthatignoresdifferencesn the preciseamountof transitions.

De nition 5. (Obsenational Re nement) is an observationalre nementof , written
, If and is containedin somere nementrelation

for which thefollowing holdsfor all andall

Consideragainthe MTSs shavn in Figure2.1(a). For model , if a processacquireshe
write lock, thenthe readlock cannotbe acquireduntil the write lock is released.Note that
this modeldoesnot indicatethat processesre actually allowed to acquirethe write lock, as
thesetransitionsare maybe. Hiding the actions and results
in an MTS justlike , but with labels and changedo 2.

Furthermoretheresultingmodelis obsenationallyre ned by the MTS

wherethere nementrelationis:

Infact, isalsoare nementof viatheinverseof .Wesaythat and areobservation-
ally equivalentwritten
Figures2.1(b) and 2.1(c) depict obsenational re nementsthat hold betweenmodelsin

Figure2.1(a).Eachgraphrelatesmodelswith the samealphabet:

in Figure2.1(b),and
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in Figure2.1(c). Nodeswith multiple labelsindicatemodelsthat are obsenationally equiva-
lent. Notethatmodels , , ,and havethealphabet . Consequentlythey cannotbe
relatedthroughobsenationalre nementto modelswith anaugmentealphabet ,i.e. , ,
, ,and . Forthisreason, through do notappearin Figure2.1(c). However, these
modelscanberelatedthroughobsenationalre nementto , , , ,and if thelatterhave
theiralphabetsestrictedo , andaredepictedn Figure2.1(b).
It is oftendesirabldo abstrack modelfrom transitiongesultingfrom internalcomputation.
Oneway of doingthis for MTSsis to useobservatiorgraphs[38], asis traditionally donefor

LTSs[9]. Intuitively, obsenation graphsabsorbthe transitionsof a modelinto obserable

actions sothatthe exactamountof internalbehaior is obscured.

De nition 6. (ObserationGraph)Let . ForanMTS ,
theobserationgraphof isthederivedMTS : ., » , ,whee and

are de nedasfollowsfor all

In particular absorptionof transitionsinto visible actionsis doneby de ning the relation

in asthere exive andtransitive closureof in ,and asthe transitve
closureof in . Transitionson arede ned by therelationalproductsof and
in . Infact,it follows that if andonly if . Thatis, obsenational

re nementis intuitively aboutgainingsomeknowledgeover the maybebehaiour in the ob-
senationgraphof the original systemj.e., maybetransitionseitherstaymaybe or arere ned
to trueor falsein themorere ned model.

Larsenand Thomsen37] de ne a parallelcompositionoperatorover MTSs, intendedto

describehow modelsof two differentsystemsvork together

De nition 7. (ParallelComposition)Let : : : : and .

, : be MTSs. Parallelcomposition( ) is a symmetricoperator sud that is
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m— MT MD

T MM

Figure2.3: Rulesfor parallelcomposition.

theMTS , ., ,whee and arethesmallestrelations

that satisfytherulesgivenin Figure 2.3.

For example,in Figure2.1(a), , assuminghat ,

. Notethatin therulesin Figure2.3,“T” standdor “true”, “M” standdor “maybe”,
and“D” standdfor “don't care”. In particular rule TT captureghe casewhenthereis atrue
(required)transitionin bothmodelsMT captureshe casewhenthereis a maybetransitionin
onemodelandatrue (required)transitionin the other andTD capturegshe casewhenthereis
arequiredtransitionin onemodelon anon-sharedction(i.e.,on anactionthe othersystems

not concernedvith).

Proposition 1. (Propertieof [37]) Parallel compositiorsatis esthefollowing properties:

1. (Commutativity)
2. (Associativity)

3. (Monotonicity)

2.3 Temporal Logics

In this section,we review the Kleenelogic, anduseit to de ne -valuedcounterpartdo the
temporalogicsweak -calculusandFluentLinearTemporalLogic (FLTL), usedfor reasoning

aboutMTSs.

2.3.1 Kleenelogic

Thetruthvalues (true), (falsg,and (mayb@ form theKleenelogic [32], whichwe refer

toas . Thevalues and behae classicallywith respecto (and), (or),and (negation).
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Thefollowing identitieshold for

Thislogic hastwo usefulorderings, (truth)and i (information),which satisfy ,
and inf and inf . Thatis, maybegivesthe leastamountof information: it could be

eithertrue or false.

2.3.2 Weak -calculus

While shavn in [29] to characterizestrongre nement,the -valuedcounterparto -calculus
() [33] is not well-suitedfor describingthe obsenablebehaiour of an MTS anddoesnot
characterizebservationate nement,becausét makesno distinctionbetweeranobsenable
actionand . Instead,we de ne a -valuedextensionof weak -calculus( ), which does
make suchadistinction.The -valuedversionof thislogic hasbeenshavn to beausefullogic
for expressingoropertiesof LTSsin [48].

-valued  enablesa formulato evaluateto an elementof . For a setof x ed point

variablesvar, and Var,an formula hasthegrammar:

where and  arethenext operatoravith intendedmeaningsexistsanext statereachable
viaanobsenabletransitionon ” and“for all next stategeachablesia anobsenabletransition
on ", respectrely. We write to denotea formulathatmight containfree occurrencesf

thevariable . and representheleastandgreatestx edpoints,respectrely, andwe write

and asabbreviationsfor and
Let beaformulain | , , , , beanMTS, and Var
be ervironmentgnapping x ed point variablesto setsof states. ( ) denotes

the set of statesin where is true (false. The setof stateswhere is maybeis then

(i.e., isnottrueorfalse.
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Figure2.4: -valuedsemantic®of

De nition 8. ( -valuedSemanticef )ForanMTS ,aformula in ,andervironments

and , and are de ned asshownin Figure 2.4, whee Act ,
and isthesameenvironmentas exceptit maps to
, and are de ned throughnegation: ,
,and . Thevalueof in isitsvaluein theinitial state.We

omit theenvironmentsfrom and tomeanthat and mapevery inVarto and
, respectrely. Finally, if  isanLTS,thesemanticsn De nition 8 reducego thestandard
-valuedsemanticsn [40].
For example, the property (which expressedhe ability to perform an observable
transitionon ) evaluatedo truein both and in Figure2.5, eventhoughthetransitionon
in isprecededya . In particular and  allow zeroor more transitionsbeforeand

afterthe obsenableaction , but the preciseamountof internalcomputationis unimportant.

Additionally, the property is maybein because is the only transitionon
from theinitial stateand is the only transitionon from . Finally,
is falsein  because and . Thatis, propertiesthat explicitly

involve internalactivity alwaysallow for the possibility of stayingin the samestate evenif no
self-loopson arepresent.
-valued is afragmentof [40]. Forthe -valuedcounterpart®f theselogics,this

meansthat for every formula  in thereis aformula in suchthat
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Figure2.5: MTSsfor illustratingtemporalproperties.

and . Thetranslationprocedurefollows from the factthatinternalactiity can
beexpressedhroughextra x edpointcomputationsn

Additionally, subsumeshe expressive power of temporallogicsCTL  andLTL
(i.e., CTL andLTL [7] without the next operators)and theserelationshipshold for the -

valuedversionsof thelogicsaswell.

2.3.3 FLTL

Although  isveryexpressve andin factcharacterizemeiging MTSs (seeChapter), it can
bequitesubtleanddif cult to use.Wethereforede ne a -valuedversionof FLTL [16], which
is asimpleyetexpressve logic for capturingpropertieshatcombinestateandaction,intended
for useasour primary speci cationlanguage.

A uent Fl is de ned by a pair of sets g, the setof initiating actions,and g, the setof

terminatingactions:
FI o r Where g g Actand g =

A uent may beinitially true or falseasindicatedby the Initially r attribute, wherea lack of
this attribute indicatesthatthe uent is initially false Every action Actinducesa uent,
namely Act

Giventhe setof uents , awell-de ned FLTL formulais de ned inductively usingthe
standardbooleanconnectves, (next), (stronguntil), (eventually),and (always),as
follows:

Fl

whereFlI . For anin nite trace ., , , ,overActandsome , wewrite for

thesufx of startingat .Let bethesetofin nite tracesoverAct An MTS inducesa
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Fl Fl

Figure2.6: Semanticdor the satishctionoperator

function thatassignszaluesto traces.

De nition 9. (Valueof aTrace)Atrace in isatruetracein (i.e, ) if there
existsanin nite sequence sud that and for all . Atrace
is a maybetracein  (i.e., ) if is notatruetrace but there existsan in nite
sequence sud that , for all , and for at
leastone . Atrace isapossibletracein (i.e, ) if is a maybeor true
tracein . Finally, atrace isafalsetracein (i.e, ) if it is nota possibletrace

Givenatrace ,asufx  satis esa uent Fl, denoted Fl, if andonly if oneof

thefollowing conditionsholds:

Initially FI

Fl

In otherwords,a uent holdsatatime instantif andonly if it holdsinitially or someinitiating
actionhasoccurred,andin both casesno terminatingactionhasyet occurred.Note thatthe
interval overwhicha uent holdsis closedontheleft andopenontheright, sinceactionshave
animmediateeffect onthevalueof uents.

The -valuedsemanticof FLTL overanMTS  is givenby thefunction that, for

eachformula FLTL, returnsthevalueof in

De nition 10. ( -valuedSemanticef FLTL) ForanMTS , thefunction FLTL

is de ned asfollows:
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whele the semanticgor is givenin Figure 2.6.
Theoperators and arede nedas and
Hence, satises (i.e., ) if every possibletrace in  satises , since
and for any such , makingthe implication true.
refutes (i.e., ) if thereis at leastonetruetrace thatdoesnotsatisfy , since
and for any such , makingthe implication false
Otherwisethevalueof in ismaybe(i.e., ). Notethatif isafalsetracein
then Is necessarilytrue, regardlesof whether satis es . Hence,we
canignorefalsetracesn  whendeterminingthe valueof , aswe would expect. Also,

onlyin nite tracesareconsideredvhendetermininghevalueof anFLTL formula.If  isan
LTS,the -valuedsemanticsn De nition 10reducego thestandard -valuedsemanticgiven
in [16].

For examplesof FLTL propertiesreferto models, ,and in Figure2.5andconsidetthe

FLTL property (eventuallythe uent inducedby action istrue). istruein and

(i.e, ) because¢heonly possibldracein bothmodelsis .y, ., ,and
clearly . ismaybein (i.e., ) because admitsthe additionalmaybe
trace ., ,and . The property is falsein because, , ,, |,
is atruetracein thatdoesnotsatisfy . Finally, the property , which saysthata

transitionon cannotbe performeduntil a transitionon is not possible,is true in all three
models.Notethattheequivalent  propertyis , Whichis

muchlessintuitive.

2.3.4 Model-Checking

In the previousexample, is amaybetracein andatruetracein , yetbothmodelssatisfy

. If the maybetransition is re ned to false,thereareno possibletracesin , and
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therefore satis esevery FLTL formula. Ontheotherhand,if it isre ned to true,then isa
truetracethatsatis es . Hence, satis es , regardlesof thevalueof

We can usethe above intuition to implementmodel-checkingof our -valuedtemporal
logics. ForanMTS , de ne to bethe LTS obtainedfrom by cornverting all maybe
transitionsinto requiredtransitionsand to betheLTS obtainedrom by cornvertingall

maybetransitionsnto falsetransitions.Thefollowing theoremis adaptedrom [4].

Theorem 1. ( -valuedModel-Checkingvia and ) ForanMTS and or
FLTL:
If istruein and ,itistruein
if isfalsein and ,itisfalsein ;

otherwise is mayben
Hence, model-checkingof theselogics can be doneby two calls to a classicalmodel-

checler, e.g, -valuedFLTL model-checkinganbe supportedy the LTSA tool [41].

For example,consider . If  isfalsein , thenthereexists suchthat

and . Sincetruetransitionsin correspondo true transitionsin

, isalsofalsein . Now supposdhat is truein . Theremay exist suchthat

and , whichwould not betakeninto accountn . Therefore we must

alsocheckif istruein to concludethat istruein . Notethatonly checkingif is

true in is insufcient aswell. It may be that casethatwheneer , it is only
truethat , making mayben . Hencethevalueof mustbechecledin both

and in orderto concludeits valuein

If is anFLTL formula, it is sufcient for to be true (falsg in () in order
to concludethat is true (false in , sincetrue tracesin and possibletracesin
correspondandtruetracesin andtruetracesin  correspondlf s falsein and

truein ,then ismayben



Chapter 3

Merging Models

In this chapter we review meiging modaltransitionsystems.Section3.1 de nes the notion
of a commonobsenationalre nement asthe basisfor memge. Section3.2 de nes the least
commonre nementasthe memge, if it exists, anda minimal commonre nementotherwise.
Finally, Section3.3 discusseshe role of the greatestommonabstractiorin the casethatthe
leastcommonre nementdoesnot exist, andwe endwith asummaryin Section3.4.

Figure 3.1 providesan abstracsummaryof the conceptaliscussedn this chapter In this
gure, arronvs depictobsenationalre nements(i.e.,anedgefrom to indicateghat isa
re nementof ). All modelsareassumedo be de ned over the samealphabetandtransitve

relationsarenotdepicted.

3.1 Common Obsernvational Re nement

The intuition we wish to captureby meging is that of augmentinghe knowledgewe have
of the behaiour of a systemby taking what we know from the two partial descriptionsof
the system.Clearly, the notion of re nementunderliesthis intuition asit captureshe “more
de ned than” relationbetweentwo partial models. Hence,meiging two modelsof the same
systemis about nding a commonre nementfor thesemodels,i.e., nding a modelthatis

morede ned thanboth.

20
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It is possiblethatthe modelsbeingmeigedhave differentalphabetsandthereforemeging
thesemodelsresultsin a modelwhosealphabeis a supersebf the original ones:bothmodels
are extendedwith the informationthat the otherhas. Whencomparingsucha memge to one
of the original systemstransitionson actionsthat are out of the scopeof this systemare ef-
fectively the sameasinternalactvity (i.e., transitionson ). In addition,the preciseamount
of suchactwity arisingfrom hiding actionsthat are out of the scopeof one systemis irrele-
vant,asthis behaiour is unobserableto the systemin question.Thereforewhencomparing
a mege to one of the original systemsdifferencesn internalactvity occurringbeforeand
afterobsenablebehaiour should,in essenceheignored.Hence the mege of two partialbe-
havioural modelsshouldbe an observationate nementof eachof the original systemswith

theappropriatealphabetestrictions.

De nition 11. (CommonObsenationalRe nement)AnMTS isacommonre nement(CR)

of MTSs and if , @ and @

We write to denotethe setof commonre nementsof models and . From
this pointon,whenwe referto commonre nement,we alwaysmeanobsenationalre nement.

Referto Figure 2.1 for the following example. MTS  speci es the writers policy for
acquiringaread-writelock: i) readersxcludewriters,ii) writersexcludereadersiii) at most
onewriter canhave the lock at any giventime, iv) the numberof concurrentreadersallowed
is not knovn. We canmeige  with the MTS  that statesthat there can be at leasttwo
concurrenreadersModel is acommonre nementof thesemodels.Note that

holdsvia therelation

and holdsvia therelation

isare nementof and andthuscansimulatetherequiredoehaior of bothmodels.For

examplelike , allowsuptotwo readergo accesshelock concurrentlye.g.,it admitsthe
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Figure3.1: Commonre nementsfor consistentnodels and :(a) and havetheleast

commonre nement;(b) and havenoleastcommonre nement.

trace

Asinmodel , allowsonewriterto accesshelock (e.g.,it admitsthetrace ,

, ). Ontheotherhand, and cansimulatethe possiblebehaiour of |,
i.e., cannotintroducebehaiourthatis proscribedn or .If hadpossibletracesallow-
ing concurrentaccesso thelock by readersandwriters, (e.g., ),

then wouldnotbeare nementof or ,assuchtracesarenotpossiblein eithermodel.

3.2 MergeasaMinimal CommonRe nement

Notethatcommonre nementallows model to proscribetraceshatwerepossiblen models
or . Inotherwords, may notbe ableto simulatethe possiblebehaiour of and
For example,the trace , , , , which allows three
or more concurrentreadersjs a possibletraceof and , butis proscribedin . Conse-
qguently the meigedmodel introducesknowledgethat neitherof the original modelshas,
e.g.,proscribingthreeor moreconcurrenreaders.Insteadwe preferaleastre ned common

re nementof theoriginalmodels.For examplemodel isacommornre nementof models

and that,unlike , doesnotrestrictthetrace , ,
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Model is calledtheleastcommorre nementof and

De nition 12. (LeastCommonRe nement)AnMTS istheleastcommonre nement(LCR)
of modaltransitionsystems and if , , and for any

: @

Notethatleastcommonre nementsareuniqueup to obsenationalequivalence andhence
we referto theleastcommonre nement,denoted for models and

An LCR of the original systemamnay not exist for two reasons.Firstly, it is possiblethat
no commonre nementexists. Secondlyacommonre nementmay exist, but theremaybeno
leastone.We discusghesepossibilitiesbelaw.

Considerthemodelsin Figure2.1(a).Models and donothave acommonre nement:

supposesomemodel is acommonre nementof and , with , andlet
: . We know that , andbecause , there
exists  suchthat . Since , trace shouldbe possiblein |, whichis a

contradiction.In fact,model isinconsistenwith all modelsthatgive concurrenteadaccess
to morethanoneprocesspamely , , , and . Mergecanthereforeonly bede ned for

consistentnodels.

De nition 13. (Consisteng) MTSs and areconsistenif thereexistsanMTS  sud that

isa commorre nementof and

Now referto the modelsshowvn in Figure3.2(a). Models and do have commonre-
nements,e.g., , and , butnoLCR. Intuitively, to nd , Wwe mustre ne into
sothat . Hence,we musttransformthe maybetransitionon in toa
requiredtransition,andalsotransformoneof the maybetransitionson or . If we transform
all threetransitionswe obtainthemodel . However, if we choosenotto transformthetran-
sition eitheron oron , thenwe obtainthemodels and , which arebothre ned by, but

not equialentto . Thesecommonre nementsarenot comparablgneitheris a re nement
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Figure3.2: (a) ExampleMTSs; Relationshipdetweermodels:(b) with respecto thealphabet

; (c) with respecto thealphabet

of the other)becausef the differentchoicesmadeon which non-sharednaybetransitionto
make required.

It is not possibleto nd commonre nementsof and which arelessre ned than
and . Forexample, islessre ned thanbothbutis notare nementof . Hencewe refer
to and asthe minimalcommonre nementsof and . Notethatmodels and
areincorrectattemptsof building minimal commonre nementsof and . Thesearenot
re nementsof becausehey canbothtransiton from theinitial statethrough(a sequence

of) requiredtransitionswhereas cannotdosofrom itsinitial state.

De nition 14. (Minimal CommonRe nement)An MTS is a minimal commonre nement

(MCR)of MTSs and if , , andthereisnoMTS
sud that and @
Remark 1. isalsoanMCRof and . Inaddition,if istheonlyMCRof and
(upto equivalence)thenit is . Finally,if and are consistentthenthey have
anMCR.
We write to denotethesetof MCRsof models and . Wearenow ready

to formally de ne memge.
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De nition 15. (Merge) ThemeigeoftwoconsistenMTSs and , written , Is either

, it if exists,or oneof themodelsn

In Chapter, we give suf cient conditionsfor theuniquenessf mege(i.e.,for theLCR to
exist), andin Section3.3, we discussa modelthatcanbe usedasa startingpoint for the case

whenmeigeis notunique.

3.3 Handling Multiple Merges

By de nition of memge,if two modelsareconsistenbut have no LCR, theirmeige couldresult
in anyof theirMCRs. However, ary choiceof MCR rulesouttheothers.Hencejt is helpfulto
nd amodelthatcharacterizethepointatwhichincompatibledecisiongnustbemadein order
to memgethetwo modelsandproduceanMCR. This modelis thegreatestommonabstraction
(GCA) of all MCRs: the mostre ned modelfrom which we canarrive throughre nementto

ary oneof theMCRs.

De nition 16. (GreatesiCommonAbstraction)Let and be consistenMTSs. An MTS
is a commonabstractiorof all MCRsof and  if and for all

, it holdsthat . A commonabstraction(CA) of all MCRsof and

is the greatestommonabstractiofGCA)if for any othercommonrabstraction , it holds

that
Remark 2. By Remarkl, is alsothe GCAof all MCRsof and
We denotethe GCA of all MCRSof and by

Proposition 2. (ExistenceandUniquenessf GCA) TheGCAbetweenwo MTSsalwaysexists

andis uniqueupto observationakquivalence

Note that the GCA itself may not be a commonre nement of the modelsbeingmeged

(see3.1). For example, (seeFigure3.2(a))is model . Thismodelis notare nement
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of , butcouldbere ned to becomeone. Further ary re nementof this modelrulesout the
possibilityof arriving atoneof theMCRs  or

Therelationshipbetweemmodels through of Figure3.2(a)is shavnin Figures3.2(b)
and3.2(c).Asin Figures2.1(b)and2.1(c),eachgraphrelatesmodelswith the samealphabets.
Since doesnothave or initsalphabetjt cannotbe comparedo the othermodelsunless
thesehave their alphabetsestrictedto . Hence, doesnotappeaiin Figure3.2(c),where
arrows depictobsenationalre nementbetweenmodelsover the alphabet . However,

doesappeatin Figure3.2(b),wherethe comparednodelshave thealphabet

3.4 Discussion

In conclusionwhatshouldbe the resultof meiging two consistenimodaltransitionsystems,
and ?If exists,thenthisis thedesiredresultof themeige. However, if  and
areconsistenbut their LCR doesnot exist, thenthe meige processhouldresultin oneof the
MCRsof and . Model meging shouldsupportthe modellerin choosingwhich MCR is
the mostappropriate.This canbe doneby producing andsupportingits elaboration
to producea particularMCR (see[49]). This would allow the modellerto choose possibly
after validatingwith staleholderswhich is the appropriateway of combiningtwo different

descriptionf the behaiour of the samesystem.



Chapter 4

Characterizing Merge

In this chapter we addressseveral questionsrelatedto meige: how canthe consistentbe-
haviours from two consistentmodelsbe describedWhenis the merge of consistenmodels
unique?Whattemporalpropertiesarepreseredin meige? How canwe usetemporalproper
tiesto determindf two systemganbemeged?

Section4.1 de nes consisteng relationsbetweentwo modelsthat captureghe notion of
a commonre nement, and discusseshe role of the largestsuchrelation. Section4.2 gives
sufcient conditionsfor the uniquenes®f memge. Section4.3 provesthatre nementis logi-
callycharacterizetty = andpreseresFLTL, anddiscussethepracticalimplicationsof these

resultsfor modellers.Finally, Sectiond.4uses  propertiego characterizeonsistenyg.

4.1 ConsistencyRelations

In this section,we de ne anddiscussissuesrelatedto consisteng relations. Theserelations
areusedthroughouthethesis:in Sectiord.2to describevhenmeigeis unique,in Sectiord.4
to characterizeonsisteng in termsof propertiesandin Chapter6 to de ne two mewge
algorithms.

In orderto meige two consistenimodels,it is necessaryo understangreciselywhich of

their behaiours canbe integrated. In particular a statein ary commonre nement of two

27
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Figure4.1: ExampleMTSs.

modelsis intuitively a combinationof two consistentstates: one from eachof the original

models. In , , , , and , , , , , States

and are consistenif andonly if thereis a commonre nement of and
. Therefore, @ shouldbe ableto simulaterequiredbehaiour at with possible
behaiour, andvice-versa. A consistencyelation, which is similar to a two-way re nement

relation,is usedto describesuchpairsof reachableonsistenstatesof two models.

De nition 17. (Consisteng Relation) A consisteng relationbetweerMTSs and isa

binary relation sud that , and the following conditionshold
for all andall

1. Act

2. Act
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Hence,thereis a consisteng relationbetween and if wheneer cantransitona
sharedaction througharequiredtransitionto  ( ), then @ cantransiton
apossibletransitionto ( @ )suchthat and areconsistentHowever, this
meansthat cantransiton , possiblyprecededandsucceededby zeroor more obsenable
transitionson actionsnotin . In orderfor and @ to be
consistentthesuccessoref  preceding mustbeconsistentvith |, andthe successoref

succeeding mustbe consistentvith (Condition(1)). Thecasewhen cantransiton
a sharedactionthrougha requiredtransitionis analogoudo Condition(1). If  cantransit
on a non-sharediction througha requiredtransition,then  caninternally transitthrough
possibletransitionsto some  thatis consistentvith (Condition(3)), since,asdiscussed,
transitionsout of the scopeof one systemarein essenceéhe sameasinternalactiity to that
system Finally, thecasewhen transitsonarequiredtransitionis analogougCondition(4)).

For example,considerthe modelsin Figure4.1 andassumehat and

: is a consisteng relationbetween and
The transition is matchedn  with , andcannotbe matchedwith
because and areinconsistenbn , violatingCondition(1)in De nition 17.

Thismatchingmakessensédecaus@ocommonre nementof and includesatransitionon

(e.g., ). Ontheotherhand,thereis no consistenyg relationbetweenmodels
and . Suppose wassucharelation. Since and , the pair
mustbein (Condition (4)). mustbeidenti ed with
because requires and proscribest, andhence isin (Condition(2)). The
only internalbehaiour at  is a self-loopon , which forces to be matched
with (Condition(2)), i.e., mustbein . However, since  requires

and proscribesall actions,Condition(2) is violated,andthereforethereis no consisteng
relationbetween and . Notethatthereis alsonocommonre nementof thesemodels.

Conditions(1) and(2) in De nition 17 requirethattheintermediatestatesareidenti ed in



CHAPTER 4. CHARACTERIZING MERGE 30

the consisteng relation,e.g., and in Condition(1). For
example,referto models and in Figure4.1 with and
Thereis no consistenyg relationbetweerthesemodelsbecausehe only possiblematchfor the
transition isthesequence , Where . However, and
areinconsistenbn , violating Condition(1), andresultingin inconsistenciebetweerthese
models.In particulay Conditions(1) and(2) guarante¢hatwhenasingleobsenabletransition
in onemodelis identi ed with asequencef obsenabletransitiondn theothermodel,possibly
on non-sharedctions,thenthe statescorrespondingdo the transitionson non-sharedctions

arenotsourcesf inconsistencies.

We now provethatour notionof theconsisteng relationis completej.e.,consistenmodels

arepreciselythosethathave a consisteng relationbetweerthem.

Theorem 2. (Consisteng RelationsCharacteriz€onsisteng) Two MTSsare consistentf and

onlyif thereis a consistencyelationbetweerthem.

Proof:

We illustratethe casefor equalvocalularies;the casefor differentvocalulariesis similar. Let  and

be MTSssuchthat
Assume and areconsisteni@andlet . with re nementrelation
,and with re nementrelation . De ne asfollows:
(4.2)
We shaw that is aconsisteng relationbetween and by shaving thatConditions(1) and(2)
in De nition 17 hold. Clearly . Let

(Equation(4.1))
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Condition(2) is provenin a similar fashion.

This partof the proofis constructie, utilizing the operatompresentedn Section6.4 for build-
ing a commonre nement. In particular if thereis a consisteng relationbetween and , thenby

Theoreml1, . O

Thereis anotion of thelargestconsisteng relationbetweerntwo consistentmodels which
is de ned asthe union of all consisteng relationsbetweerthem. Intuitively, the largestcon-
sisteng relationdescribesll reachableonsistenbehaioursbetweertwo consistentnodels.
For example,consider and in Figure4.1 overthevocahulary

, is the largestconsisteng relation betweenthem, but

is alsoa consisteng relation. Thesetwo relationsgive rise to differentcommon

re nementsof and ,namely and .Unlike ,model doesnotruleoutthepossibility
of action occurringafteraction . We discusghisissuein moredepthin Section6.2,where

we give analgorithmfor building the largestconsisteng relationbetweertwo models.

4.2 Uniqueness

We now give sufcient conditionsfor the meige of two consistensystemso be unique.
Recallthat models and in Figure 3.2 do not have an LCR dueto the fact that in
ary LCR, at leastone non-sharednaybetransitionin mustbe transformednto a required

transition, yet multiple incompatiblechoicesof which transitionto transformare available.
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Thefollowing conditionrestrictsthe existenceof suchchoices.

De nition 18. (Multiple-MaybeCondition)Let and beMTSsandlet bethelargest
consistencyelationbetweerthem. and satisfythe multiple-maybeconditionif it is not
the casethat for all , Conditions(1) — (3) or Conditions(4) — (6) simultane-

ouslyhold,whee

Conditions(4) — (6) are analagousto (1) — (3) with therolesof and reversed.

In Condition(1), proscribeghe sharedaction , whereas requiresit. Condition(2)
saysthat if is reachabldrom  throughone or more non-sharedactions,and can
transitionon , then is only reachablevia non-sharednaybebehaiour. Condition (3)
guaranteethatthereareatleasttwo different and 'sin Condition(2),i.e.,two different
non-sharedanaybepathsto statesn  thatcantransitionon . If thesethreeconditionshold,
thenforary in , Ssomenon-sharednaybebehaioursin  mustbe required
behaioursin in orderto guaranteghat @ (i.e,that renes ). However,
multiple choicesof which maybebehaioursto corvertto requiredbehaioursin  exist, and
thereforemultiple non-equvalentMCRs exist. Finally, Conditions(4) — (6) arethe sameas

Conditions(1) — (3), exceptthechoicesaremadein  insteadof

Considemodels and in Figure4.1loverthevocalulary .Both and have
two non-equvalentsuccessorsn from theinitial state,i.e., and
suchthat , andsimilarly for . However, both and areconsistentvith

and . Inparticular isanMCRof and thatcorrespond$o combining  with

and with ,whereas correspondsocombining with ,and  with . ,



CHAPTER 4. CHARACTERIZING MERGE 33

andtherefore doesnot exist. This exampleillustratesthatdifferentMCRs mayarise

whentherearemultiple waysof combiningnon-deterministibehaiour on a sharedaction.

De nition 19. (Determinag Condition)Let and beMTSs, be the largestconsis-
tencyrelationbetweerthem,and . and satisfythedeterminag condition
if for all , it is not the casethat for some

1. @ @ @ :

2. @ @ @ @ :

3.

Intuitively, if the determinag conditionis violatedat , thenwithout lossof gener

ality, thereis asuccessor of via asharedaction thatis consistenwith at leasttwo

non-equwalentsuccessorsf via ,say and . In addition,oneof thesesuccessorsay
, Is consistentvith asuccessor of via thatis notequivalentto . Hence,if

is combinedwith , then  mayor may not be combinedwith  , because couldbe

combinedwith instead. Since and , the differentcombinationsof

non-determinisnmayleadto non-equalentbehaioursin and , andhence

to the existenceof multiple incomparableMCRs.

Finally, considemodels and in Figure4.1andassumehat and
Models , , and over the vocalulary arein , yet noneof themare
equialent. Intuitively, doesnot exist becausdoth modelscantransiton non-shared
actions: and , Where and . Hence,choicesexist

ontheorderin whichtheseactionsappeain anMCR: theMCR  corresponds$o puttingthe
transitionon rst, theMCR correspondso puttingthetransitionon rst, andthe MCR
correspondso allowing bothorders.Thefollowing conditionrestrictsthe existenceof such

choices.



CHAPTER 4. CHARACTERIZING MERGE 34

De nition 20. (Non-Sharedondition)Let and beMTSsandlet bethelargestcon-
sistencyrelationbetweerthem. and satisfythe non-shareaonditionif for all

, it is not thecasethat and , Wheee and

Thethreeconditionsde nedin this sectionaresufcient to provethe existenceof theLCR

betweentwo consistentnodels.

Theorem 3. (Sufcient conditionsfor theexistenceof LCR) If and areconsistenMTSs

that satisfythe multiple-maybeondition,the determinacycondition,and the non-shaed con-

dition, then exists.

Proof:

Let and beconsistenMTSs with , andlet be the largestconsisteng relation
betweerthem. Assumethereexist and in suchthat . Since , there

aretwo possiblecases:

(De nitions 5and14)

Withoutlossof generalityassume , otherwise would notrequire .

(De nitions 5 and14)
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(De nitions 5and14)

We canassume and both exist; otherwise we repeatthe proof for
and or and until they do. Hence:
(By (1))

(Propositiord in Section5.1,since  and areLCRSs)

In addition,thereis no suchthat and , otherwise , con-
tradicting( . Since , thereexists suchthat and
(.e.,,in is combinedwith insteadof ). Hence, ; otherwise,

, contradicting( ). Puttingtheabove together:

which violatesthe determinag condition.

Analogousto Casel.

When , the proof is similar, but with additionalsubcaseth Cases and above, depend-
ing on whether is a sharedor non-sharedction. In Case above, if is a sharedaction,eitherthe
determinag conditionor the multiple-maybeconditionis violated,andif is a non-sharedction,the

non-shareaonditionis violated.Case is analogous. O
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Note that the conditionsin Theorem3 are reasonabldecausdhey are consequencesf the
modellingformalism. Speci cally, the multiple-maybeconditionis simply a consequencef
allowing multiple non-equvalentpathsto the samestate. The non-sharedonditionis a con-
sequencef the interleaving natureof MTSs, i.e., it is impossibleto expresssimultaneous
transitionsn anMTS, suchas” transitson and ”, without specifyingthe orderin which
theactionsoccur Finally, non-determinismin MTSsis intuitively dueto differentchoicesof
how to abstracipartof the systemaway. As thesechoicescannotbe guaranteedo be equiva-
lent, non-determinisnm bothmodelsonthe sameactionmayleadto multiple MCRs, asin the
determinag condition.

It shouldalsobe notedthatthe multiple-maybeconditionandthe non-sharedonditionare
necessargonditions:if eitheroneis violated,thenthe LCR doesnotexist. Ontheotherhand,
thedeterminag conditionis sufcient but notnecessaryThisis dueto thefactthat
doesnot imply that . Therefore differentchoicesof how to combine
non-deterministibehaiour mayleadto equivalentbehaiours, evenif the successorarenot
equialent.We leave for futurework strengtheninghedeterminag conditionto beanecessary

conditionaswell.

4.3 Property Presewation

The logic characterize®bsenational re nement and thereforememge. In the -valued
world, thismeanghatanMTS  isre ned by anMTS if andonly if all true andfalse

propertiesn  arepreseredin

Theorem4. ( CharacterizeRe nement)lf and are MTSsoverthe samevocahulary

with initial states and , then:

Proof:

Follows from thefactthat  characterizestrongre nement[29], if andonly if .
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and istrue (fals@ inanMTS  if andonly if istrue(false@ in ,where isobtained

from by replacingevery occurrencef aweaknext operatomwith its strongcounterpart. O

Remark 3. Theoem4 doesnot giveinsightinto preservationof maybeproperties: they can

becomdrue, false or remainmaybein themore re ned model.

ToillustrateTheorem, referto themodelsin Figure4.1. with re nementrelation

: : . It canbeveri ed thatall true andfalsepropertiesn

arepreseredin  andvice-versa(e.g., and ). Ontheotherhand,
since canstill performatransitionon aftereverytransitionon , whereas and
. In particular istruein  andonly maybein

Thelogic FLTL is alsopreseredunderre nement. We begin with thefollowing lemma.

Lemma l. (Preserationof TraceValues)lif and are MTS'soverthesamevocalulary:

Theabovelemmastateghattheinformationorderingonthevaluesof tracess preseredunder

re nement,whichis fundamentafor proving preserationof ary lineartime logic.

Theorem5. (Preserationof FLTL) If and are MTSsoverthesamevocalulary:

FLTL

Proof:

Suppose andlet FLTL.

(De nition 10)
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(De nition 10and by Lemmal)

(Law of Contradiction)

(De nition 10)

( by Lemmal)

(De nition 10)

Although FLTL is presered by re nement, it doesnot characterizet (adaptedfrom [19]).

For example,referto models , , , and in Figure4.1all overthe vocaklulary

Supposahat FLTL characterizese nement,i.e., if , thereis an FLTL propertythat

istruein  andfalsein . Since , thereexists in FLTL thatistruein andfalsein
. By thefactthat and , theproperty istruein andfalsein . However,

, contradictingTheorenmb. Hence FLTL doesnotcharacterizée nement.

Theoremst and5 arefundamentato understandinghe propertiesof merge from a stake-
holder's point of view. In particular propertiesthat are invariant under stuttering[1] (i.e.,
eventualities,invariants,and so forth) are guaranteedo be presered, regardlessof the un-
derlying semanticof thelogic in which they areexpressedHowever, propertieshatrely on
preciseamountsof internal actity, i.e., immediatenexts or countingproperties,cannotbe

guaranteedo be presered by a melge. The casestudyin Chapter7 illustratesthe utility of
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theseresultson arealisticexample.

4.4 Characterizing Consistencywith Temporal Properties

In this section,we useTheorem4 to characterizéhe casewhentwo modelscanbe meged
usingpropertieghatdistinguishbetweenwo systemsi.e., thatevaluateto true in onesystem
andfalsein the other

Astwo modelsareconsistenif andonly if they haveacommorre nement,modelsoverthe
samevocahlulary mustagreeon all concretebehaiours,i.e., thereshouldbe no distinguishing

propertybetweerthem.

Theorem 6. (Consisteng Characterization:SameVocahularies) Two MTSsover the same

vocahulary are consistentf andonlyif no  propertydistinguisheshem.

Proof:
If and areconsistentvith MCR , andthereis thatdistinguisheshem,then would

betrue andfalsein by Theorem.

If and areinconsistentthenby Theorem10 of Section6.3, Algorithm in Figure 6.4

returns thatdistinguisheshem. O

For example, and in Figure4.1 areinconsistentbecauseafter every transitionon in
, atransitionon either or is possiblewhereas and proscribedoth and
. Theproperty isfalsein andtruein
Beforeadistinguishingpropertyis meaningfulfor modelsover differentvocalularies,both
modelsmust rst berestrictedto their sharedvocahulary, becausehe presencef non-shared
actionsmaycausea propertyto distinguishbetweerconsistensystemsFor example,consider
models and in Figure4.1 andassumehat and . Thesemodels

areconsistenbecause is acommonre nement,but the property istruein andfalse
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- CO—0O CO—-0O -CO—0O CO—-0—-0
Figure4.2: InconsistenMTSs and ; and thatarenotin

in . Additionally, it doesnot make senseto formulatea distinguishingpropertyinvolving
a non-sharedaction, as one systemhasno knowledge of the action (e.g., cannotbe
evaluatedin ). Therefore to characterizeeonsisteng over differentvocalularies,we must
establishthat and areconsistenif andonly if @ and @
areconsistent.By Theorem6, it followsthat and areconsistenif andonly if no
propertydistinguishes @ and @ . We separatehe soundness

andcompletenessf this characterizatiomto Theorems and8.

Theorem 7. (Consisteng CharacterizatioiiSoundness)DifferentVocalularies)lf  and

areconsistenMTSsthen @ and @ are consistent.

Proof:

If , then @ @ byLemmaz2in Section5.1,where

Hence, @ and @ areconsistent. O

The otherdirection of Theorem7 doesnot hold in general. For example,considermodels

and in Figure4.2 with and . Thereis no commonre nementof and .
Intuitively,ary in mustsatisfy for some thatproscribes ; otherwise,
it wouldnotre ne . Therefore, @ for some thatproscribes , whereas can

still transitionon afterevery transitionon . This violatesthe conditionsfor re nementin
De nition 5, andthereforenocommonre nementexists. Ontheotherhand, @ and
@ areequal,andthereforeconsistent.
In the previousexample theinconsisteng betweemmodels and is causedy thefactthat
transitionson in areonly proscribedafterfollowing a transitionon (unobserableto ),

whereadransitionson in areonly proscribedafterfollowing atransitionon (unobserable
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to ). Since , theseareclearlyinconsistenpolicies. Furthermoreijf transitson , the
resultingsystem is inconsistenwith , andif transitson , theresultingsystem s
inconsistentvith . Notethatmodels and areincorrectattemptsat building a common
re nementof models and , sinceuponrestrictingto thevocahulary ,both and can
internallytransitto a statethatproscribes , andhenceneitherre nes (andsimilarly, neither
re nes ).
It is alsopossiblethata singlenon-sharedctionis the sourceof aninconsisteng between
two models. For example,considermodels and in Figure4.1 with and
. Thereis nocommonre nementof thesemodelssincethereis no consisteng
relationbetweerthem.Ontheotherhand, @ isrenedby @ with
there nementrelation , andthereforethey areconsistentlintuitively, the
inconsisteng between and is causedoy thefactthataction (unobserableto ) must
occurbefore cantransitionon ,yetall successorsn in areinconsistenwith thestarting
pointof therequiredransitionon in . Hencepocommorre nementof thesemodelsexists.
Onthe otherhand,the sourceof theinconsisteng is removed whenthe alphabets restricted,

since isreplacedoy .

Theorem 8. (Consisteng CharacterizatiofCompleteness)DifferentVocalularies)Let
and beMTSsandlet . Supposghat @ and @ areconsistenand

let @ @ be thelargestconsistencyelation betweerthem. If the following conditions

hold for all @ @ @ @ -then and areconsistent:
1. @ Q@ @ @ -
2. @ @ @ @ -

Proof:

De ne theset asfollows:
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We shawv that is a consisteng relationbetween and . Clearly . Let

( andDe nition of )

@ @ @ @ @ @
(De nition 17)
@ @ @ @ @ @
(Propertieof @, Condition(2), andDe nition of )
Act
(De nition of )
@ @ @ @
(Condition(2))
@ @ @ @

(Let andDe nition of )
Hence,Conditions(1) and(3) in De nition 17 hold for , and Conditions(2) and (4) areshavn
similarly. Therefore, and areconsistenby Theoren. O

We have seenthatfor modelsover the samevocalulary, consisteng characterizatiomvith
respecto s asexpected:thetwo systemsannotdisagreeon a property For modelsover
differentvocalularies,however, mary subtleissuesarisewith respecto non-shareéctions.In

particular distinguishingpropertiesareonly meaningfulfor equalvocalularies,andtherefore
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the systemanustberestrictedto their sharedalphabet.In addition,we have seenthatincon-
sistenciegzanbe ultimately causedoy non-sharedictions,which areremoved uponreducing
to the sharedalphabet.Therefore someof the allowablebehaiours on theseactionsmustbe
restrictedn orderto characterizeonsisteng in this context.

Becausd-LTL is presered by, but doesnot characterizee nement (seediscussiorafter
Theoremb), it doesnot characterize&onsisteng. In particulay if two MTSsoverthe samevo-
calulary areconsistentno FLTL propertydistinguishegshem(i.e., of Theorem6 holdsfor
FLTL), but thereis not necessarilyan FLTL propertythat distinguishedbetweennconsistent
systemgi.e., of Theorent doesnotholdfor FLTL). In addition,if anFLTL propertydistin-
guishedwo MTSsrestrictedo theirsharedalphabetthentheoriginal systemsreinconsistent,

but the otherdirectiondoesnothold (i.e., Theorem8 doesnot hold for FLTL).



Chapter 5

Algebraic Properties

In practicalapplicationstheremay be several systemcomponentandrelationshipetween
them (e.g.,throughre nementor other compositionaloperators).In orderfor memge to ap-
plied in suchcasesthe meige operationmustsatisfy certainproperties. For example,if we
elaboratehe meige operandswill the meige of the elaboratedriews presere the properties
of the original melge? Doesthe orderof meige matter? Whatis the relationshipto parallel
composition?n this chapterwe studysuchalgebraic propertiesof the operatoyde nedin
Section3.2, bothfor the casewhenthe LCR of the operandsxists, andwhenmultiple non-
equivalentMCRsexist. In the former case we shav thatmostof the desiredpropertieshold
(Section5.1). In the latter case the existenceof multiple non-equalentMCRs impactsthe
desiredpropertiesput we shav thatthe right choicesof melge canbe madein orderto guar
anteea particularalgebraicproperty(Section5.2). Theseresultsareappliedto the casestudy

describedn Chapter7.

5.1 Propertiesof Least Common Re nements

Throughouthis sectionwhenaerwe write ,itisassumedhat and areconsistent
MTSsand resultsin . Note thatby Theorem3, the propertiesin this sectionare

guaranteedo hold whenall merge operandssatisfy the non-sharedtondition, the multiple-

44
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maybecondition,andthe determinag condition.We begin with a usefullemma.

Lemma 2. @ @ @ @

Thatis, re nementis preseredby alphabeteduction.

Proposition3. For MTSs , ,and ,the opemator hasthefollowing properties:

1. (ldempotency)
2. (Commutativity)

3. (Associativity)

Proof:

(1) and(2) follow from De nition 12.(3) Let be

@

(De nition 12)

@

(De nition 11)
@ @
( @ @  bylLemma2)
@ @ @

(De nition 15andDe nition 12)

Since, @ @ by Lemmaz, it follows that by

De nition 12. Theotherdirectionis provensimilarly. |

A usefulpropertyof is monotonicitywith respecto obsenationalre nement:

(5.1)
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Figure5.1: ExampleMTSsfor algebraigproperties.

This allows for elaboratingdifferentviewpointsindependentlyvhile ensuringthatthe proper

tiesof the original viewpointsput togetherstill hold.

Proposition 4. (Monotonicity) The operator  is monotonicwith respectto observational

re nement,.e., Equation(5.1) holds.

Proof:

(De nition 12)

(Propertieof and , andDe nition 11)
@ @

(Since @ @ , and )

O

We now look at distributing a parallelcompositionover merging. Assumethattwo stale-
holdershave developedpartialmodels and of the intendedbehaiour of a component

. Eachstaleholderwill have veri ed thatsomerequiredpropertieshold in a givencontext

(othercomponent@ndassumption®ntheervironment , , ). It would be desirablef
meiging viewpoints and presered the propertiesof both staleholdersunderthe same
assumption®n the ervironment,i.e., in . Thisreasoningvould be

supportedf:

(5.2)
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Unfortunately Equation(5.2) doesnot hold in general,unlesssomerestrictionsareimposed

onthemodelvocalularies.

Example 1. Considermodels , , and in Figure5.1andassumehat . is
alwaysequivalento , andbyrule MT in Figure 2.3,s0is . Ontheotherhand,
isequalto and isequalto , byrulesMT andTD, respectivelylt followsthat

isequivalento , andhence:

The desiredpropertyfails dueto the parallelcompositionof and . Since doesnot
belongto , parallelcompositiondoesnot restrictthe occurrenceof whencomposing
with . However, thisis methodologicallywrongif we assumeahat and modelthesame
componen{which is reasonabldecause and arebeingmemged). From , we know that
the systemmodelledby  cancommunicateover . Hence, shouldbeincludedin ;
otherwise,the communicatinginterface betweenthe componentsnodelledby and s
underspeci ed. Therefore whencomposingtwo partial modelsin parallel,the staleholders

mustincludethe full alphabetof the componenthey are modellingin the alphabetof their

partial descriptionsij.e., we mustassumehat , Where , for
thedesiredpropertyto hold.

Proposition 5. (Distributivity) If , ,and are MTSssud that , then
Proof:

(De nition 12)

(De nition 11)

(Since )



CHAPTER 5. ALGEBRAIC PROPERTIES 48

(Propositionl)
@ @
(De nition 15)
O
Remark 4. If and areconsistentthen and are consistenby monotonicityof

parallel compositionPropositionl) andthefact that

Theotherdirectionof Propositions doesnot hold:

Intuitively, the compositionof with  may restrict the behaiours of , for instance,
making certainstatesof ~ unreachable.lt is possiblethat doesnot re ne

becausenconsistenciearecausedy thosestatesof  thatareunreachablén

Example 2. Assumdhat models , , and in Figure 5.1 are over the vocalulary

Models and are consistentand their LCRis . So, by the rulesin

Figure 2.3. On the other hand, and , and therefore by Idempotency
. Since , theresultfollows.

In Example2, and haveadisagreemendn afterfollowing the maybetransitionson
, Whichresultsin themeige . Thesourceof this disagreemeris removeduponcomposing
both and with , because restrictsthebehaiourof on . Thememgeof and

thereforeallows morebehaiours,anddoesnotre ne

5.2 Propertiesof Minimal Common Re nements

In this section,we presentalgebraicpropertiesof  without assumingthe existenceof the

LCR. The algebraicpropertiesare thereforestatedin termsof setsandthe differentchoices
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thatcanbe madewhenpickingan MCR. Idempotences the only propertyin Section5.1 that
still holds,sincean LCR alwaysexists betweenra systemanditself. Therestof the properties
discussedn Section5.1requiresomeform of wealening.

Commutatvity doesnotholdin general:if and areary two MTSsthathave atleast

two differentMCRs, thencertainlynot every is equialentto every . Onthe
otherhand, is alwaysequalto , andthereforethe sameMCR can
bechosen.

Proposition 6. (Commutatvity)

Associatvity fails for the samereasonthat commutatvity fails. The strongestform of

associatiity in termsof setsis:

(5.3)
Thefollowing exampleshavs thatEquation(5.3) doesnot hold in general.
Example 3. Considermodels , , and in Figure5.1andassumehat ,
,and . Model isin , andthereis no sud that

In Example3, requiresthataction precedesction in everytrace,andthereforeso

doesevery MCR of and , sinceneither nor isin . However, because is notin
: ,or ,forevery in , thereisanMCR of and suchthataction
follows action . Hence, forany in . In fact,
Example3 shovsthatthereexists , ,and suchthat:
Therefore setequalityof and for associatrity is notpossible.

A wealer form of associatrity in termsof setsis:

(5.4)
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This form doesnot requirethat and be equal,but ratherthatthey
sharean MCR (up to equialence)if the modelsare consistentUnfortunately Equation(5.4)

doesnot hold either illustratedby the following example.

Example4. Considemodels and in Figure 5.1with and . We show
that for and in . is ,and is
. Because ,everyMCRof and isincompagablewith everyMCRof and ,and

sothedesiedform of associativityfails.

Examples3 and4 show that neithersetequalitynor xing both in and
in arepossiblefor associatiity. Instead,the following propositionoutlines
two formsof associatiity, without setequality that x some in orsome in
, but not both.
Proposition7. (Associatvity) If , ,and areMTSsthen:
1. , and
2. )
wheee and
Proof:
(Sketch) (1) Let and . By De nition 14, @ and
@ @ . Hence,by Lemma2, @ @ , andsimilarly
it follows that @ .Since @ isin @ @ by Lemmaz2, there
exists in suchthat @ (every CR re nes someMCR). Hence,
isin . Therefore, is non-emptywhichimpliesthat
is non-empty (2) is provensimilarly. O
Condition( ) in Proposition7 saysthatfor any , thereexistssome suchthatthe

sameMCR for and canbeselectedCondition( ) is analogous
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to condition( ) with therolesof and reversed.NotethatProposition7 reduces
to Proposition3 if all setsof MCRsaresingletongupto equivalence).

Monotonicityis alsodisruptedoy multiple MCRs. It is notexpectedhatany choiceof

is re ned by ary choiceof when isrenedby ,becauséencompatibledecisions
may be madein the two memges. Rather therearetwo desirableforms of monotonicity: ()
wheneer is chosensome canbe chosensuchthat re nes ;
and( ) whenerer is chosenthensome canbechosersuchthat re nes

. Form () doesnothold, asthe following exampleshaws.

Example 5. Models and in Figure 5.1 with and are consistent,
andtheir mege mayresultin model . Also, (assuminghat ) and
models and are consistent.However, is equivalentto  over , andsince

,noMCRof and thatrenes canbechosen.

Form ( ) fails becausdhereare two choicesof re nement being made. On the one hand,
by picking a minimal commonre nementfor and over others,we are decidingover
incompatiblere nementchoices. On the otherhand,we arechoosinghow to re ne  into

. Thesetwo choicesneednot be consistent|eadingto failure of monotonicity This tellsus
thatchoosingan MCR addsinformationto the melgedmodel,which may beinconsistentvith
evolutionsof the differentviewpointsthatarerepresentethy the modelsbeingmeiged. Form

( ) awaysholds,asstatedbelow.

Proposition 8. (Monotonicity) If M, N, P, andQ are MTSs then:

Proof:

is alwaysin , andthusre nessomeMCRof and . O

Thus, once is chosen,there always exists some that it re nes, and so the
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propertiesof and arepreseredin . Notethatif Is a singletonset,
Proposition8 reducedo Propositiond4, asexpected.In practicalterms,this meanghatif the
variousviewpointsarestill to beelaboratedtheresultsof reasoningaboutoneof their possible
meiges(picked arbitrarily) arenot guaranteedo carrythroughoncethe viewpointshave been
furtherre ned.

We now addresdlistributivity in the context of multiple MCRs. Similar to monotonicity

therearetwo desirableormsof this property:(1) givenary in , thereis
some in suchthat isre nedby ;and(2) givenary in ,
thereissome in suchthat isre ned by . Form (2) doesnothold,

asthefollowing exampleshaws.

Example 6. Considermodels , , , and in Figure 5.1 and assumehat ,
and . Additionally, considermodels , , , and in Figure
3.2 over the vocahulary . Bytherulesin Figure 2.3, and
Furthermoe, recall from Sectiord.2 that . Ontheotherhand, is
, and , Which is nota re nementof
In the previousexample, existsby Theorem3 becauséherequiredtransitionson

in thesemodelsrestrictthe choicesthat can be madewith respectto combiningthe non-
determinisnonaction : ( and )and( and ) areconsistentpbutneither( and )
nor( and ) areconsistent.Uponcomposingwith , the sourceof the inconsistencies
between( and )and( and ) isremoved,andconsequently doesnot
exist. In particular similar to Example2 in Section5.1, parallelcompositionmay remove
inconsistenciebetween and |, allowing for morecommonre nementsof and
On the otherhand,Form ( ) holds, andis of particularutility when elaboratingmodels

from differentviewpoints,aswe shav in the casestudyin Chapter7.

Proposition 9. (Distributivity) If , ,and aresud that , then:
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Proof:

Analogousto Propositior8. O

In this section,we have shovn thatwhen doesnot necessarilyproducean LCR, most
propertiesstudiedin Section5.1 fail to hold. Intuitively, the existenceof inequvalentMCRs
impliesthatmeging involvesa choicethatrequiressomeform of humanintervention:achoice
whichis loadedwith domainknowledge.Thisimpactstheresultsonalgebraigropertiesvhen
moving from LCRsto MCRs. However, we have shavn thatthe right choicesof MCRs can

usuallybemadein orderto guarantee particularalgebraigoroperty if desired.



Chapter 6

Algorithms

In this chapteywe describealgorithmsrelatedto constructingnerge thatareintendedto sup-
portthe processoutlinedin Figure6.1. We begin by motivatingthe useof obsenationgraphs
for constructingnege (Section6.1). In the subsequengectionswe describgour algorithms:
Algorithm 1 for checkingconsisteng andcomputingthe largestconsisteng relation(Section
6.2),Algorithm 2 for buildingan  propertythatdistinguishedbetweernnconsistensystems
(Section6.3), the operatorfor building a commonre nement(Section6.4), andthe
operatorfor building a commonabstractionof all MCRs (Section6.5). Finally, Section6.6
discussetheresultsobtainedn this sectionandtheirrelationshipto thedesiredneigeprocess

in Figure6.1.

6.1 UsingObservation Graphs to Construct Merge

MTSsareequippedwith two transitionrelationsthatdescribesimpletransitiongi.e.,on ).
On the otherhand,we areinterestedn building a commonobservationake nement, which
preseresobsenabletransitions(i.e.,on ). In particular to build a mege of two MTSs, it
maybenecessaryo combineobsenabletransitionghatpasshroughstategshatmustbe omit-
tedfrom thememgebecausehey arethesourceof aninconsisteng. For example, models and

in Figure6.3 areconsistentvith consisteng relation , :

54
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MERGE. (TheMerge Process)

Input: MTSs and
Output:If and areconsistentreturnthedesirednege;
Otherwisereturnadistinguishingproperty

1. If ( and areconsistenfAlgorithm 1))
2: If (staleholdersdo not requireminimality)
3: return elemenif (  operator);
4: Else
5: If (LCR exists(Theorem3)) return (  operator);
6: Elsereturn ( operator);
7. Elsereturn distinguishingproperty(Algorithm 2);
Figure6.1: An algorithmfor the meige process.
and isin . Thetransition is matchedn with , and
cannotbe matchedwith because and areinconsistent.Thus,in orderto
melge and , wemustcombine and withoutincludingintermediate

statedn . Thus,meging thesetwo transitionscannotbe doneby combiningmultiple simple
transitions assomeleadto inconsistencieslnstead we mustbuild thetransitionrelationsfor
thememgedmodelfrom theobsenabletransitionrelations which arenaturallycomputedising
the obsenationgraphsof the original systemsin particular thetransition in can
be consistentlycombinedwith in  (seeFigure6.3).

In addition, consisteng relationsanddistinguishingpropertiesn alsoutilize observ-
abletransitions.Hence throughthis chapteyour algorithmsarestatedin termsof obsenable
transitionswhich canbe obtainedby rst computingthe obsenationgraphs.Doing sofor an
MTS : : : , usingstandardechniquedor computingproductsand

transitive closuresof relationstakestime [9].

6.2 Building the Lar gestConsistencyRelation

Ideally, informationfrom the stalkeholdersshouldbe usedto computea consisteng relation.

Behavioursthatcanbecombinedvia aconsisteng relation , butthatdonotaffectwhether
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is a consisteng relationmay not be desirablebehaiours of the merge,andmay overly
complicateit. Insteadwe shov how to computethe largestconsisteng relationbetweenwo
systemswhich capturesall possibleareasof agreementThis consisteng relationcaneither
be usedto constructhe meigedirectly (seeSections.4 and6.5),or can rst bemodi ed and
subsequentlysedto constructthe meige. For example, v v v
v v , is thelargestconsisteng relationbetween and in Figure6.3.
However, if it is known that shouldnot be combinedthen , Which

is still aconsisteng relationby De nition 17,canbeusedinstead.

Algorithm 1 (or ) in Figure 6.2 computesthe largestconsisteng relation
betweentwo MTSs. The algorithmtakesthreeaguments:two MTSs and , anda set
thatis initially empty We assumethat pairs have a variablethat is
initially setto . A possibleransitionin onemodelis x ed(Lines5,17,24,and26)
andrecursvely matchedvith (asequencef) consistenpossibletransitionsn theothermodel
(Lines6—13,18— 20, 25and?27), accordingto the conditionsin De nition 17. This process
continuesauntil all reachablestateshatcanbe combinedareidenti ed or until adisagreement

that makesthe modelsinconsistents found (Lines 14 — 16 and21 — 23). Upontermination,

if and areconsistent, is the largestconsisteng relationbetween and and
Algorithm 1 returns ; otherwiseijt returns
For example,considermodels and in Figure6.3, andsuppose (., ,
) is called, where is initially the empty set. The pair is not in , IS
not , andhasnot been . Hence,Line 5 is reached.Because
, theFor looponLine 5 considers . Line7 nds  suchthat , and
therefore « , ) is calledon Line 10. In « , ), the
ForlooponLine 5 considers , since . Line 7 searche$or matchingtransitions
in , but because cannottransitionon , Line 14 is reached.The set is empty
but the transition is not required(i.e., not the sourceof an inconsisteng), and

sothe algorithmcontinues.Since  hasno outgoingtransitions,the pair is added
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ALGORITHM 1. (Consistencylgorithm)

Input: MTSs and ,andaset (initially empty).
Output:if and areconsistentreturns and is thethelargestconsisteng
relationbetween and ; otherwisereturns

57

1 .. )

2: If ( or . ) return ;

3: Elself ( . ) return ;

4. ;

5: For ( suchthat for some )

6: ; I/ thesetof matchesn  for

7. For ( ,

where Act ) /I nd matchedor

8: ; Il keepdrackof whetherthepathsin ~ and canbematched

9: For ( )

10: If ( Consisteng( , )) // the pathscannotbe matched

11: ;

12: break; // exit ForlooponLine 9

13: If ( ) ; I/ the pathsmatch

14. If ( and ) /l arequiredtransitioncould notbe matched

15: . ;

16: return ;

17: For ( suchthat for some )

18: ;

19: For ( suchthat ) /I nd matchedor

20: /l analogougo Lines8—13

21: If ( and ) /] arequiredtransitioncould notbe matched

22: . :

23: return ;

24:. For ( suchthat for some )

25: /l analogoudo Lines6—16

26: For ( suchthat for some )

27: /l analogougo Lines18-23

28: . ;

29: = ;

30: return :

Figure6.2: An algorithmfor computingthe largestconsisteny relation.
to onLine 29, and « , ., ) returns on Line 30. Hence backin
(, , ), isaddedto onLine 13. Next, the For looponLine 7

considers , since , andtherefore « ., ) is calledon Line
10. Similarly, thetransition is considerednLine 5, but no matchin  is found
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(Lines6 — 13). Again, sincethetransitionon in is maybe,thealgorithmcontinues.The

requiredtransition consideredn Line 24 cannotbe matchedn , andtherefore
is not a consistenpair and « , , ) returns (analogougo
Lines14 — 16). Theset in (., , ) is alreadynon-emptysinceit

contains , andsothefactthat and areinconsistendoesnotimply that and are
inconsistenti.e.,thelf conditionon Line 14 is not satis ed). Continuingin this way, the con-
sisteng relationconstructedby Algorithm 1is : , : ,
whichis indeedthelargestconsisteng relationbetween and

As mentionedabove,thereis noconsistengrelationbetweermodels and in Figure6.3.

In particular therequiredtransition cannotbeconsistentlymatchedy

or because and . UponreachingLine 14, theset is empty
and , andthusAlgorithm 1 returns onLine 16, asexpected.

Theorem 9. (Correctnes®f Algorithm 1) Algorithm 1 called with parametes , , and

returns andsets to bethelargestconsistencyelationbetween and

if andonlyif and areconsistent.

Proof:
Suppose is initially emptyand are areconsistent.Uponterminationof Algorithm 1,
is a consistenyg relationbetween and : Condition(1) in De nition 17 is satis ed dueto
Lines5— 16, Condition(2) is satis eddueto Lines24 — 25, Condition(3) is satis eddueto Lines17—
23,andCondition(4) is satis eddueto Lines26— 27. is thelargestconsisteng relationbecause
Lines5, 17,24, and26 considempossibleransitions andthe For loopson Lines 7 and19 searcHor all

possiblematches.

If and areinconsistentthereis no consisteng relationbetweenthemby Theorem2, and
henceat leastone of the conditionsin De nition 17 is violated: a requiredtransitionin one model
cannotbe matchedn the other The set will remainemptyandthereforeAlgorithm 1 returns

(e.g.,Lines16and23). |
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Figure6.3: ExampleMTSsfor illustratingmeige.

We now addressompleity issues.Algorithm  containsbacktrackingandthereforethe

nave implementatiorof this algorithmhasrunningtime exponentialin ~ , where ,
: : : : v , = + , and

for . However, we believe thatit is possibleto applytechniqueghataresimilarto

thoseusedto ef ciently computebisimulationrelations[42] to computethelargestconsistenyg

relationbetweertwo obsenationgraphswhich takestime [44, 13], where

. We leave for futurework improving the compleity of Algorithm 1 using

thesetechniques.

6.3 Finding a Distinguishing Property

If two systemsareinconsistentjt is desirableto have a propertythat givesinsight into the
speci c area®f disagreementn this sectionwe give analgorithmfor nding suchaproperty
for inconsistensystemsover the samevocalulary, andshaw thatit canbe appliedto certain
modelswith differentvocalularies.

By Theoremz, thereis no consisteng relationbetweenwo inconsistensystems.There-
fore,if and areinconsistentatleastoneof theconditionsin De nition 17is violatedfor
the pair . This givesriseto Algorithm 2 in Figure6.4for nding an  propertythat
distinguishedbetweeninconsistensystemsover the samevocahulary. Intuitively, Algorithm

2 traversessimultaneouslyeachablenconsistenpathsuntil a disagreemernis foundalongall
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brancheswhile building a propertythat keepstrack of the pathsthat aretraversed. Be-
causehereis no consisteng relation,following suchpathswill alwaysleadto adisagreement.

Specically, and overthesamevocahularyareinconsistentf (withoutlossof generality)

andeither ,orforevery  suchthat ,theMTSs and are
inconsistent.If , then distinguishedbetween and ; otherwise, (in
somecases ) is addedinto the formula,andthe processontinuesby visiting the pair

, for every such

For example,supposéehatAlgorithm 2 is calledfor inconsistentnodels and (bothwith

alphabet ) in Figure6.3. Initially, (Line 3) and (Line 4). The

For loop on Line 6 considerghe pair . Since and (which is

theonly transitionon in ),and and areinconsistenbn andare , thelf

conditionon Line 14 is satis ed. Therefore, is replacedoy (Line 16),and

is setto (Lines17 and22). The For loop on Line 6 thenconsiders . Since
and , thelf statemenbn Line 11 is satis ed. Therefore, is replaced

by (Line12)and becomegmpty(Lines13and22). Therefore Algorithm 2 returns

,Whichistruein andfalsein

Theorem 10. (Correctnessf Algorithm 2) If  and  areinconsistenMTSsover thesame
vocahulary, Algorithm 2 calledwith  and returnsan propertythat distinguishese-

tweenthem.

Proof:

Lines 8 — 13 handledisagreement§.e., one systemrequiresa transitionandthe otherproscribest),
Lines14—17 handlerequiredbehaiourin  thatcannotbesimulatedn , andLines18-21handle
requiredbehaiourin thatcannotbesimulatedn . TheWhile loop (Lines5—22)only exits when
all inconsistenpathshave beenfollowedto adisagreemenfThepropertyreturnedcorrespondso atree
(sinceLines14and18consider pairs)of inconsistenpathsbetweerthetwo modelswhere

theleafsrepresentisagreements. O
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ALGORITHM 2. (Finding a distinguishingproperty)

Input: MTSs , , , , and , , , , .
Output:if and areinconsistentreturn thatistruein  andfalsein ;
otherwisefeturn
1. For( and ) . ;
2. If ( and areinconsistent)
3 ;
4: ; Il aplaceholdefor the subformuladistinguishing and
5: While /[ therearemoreinconsistenpairsto traverse
6: For ( )
7 ;
8: If ( and ) istruein  andfalsein
9: [ ]; // substitute for
10: ;
11: Elself ( and /i istruein  andfalsein
12: [ ]; // substitute for
13: ;
14. Elself (( ) and( implies and inconsistent
and : )
1 isinconsistentvith each ; thereforeadd to
15: Let ;
16: [ l;
17: ;
18: Elself (( ) and implies and inconsistent
and . )
/! is inconsistentvith each ; thereforeadd to
19: Let :
20: [ I;
21: ;
22: :
23:  return

24: Elsereturn :

Figure6.4: An algorithmfor nding adistinguishingproperty

Algorithm 2 canalsobe usedfor modelsover differentvocalularies. Recallfrom Section
4.4 that distinguishingpropertiesare de ned for modelsover the sharedvocahulary, and, in
addition,the modelsneedto satisfythe conditionsin Theorem8. Thus,we begin by checking
theseconditions,and then call Algorithm 2 with the modelsrestrictedto the sharedalpha-

bet. For example,considermodels and in Figure6.3 andassumehat and
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. Thesesystemsareinconsistentbecause and , Whereas

canstill performatransitionon afterevery transitionon . They alsosatisfythe condi-

tions of Theorem8, andthereforethereis an propertythat distinguishes @ and
@ . Similarto the previousexample,it canveri ed thatAlgorithm 2 calledwith param-

eters @ and @ returns , whichistruein @ andfalsein
@

Obsere that Lines 2, 14 and 18 in Figure 6.4 mustdeterminewhethertwo systemsare
inconsistentlnsteadof calling Algorithm 1 eachtime, it is possibleto modify Algorithm 1 to
computea list of reachablenconsistenpairsof MTSs (i.e., an“inconsisteng relation”) with

respecto the original systemswhich makesthe consisteng checkin Algorithm 2 an

operation.For example, , , issuchalistfor and intheprevious
example.Furthermoregachiterationof the For loop onLine 6 is , andtheworst-case
complity occurswhenall pairsare , makingthealgorithm

6.4 Building a CommonRe nement

In this sectionwe introducethe operatorandshawv thatif ~ and areconsistent,
builds an elementof , Which preseresthe propertiesof the original systems.
Although doesnot build an MCR in generalwe give sufcient conditionsfor it to build

the LCR, if it exists.

De nition 21.(The  operator) et . : , and . ,
, beMTSsandlet bethelargestconsistencyelationbetweerthem. is
theMTS ,whee and arethesmallest

relationsthat satisfytherulesgivenin Figure 6.5,assuminghat :

Remark 5. In De nition 21,rulesTM, MT, TT, andMM mayintroduceself-loopson , butwe

assumehey are subsequentlyemoredbecausehey do not affectobservabldehaviour
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Figure6.5: Rulesfor the  operator

Intuitively, the areasof agreemen(describedy the consisteng relation)of the modelsbeing
meigedarerun in parallel, synchronizingon sharedactionsand producingtransitionsin the
meigedmodelthatamountto meiging knowledgefrom both models.Thus,maybetransitions
in onemodelcanbe overriddenby transitionsthatarerequiredor proscribedn the other For
example, if cantransiton througha requiredtransitionand cando sovia a maybe
transition,then cantransiton througharequiredtransition,capturedoy rulesTM
andMT in Figure6.5. Also, if  cantransitonasharedaction througharequiredtransition
and cannottransiton , then cannoteithet

The casesn which the modelsagreeon a transitionare handledby rulesTT andMM in
Figure6.5. If both and cantransiton throughrequiredtransitionsthen can
transiton througharequiredtransition,andsimilarly for maybetransitions.

Therulesdiscussedofar constructa megethatis a CR of the original models.Required
transitionsarepreseredin thecompositionandpossibleransitionsareintroducedonly if one
of the original modelshasa possibletransition. We now addressstatesin which the models
disagreeon whetherthe actionis requiredor proscribed,.e., for some

, either () and or () and . Supposethat
and ,yet and areconsistent.If we allow to transiton , i.e.,

, then @ is not are nementof . However we mustensurethat
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@ isare nementof . Since , by Condition(1) in De nition 17,we
areguaranteedhat @ , andtherefore @ shouldbe ableto transit
throughrequiredtransitionson to a statein which it canperforma requiredtransitionon :

@

Therulesmentionedso far do not apply to non-sharedctions. If is notin amodel
alphabetthenthat modelis not concernedvith . Therefore,if one modelcantransiton a
non-sharedction througha requiredtransition,the merge canaswell, andthe othermodel
may move internally on zeroor more transitions. This is capturedby rulesTD andDT in

Figure6.5. For example,considemodels and in Figure6.3andassumehat

and . The consisteng relationcomputedby Algorithm 1 in Figure6.2is

, but , andtherefore
However, ,and . By ruleTD, hasarequiredtransitionon
ie., . In fact, is precisely , whichisin :

Similar reasoningxplainsrulesMD andDM, exceptif onemodelcantransiton through
a maybetransition,thenthe merge constructedvith cantransiton a required transition.
Thatis, is conserative with respecto rulesDM andMD.

Specialcaremustbetakenin orderto combineonly consistenbehaiours of the two sys-
tems(i.e., elementsn the consisteng relation). For example, supposéehat (seeFigure
6.3) is built without this restriction. Therearetwo transitionson from the initial stateof

, andthereforefour ways of combiningthemwith the rulesin Figure6.5. This composi-
tion resultsin model , whichis notare nementof . Ontheotherhand,the pairs
and arenotin ary consisteng relationbetween anditself, andso abiding by the
restriction, is equivalentto , asdesired.

Theoperator  builds a CR of any two consistentnodels.
Theorem11. (  buildscommonre nements)lf and areconsistentthen is
in

Proof:
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Assume and areconsistentindlet be the largestconsisteng relationbetweenthem. We

shaw that @ and @

(Condition(1) in De nition 17)

Act
(RulesDM, DT, TM, TT in Figure6.5and , , )
(De nition 4)
@ @
(Condition(3) in De nition 17)
(RuleTD in Figure6.5and )
(De nition 4)
@ @
In asimilarfashion,it canbeshawvn that:
@ @
Thus, @ . The proof that @ is analogousand hence

|
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Supposeve areinterestedn computing ,where and arein Figure6.3,and
. Thelargestconsisteng relationis , : , and
and arein Figure6.3,whichwe useto computethe meigedmodelvia simpletransitions.
Since in in ,and , it follows that in
by rule MT. Since in in ,and , it follows that
in by rule TT. Additionally, the self-loopson in both modelsare
matchedby rule TT, but are subsequentlyemoved (seeRemark5). Hence, , as

desired.

Referto the modelsshown in Figure 3.2 of Chapter3. , but asdiscussed
in Chapter3, MCRsof and are and . Thereforethe operatoris imprecise: it
computesa CR thatis not necessarilyninimal, becauseulesDM andMD corvert all non-
sharedmaybetransitionsto requiredtransitionsin the composition.We addresghis problem
by introducinganotheroperatoiin Section6.5. Ontheotherhand,if the LCR exists,then

buildsit whenthe determinag conditionholds(De nition 19).

Theorem 12. (Sufcient Conditionsfor to build the LCR) If existsand and
satisfythe determinacycondition,then is

Proof:

If exists,thenon-shareaondition(De nition 20) andthe multiple-maybecondition(De ni-

tion 18) are satis ed: no choicewith respecto the orderof non-sharedctionscanbe made,andno
non-sharednaybetransitionanustbecorvertedto requiredransitions. Sincethedeterminag condition

holds,all choiceswith respecto non-determinisnareequvalent,andtherefore  buildstheLCR. O

To seewhy the determinag conditionis in Theorem12, considermodel in Figure 6.3.
Clearly, exists, but , Whereas cannot
transitonarequired followedby arequired , so

Finally, assumingthe largestconsisteng relation and the obsenation graphshave been

computedthe numberof transitionsin is , Where ,
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MD DM

Figure6.6: Rulesfor the operator

andthereforetherulesin Figure6.5areappliedat most times. Furthermore,
removing subsequenself-loopson is an operation,and thus computing
is . Theoperator  de ned Section6.5alsoshareghis compleity.

6.5 Building a Common Abstraction of Minimal Common
Re nements

The operator  introducesimprecisionthroughrulesDM and MD by corverting all non-
sharedmaybetransitionsinto requiredtransitionsin the composition. Consequentlyit does
not build a minimal commonre nementin all cases.The operator , de ned below, takes

theoppositeapproacthof leaving all non-sharednaybetransitionsasmaybein thecomposition.

De nition 22.(The  operator)Tlhe  opermtorisde nedin samewvayas  in De nition

21, exceptrulesMD and DM of Figure 6.5 are replacedby thosein Figure 6.6.

Theoperator  doesnotbuild CRs. For example,referto models and in Figure6.3
andassumehat and : is ,and @ isnotare nementof
because and @ . Insteadjt isreasonabl#o expectthat ~ buildsacommon
abstractiorof all MCRs (seeDe nition 16 in Chapter3) of the modelsbeingmeiged,dueto
rulesDM andMD in Figure6.6. However, it may not be the casein general. For example,
recallfrom Section4.2that is anMCR of models and (seeFigure4.1). By rulesTD
andDT andthefactthat and areconsistent, . Since ,
model doesnotre ne , andtherefore isnotaCA of all MCRsof and .
Intuitively,to nd anMCR of and , achoicemustbe madewith respecto the orderof the

transitionon in andthetransitionon in . Model correspond$o puttingthetransition



CHAPTER 6. ALGORITHMS 68

on rst, buttheoperator alwaysmakesbothchoicesresultingin model thatis notaCA
of all MCRs. Hence we mustlimit non-sharedbehaiour of themodelsbeingmergedin order
to restrictthe existenceof suchchoices,i.e., we mustassumehat the non-shareccondition
(De nition 20) holds. Similarly, we alsorequirethatthe determinag condition(De nition 19)

holds(e.g.,for themodelsin Figure3.2, , Where ).

Theorem 13. ( is acommonabstractiorof all MCRs)If  and are consistentMTSs

that satisfythe determinacyconditionandthe non-shaed condition,then:

@

Proof:
Let . The given conditionsguaranteghat and differ (up to obsenra-
tional equvalence)only in theapplicationof rulesDM andMD: somenon-shareanaybetransitionsn

mayberequiredtransitionsn . O

Hence, approximates from below: . Unfor-
tunately doesnot computethe actualGCA. For example,considermodels , ,and in
Figure6.3with and . is , andtherefore by Remark2,

isalso . Since , producesa modelthatis re ned by, but is notequi-
alentto the GCA. Ontheotherhand,if rulesDM andMD arenever applied,then
. Therefore by Theoreml2 andRemark2, if the LCR exists, and satisfythe
determinag condition,andrulesDM andMD arenotapplied,then  buildstheLCR, which
is equivalentto the GCA.

In summary it is not always clear which non-maybetransitionsshouldbe convertedto
requiredandwhich shouldbe left asmaybe. If all arecorverted,asis the casefor , then
minimality is lost. In fact,thecorrectrulesfor computingthe GCA of all MCRsaresomeavhere
betweernrulesMD andDM of and (i.e.,someshouldbecorvertedto requiredandsome

shouldstaymaybein the composition).Preliminarywork on this problemhasbeenaddressed
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in [49] in the form of analgorithmthatsupportghe elaboratiorof a CA into a desiredVICR.
In particular the algorithmhelpsthe modellerchoosewhich non-sharednaybetransitionsto
convertto requiredtransitionsin the meige. We leave for future work exploring this problem

in moredetail.

6.6 Discussion

Throughouthis chapteywe have developedalgorithmsto supportthe melge processn Figure
6.1. Below, we summarizeour resultswith respecto this processanddiscusshow they relate
to automatingmnemge.

GivenMTSs and |, consisteng canbe decidedby Algorithm 1 (Line 1). If  and

are inconsistentafter checkingthe sufcient conditionsin Theorem8, Algorithm 2 can
be usedto returna propertythat distinguishesdetweenthem (Line 8). If the conditionsfail,
thenAlgorithm 1 canbeeasilymodi ed to returntheinconsistenstatesasanalternatve form
of feedback.If and areconsistentAlgorithm 1 builds the largestconsisteng relation
betweerthem,which,in somecasesmaybemodi ed dueto unwantedmatcheslf minimality
is notrequired(Line 2), constructsaa CR that preseresthe desiredpropertiesandcanbe
returned(Line 3). Otherwise,a minimal mege is required. If exists (which can
decidedin mostcasesusing Theorem3) and and  satisfy the determinag condition,

is their LCR andcanbe returned(Line 5). On the other hand,if does

notexistand and satisfythe non-sharedonditionandthe determinag condition,then
aCAtoall MCRsof and canbeconstructedvith (Line 6). Notethat doesnot
constructheGCA, asdesired put canstill beelaboratednto anMCR, or usedto constructhe
setof MCRs[49] (Line 6). We leave for futurework improving to constructhe GCA.

In theabove processsomeassumptionsntheMTSsmustholdin orderto ensurecomplete
automation,e.g., the non-sharectondition and determinag condition must hold for to

producea CA. However, thesescasesnaturally correspondo the casesthat require human
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intervention. For example, we have notedthat cannotmake decisionswith respectto
the orderof non-shareactions,andthereforethesedecisionamustbe madeby appropriately
modifying the consisteng relation. The only casethat requiresan assumptiorthat is not a
consequencef humaninteractionis thatthedeterminag conditionmusthold onLine 5, which
we planonwealeningin futurework. Hence ouralgorithmsfully supportheprocessutlined

in Figure6.1,emplogying automatiorwhenpossible.



Chapter 7

A CaseStudy: the Mine Pump

In this chapteywe apply our resultsto a casestudyknown asthe mine pump[34]. In Section
7.1,wegiveahighlevel overvien andintroducesomecomponentsf thecasestudy In Section
7.2,we show thatby usingour algorithmsfor detectingnconsistenciebetweerstaleholders'
models,we can gain insight into whetherthe desiredpropertiesof the stalkeholdersare in
factreasonableFinally, Section7.3 shows that by relaxingthe requiredpropertiesfrom the
staleholders(basedon the insight gainedin Section7.2), we can meige updatedconsistent

modelsfrom the stakeholdergo createanoverall modelthatsatis esthe desiredoehaiours.

7.1 Description

A pumpcontrolleris usedto preventthe waterin a mine sumpfrom passingsomethreshold,
and hence ooding the mine. To avoid the risk of explosion, the pump may only be active
whenthereis no methanegaspresenin themine. Thepumpcontrollermonitorsthewaterand
methandevelsby communicatingvith two sensors.

We modeltheminepumpwith four componentstWaterLevelSensgMethaneSenspPump-
Control, and Pump The completesystem,MinePump is the parallel compositionof these
components.WaterLevelSensomodelsthe water sensorand includesassumption®n how

the waterlevel is expectedto changebetweenow, medium,andhigh. Methanekeepstrack

71
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medVéter highWater methAppes switchOn
@ o o o ® o "o ©
lowWater medVdter methLeaves switchOff

Figure7.1: TheMTSsfor: (a) WaterLevelSensar(b) MethaneSenspand(c) Pump

of whethermethanes presentin the mine, and Pumpmodelsthe physicalpumpthat canbe
switchedonandoff. TheLTSsfor thesecomponentareshovnin Figure7.1,whereweassume
initially thatthewateris low, the pumpis off, andno methanes present.

PumpContol describeshe controllerthatmonitorswaterandmethandevels,andcontrols
thepumpin orderto guarante¢hesafetypropertieof thepumpsystem.Notethattheinformal
descriptiongivenabove leavesopenthe exactwaterlevel atwhichto turnthe pumpon andoff.
For example the pumpcouldbeturnedonwhenthereis highwateror possiblywhenthewater
is not low, (e.g.,at a mediumlevel). The pumpcould be turnedoff whenthereis low water
or possiblywhenthe wateris not high. In whatfollows, we investigatemodelsfor the pump
controllerfrom differentstaleholderswhich areintendedto be mergedto createa modelof

theentiresystemnamelyMinePump

7.2 On and Off Policies: A First Attempt

In this section,we assumehattherearetwo stakeholdersfor the pump controller: one with

the knowledgeof whenthe pumpshouldbe on (referredto asthe on policy) andanothemwith

knowledgeof whenthe pumpshouldbe off (referredto asthe off policy). The stakeholders

propertiesareshavnin Table7.1,andareexpressedn FLTL usingthefollowing uents:

AtHighWater highWater lowWater medVdter
AtLowWater lowWater medVdter highWater Initially true
PumpOn switcdhOn switchOff

MethanePesent methAppea methLeaves switchOn
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PumpOn switchOn PumpOn
thepumpcanonly beturnedoniif it is currentlyoff
PumpOn swithOf  PumpOn
the pumpcanonly beturnedoff if it is currentlyon
AtHighwWater  MethanePesent PumpOn
theon policy: the pumpis turnedonwhenthereis high waterandno methane
AtLowWater MethanePesent PumpOn
theoff policy: thepumpis turnedoff whenthereis low wateror methanegresent

Table7.1: Desiredpropertiesof MinePump

Both staleholderswish to satisfyproperties and , which expressthatthe pumpshould
only be turnedon if it is alreadyoff, and shouldonly be turnedoff if it is alreadyon, re-
spectvely. In addition,the stakeholderfor the on policy desirego satisfyproperty , which
expresseghat whenthereis high waterand no methane the pump shouldbe immediately
turnedoniif it is not already The stakeholderfor the off policy desiredo satisfyproperty
whichexpresseshatif thereis low wateror methangresentthepumpshouldbeimmediately
turnedoff if it is notalready

The staleholders'modelsare OnRolicy and OffPolicy, shavn in Figure7.2, which usethe
abbreviation WATER= lowWater,medVdter,highWater . OnPRolicy turnsthe pumpon when
thereis high waterand no methanepresent,and leaves the possibility openfor turning the
pumpon whenthereis mediumwater OffPolicy turnsthe pumpoff whenthereis low water
or methaneappearsin addition,OffPolicy modelsa dangedight with actionsdangerLightOn
anddangerLightOf (unobserableto OnPRolicy), whichis turnedon whenmethands present
in themine.

Both OnRolicy and OffPolicy canbe composedvith PumpContol, MethaneSenspiand
WaterLevelSensoto obtaintwo partialmodelsof the entiresystem referredto asMinePump
andMinePump (seeAppendixA). Properties to aretruein MinePump,and , ,and

aretruein MinePump, asdesired Notethatto specifytheOnRolicy, it is necessaryo refer

totheeventswitchOff in ordertoensurghat and aresatis ed. However, OnPolicy leaves



CHAPTER 7. A CASE STuDY: THE MINE PumP 74

switchOff?

swithOn?

lowWater
medVeter

lowWater
medVeter

lowWater r

switchOn

ighWater ~
./

highviater methLeaves
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Figure7.2: TheMTSsfor: (a) OnRolicy, and(b) OffPolicy.

the off policy openby modellingpossibilitiesfor turningthe pumpoff with maybebehaiour,
andsimilarly, OffPolicy leavesthe on policy open. Hence,properties and evaluateto

maybein MinePump andMinePump, respectiely.

Our goalis to build MinePumpusing the knowledgecontainedin OnPRolicy and OffPol-
icy, while preservingthe propertiesof the individual staleholders'modelsMinePump and
MinePump. In otherwords, we wish to constructMinePump (OnRolicy  OffPolicy)

WaterLevelSensor MethaneSensor Pumpandensurehatit satis esproperties —

Unfortunately by Algorithm 1 in Section6.2, OnRolicy andOffPolicy areinconsistentand
thuscannotbe memged. To understandhe sourcef inconsistenciesye notethatthesemod-
els satisfy Conditions(1) and(2) in Theorem8. Therefore thereexists an propertythat
distinguishe®©OnPRolicy and OffPolicy whenrestrictedto the sharedalphabet lowWater,

medVdter, highWater, methLeaveanethAppeas, swithOn, switchOff , andwe canuseAl-
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gorithm2 in Section6.3to nd one.In particular onesuchpropertyis:

highWater switchOn methAppeas methAppeas

. . . . . highWat ithO thA thA|
This propertyis true in OnRolicy@ since 0 Swiaon mehappea mehAbpear

andfalsein OffPolicy@ sinceafterfollowing the obsenabletracehighWater, switchOn, and
methAppess, eitherstate or is reachedpoth of which proscribethe actionmethAppeas.
This propertyhighlightsthe factthatin OffPolicy, whenever the pumpis on andmethaneap-
pears,the dangerlight is immediatelyturnedon andthe pumpis immediatelyswitchedoff:
states and in OffPolicy proscribeall actionsotherthandangerLightOnandswitchOff. An-

otherdistinguishingpropertyis:

methLeaves highWater medVdter

which expresseshe factthatwhenmethanes absentandthe wateris high, it may no longer
be possiblefor the waterto move to a mediumlevel. This propertyis true in OnRolicy@

medVéter

thL highvat i - i iti
methi-eaves Mighvater , andfalsein OffPolicy@ sinceevery transitionon

since

methLeaveandhigh\Water from state is aself-loop,and ™"

. Uponinspectionwe see
thatthisinconsisteng is dueto thefactthatOnRolicy immediatelyturnsthepumponwheneer

thereis high waterandno methanes present.

Onepossibleresolutionto the aborve inconsistenciess to modelsomeof thethe self-loops
in OnPolicy and OffPolicy with maybebehaiour (e.g.,in state of OnPolicy andstate of
OffPolicy), but this unnecessarilyeduceghe de nite behaiour of both modelsanddoesnot
addresghe sourceof the inconsistenciesproperties and in Table 7.1 aretoo strong,
becausehey utilize the next operator which is not closedunderstuttering[1]. In particular
thisforcesthepresencef immediagy in theonandoff policies,whichwasshavn to ultimately
causanconsistenciesMe discusghis casein Section7.3,wherewe wealenproperties and

to obtainconsistenpumpcontrol policies.
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AtHighWater  MethanePesent  tick tick PumpOn

theon policy: if thereis highwaterandno methandor a givenamountof time, the pumpis on
AtLowWater MethanePesent tick tick  PumpOn

the off policy: if thereis low wateror methandor a givenamountof time, the pumpis off

Table7.2: DesiredPropertieof MinePumpNolm

7.3 On and Off Policies: A SecondAttempt

In the previous section,we sav that explicit immediay causednconsistencies the pump
controllermodels.We thereforedesirea wealer form of immediag: onethatstill enforceghe
pumpcontrol policies,but doesnot require,for example,thatthe pumpis turnedon assoon
asthe properconditionsaretrue. Rather if the conditionsfor turningthe pumpon hold, then
otheractionsmay occur but beforea certainamountof time passesthe pumpmustbeturned
onif the conditionsfor turningthe pumpon still hold. Hence we mustexplicitly modeltime

eventsin the pumpcontrollermodels.

In particular we wealenproperties and in Table7.1to properties and in Table
7.2. Thesepropertiednvolve the specialtick eventof asynchronou&LTL [39], whichis used
to indicatethe passagef time. In particular  saysthatif it is the casethatno methands
presentandthe wateris high for a givenamountof time, thenthe pumpis turnedon before
thenext tick event,and  saysthatwhenmethanes presentor the wateris low for a given
amountof time, the pumpis turnedoff beforethe next tick event. Thatis, theseproperties
do not enforceimmediag in the senseof the previous section,but ratherif the respectre
conditionsfor the on andoff policieshold until the next unit of time hasoccurred,thenthe

statusof the pumpis changedeforethis.

As in the previous section,therearetwo staleholdersfor the pump controller which are
composeavith thecomponentn Figure7.1to obtaintwo partialmodelsof theentiresystem.
The on and off policiesremainthe same,exceptthatimmediay is no longerenforcedand

the specialtick eventis used. OnRolicyNolm modelsthe on policy, OffPolicyNolm models
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Figure7.3: TheMTS for OnRolicyNolm

the off policy (including the dangerlight), and MinePumpNolm and MinePumpNolm (see
AppendixA) arethe staleholders'respectre partial modelsof the entire system. The MTS
for OnPRolicyNolmis shovn in Figure7.3,andthe FSPcode[41] for OffPolicyNolmis givenin
Figure7.4. Both MinePumpNolmandMinePumpNolmsatisfyproperties and in Table
7.1,andadditionallyMinePumpNolmsatis es  andMinePumpNolmsatis es . Similar
to theprevioussection, evaluateso maybein MinePumpNolmand  evaluatedo maybe

in MinePumpNolm

Recallthatwe wish to build MinePumpNolnusingtheinformationin OnRolicyNolmand
OffPolicyNolm while ensuringthat MinePumpNolm (OnRolicyNolm  OffPolicyNolm)
WaterLevelSensor MethaneSensor Pumpsatises , , ,and . By Algorithm 1in
Section6.2, OnRolicyNolmand OffPolicyNolm are consistentand hencethe full pumpcon-
troller canbe de ned asPumpContol = OnRolicyNolm + OffPolicyNolm Additionally, the
alphabetestrictionsin Proposition9 aresatis ed by MinePumpNolm andMinePumpNolm,
andthereforethereexistsa meige of MinePumpNolmandMinePumpNolmthatis re ned by
MinePumpNolmHence by De nition 15andTheorem4, properties , , ,and hold
in MinePumpNolm In particular the maybeproperties and  of MinePumpNolm and
MinePumpNolm becometrue propertiesof MinePump which correspondso the on and off

policiesbeingre ned into concretebehaioursin thememge.
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OffPolicyNolm
lowWater methLeavegjck? switchOff
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methAppea methAppea
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lowWater methAppea swithOn?
switchOff lowWater methAppeas, tick?
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highWater, medVeter highWater, medViter
lowWater methAppeas, tick? switchOff
switchOn? lowWater methAppea
methLeaves methLeaves
highWater, medVeter highWater, medViter
dangerLightOf dangerLightOf
methAppea methAppea
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switchOff lowWater methLeavedjck?
highWater, medVeter highWater, medViter
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Figure7.4: The FSPcodefor OffPolicyNolm

Sincetherearenonon-sharednaybetransitiondetweerOnRolicyNolmandOffPolicyNolm
the and operatorsbuild the samesystem,say PumpContol OnPRolicyNolm
OffPolicyNolm By Theoreml12, we know that both merge operatorsouild the LCR of these
models,i.e., PumpContol PumpContol. PumpContol canthenbe composedwith
thecomponentsn Figure7.1to obtainMinePumpNolm  PumpContol  WaterLevelSen-
sor MethaneSensor Pump which is equivalentto MinePumpNolm The FSP code for
MinePumpNolnfandthereforefor MinePumpNolm) is shovn in Figure7.5.

Now considerthe casewhenthe LCR of OnRolicyNolmand OffPolicyNolmdoesnot ex-
ist. By Theoreml1l1, PumpContol is a commonre nement of OnRolicyNolm and Off-

PolicyNolm By Proposition9, the fact that PumpContol re nes someMCR of OnPRoli-
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MinePumpNolm
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Figure7.5: TheFSPcodefor MinePumpNolmandMinePumpNolm.

cyNolmand OffPolicyNolm and Propositionl, we know that the propertiesof MinePump-
Nolm andMinePumpNolm arepreseredin MinePumpNolm. Thatis, we obtainan over-

approximationof MinePumpNolnthat satis es the desiredproperties. Alternatiely, if the

assumptiongn Theoreml3hold,the  operatorcanbeusedto obtainacommonabstraction
of all MCRs of OnRolicyNolmandOffPolicyNolm which canthenbe elaboratednto a given

MCR [49].

In conclusionwe have shavn thatby usingmeige asthe underlyingnotion,we canutilize
partial modelsfrom differentstaleholdersand combinethemto obtainan overall modelthat
satis esthe desiredproperties.In general,t is usefulthatthe propertiesof MinePumpNolm
andMinePumpNolmarepreseredratherthanthoseof OnRolicyNolmandOffPolicyNolm as

the environmentof the pumpcontroller(for instancethe assumptionsn the behaiour of the
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waterlevel) may be necessaryor proving certainproperties.In fact, OnRolicyNolmcouldbe
modi ed to beunderspeci edenoughsoasnotto satisfy  unlessheassumptionsnodelled

in WaterLevelSensohold.



Chapter 8

Conclusion

In this chapteywe summarizehethesis,compareour work with relatedapproachesanddis-

cussdirectionsfor futureresearch.

8.1 Summary

The motivationfor thework presentedn this thesiscomesfrom the needto supporithe elab-
orationof partial behaioural models.In particular our work hasbeenmotivatedby existing
limitations of scenario-basethodelsynthesigechniquesandhencewe have focusedon ob-
senablebehaiour, ratherthanon modelstructure However, ourwork couldalsobeapplicable
in the context of composingnodelsthatcover differentviewpoints[26] or aspect$6].
In this thesis,we have instantiatedand studieda generalmeiging framework for memge
basedn MTSs[49]. For suchmodels,ChechikandUchitel have aguedthatobsenationalre-
nementis theformalunderlyingprincipleof modelmerging andthatmeigingis aprocesghat
shouldproducea minimal commonobsenationalre nement of two consistenimodels[49].
We have characterize@everalaspect®f this mege. Speci cally, the meige of two consistent
systemgreseres -valuedweak -calculusandFLTL propertiesgiving riseto a soundspec-
i cation languagédor our framewvork. On the otherhand,if two systemsareinconsistentye

have seenthat distinguishingpropertiescan be usedas a form of feedback:suchproperties

81
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give insightinto areasof disagreementFurthermorefo ensurethat our framewvork supports
component-wisaneging of complex systems(commonin practicalapplications),we have
proven several positive and negative resultswith respectto algebraicproperties,andrelated
theseresultsto modellingdecisions.Most desiredpropertieshold whenmeigeis unique,but
whenmultiple incomparableaneigesexist, the right choiceof meilge mustbe madein orderto
guarantea particularproperty i.e., humaninvolvementmay berequired.Finally, we have de-
scribedalgorithmsfor supportinghe meige processandshown thatsuchalgorithmsfacilitate
automationwhenpossible andenablehumanintervention,whenrequired.

The above resultsgive rise a framavork for partial modelelaboration basedon memging

MTSs, suitablefor usein practice thatis fully supportedalgorithmically

8.2 RelatedWork

Below, we surwey relatedwork alongtwo directions:( ) memging,and( ) abstractiorandprop-

erty preserationwith respecto partialmodels.

Merging. Larsenet. al. [38] introducean operatorwith a behaiour similar to our meige
(called conjunction, but de ned only for MTSs over the samevocalulary with no  tran-
sitions, and for which thereis an independenceelation (at which point the leastcommon
re nementexists). Their goalis to decompose completespeci cationinto several partial
onesto enablecompositionalproofs. Although not studiedin depth,the operatorin [38] is
basedon strongre nement. We have shavn thatthe existenceof multiple MCRsintroducesa
numberof subtleissuedor a similar operatorbasedon obsenationalre nement. In addition,
our sufcient conditionfor building acommonre nement(i.e., the existenceof a consisteng
relation)is moregeneralthantheir notion of anindependenceelation,even for modelsover
the samevocahulary. In particular MTSs for which thereis an independenceelation also

satisfythe determinag condition,which is not a necessargonditionfor constructingmemge
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in our framework. In [36], Larsenand Xinxin de ne a conjunctionoperatorfor Disjunctive
MTSs(DMTSSs),for which theleastcommonre nementalsoexists,similarto theonein [38].
DMTSs are an extensionof MTSs wherethe setof requiredtransitionsis a setof required
hypertransitions(i.e., a disjunctionof multiple transitionson differentactions). Larsenand
Xinxin usea notionof a consisteng relation,similar to ours,but de ned overasingleDMTS.
Two DMTSsarethenconsistentf thereis a consisteng relationin the conjunction.However,
the goalin [36] is to characterizeequationsolving in processalgebraratherthanto support
modelelaborationln particular consisteng is usedto prove satis ability of agivenspeci ca-

tion.

Hussainand Huth [27] alsostudythe problemof nding a commonre nementbetween
multiple MTSs, but they focuson the compleity of the relevantmodel-checkingrrocedures:
consisteny, satis ability, andvalidity. Instead pur melge addressehe moregeneralproblem
of supportingengineeringctvitiesin modelelaboratior(i.e.,we seemeiging astheproces®f
selectinghemostappropriatecommonre nement). Finally, our modelsaremoregenerathan
the modelsof HussainandHuth in that we meige modelswith differentvocalulariesand
transitionsput lessgeneralin thatHussianrandHuth handlehybrid constraintge.g.,restricting
the numberof statesa givenpropositionis evaluatedin) andcomputethe setof all consistent

pairs.

NejatiandChechik43] presenaframavork for melging -valuedKripkestructureswhere
the fourth valueindicatesdisagreement.Their mege is de ned asa commonstrongre ne-
ment,andis thereforecharacterizedy -valued -calculus.Like[38, 36|, theleastcommon
re nementis guaranteedo exist betweenconsistentmodels,but it is shovn thatit may not
be expressiblein a -valuedmodel. In our framavork, a uniquemeige is not guaranteedput
we maintaina high level of readabilityby expressingmelgein a -valuedmodel, makingit
suitablefor usein practice. Nejati and Chechikalsoallow the modelsbeingmeigedto have
differentvocalularies,but unify thembeforemeiging by assuminghat a propositionoutside

of the scopeof a givenmodelevaluatesto maybein eachstateof that model. This interpre-
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- O—0O - O—0 - O—0O
Figure8.1: ExampleMTSsfor illustratingvocalulary uni cation.

tation doesnot presere the fact that a symboloutsideof the vocahulary of a systemin our
framewnvork cannotcausea changeof statein that system,and hencedoesnot ensurethat a
commonobsenationalre nementis constructed.For example,considermodels and in
Figure4.1with and ,andrecallthat , and arepossiblememgesfor
thesemodelsin our framavork. We canusethetranslationin [18] to obtainthe corresponding
Kripke Structuredor thesemodelsandperformvocakulary uni cation asin [43]. Translating
backto MTSsyieldsmodels and in Figure8.1. Clearly, the semantic®of thesemodels
is not equivalentto models and , for example,becauseaction may causea changeof
statein model . In particular the mege of thesetwo modelsis , which is nota common
re nementof and ,since @  caninternallytransitto a statethatproscribes , but
cannot.Finally, thegoal of NejatiandChechiks work is to provide a frameavork thatsupports
anggotiationprocesgor inconsisteng resolution jntendedo helpusersdentify andprioritize
disagreementhroughvisualization.In particular -valuedKripke structuresareintendedfor

expressingnconsistenciesyhereas -valuedmodelsarenot.

MTSs arede ned over at statespaces: and  give a partial descriptionof the be-
havioursovera nite setof statesHuth etal. [28] usethe mixed powerdomainof Gunter[20]
to generalizeMTSsto non- at statespacesmodelledasdomains Elementsof the mixedpow-
erdomairare(roughly)pairs ,Where and are“special’setsthatsatisfyaconsisteng
condition,whichis ageneralizatiorof . Theanalogyto MTSsis thata statein anMTS
shouldbe characterizedby the setof propertieghataretrue in thatstate(i.e., ), andtheset
of propertieghatarepossiblen thatstate(i.e., ), andthesesetsshouldbeconsistentn some
way (i.e., ). Furthermorethereis a naturalordering over the mixed powerdomain
thatgeneralizeshenotionof re nementof MTSs: if andonly if and

. Intuitively, all true propertiesn state aretruein state (i.e., ),
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andall possiblepropertiesn state arepossiblein state (i.e., ). In ad-
dition, anembeddingf standardat MTSs (anda subsetf Mixed TransitionSystemdq11])
into this domain-theoretidramework is given. Hence,it is concevablethat someresultsin
this thesiscanbe expressedjuite succinctlyin termsof the orderstructureof the mixed pow-
erdomain(e.g., Theorem3). However, asour resultsareintendedto be explicitly understood
by modellers,we have so far refrainedfrom the analogyto mixed powerdomainsn orderto

maintainpracticality andmayexplorethis connectiorfurtherin futurework.

In thisthesisthestateghatcanbemeigedarethosethatsatisfyconsistensetsof temporal
properties. However, theseassumptionsre not universalto all meige framewvorks. Finkel-
steinetal. [15] use rst-order logic to expressconsisteng rules,andthe modelsbeingmerged
mustbe consistenprior to meiging. Otherapproachesupportmeiging inconsisteneandin-
completeviews, i.e., enablereasoningn the presenceof inconsistencie$l4, 45]. Chechik
andEasterbrook14] assumehatonly stateswith the samedabelcanbe melged,anda similar
consisteng assumptions madein [54] in the context of UML differencing.Easterbrooland
Sabetzade5], ontheotherhand,give a moregeneralkateyory-theoretiapproachasedn
the obsenationthatit is not alwaysclearhow to relatetwo views. They usegraphmorphisms
to expresssuchrelationshipsgnablingthe userto provide this asa third algumentto memge.
However, their emphasiss on preservingmodel structure(e.g., statesand the accessibility

relationbetweerthem),ratherthanon behavioual properties.

The operationof memging alsoarisesin several otherrelatedareasjncluding synthesisof
StateChartmodelsfrom scenario$53, 22], programintegration[25], andcombiningprogram

summariegor softwaremodel-checking2].

Abstraction and Property Presewation. Explicit partiality correspondsaturallyto the lack
of informationat modellingtime. Our work hasfocusedon nding a moreelaboratemodel,
basedon re nement, that preseresthe propertiesof two consistenpartial models. The re-

verseof this processs abstractionin which alessre ned modelis constructedUnlike mege,
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abstracimodelsareusuallyhiddenfrom the userfor usein automaticprocedurese.g.,for ef-
cient model-checkingf largeor in nite statesystemsln addition,the notionof consisteng
is irrelevantin abstractionasthereis alwaysa modelthatre nes an abstractionnamelythe
original modelitself. However, like meige, soundnes®f abstractionsvith respectto prop-
erty preserationis of fundamentalmportancan orderfor abstractionso be of any usewhen

checkingproperties.

The approaclhof extendingtransitionsystemswith a secondransitionrelationdescribing
unknovn behaiour wasoriginally proposedy [37], andindependentiypy [11]. Larsenand
ThomsenintroducedMTSs asa solutionto the completenesmitation of LTSs,andproved
thatHennessy-Milnelogic [23] characterizestrongre nement.Dams'Mix edTransitionSys-
tems[11, 10], whichareMTSsthatdo notassumehatall requiredtransitionsarepossibletran-
sitions,areusedfor abstractingKripke structures.lt is shovn that -valuedCTL* properties
arepreseredby there nementpreordebetweerthesemodels[11]. BrunsandGodefroidin-
troducedpartialKripke StructuregPKs)[4], which have a singleunlabelledransitionrelation
and -valuedstatepropositions.They shav that -valuedCTL de ned over PKscharacterizes
their completenespreorder Huth et al. [28] introducedKripke MTSs (KMTSs), which area
state-basegersionof MTSs. KMTSs have two transitionrelations,asin an MTS, but rather
thanlabelledtransitions gachstateis labelledwith a setof -valuedpropositions.t is shavn
that -valued -calculuscharacterizese nementde ned over KMTSs, which is usedasthe

basisfor a -valuedframework for programanalysis.

Whena propertyevaluateso maybein an abstracimodel, this modelmustbe further re-
ned (wherere nementcorrespondso splitting abstracstates).Shohamand Grumbeg [47]
shav that even standardmethodsof re ning abstractmodels(e.g.[17]) are not monotonic
with respecto propertypreseration. They de ne Generalize KMTSs (GKMTSs),an exten-
sion of KMTSs with hypertransitions,asa solutionto this problem,and obtaina monotonic

abstraction-re nemenframewvork with respecto -valuedCTL.

Finally, MTSs,KMTSs, andPKshave the sameexpressve power [18], andin addition, -
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valuedKripke structuresandMix ed TransitionSystemsharethe sameexpressve power [21].

8.3 FutureWork

In the nearfuture, we plan to work on the ef ciency of the algorithmspresentechere,and
implementthemin the LTSA tool [41]. We alsointendto conductlarger casestudiesthat
illustratemodelelaboration(i.e., whenthe leastcommonre nementdoesnot exist). Finally,
we planto work on strengtheninghe determinag conditionto be a necessargonditionwith
respectto uniquenes®f memge, improve to build the GCA, andfurther study algebraic
properties.

Ourlong-termgoalis to provide a soundengineeringapproacho the developmenif soft-
waresystemgia automatecgupportfor constructingpartialbehaiouralmodelsfrom scenario-
basedspeci cations,meging andelaboratinghesepartial behaioural models,aswell asen-
ablinguserdo choosdhedesirednemgefrom thesetof possibleminimalcommorre nements.
In particular we plan to develop a synthesisalgorithmfor constructingbehaioural models

from scenariosndintegratethisinto our approacho memging partialbehaioural models.
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Appendix A

Additional CaseStudy Code

Here we provide additionalFSP codefor the componentsn the mine pump casestudy de-

scribedin Chapter7.

A.1 FSPCodefor Generating Models

Thefollowing FSPcodeis usedto generatehe MTSsandexplicit stateFSPcode.

/* The Mine Pump Case Study */

const False =0
const True =1
range Bool = False..True

WaterSensor = LOW,

LOW= (medWater -> MIDDLE),
MIDDLE = (lowWater

-> LOW| highWater -> HIGH),
HIGH = (medWater -> MIDDLE).

MethaneSensor = NOTPRESENT,
NOTPRESENT= (methAppears -> PRESENT),
PRESENT= (methLeaves -> NOTPRESENT).

Pump = OFF,
OFF = (switchOn  -> ON),
ON = (switchOff -> OFF).

Hkk
!

* Inconsistent Policies that enforce immediacy

*k[

/* without danger light */
OffPolicy = PUMP[True][False][False],
PUMP[lowWater:Bool][methane:Bool][pumpOn:Boo T =

/I maybes: leave on policy open

when (IpumpOn) switchOn -> PUMP[lowWater][methane][True]

95
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medWater -> PUMP[False][methane][pumpOn] |

when (pumpOn) lowWater -> switchOff -> PUMP[True][methane][False] |
when (lpumpOn) lowWater -> PUMP[True][methane][pumpOn] |

when (pumpOn) methAppears -> switchOff -> PUMP[lowWater][True][False] |
when (IpumpOn) methAppears -> PUMP[lowWater][True][pumpOn] |

methLeaves -> PUMP[lowWater][False][pumpOn]

).

/* with danger light */
OffPolicyDL =
PUMP[True][False][False][False],
PUMP[lowWater:Bool][methane:Bool][pumpOn:Boo I][dang erLigh t:Bool] =
(
lowWater -> PUMP[True][methane][pumpOn][dangerLight] |
{medWater,highWater} -> PUMP[False][methane][pumpOn][dangerLight]
methAppears -> PUMP[lowWater][True][pumpOn][dangerLight] |
methLeaves -> PUMP[lowWater][False][pumpOn][dangerLight] |
/I off policy: switch off at lowWater
when (pumpOn) lowWater -> switchOff -> PUMP[lowWater][methane][False][dangerLigh ] |
/I maybes: leave on policy open
when (IpumpOn) switchOn -> PUMP[lowWater][methane][True][dangerLight] |
when (!dangerLight && pumpOn) methAppears -> dangerLightOn
->  switchOff -> PUMP[lowWater][True][False][True] |
when (!dangerLight && lpumpOn) methAppears -> dangerLightOn
-> PUMP[lowWater][True][False][True] |
when (dangerLight) methLeaves -> dangerLightOff -> PUMP[lowWater][False][pumpOn][False]

).

OnPolicy = PUMPJ[False][False][False],
PUMP[highWater:Bool][methane:Bool][pumpOn:Bo o] =(
medWater -> PUMP[False][methane][pumpOn] |
/I maybes: might turn it on at medWater (we do not enforce immediacy here)
when (lpumpOn && !methane && 'highWater) switchOn -> PUMP[highWater][methane][True]
/I on policy: enforces  immediacy
when (lpumpOn && !methane) highWater -> switchOn -> PUMP[True][methane][True] |
when (pumpOn || methane) highWater -> PUMP[True][methane][pumpOn] |
/I maybes: leave off policy open
when (pumpOn) switchOff -> PUMP[highWater][methane][False] |
methAppears -> PUMP[highWater][True][pumpOn] |
when (highWater  && !'pumpOn) methLeaves -> switchOn -> PUMP[highWater][False][True]

when (highWater |  pumpOn) methLeaves -> PUMP[highWater][False][pumpOn]
)
|IMinePumpl = (OnPolicy || WaterLevelSensor || MethaneSensor || Pump).
|[MinePump2 = (OffPolicyDL || WaterLevelSensor I  MethaneSensor || Pump). ).
/
* Consistent  timed policies that do not enforce strict immediacy

/

/* without danger light */

OffPolicyNolm = PUMP[True][False][False],

PUMP[lowWater:Bool][methane:Bool][pumpOn:Boo T =
lowWater -> PUMP[True][methane][pumpOn] |
{medWater,highWater} -> PUMP[False][methane][pumpOn] |

methAppears -> PUMP[lowWater][True][pumpOn] |

methLeaves -> PUMP[lowWater][False][pumpOn] |

/I off policy: switch off at lowWater

when (pumpOn && lowWater)  switchOff -> PUMP[lowWater][methane][False] |

/I off policy: switch  off if methAppears

when (pumpOn && methane) switchOff -> PUMP[lowWater][methane][False] |

/I maybes: leave on policy open

when (IpumpOn) switchOn -> PUMP[lowWater][methane][True] |

/I maybe ticks

when ((methane || lowWater) || !pumpOn) tick -> PUMP[lowWater][methane][pumpOn]
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/* with danger light */

OffPolicyNolmDL = PUMPJ[True][False][False][False],

PUMP[lowWater:Bool][methane:Bool][pumpOn:Boo l[dang erLigh t:Bool] = (
lowWater -> PUMP[True][methane][pumpOn][dangerLight] |
{medWater,highWater} -> PUMP[False][methane][pumpOn][dangerLight] |
methAppears -> PUMP[lowWater][True][pumpOn][dangerLight] |
methLeaves -> PUMP[lowWater][False][pumpOn][dangerLight] |
/I off policy: switch  off at lowWater

when (pumpOn && lowWater)  switchOff -> PUMP[lowWater][methane][False][dangerLigh ] |
/I off policy: switch off if methAppears
when (pumpOn && methane) switchOff -> PUMP[lowWater][methane][False][dangerLight 11

/I maybes: leave on policy open

when (IpumpOn) switchOn -> PUMP[lowWater][methane][True][dangerLight] |

when (!dangerLight && methane) dangerLightOn -> PUMP[lowWater][True][pumpOn][True] |
when (dangerLight && methane)  dangerLightOff -> PUMP[lowWater][False][pumpOn][False] |
/I maybe ticks

when (/(methane || lowWater) || !pumpOn) tick

-> PUMP[lowWater][methane][pumpOn][dangerLight]

)-

OnPolicyNolm = PUMP[False][False][False],
PUMP[highWater:Bool][methane:Bool][pumpOn:Bo o] =(
{lowWater,medWater} -> PUMP[False][methane][pumpOn] |
highWater -> PUMP[True][methane][pumpOn] |
methAppears -> PUMP[highWater][True][pumpOn] |
methLeaves -> PUMP[highWater][False][pumpOn] |
/I maybes: might turn it on at low or medium water
when (lpumpOn && !methane && 'highWater) switchOn -> PUMP[highWater][methane][True] |
/Il on policy: turn  on when highWater, pump off, and no methane
when (IpumpOn && !methane && highWater)  switchOn -> PUMP[highWater][methane][True] |
/I maybes: leave off policy open
when (pumpOn) switchOff -> PUMP[highWater][methane][False] |
/I maybe ticks
when (!(highWater && !methane) || pumpOn) tick -> PUMP[highWater][methane][pumpOn]

).

|IMinePumpNolm1 = (OnPolicyNolm || WaterLevelSensor || MethaneSensor || Pump).
|[MinePumpNolm2 = (OffPolicyNolmDL ||  WaterLevelSensor | MethaneSensor || Pump).

A.2 FSPCodefor GeneratedModels

Herewe provide explicit stateFSPcodefor thecomponentemittedfrom Chapter7, generated
by the codefoundin SectionA.1 above. Becausd=SPcannotexplicitly handlemaybetransi-
tions,they mustbeaddedn manually

MinePumpl = QO,

Q0 = (methAppears -> Q1 |methAppears  -> Q7 |medWater -> Q8
|switchOn?  -> Q11 |medWater -> Q10), [methLeaves -> Q11),
|medWater -> Q12), Q6 = (methAppears -> Q3 Q10 = (highwater -> Q5

Q1 = (methLeaves -> QO |medWater -> Q12), |methAppears -> Q8
|medWater -> Q2), Q7 = (switchOff? -> Q3 [lowwater -> Q11

Q2 = (lowwater -> Q1 |methLeaves -> Q5 |switchOff? -> Q12),
|highWater  -> Q3 |medWater -> Q8), Q11 = (switchOff? > QO
|methLeaves -> Q12), Q8 = (switchOff? > Q2 |methAppears  -> Q9

Q3 = (medWater -> Q2 |highwater  -> Q7 |[medWater -> Q10),
|methLeaves -> Q4), |lowWater -> Q9 Q12 = (lowWater -> QO

Q4 = (switchOn -> Q5), |methLeaves -> Q10), |methAppears -> Q2

Q5 = (switchOff? > Q6 Q9 = (switchOff? > Q1 |highWater > Q4

|switchOn?  -> Q10).
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MinePump2 = QO

98

Q0 = (switchOn? -> Q1 Q11 = (methLeaves -> QO
|methAppears  -> Q11 |switchOn?  -> Q8
|methAppears -> Q12 |medWater -> Q13),
|medWater -> Q20), Q12 = (dangerLightOn > Q4),

Q1 = (methAppears -> Q2 Q13 = (switchOn? -> Q9
|methAppears -> Q8 |{highWater, lowWater} -> Q11
|medWater -> Q16), |methLeaves -> Q20),

Q2 = (dangerLightOn > Q3), Q14 = ({highWater, lowwater} -> Q4

Q3 = (switchOff > Q4), |methLeaves -> Q7

Q4 = (methLeaves -> Q5 |methLeaves -> Q15),
|methLeaves -> Q6 Q15 = (dangerLightOff ->  Q20),
|medWater -> Q14), Q16 = ({highWater, lowwater} -> Q1

Q5 = (dangerLightOff -> QO), |methAppears  -> Q9

Q6 = (methAppears -> Q4 |methAppears -> Q17
|medWater -> Q7), |lowWater -> Q19),

Q7 = ({highWater, lowWater} -> Q6 Q17 = (dangerLightOn -> Q18),
|methAppears -> Q14), Q18 = (switchOff -> Q14),

Q8 = (methLeaves -> Q1 Q19 = (switchOff -=> QO0),
|medWater -> Q9), Q20 = ({highWater, lowwater} -> QO

Q9 = ({highwater, lowWater} -> Q8 |methAppears  -> Q13
lowWater -> Q10 |switchOn?  -> Q16
|methLeaves -> Q16), |methAppears  -> Q21),

Q10 = (switchOff -> Q11), Q21 = (dangerLightOn -> Q14).

MinePumpNolm1l = QO,

Q0 = (tick? -> QO Q4 = (tick? > Q4 [tick? > Q8),
|switchOn?  -> Q1 |highWater  -> Q5 Q9 (lowWater -> Q1
|methAppears -> Q10 lowWater -> Q10 |methAppears -> Q3
|medWater -> Q11), |methLeaves -> Q11), |highWater  -> Q7

Q1 = (switchOff? > QO Q5 = (medWater -> Q4 |tick? > Q9
|tick? > Q1 |tick? > Q5 |switchOff? -> Q11),
|methAppears  -> Q2 |methLeaves -> Q6), Q10 = (methLeaves -> QO
|medWater -> Q9), Q6 = (methAppears -> Q5 |medWater -> Q4

Q2 = (methLeaves -> Q1 |switchOn  -> Q7 [tick? -> Q10),
|tick? > Q2 |medWater -> Q11), Q11 = (lowWater -> QO
|medWater -> Q3 Q7 = (switchOff? > Q6 |methAppears -> Q4
|switchOff? -> Q10), |tick? > Q7 |highwater  -> Q6

Q3 = (lowwater -> Q2 |methAppears  -> Q8 |switchOn?  -> Q9
|tick? -> Q3 |medWater -> Q9), |tick? -> Q11).
|switchOff? > Q4 Q8 = (medWater -> Q3
|highWater  -> Q8 |switchOff? > Q5
|methLeaves -> Q9), |methLeaves -> Q7

MinePumpNolm2 = QO,

Q0 = (tick? -> QO Q8 = (medWater -> Q7 |switchOn?  -> Q8
|switchOn?  -> Q1 [tick? -> Q8 |methAppears  -> Q12
|methAppears  -> Q22 |dangerLightOff > Q9 |dangerLightOff > Q13
|medWater -> Q23), |methAppears -> Q15), [tick? ->  Q16),

Q1 = (switchOff > Q0 Q9 = (tick? > Q9 Q17 = (lowWater -> Q4
|methAppears -> Q2 |methAppears -> Q10 |methLeaves -> Q6
|medWater -> Q21), |[medWater -> Q21), |[highWater  -> Q12

Q2 = (methLeaves -> Q1 Q10 = (methLeaves -> Q9 [tick? > Q17
|dangerLightOn > Q3 |switchOff > Q11 [switchOn?  -> Q19),
|medWater -> Q20 |dangerLightOn -> Q15 Q18 = (dangerLightOff > Q1
|switchOff -> Q22), |medWater -> Q20), |methAppears -> Q3

Q3 = (switchOff > Q4 Q11 = (switchOn? -> Q10 |switchOff > Q5
|methLeaves -> Q18 [tick? > Q11 |[medWater -> Q7),
|medWater -> Q19), |dangerLightOn > Q12 Q19 = (lowWater -> Q3

Q4 = (switchOn? -> Q3 |methLeaves -> Q13 |methLeaves -> Q7
|tick? > Q4 |[medWater -> Q14), |[highWater  -> Q15
|methLeaves -> Q5 Q12 = (tick? -> Q12 |switchOff -> Q17),
|medWater -> Q17), |switchOn?  -> Q15 Q20 = (lowwater -> Q2

Q5 = (dangerLightOff > Q0 |methLeaves -> Q16 |[highWater -> Q10
|methAppears -> Q4 |medWater -> Q17), |switchOff -> Ql4
|tick? > Q5 Q13 = (switchOn? -> Q9 |dangerLightOn -> Q19
|medWater -> Q6 |methAppears -> Q11 [methLeaves -> Q21),
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|switchOn?  -> Q18), [tick? -> Q13 Q21 = (lowwater -> Q1

Q6 = (lowwater -> Q5 |medWater -> Q23), |[highwater -> Q9
|tick? > Q6 Q14 = (highwater -> Q11 |methAppears  -> Q20
|switchOn?  -> Q7 [tick? > Q14 [tick? -> Q21),
|highWater  -> Q16 |dangerLightOn -> Q17 Q22 = (methLeaves -> QO
|methAppears -> Q17 |switchOn?  -> Q20 |switchOn?  -> Q2
|dangerLightOff -> Q23), [lowWater -> Q22 |dangerLightOn > Q4

Q7 = (tick? -> Q7 |methLeaves -> Q23), |[medWater -> Q14
|highWater  -> Q8 Q15 = (methLeaves -> Q8 [tick? > Q22),
|lowWater -> Q18 |switchOff -> Q12 Q23 = (lowwater -> QO
|methAppears -> Q19 |medWater -> Q19), |highwater -> Q13
|dangerLightOff -> Q21), Q16 = (medWater -> Q6 |methAppears -> Q14

|switchOn?  -> Q21
[tick? > Q23).



