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Abstract

To investigatethe interdependenciesexisting amongdeonticpositions(like powersandobligations)
and the ontology de�ned by an institution, we have proposedto model institutionsin termsof status
functionsimposedon agentsandde�ned asaggregatesof deonticpositions. In this paperwe presenta
metamodelof institutionalreality which introducesa setof conceptsnecessaryto describean institution
andtheirintendedmeaning.A mainadvantageof ourapproachresidesin thefactthatinstitutionsmodelled
in termsof suchconceptscanbe veri�ed by applyingmodelcheckingtechniques.In particular, in our
framework it is possibleto stateandverify a setof propertiesstemmingfrom our metamodelto enhance
thedevelopmentof soundinstitutions.

1 Intr oduction

Institutionsandnormative systemshave beenput forward asa meansfor regulatingopeninteractionsys-
temswhereagents'internalstatescannotbe accessedor agentsare implementedby differentparties. In
suchsystems,normsplay a fundamentalrole becausethey createpositive expectationsin theoutcomesof
interactionsandmake morepredictablethebehavior of otheragentswhich areassumedto beautonomous
[7, 15, 9, 10, 22, 26]. But while in [7] institutionsde�ne only norms,following [25] in [9] we have sug-
gestedthat institutionsalsodescribethe ontology of the interactioncontext. For instance,the institution
of theEnglishAuction de�nes thevery conceptof winning anauction,which alsoimplies that thewinner
oughtto follow asetof norms.

To investigatetheinterdependenciesexistingamongdeonticpositions(like institutionalizedpowers[16]
andobligations)andtheontologyde�ned by aninstitution,in [28] we have proposedto modelinstitutions
in termsof statusfunctionsimposedon agentsandde�ned asaggregatesof deonticpositions. Our main
tenetis that institutionalfactsaresuchonly becausethey provide agentswith possibilitiesof actionswhich
areattributedto themonly thanksto the commonagreementof a communityof agents.In particular, we
characterizeinstitutionaleventsin termsof whatstatusfunctionsthey imposeor revoke, which re�ect the
powersandobligationscreatedor cancelledin thesystem.

Oncewe have formalizedan institution, we have also to ensurethat it is soundandallows agentsto
reachthe desiredstatesof affairs. Furthermore,assoonasinstitutionsbecomecomplex, without the aid
of anautomatedtechniquesit is prohibitive to foreseeall possibleevolutionsandstatesin which a system
mayevolve. For this reasonin [28] we have de�ned FIEVeL (Functionsfor InstitutionalizedEnvironments
Veri�cation Language),a high level languageto modelinstitutionsin termsof statusfunctionsandwhich
is amenableto modelchecking[4], eitherby translatingit into the input languageof anexisting tool (e.g.
Promela,theinput languageof SPIN[14] asin [28]) or by implementinganew modelchecker.

In this paperwe focusour attentionon the de�nition of a metamodelof institutionswhich de�nes a
setof legal andphilosophicalconceptsthatwe perceive asessentialto describeinstitutionalreality. In our
framework, institutionsaredescribedwith FIEVeL, amodellinglanguagewhichprovidesaconcretesyntax
to formalizeinstitutionsin termsof suchconcepts.For this reasonwesaythatsuchsetof conceptsandtheir
relationsde�ne a metamodel[17], sincethey constitutea modelof our modellinglanguage.On theother
hand,the institutionalmetamodelrepresentsthe upperontology of institutionalreality, sinceit introduces
conceptsthat areextendedto describethe ontologyof institutions. For instance,any domain-dependent
statusfunctionextendsthenotionof statusfunction,which is abstractlyde�ned asanaggregateof deontic
position,by detailingwhatpowersandobligationsareassociatedto it.



Theintroductionof a metamodelallows usto de�ne a library of domain-independentpropertieswhich
not necessarilyaffect the functionality of an institution, but re�ect the intendedmeaningof institutional
concepts.For instance,if weempoweragentsparticipatingto anauctionto make bidsbut wealwaysforbid
them to do so, we obtain that it may be the casethat agentsmake offers, but they will always violate
the systemof norms. Although suchinstitution is functional(it allows agentsto make bids), it is clearly
irrational.

The remainderof this paperis structuredas follows. Section2 presentsour metamodel,Section3
discussesfew domain-independentpropertieswhich canbeveri�ed by the tool presentedin Section4. In
Section5 we provide an exampleof veri�cation activities that can be carriedout in our framework by
verifying theinstitutionof propertyasit hasbeenmodelledandanalyzedin [5], and�nally in Section6 we
provideacomparisonof ourapproachwith relatedworks.

2 The Institutional Metamodel

Many researcheson institutionsandnormative systems[5, 9, 10, 22, 26] shareseveralcommonor strongly
relatednotionssuchasthe conceptsof role, norms,andinstitutionalizedpowers[16]. In this sectionwe
introduceour metamodelof institutions,that is, thesetof conceptsthatwe perceive asessentialto specify
aninstitution,therelationshipsexisting betweenthem,andtheir intendedmeaning.For thesake of brevity,
we focusour attentionon thoseaspectsthat aremorerelevant for the de�nition of what we call domain-
independentproperties,which, as we will seein Section3, re�ect importantaspectsof the institutional
metamodel.

We expressthe semanticsof the metamodelin termsof an order many-sorted�rst-order logic with
temporaloperators(OMSFOL).An ordermany-sorted�rst-order temporallogic is de�ned on a tupleS =
h§ ; · § ; V ; C; F; P; »i , which constitutesthe signature of the logic, where§ is a �nite nonemptysetof
sort symbols; · § is a partialorderon § determininga hierarchy of sorts; V is a �nite setof (individual)
variables, includinga denumerablevariablesfor every sort;C is a �nite setof (individual) constants; F is
an �nite setof functionsymbols; P is an �nite setof predicatesymbols; » is a function thatassignsa sort
to every variableandevery constant,anda signature(i.e. a sequenceof sorts)to every function symbol
andevery predicatesymbol;signaturesof predicatesymbolsmaybeemptysequences,while signaturesof
functionsymbolshave at leastonecomponent.Sets§ , V , C, F, andP aremutuallydisjoint andwe will
write ¾1 · § ¾2 to saythat¾1 is asubsortof ¾2.

Givensorts§ , thesetT¾ of termsof sorts¾is thesmallestsetsuchthat:

² v 2 T ¾ if v 2 V and»(v) · § ¾

² c 2 T ¾ if c 2 C and»(c) · § ¾

² f (t1; :::; tn ) 2 T ¾ if f 2 F, »(t i ) · § [»(f )] i for 1 · i · n and[»(f )]0 · § ¾

where[»(q)] i refersto thei-th sortof thesignatureof apredicateor functionsymbolq.
The setT of termsis theunionof the setsT ¾ for all ¾ 2 § andthe setA of atomicformulaeis the

smallestsetsuchthat:

² (t1 = t2) 2 A if thereexistssort¾suchthat»(t1) · § ¾and»(t2) · § ¾;

² P(t1; :::; tn ) 2 A if P 2 P and»(t i ) · § [»(P)] i for 1 · i · n

Thesetof formulaeis de�ned accordingto thefollowing grammar:

' ::= ® j : ' j ' ^ ' j X ' j [' U ' ] j E'

where® is anatomicformula.Expressionstrue, false, (' _ Ã), (Ã ! ' ), (' $ Ã), 9x' , 9· n x' , 9¸ n x' ,
F ' , G ' , A ' , andt1 = t2 areintroducedasabbreviationsasusual.

Thesemanticsof anordermany-sorted�rst-order temporallogic is de�ned asusual[20] by providing a
setof states,atotal transitionrelationamongstates,asetof domains(onefor eachsort),andaninterpretation
function I which maps,for eachstate,constantsto individuals, and function and predicatesymbolsto
functionsandrelationsondomains.

DespiteOMSFOLmodelsandformulaecanbe translatedinto classical�rst-order logic with temporal
operators(FOL) or, undercertainconditions,into temporalpropositionallogic like CTL¤ [4] (seeSection
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Figure1: Theinstitutionalmetamodel.

4), weadoptOMSFOLfor two mainreasons:i) it representsanabbreviatedform for longandcomplex FOL
or CTL¤ formulaeandii) OMSFOLguaranteessyntactictypecheckingof formulae.Moreover, institutions
describerulesthattypically areindependentof thenumberof agents,objects,etc. involvedin theinteraction,
whichcanbenaturallyexpressedby allowing quanti�cationoversorts.

In the remainderof this sectionwe will introducethe semanticsof the institutionalmetamodelby ex-
plainingwhatsorts,functions,andpredicatesareinducedby eachinstitutionalconcept.For predicatesand
functionswe alsoprovide their signature». Figure1 depictssomeof themainsortsusedin our approach
(e.g. statusfunction,obligation,event)andtheir relations,which aretypically representedby introducing
predicatesor functions.For instance,relationactor is re�ected in our logic by functionactor, which refers
to the actorof the currentaction (seebelow). Finally, we reporta setof axiomswhich characterizein-
stitutionalreality by imposinga setof restrictionsA on the admissiblevaluationsof institutionalmodels
[1]. In thesequelwe will representsuchrestrictionsin termsof OMSFOLformulae(correspondingto LTL
formulae),while in Section3 wewill introduceasetof propertiesthatcanbetranslatedinto CTL formulae.

Beforestartingtheanalysisof theconceptswhich constituteour metamodel,it is worth to mentionfew
basicsortslike integers, agents(¾AI D ), andobjects, which are introducedto describetypesof domain-
dependentattributesassociatedto statusfunctionsandevents.Designerscanalsode�ne context dependent
basicsorts.

As shown in Figure1, our metamodelis basedon the notion of agentstatusfunction, that is, a status
imposedon anagentandrecognizedasexisting by a setof agents.Typical examplesof statusfunctionsare
not only theconceptof auctioneer, participant,or winnerof anauction,but alsobeingtheownerof a good,
beingthehusbandor thewife of somebody. Theconceptof statusfunctionsharesseveral featureswith the
conceptof roleasit hasbeendiscussedin theliterature(referto [2] for anoverview). Despitethat,weprefer
to usetheterm“statusfunction” for threereasons:(i) thetermrole hasbeenusedwith differentmeanings
andit hasbeencharacterizedin termsof verydifferentconceptssuchasmentalstates,tasks,duties,etc;(ii)
thetermstatusfunctionbetterrepresentsthefactthatweareconcernedwith statuswhoseexistencedepends
on thoseagentsthatrecognizethemasexisting andwhich areassignedto agentsto createnew institutional
powersor to regulatetheiruse;(iii) theconceptof statusfunctionis broaderthantheconceptof roleasused,
for example,in [2]. In fact,it seemsto bedif�cult to describein termsof a “preexistingorganization”being
theownerof a goodor beingunderage,while it is quitenaturalto regardthemasstatusfunctionsimposed
by agroupof agents.

Statusfunctionsinducesort¾SF , which representsthesupertypeof all statusfunctionsdescribedby an
institution. ¾SF de�nes function subject which refersto the agentthe statusfunction hasbeenassigned
to (»(subject) = h¾AI D ; ¾SF i ) andpredicateassigned (»(assigned) = h¾SF i ) which evaluatesto true
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Figure2: Life cycleof anobligation.

whenastatusfunctionis currentlyassigned.Statusfunctionsareimposed(or revoked)whenaninstitutional
eventhappens(seebelow), otherwisethey continueto beassigned(unassigned).

Statusfunctionsarepossiblyemptyaggregatesof deonticpositionsthatcanbeexpressedin termsof two
mainconcepts,institutionalizedpower[16] 1 andobligations. Obligationsinducesort¾o whoseindividuals
reify normsof institutionsin sucha way that it is possibleto classify institutionalstateswith respectto
agents'compliancewith norms,or adoptingthe terminologyusedin [19, 23, 26], it is possibleto classify
statesasred (violating at leasta norm) or greenstates(all normsarerespected).Obligationscanbe also
usedto expressprohibitionsby specifyingsuitableviolation expression,while we do not de�ne a speci�c
constructto explicitly representthe fact that an agentis permittedto performan actionasin [5, 10, 22].
Instead,weconsiderthateveryaction,if it is notprohibited,is alsopermitted.

Givensort¾state , which introducesconstantsunf ir ed, activated, andinactiv e, obligationsort¾o is
characterizedby function state (»(state) = h¾state ; ¾oi ) andby a setof predicate(start, ful�llment, and
violation of signature»(viol ation ) = h¾oi ) which areusedto specifyconditionalobligationsandwhen
a norm shouldbe consideredful�lled or violatedaccordingto the statemachinerepresentedin Figure2.
An obligation is createdbecausea statusfunction is imposed,changesits statewhen its conditionsare
satis�ed,andeventuallyreachesa �nal state(inactive) eitherbecauseit is ful�lled (violated)or becauseit
is associatedto a revokedstatusfunction.Figure2 graphicallydescribesa setof axiomswhich regulatethe
temporalevolution of anobligationindividual: for instance,thefollowing axiomstatesthatif anobligation
hasbeenactivated andin thefollowing stateviol ation or f ul f il lment areevaluatedto true,thenthenext
stateis inactiv e:

G8o8sf (state(o) = activated ^ X (assigned(sf ) ^ of StatusF unction (o) = sf

^ (viol ation (o) _ f ul f il lment(o))) ! X (state(o) = inactiv e)) (1)

To recordwhetheranobligationhasbeenviolated,weintroducepredicateviol atedof signature»(viol ated) =
h¾oi . Predicateviol ated is evaluatedto tr ue in a given stateif an obligation was activated and the
viol ation expressionis evaluatedto tr ue:

G8ob(state(ob) = activated ^ X viol ation (ob) ! X viol ated(ob)) (2)

Given that at the momentour metamodeldoesnot provide any supportfor the de�nition of recovery
policiesor sanctions[19], weassumethatonceanobligationhasbeenviolated,predicateviol ated is always
evaluatedto true.Formally:

G8ob(viol ated(ob) ! X viol ated(ob)) (3)

1In [9, 28] we usedto nameinstitutionalizedpower “authorization”,but to enhancea comparisonwith otherworkswe adoptthe
morewidely usedterm“power” [16, 5, 22, 26].



Thede�nition of axiomsthatregulatethetemporalevolution of anobligationandwhena normis violated
allows us to automaticallyclassify statesas red or greenwith respectto every norm, while in [23] the
designeris requiredto manuallyspecifywhichstatesareredor green.

According to Figure 1, obligationsare associatedto statusfunctionsand not directly to agents. In
general,an agentis responsiblefor the stateof affairs describedby a ful�llment or violation expression
becauseit hasbeenassigneda speci�c statusfunction. For this reasonwe introducefunction l iable(ob),
which is de�ned asfollows:

l iable(ob) $ subject(of StatusF unction (ob))

wheregivenanobligation,functionof StatusF unction (»(of StatusF unction ) = h¾SF ; ¾oi ) returnsthe
associatedstatusfunction.

Themetamodelde�nestwo kindsof events,base-levelevents(¾B E ) andinstitutionalevents(¾ie ), which
arecharacterizedby anontologicaldifference:while theformerexist becausethey re�ect changesthatare
producedin thephysicalworld or thatarerelative to lower level institutions,like timeeventsandexchange-
message events, the latter exist becausethey are recognizedas existing by a communityof agentsand
cannotbedirectly producedby theenvironmentor by anagent[25, 9]. Despitethat,we de�ne both types
of eventsassubsortof sortevent(¾ev ) which de�nespredicatehappens(»(happens) = h¾ev i ) andwhich
is evaluatedto truewheneventev hascausedthelast transition.Analogously, sort¾ia representscommon
featuresof base-level actionsandof institutionalactions,e.g. “actionsarealwaysperformedby anactor”
(»(actor) = hAI D ; ¾act i ). For conveniencewe de�ne predicatedoneasanabbreviation to saythat“agent
x hasperformedactionact”:

done(act; x) $ (happens(act) ^ actor(act) = x)

It is importantto observe that in theliteratureonly agentactionshave beenconsideredrelevant to describe
institutions[5, 9, 22, 26], and the attentionhasbeenfocusedon a singleaction type, namelythe act of
exchanginga message[7, 9]. In contrast,we arealso interestedin modelling the institutionaleffectsof
eventsthatarenot generatedby agents,like for instancetime events,which not only areimportantfor the
managementof obligations,but alsomay countasinstitutionalevents. For instance,in mostculturesthe
18thbirthdayimposesnew statusfunctionsonaperson.

We regard time aspectsin two distinct ways: (i) as in classicaltemporallogic, to de�ne qualitative
aspects(it is alwaysthecasethata revokedstatusfunction is associatedonly to inactive obligations),and
(ii) asin RTTL [21] to expressquantitativeaspects(e.g. an obligation will be violatedin 2 time instants
sincenow). To de�ne quantitative aspects,we considerthe perspective of a singlecentralizedcomponent
which makes the institutional (normative) stateevolve: therefore,we considerthe existenceof a unique
timer that generatestime eventssuchthat two consecutive time eventst i andt i +1 may be separatedby a
sequence(possibleempty)of otherbase-level events,which areassumedto occurat time t i . Hencethe
institutionalstatemaychangedueto theoccurrenceof othereventsevenif thetimer hasnot generatednew
ticks of the clock. Although multiagentsystemsaredistributed in nature,which makesproblematicthe
assumptionof uniquenotionof time or theadoptionof anarchitecturewherea singlecentralizedmanager
control the evolution of the institutionalstate,to copewith the stateexplosionproblem[4] we decideto
introducesuchsimpli�cation. It is worth noticingthatcentralizedmanagersof the institutionalstateshave
beenalsoproposedin severalprototypesof institutions[6, 11] andnormative systems[8].

Institutionaleventsarede�ned by aninstitutionandrepresentchangesin theinstitutionalenvironment.
Essentially, theiroccurrencemeansthatnew statusfunctionshavebeenimposedonagentsor existingstatus
functionshavebeenrevoked.Sort¾ie de�nestwo predicates,precandef f whichexpressthepreconditions
andeffectsof aninstitutionalevent.Moreprecisely, for every institutionaleventprec(»(prec) = h¾ie i ) de-
scribesaconditionthatmustbesatis�edbeforeinstitutionaleventie occurs,while ef f describesacondition
satis�edafterie hasoccurred.But how agentsrecognizewhenaninstitutionaleventhappens?

Following [25], we regard the occurrenceof an institutionalevent by subordinatingit the occurrence
of anotherevent conventionallyassociatedto it. We representthe existenceof a convention2 amongtwo
eventsby introducingpredicateconv which associatesthe occurrenceof an event to the occurrenceof
an institutional event (»(conv) = h¾ev ; ¾ie i ). We are now in position to de�ne underwhat conditions

2As studiedin [16, 12] conventionsarerelatedto thecounts-asrelation,which tipically is de�ned relative to a certaininstitution.
Theextensionof ourapproachto thetreatmentof multiple institutionsis aninterestingtopicof researchthatwe intendto tacklein our
futureworks.For thepurposeof this paperwe limit our attentionto a singleinstitution,andthereforewe omit theinstitutionin which
suchrelationholds.



an institutional event ie which is not also an institutional action may happen. An institutional event ie
conventionallyboundedto eventev happenswhen:

G8ie9ev(prec(ie) ^ conv(ev; ie) ^ X happens(ev) ! X happens(ie)) (4)

Instead,in thecaseof institutionalactionsa furtherconditionmustbesatis�ed,namely, theactormust
beempoweredto performtheinstitutionalaction[16]. Accordingto Figure1 statusfunctionsareconstituted
by a setof powers,which arerepresentedthroughpredicateempowered (»(empowered) = h¾SF ; ¾ia i )
whichmeansthatstatusfunctionsf isempoweredtoperforminstitutionalactionsof typeia. An institutional
actionhappenswhen:

G8ia8aid9act(prec(ia) ^ 9sf (subject(sf ) = aid ^ empowered(sf ; ia) ^ assigned(sf ))

^ X (happens(act) ^ actor(act) = aid ^ conv(act; ia)) ! X (happens(ia)) (5)

Assumingthat institutionsareasynchronoussystemsandaccordingto axiom(5), which ensuresthat if
theagentthatbringsaboutactionact is empoweredto performia, thenactionia is successfullyperformed,
we requirethat given two actionsymbolsact1 andact2, if they areconventionallyboundedand if they
happen,theactormustbethesame.Formally:

G8act18act2(conv(act1; act2) ^ happens(act1) ^ happens(act2) !

actor(act1) = actor(act2)) (6)

Our treatmentof theconventionalgenerationof eventsextendsthetreatmentpresentedin [9], sincewe
do not take asour uniqueprimitive to specifyconventionsthe act of exchanginga message.Instead,any
event canbe usedto de�ne a new convention. In particular, our metamodelallows institutionaleventsto
beconventionallyassociatedto otherinstitutionalevents. For instance,the institutionalactof transferthe
possessionmaybeconventionallyboundedto theactof transfertheproperty.

3 Domain-IndependentProperties

Oncean institution hasbeende�ned in termsof the conceptsdescribedby our metamodelandthe corre-
spondingmodelhasbeengeneratedby amodelchecker, therearetwo kindsof propertiesthatadesignermay
want to verify, domain-independentpropertiesanddomain-dependentproperties[28]. Domain-dependent
propertiesstemfrom peculiarfeaturesof thespeci�edmodelandregardthefunctionalityof an institution:
for instance,wemaywantto ensurethatanauctioneercannotwin anauction.Instead,domain-independent
propertiesarede�ned to guaranteetherationalityof aninstitutionwith respectto theintendedsemanticsof
theconceptsprovidedby our metamodel.Noticethat,in contrastwith axiomsdiscussedin Section2which
characterizethesemanticsof institutionalconceptsandcannotbefalsi�ed, domain-independentproperties
areveri�ed by a modelchecker andmaybeunsati�edby institutions.In this casewe saythataninstitution
is irrationalwith respectto suchproperties.For instance,a rationalinstitutionshouldbecharacterizedby
thefactthatevery institutionaleventmusteventuallyhappenin at leastanexecution:

8ie EF happens(ie) (1)

whereie is avariableof type¾ie . If thispropertydoesnothold,thenit meansthateitherthepreconditionsof
aninstitutionaleventarenevermetor thatthedesignerhasnotde�ned thenecessarypowersor conventions
for its performance.

Analogously, given a conventionwhich relateseventsof type x andy, it shouldbe the casethat there
existsapathwhereeventuallybothof themcontemporaryhappen:

8evx 8evy (conv(evx ; evy ) ! EF (happens(evx ) ^ happens(evy ))) (2)



If this propertydoesnot hold, it meansthatagentscannotexploit theconventionbindingeventsof type
x to eventsof typey, for instancebecausepreconditionsof sucheventsarenevercontemporarysatis�edor,
in thecaseof actions,becausestatusfunctionsempoweredto executethemarenever assignedto anagent.

Letusnow moveourattentiontoasetof propertiesthatshouldcharacterizenorms.Normsareintroduced
in openmultiagentsystemsto constrainpossibleagents'behaviour, andthereforeit mustbe the casethat
eachnormcanbeeventuallyactivated:

8obEF (state(ob) = activated) (3)

If we assumethat agentsare autonomous,it shouldbe possiblefor an agentboth to violate and ful�ll
its obligations(and prohibitions),which meansthat normsregulateaspectsof (social) reality which are
contingent.It would beirrationalto de�ne anobligationcharacterizedby a violation expressionthatmakes
it impossibleto violateit:

8obAF (state(ob) = activated ! Estate(ob) = activatedU viol ated(ob)) (4)

Similarly, we canspecifythatall obligationsmaybeeventuallyful�lled. Moreover, it shouldbe thecase
thatoncea normis activated,it oughtto eventuallyreacha �nal state(inactiv e), which guaranteesthatthe
wholelife-cycleof anormis limited andregulatedonly by theinstitutionthatde�nesit:

A G8ob(state(ob) = activated ! A [state(ob) = activatedU state(ob) = inactiv e]) (5)

Notice that any obligation which is not characterizedby a deadline(not necessarilya time expression)
violatesproperty(5). For instance,if anagentoughtto maintaininde�nitely a state,asa consequencethe
wholeinstitutionwouldnot satisfyproperty(5).

Obligationsarede�ned to indicatewhetheragivenbehaviour is acceptedby aninstitutionsandtypically
“involve sacri�ce andrenunciation”[13]. For this reason,underthehypothesisthat internalmentalstates
arenot accessible,it seemsnaturalto assumethatif anagentis obligedto a certainstateof affairsit should
not beprovidedwith thepossibilityof revoking its own obligations. Otherwise,it couldavoid complying
with its dutieswithout incurringin any sanctionor blame.We formalizethis factasfollows:

A G8ob(state(ob) = activated ! : EX (state(ob) = inactiv e^ : viol ation (ob)

^: f ul f il lment(ob) ^ 9act done(act; l iable(ob)))) (6)

Thefact thataninstitutiondoesnot satisfya domain-independentpropertydoesnot necessarilymeanthat
its rulesprevent any successfulinteraction. It may be the casethat all domain-dependentpropertiesare
satis�edwhile therearedomain-independentpropertiesthatareviolated.In any case,it is importantthatthe
designerbecomesawareof this fact,andconsiderhow to modify the institution. For instance,if property
(1) doesnothold,wecaneliminatetheinstitutionaleventor changepowersandpreconditionsassociatedto
it, otherwiseits de�nition wouldbeuselessandtheinstitutionwouldbeirrational.

4 A SymbolicModel Checker for Verifying Institutions

Figure1 representsnot only the metamodelof the institutional reality, but also it constitutesthe abstract
syntaxof FIEVeL (Functionsfor InstitutionalizedEnvironmentsVeri�cation Language)[28, 29], a language
that hasbeende�ned to modelinstitutionsin termsof the conceptsintroducedby our metamodelandto
verify themby applyingmodel-checkingtechniques[4]. As exempli�ed in Figure3 andaccordingto the
institutionalmetamodel,an institutiondescribedin FIEVeL de�nes a setof statusfunctions,characterized
by powersandobligations,asetof institutionaleventsandconventionsfor theirperformance.Thesemantics
of FIEVeL constructsis givenby describinghow eachexpressionaffectsthesignatureor theinterpretation
function of an OMSFOL logic characterizedalsoby symbolsintroducedby our metamodel(see[29] for
moredetailsaboutFIEVeL).

The adoptionof an ordermany-sorted�rst-order logic to describethe semanticsof FIEVeL, its meta-
model, and propertiesof institutions,naturally risesthe questionabouthow to verify OMSFOL models
by applyingmodel-checkingtechniques,which usuallyareappliedto propositionalmodels[4]. In the re-
mainderof this sectionwe will de�ne anencodingE of OMSFOLmodelsinto propositionalmodelsanda
translation¿ of OMSFOLformulaeinto CTL¤ formulaewhich is exploitedby our tool to verify institutions
describedin FIEVeL.



A propositionalmodelis de�ned asatuplecM =
D

bF; dAP ; bV
E

wheredAP is asetof atomicpropositions,

and bV is a valuationfunction which, given a statebs 2 bS anda propositionp 2 dAP , returnsa value in
f 0; 1g. Let be ND ¾ the cardinalityof domainD¾ associatedto sort ¾: the setof atomicpropositiondAP
is determinedby introducinga setof propositionsAP f x 1 ;::;x n

2 AP of cardinalitylog2(N [»( f )] 0 ) for every
functionf andfor every possiblevaluation,anda propositionpx 1 ;:::;x n for every predicateP andfor every
valuation. Moreover, for every domainwe associateto eachindividual el a naturalnumbernel suchthat
0 · nel < ND ¾ . TheencodingE of anOMSFOLmodelinto apropositionalmodelcM is de�nedasfollows:

² eachconstantsymbolc is encodedasasequenceof truthvaluescorrespondingto thebinaryrepresen-
tationof thenumberassociatedto theindividual referencedby constantc (E [c] = binar y(I (c;s)) );

² eachfunctionf isencodedasthesetof propositionsinducedby thecurrentvaluation(E [f (x1; :::; xn )] =
APf (x 1 ;:::;x n ) );

² eachpredicateP is encodedasthepropositioninducedby thecurrentvaluation(E [P(x1; :::; xn )] =
px 1 ;:::;x n );

The valuationfunction bV is suchthat given an interpretationfunction I and a states, propositions
APf x 1 ;::;x n

areevaluatedastheencodingof theelementreferredby f (x1; :::; xn ) andpropositionpx 1 ;:::;x n

evaluatesasthetruthvaluecorrespondingto predicateP in states.
Assumingthat the languageis rich, that is, thereexistsa constantsymbolfor eachindividual of every

domain,and also assumingfor simplicity that only variablesand constantscan appearas argumentsof
functionsandpredicates,the translationof a OMSFOL formula ' with temporaloperatorsis de�ned as
follows:

² ¿[t1 = t2] =
V i<N (»( t 1 ))

i =0 : (E (t1) i © E(t2) i ) whereE(t) i refersto the i -th proposition(or equiva-
lently thei -th truthvalue)correspondingto theencodingof termt;

² ¿[P(x1; :::; xn )] = E(P(x1; :::; xn ))

² ¿[8x' ] =
V

c2 C »( x )
¿[' [c=x]] wherec rangesover constantsof sort»(x) and' [c=x] is theresultof

replacingevery freeoccurrenceof x in ' with anoccurrenceof c;

² ¿[: ' ] = : ¿[' ]

² ¿[' ^ ' ] = ¿[' ] ^ ¿[' ]

² ¿[X ' ] = X ¿[' ]

² ¿[' U ' ] = ¿[' ]U ¿[' ]

² ¿[E' ] = E¿[' ]

It canbedemonstratedthat:

Theorem1 Givena modelM , characterizedbya OMSFOLsignatureand�nite domains,andanOMSFOL
formula' , M j= ' if andonly if E [M ] j= ¿[' ].

Toverify domain-dependentanddomain-independentpropertieswehaveimplementedasymbolicmodel
checker basedon theCUDD library [27]. Our tool takesasits input an institutionmodelledwith FIEVeL,
a list of individuals composingeachbasicdomain,and a set of statusfunctionswhich are assumedto
be imposedat the �rst state. Domain-dependentpropertiesarespeci�ed in a separate�le, while domain-
independentpropertiesareselectedby interactingwith thetool. Startingfrom theseinputs,thetool applies
translation¿ andencodingE to constructthe correspondingKripke structure,whosestatesandtransition
relationaresymbolicallyrepresentedasOBDDs[3]. To verify propertieswhosetranslationcorrespondsto
CTL formulae,that is, formulaewherepathquanti�ers (A andE) areimmediatelyfollowed by temporal
operators(X , F, andG), thetool appliessymbolicalgorithmsasdescribedin [4].



basic-types :
priceD subtype-of INT; ;

...
base-events :

message refuse(buyer: AID ,good: OID,value:priceD);
...

institution purchase f
...

status-function proposed(proposer: AID ,good: OID,value:priceD) f
key proposer,good
powers
...

refuseRequest d <- TRUE;
...
deontic :

p1 obligation ( TRUE,
done (transferPossession, subject )), activation >1);

...
g// proposed

...
institutional-events :

...
institutional-action refuseRequest(buyer: AID ,g: OID,price:priceD)
pre exists p in proposed (((p.subject= actor and

and (p.proposer=buyer and p.value=price)));
eff revoke proposed ( subject =actor ,proposer=buyer,good=g, value=price);
...

conventions :
exch-Msg (refuse) p [ TRUE] =c=> refuseRequest
[buyer =c=> buyer
good =c=> g
value =c=> price ];
...

g// institution

Figure3: Fragmentsof theinstitutionof property.

5 Modelling and Verifying the Institution of Property

In this sectionwe report the resultsobtainedduring the veri�cation processof the institution of property
asit hasbeende�ned in [5]. During the formalizationof suchinstitution (seeFigure3) we have slightly
modi�ed certainfeaturesof theoriginal speci�cationto adaptthemto our concepts.Despitethesechanges,
resultsobtainedwith our formalizationcanbeextendedto theinstitutionsdescribedin [5]. For thesake of
brevity we will focuson thoseaspectsthatour analysishasshown to beproblematicandwhich we deem
highlight theimportanceof thede�nition of ametamodelof institutions.

In [5] theinstitutionof propertyde�nesaninstitutionalaction,transferownership, whichis “empowered
if theinitiator of thetransferis theownerof theobjectbeingtransferred”.Furthermoreasetof institutional
actionsareintroduced,like requestGoodswhich allows a customerto requesta good,sendPaymentwhich
canbe performedby a customerto senda payment,refuseRequestwhich allows the merchant to refuse
a request,and �nally sendGoodswhich empowers the merchantto senda good. Notice that in [5] it is
not requiredthat institutionalactionshappenbecauseagentshave performedbasicactionsconventionally
boundedto them,which obligedusto introducea setof base-level eventsandconventionsto enableagents
to performinstitutionalactionsdescribedabove.

Accordingto [5] “sendinga requestfor goodscreatesan obligation on the merchantto have sentthe
goodsbeforetheinteractionends”but “sendingtherefusalcancelsthemerchant'sobligationto sendgoods”.
Therefore,themerchantcancancelanobligationof itself which intuitively violatesproperty(6) discussed
in theprevioussection.

Let usnow considerhow agentscanexecuteactiontransfergood, which is de�ned in sucha way that
it canbe successfullyperformedat time t if andonly if eitherthe merchantsendsthe goodat time t and
the customerhaspayedat time t1 < t, or the customerpaysat time t and the merchanthassent the
goodat time t1 < t. Given suchdescriptionit seemsnaturalto introducetwo conventions:conv1 which
statesthattheperformanceof theinstitutionalactsendGoodcountsastr ansf er property if thecustomer
haspayed,andconv2 suchthat sendPayment countsastr anf er property if the merchanthassentthe
good. Suchconventionsre�ect the fact that in [5] theexecutionof sendinga good(or similarly sendinga



Figure4: The reportgeneratedby our tool during the veri�cation of domain-independentpropertiesdis-
cussedin Section3.

payment)impliesthetransferof property. At this point it is importantto noticethatif tr ansf er property ,
sendGoods, andsendPayment are institutionalactions,thenthey aresuccessfullyexecutedonly if the
actor is empowered(seeaxiom (5) which is similar to an inferencerule in [5]). The conceptof power
adoptedby [5] is similar to theonepresentedhere,sinceit is de�ned as“the capabilityof anagentto bring
abouta change”in the institutionalstate. But, the act of payingis performedby the customer, while the
transferof propertyis empoweredto themerchant,andthey cannotbethesameagentin agiventransaction.
Theseconsiderationsrise a problemof agency of the institutionalactions:how cana paymentof agenta
countasanactionperformedby agentb? It would bepossibleif agentb haddelegatedits power to agent
a, but theauthorsdonot introducedelegationof powersin their formalization.Therefore,weshouldexpect
that property(2) doesnot hold, sinceaccordingto axiom (6) the conventionamongthe paymentandthe
transferof propertycannever producethesuccessfulperformanceof bothacts.

Figure4 shows theveri�cation resultsgeneratedby our tool whenit hasbeenaskedto verify properties
describedin Section3 andwherewe canobserve that properties(2) and(6) areviolated. The generation
of the transitionsystemcorrespondingto the institution of propertyand the veri�cation of all domain-
independentpropertiesrequired0.25secondsona laptopwith installedLinux andequippedwith apentium
1.66GHzand1 GB of RAM.

Whena domain-independentpropertyis not satis�ed by an institution, we canconsiderwhat speci�c
featuresof themetamodelit re�ects to getsomeclueabouthow to modify aninstitutionin orderto satisfy
it. For instance,we know that all institutionaleventsmay eventuallyhappenasensuredby property(1).
Therefore,as we have also noted in the previous informal analysis,a way to satisfy property(2) is to
changethe institutionalpower of agents.In particular, herewe proposeto not classifytheexchangeof the
propertyasanactionbut asaninstitutionalevent.Thissolutionimmediatelysolvestheagency problemand
eliminatesthepowerattributedto theownerof agood.

To satisfyproperty(6), that is, agentscannotcanceltheir own obligations,we proposeto modeltheact
of requestinga goodin sucha way that it doesnot createanobligation for themerchantto sendthegood,
but it createsan obligation to agreeor rejectthe requestof the customer. In both cases,an answerof the
merchantsatis�es its obligation; in particular, a positive answerimposeson the involved agentsa setof
statusfunctionswhich representtheobligationto transferthepossession(or performthepayment)andthe
powersto doso.Noticethatsuchaformalizationbetterrepresentsthefactthatadirectiveact(likearequest)
doesnot createobligationsto theperformanceof therequestedact[24], while a commissive (like theagree
communicative act)commitstheagentto theperformanceof theagreedaction(seealso[9]).

6 Discussionand Conclusions

In this paperwe have presenteda metamodelfor verifying institutionalreality basedon thenotionof status
function,which is regardedasa (possiblyempty)aggregateof deonticpositions(powers,obligation,etc.).
This approachprovidesfor a uni�ed view of institutionalfactsanddeonticpositions,which have beenusu-
ally analyzedseparately[5, 9,22], andis motivatedby thefactthatinstitutionalrealityis suchonly becauseit
is constitutedby deonticpositionsattributedto agents.Wehaveintroducedthesemanticsof our institutional
metamodelin termsof an ordermany-sorted�rst-order logic, which allows us to formalizeboth axioms
regulatingthe metamodelanda setof domain-independentpropertieswhich re�ect the intendedmeaning
of conceptsde�ned by our metamodel.Finally, we have testedour approachby verifying the institution
presentedin [5] with respectto a setof domain-independentpropertiesandshown that the veri�cation of
suchpropertiesenhancestheformalizationof soundinstitutions.

In theliteraturethereareseveralattemptsto modelandverify institutionsandnormative systems.In [9]



theauthorsrely onanintuitivesemanticsto modelinstitutionalreality in termsof entities,roles,andnorms.
Instead,theapproachpresentedin thispaperprovidesa formalsemanticsof institutionalconceptssuchthat
wecanapplymodelcheckingtechniquesto verify institutions.

In [22] normativesystemsaredescribedby usingtheEventCalculus[18]. Theabsenceof aninstitutional
metamodel,which for instanceprovidesanaxiomto statethatevery institutionalactionmustbeauthorized
in orderto besuccessfullyexecuted,obligestheauthorsof [22] to specifythis fact for every singleaction
andfor every role. Therefore,the de�nition of a metamodelprovidesa signi�cant advantage,especially
whenmany statusfunctions(or roles,usingthe terminologyof [22]) areauthorizedto performthe same
institutional action. Furthermore,the de�nition of an encodingof institutionsdescribedin FIEVeL into
propositionalmodelsallows us to verify our systems,while in [22] the authorsmustrely on “systematic
runs”.

In [15] theauthorsproposea framework to modelcheckelectronic institutions, a formalismproposedin
[7] andwhichdescribesinstitutionsas�nite automata.Startingfrom thispoint,in [15] theauthorslimit their
attentionontheveri�cation of propertiesof �nite automata(e.g.“it is alwayspossibleto reacha�nal state”).
It is importantto noticethat in [15] arcsof electronicinstitutions(which in principle representpermitted
acts[7]) areinterpretedasobligatorymovesof agents,which mayleadthemodelchecker to answerthata
givenpropertyholdsin aninstitutionwhile it is not thecaseandviceversa.

We plan to extendour metamodel,andconsequentlyour modellinglanguage,to modeldifferentinter-
dependentinstitutionslike in [30], which raises,amongothers,two interestingresearchproblems: �rst,
how to modelinterdependenciesamongdifferentcontexts, andsecond,how to designan institutionwhich
somehow dependsonanotherinstitution.
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