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Abstract. Wedevelopanapproachin whichwemodelcommunicationprotocols
via commitmentmachines. Commitmentmachinessupplya contentto protocol
statesandactionsin termsof the social commitmentsof the participants.The
contentcanbereasonedaboutby theagentstherebyenablingflexible execution
of thegivenprotocol.Weprovidereasoningrulesto capturetheevolutionof com-
mitmentsthroughtheagents’actions.Becauseof its representationof contentand
its operationalrules,acommitmentmachineeffectively encodesasystematically
enhancedversionof the original protocol,which allows the original sequences
of actionsaswell asotherlegalmovesto accommodateexceptionsandopportu-
nities.We show how a commitmentmachinecanbecompiledinto a finite state
machinefor efficient execution,andprove soundnessandcompletenessof our
compilationprocedure.

1 Intr oduction

Protocolsarestructuredinteractionsamongcommunicatingagents.Protocolsareessen-
tial in applicationssuchaselectroniccommercewhereit is necessaryto constrainthe
behaviorsof autonomousagents.Multiagentprotocolshavetraditionallybeenmodeled
by formalismssimilar to thoseusedto specifyprotocolsin distributedcomputingand
computernetworks(e.g.,finite statemachines[2] or PetriNets[4]). Theseformalisms
specifyprotocolsmerely in termsof legal sequencesof actionswithout regardto the
meaningsof thoseactions.Consequently, protocolstend to suffer from unnecessary
rigidity in execution[7], resultingin redundantinteractionsandavoidablefailures.

Let usconsidersomedesirablepropertiesof aprotocolrepresentation.

– Autonomy:Promotingthe participants’autonomyis crucial for creatingeffective
systemsin openenvironments.Participantsmustbeconstrainedin their interactions
only to theextentnecessaryto carryout thegivenprotocol,andno more.

– Opportunities:Participantsshouldbe able to take advantageof opportunitiesto
improvetheir choicesor to simplify their interactions.Dependingon thesituation,
a participantmay take advantageof domainknowledge,and jump to a statein a
protocolwithout explicitly visiting oneor more interveningstates,sincevisiting
eachstatemayrequireadditionalmessagesandcausedelays.�
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– Exceptions:Participantsmustbeableto modify their interactionsto handleexcep-
tions that resultfrom the unexpectedbehavior of the participants.For example,a
deadlinemayberenegotiatedat a discount.This would obviously involve domain
knowledge,but theprotocolrepresentationshouldallow it.

We proposecommitmentmachines(CMs)asa formalismto formally specifyandexe-
cuteprotocols.A commitmentmachineattachesspecificdeclarativemeaningsto states
andactionswithin a protocol.Thesemeaningsarebasedon commitmentsof the par-
ticipating agents.When the meaningsof statesandactionsare formally defined,the
legal computationscanbe logically inferred.This enablestheprotocolsto be system-
atically enhancedwith additionaltransitions,allowing a broaderrangeof interactions.
Theenhancementenablesagentsto exploit opportunitiesandhandleexceptions.

We show how a commitmentmachinemay be automaticallycompiledinto a fi-
nite statemachine(FSM) in which no commitmentsor otherdeclarative meaningsare
explicitly mentioned,but which canbe efficiently executed.We give technicalresults
proving that the compilationprocedure,sometimeswith additionalrestrictions,pro-
ducesanFSM that is deterministic(easyto execute),sound(never producesa compu-
tationnot allowedby thecommitmentmachine),andcomplete(canproducetheeffect
of any computationallowedby thecommitmentmachine).

The rest of this paperis organizedas follows. Section2 describesour example
and necessarybackgroundinformation. Section3 introducescommitmentmachines
andshow how they maybe applied.Section4 shows how commitmentmachinescan
be compiledinto finite statemachinesandestablishesimportantresultsregardingthe
compilationprocedure.Section5 describesour contributionswith respectto themost
relevantliterature.

2 TechnicalFramework

Following speechact theory, we view communicationasa form of action[1]. Theac-
tionsherereflectprogressin thegivenprotocolandmaybecapturedin termsof modi-
ficationsto theparticipants’commitments.

Social commitmentsare commitmentsmadefrom one agentto anotheragentto
carry out a certaincourseof action[3, 11]. A socialcommitmentC(x, y, p) relatesa
debtorx, acreditory, andaconditionp. Whenasocialcommitmentof this form is cre-
ated,x becomesresponsibleto y for satisfyingp. Theconditionp mayinvolve relevant
predicatesandcommitments,allowing the commitmentsto be nestedor conditional.
Thecommitmentsareflexible andcanberevokedor modified.Almost always,there-
vocationor modificationis constrainedthroughothercommitments.

Viewing a commitmentasanabstractdatatype,thecreationandthemanipulation
of thecommitmentscanbedescribedusingthefollowing operations[11,14]. Here, � ,� , � denoteagents,and � and �	� denotecommitmentsof theform C(x, y, p).

1. Create(x,c) establishesthecommitment� .
2. Discharge(x,c) resolvesthecommitment� , i.e., thecondition
 startsto hold.
3. Cancel(x,c) cancelsthecommitment� . Usually, thecancellationof a commitment

is accompaniedby thecreationof anothercompensatingcommitment.



4. Release(y, c) releasesthedebtorfrom thecommitment� . It canbeperformedby the
creditor, to meanthatthedebtoris no longerobligedto carryout his commitment.

5. Assign(y, z, c) eliminatesthecommitment� , andcreatesa new commitment�	� for
which � is appointedasthenew creditor.

6. Delegate(x,z,c) eliminatesthecommitment� , andcreatesanew commitment� � in
which therole of thedebtoris transferredto � .

As a runningexample,weconsiderasimplifiedversionof theNetBill protocolwhich
wasdevelopedto handlethe buying andselling over the Internetof electronicgoods,
suchassoftwareandelectronicdocuments[12].

Example1 As shown in thefigurebelow, theprotocolbeginswith acustomerrequest-
ing a quotefor somedesiredgoods,followed by the merchantsendingthe quote.If
thecustomeracceptsthequote,thenthemerchantdeliversthegoodsandwaits for an
electronicpaymentorder(EPO).The goodsdeliveredat this point areencrypted,that
is, not usable.After receiving theEPO,themerchantsendsthereceiptto thecustomer,
who canthensuccessfullydecryptandusethegoods.Somescenariosthatwill not be
handledby this protocolspecificationareshown on theright sideof thefigure.
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(i)Insteadof waiting for a customerto re-
questa quote,a merchantmay proactively
senda quote,mimicking the ideaof adver-
tising.
(ii) The customermay send an “accept”
messagewithout first exchangingexplicit
messagesabout a price. This situation
would reflectthelevel of trustthecustomer
placesin themerchant.
(iii) A merchantmay sendthe goodswith-
out an explicit price quote.Sendingunso-
licited goodswould correspondto “try be-
fore you buy” deals,commonin the soft-
wareindustry.

Example2 We definethesemanticcontentof eachstatein thefigureabove basedon
theparticipants’commitments:

– In state3, having senta quoteto a customer, the merchantcommitsto delivering
goodsandsendinga receiptafterwards,if thecustomerpromisesto pay.

– In state4, having sentanacceptto amerchant,thecustomeragreesto pay, but only
if themerchantpromisesto senda receiptafterwards.

– In state5, themerchanthasfulfilled partof hispromiseby sendingthegoods.
– In state6, thecustomerhasdischargedhiscommitmentof sendingtheEPO.
– In state7, themerchanthasdischargedhis commitmentof sendingthereceipt.



3 Commitment Machines

We definea commitmentmachine(CM) in termsof setsof statesandactionsthatare
givena declarativesemanticcontentin termsof commitments.A CM specifies

– thepossiblestatesanexecutingprotocolcanbein.
– theactionsthatareusedfor a transitionfrom onestateto another.
– thepossiblefinal statesof theprotocol.

The meaningassociatedwith eachstatespecifieswhich commitmentsare in force in
thatparticularstate,andthemeaningassociatedwith eachactiondefineshow thecom-
mitmentsareaffectedby thataction(therebyleadingto astatechange).

Like an FSM, a CM hasa currentstate;zeroor moreactionsareallowed in each
state;every allowedactioncausestheCM to transitionto a new state.Unlike anFSM,
therepresentationof a CM doesnot specifya startingstate.Theparticipantsmaystart
the protocolfrom a stateby acceptingthe commitmentsthatarein force in that state.
Usually, theprotocolwill havesomestateswhereno commitmentsarein force.A CM
alsohasfinal states,which reflecttheacceptableor desirableterminationstatesof the
protocol.

Importantly, unlike in anFSM, thetransitionsbetweenthestatesarenot explicitly
specified.Basedon the intrinsic meaningof the actions,the new statethat is reached
by performinganactionat a particularstatecanbelogically inferred.Thus,insteadof
specifyingthe sequencesof actionsthat canbe performed,a CM simply specifiesthe
meaningsthatarelegal in theprotocoland,of these,themeaningsthatarefinal.

A CM specificationof aprotocolemphasizesthattheaimof executingtheprotocol
is notmerelyto performcertainsequencesof actions,but to reachadesirablestate.With
this in mind,we cancomeup with differentactionsequencesor pathsthataccomplish
thesamegoalastheoriginalpath.

Our formalizationis basedon a languageusedto representthelegal meaningsin a
CM. Our formal language,̀ , is basedon the languageof propositionallogic with the
additionof a commitmentoperatorto representcommitments,anda leadsto operator
to capturestrict implication.

The following Backus-NaurForm (BNF) grammarwith a start symbol Protocol
givesthesyntaxof ` . In this grammar, slanttypefaceindicatesnonterminals;a�b is a
metasymbolof BNF; c and d delimit comments;e and f indicatethat theenclosed
item is repeatedg or moretimes;theremainingsymbolsareterminals.For expository
ease,weuseasimplifiednotationfor commitments.Here hji	
 meansthat � (whichcan
bethecustomeror themerchantin NetBill) is committedto theotherpartyto carryout

 . Further, werestrictthenestingof commitmentsto onelevel.

– Protocol a�b e Action fkc setof actionsd
– Action a�b Token:L c tokenis a label;L is theassociatedmeaningd
– Commitmenta�blhmi (L) nohji (M) c simplifiedasexplainedbelow d
– L aKb Commitment
– M aKb L p L c leadsto, indicatinga strict implicationd
– L aKb L q L c conjunctiond
– L aKblr L c negationd



– L aKb Prop c atomicpropositionsd
The booleanoperatorsaregiven the usualsemantics.The strict implication, 
sp t ,
requirest to hold when 
 holds.Contraryto thematerialimplication (
ubvt ), which
is w�x�y{z when 
 is |~}�� ��z , thestrict implicationis |~}�� ��z if 
 is |~}�� � z . Thestrict implication
is usedonly in commitments.Our formal semanticsis givenin AppendixA. For com-
mitmentswhere � and � arethe same ��hjiK��
�p�hmi]�o��� , the simplerform hji���
�p��o�
suffices.

Example3 Following Figure1, wedefinethefollowing atomicpropositionsandcom-
mitmentsthatwill beusedto specifythemeanings.

– Atomic propositions� requestc thecustomerhasrequesteda quote.d� goodsc themerchanthasdeliveredthegoods.d� pay c thecustomerhaspaidtheagreedamount.d� receipt c themerchanthasdeliveredthereceipt.d
– Abbreviations for the commitments� acceptc anabbreviation for h��{� goods p pay� meaningthat thecustomeris

willing to payif hereceivesthegoods.d� promiseGoodsc an abbreviation for hm��� accept p goods� meaningthat the
merchantis willing to sendthegoodsif thecustomerpromisesto pay. d� promiseReceiptc an abbreviation for hj��� pay p receipt� meaningthat the
merchantis willing to sendthereceiptif thecustomerpays.d� offer c anabbreviation for � promiseGoodsq promiseReceipt��d

Themeaningof a stateis givenby any formuladerivablefrom thenonterminalL.
We definetwo logical relationsamongmeanings:logical derivation andequivalence.

���t meansthat t canbe logically derived from 
 . 
���t meansthat 
 and t are
logically equivalent,that is, 
���t and t���
 . Thesetwo relationsareusedto compare
theexecutionstatesof a protocolsemantically.

A minimalsetof meaningsis onein whichall meaningsarelogically distinct.A set
of final meaningsis consistentif it is well-behavedwith respectto logicalconsequence.

Definition 1 A setM of meaningsis minimal if andonly if thefollowing hold:

– ������� � �� >¡ M : �¢�£���¤�¥ {�§¦¨�~���ª©«�� _� �
– w�xOy¬z­¡ M .
– |~}�� � z¯®¡ M .

Definition 2 A setof final meaningsF is consistentwith respectto a setof meanings
M if andonly if any meaningthatis strongerthana final meaningis alsofinal. Thatis,
�����£�°¡ F, �¥ ­¡ M : �¢�� ±���£�O�²¦¨�~�¥ ­¡ F)).

Actions are representedas a pair whosefirst elementis the token (name)of the
action,andwhosesecondelementis theeffectof theaction.Thatis, ³O´�µ·¶o¸ is anaction,
if ´ is thetokenand ¶ is themeaning(effect)of theaction.



Definition 3 A CM is a triple ³ M , ¹ , F ¸ , whereM is afinite minimalsetof meanings,
¹ is a finite setof actionsdefinedin termsof commitments,andF º M is a consistent
setof final meanings.

Next wespecifythelegalmeaningstheNetBill protocolexecutioncanbein, theactions
the agentscanperformandthe final meaningsthat the protocolcanend.Sinceeach
actioncanbeperformedby only oneparty, wedonot specifytheperformersexplicitly.
Table1 givestheCM specification.

Meanings(M) Actions( » ) FinalMeanings(F)
1 ¼�½�¾�¿ À sendRequest:requestÁ request
2 request À sendQuote:offerÁ offer
3 offer À sendAccept:acceptÁ goodsÂ pay Â receipt

4 C Ã goodsÂ acceptÂ promiseReceiptÀ sendGoods:goodsÂ promiseReceiptÁ
5 goods Â C Ä pay Â promiseReceipt À sendEpo:payÁ
6 goods Â pay Â C Ã receipt À sendReceipt:receiptÁ
7 goods Â C Ä pay Â receipt

8 goods Â pay Â receipt

Table 1. TheCM representationof theNetBill protocol

A CM transitionsfrom meaningt to meaning� underaction ³~´ÅµK¶o¸ if andonly if
afterapplyingtheeffect ¶ on t , � canbelogically derived.WeformalizetheCM transi-
tionsasfollows: t¯n ©�Æ$ÇÉÈ Ê"Ë��ÍÌ �~tÎq�¶o�§��� . Thus,deriving theresultingmeaningfrom
a givenmeaningandactioninvolvescomputingthelogical consequence(that is, the �
relation).For thepropositionalpartof the languagethis is asusual.For commitments,
we now presentsomeimportantrules for reasoningabouttheir consequences.These
reasoningrulescapturetheoperationalsemanticsof our approach.

1. A commitmenth i 
 ceasesto exist whentheproposition
 becomestrue.
2. A commitmenthji���
�pÏ�o� ceasesto exist whenthe proposition
 becomestrue,

but anew base-level commitmenthji]� is createdto capturethat � hasto satisfythe
original commitmentby bringingabouttheproposition� .

3. A commitmenthjiÐ��
�pÑ�]� ceasesto exist whentheproposition� holds(before

is initiated),andno additionalcommitmentsarecreated.

Example4 Considerthe metacommitmenthm��� pay p receipt� , which denotesthe
commitmentthat themerchantis willing to senda receiptif the customerpays.After
thecreationof this metacommitment,thefollowing scenariosmaytakeplace:

– The customerpays,making the propositionpay true. In this case,the metacom-
mitment is terminatedanda new commitment,hm� receipt, is createdin its stead
(ReasoningRule 2). Whenthe merchantactuallysendsthe receipt,i.e., whenthe
propositionreceiptbecomestrue, then the commitment hj� receipt is discharged
(ReasoningRule1).



– Beforethecustomerpays,themerchantsendsthereceipt,makingtheproposition
receipttrue. In this case,the metacommitmentis terminated,but no other com-
mitmentis createdsincethe customerdid not commit to payingin the first place
(ReasoningRule3).

TheCM specificationof aprotocolcanbeappliedbothat runtimeandcompiletime.A
CM specificationof aprotocolgivesthestatesandtheeffectsof performingthevarious
actions.GivenaCM, anagentthatcanprocesslogical formulascandirectlyexecutethe
CM. In this respect,thechoiceof actionsis aplanningproblemfor eachagent.Thatis,
from thepossiblefinal states,theagentfirst decideson thedesiredfinal state,andthen
logically infers a paththatwill take it from the currentstateto the desiredfinal state.
Effectively, theagentinterpretstheCM directlyat run time.Alternatively, aCM canbe
compiledinto anFSM thatabstractsout themeaningsof thestatesandactions.In the
next section,we describethis compilationprocessin detail.

4 Compiling Commitment Machines

A protocolspecificationthat allows the above characteristicscandrasticallyimprove
theflexibility andthusthequalityof thesolutionprovidedby agent-basedapplications.
However, theflexibility comesat thepriceof reasoningwith declarativerepresentations
at run-time,which canbeexpensive andmayincreasethecodefootprint of theagents
whoimplementsuchreasoning.Fortunately, it is possibleto compileaCM into anFSM
so that the desiredaffect can be obtainedwithout representingand reasoningabout
declarativemeaningsat run time.

Beforeconsideringtherequirementsof compilinga CM into anFSM, let usgive a
formaldefinitionof anFSM andaDFSM.

Definition 4 A finite statemachineis a five-tuple, ÒÏ©Ó³ S, ÔÕ�5ÖÉ× , Q, Ø]¸ , where Ù is
thesetof states,Ô is theinputalphabet,Ö × ¡ S is thestartstate,Q º S is thesetof final
states,and Ø�º S ÚÛÔ�Ú S is thetransitionrelation.A finite statemachineis deterministic
if any action hasat most one transitionfrom a state,i.e., ���mÖ·�5Ö � �5Ö � � ¡ÜÙÝ��´Þ¡ßÔàµ
�OÖá��´���Ö{�����{�OÖá��´���Ö{� �â�k¡�Ø­¦ãÖ{��©äÖ{� �â� .

For an agentto be ableto directly executethe FSM that resultsfrom compiling a
CM, we seekan FSM that is deterministicandwith no irrelevant transitions.Givena
CM, thestatesof theFSMcanbegeneratedfrom themeaningsof theCM. However, the
executionof theFSM follows theusualregimeof state-transition-statewithout regard
to theformulasthatexist in CM meaningson which theFSM statesarebased.

4.1 Compilation Formalized

We now show how a CM canbeformally compiledinto anFSM. We establishsound-
nessandcompletenessresultsregardingour compilationprocedure.The compilation
procedurecanberealizedin anautomatictool. Recallthata CM allowsmultiple start-
ing states,whereasan FSM allows only one.In the compilationbelow, we show how
anFSM canbeconstructedafterchoosinga startstatefor theCM, namely, w�x�y{z .



Procedure1 Let åæ©ç³ M , ¹ , F ¸ beaCM. ConstructanFSM èé©ç³ S, ÔÕ�5Ö × , Q, Ø]¸ as
follows.

– S = M
– Ô = e¬´êµK³O´¥µ·¶o¸k¡ë¹�f
– Ö × = w�xOy¬z
– Q = F
– Ø = e�³~������´����¥ _¸ : �£� , �¥ ­¡ M , ³O´£µì¶¬¸Û¡ë¹ and( �£�°n ©�Æ�ÇÉÈ Ê"Ë��¥  , ���k®�¥�¥  and( �

�£íî¡ M : �£�°n ©�Æ�ÇÉÈ Ê"Ë-�ëíï¦ð�� Î���ëí )) f
To infer thevalid transitionsin theFSM, we considerthepossibleentailmentsbe-

tweenthe meanings.To ensuredeterminismandefficiency, we constrainthe allowed
transitionswith two majorrestrictions.

Restriction 1 ³¢�£� ��´�� �� É¸k¡ëØ entailsthat ���Û®����  .
If the sourcemeaningalreadyentailsthe contentcapturedin the target meaning,

no transitionfrom thesourceto thetargetis necessary. This restrictionensuresthatthe
meaningthat will be reachedis not alreadycapturedat the currentstate,andthat the
FSM hasno transitionsthatdo not addto thecontent.

Restriction 2 ³¢�£� ��´�� �� É¸k¡ëØ entailsthat( �¯�£íî¡ M : �£�°n ©�Æ�ÇÉÈ Ê"Ë-�ëí±¦��� Î���ëí ).
This is to ensurethat if applyingan actionat a particularmeaningentailsseveral

possiblemeanings,then the transitionwill end in a statethat containsthe maximal
information.Laterwewill restrictour CMssothatamaximalmeaningalwaysexists.

Notice that Ø is definedso asto satisfyRestrictions1 and2. Whenan FSM Y is
producedfrom a CM X by Procedure1, we saythatX is compiledinto Y. A compiled
FSM canbe directly executedby an agentwith a single thread,usingonly constant
space.Theorem1 establishesthis result.

Theorem1 An FSM producedby compilinga CM accordingto Procedure1 is
deterministic.
Proof. Let å�©Þ³ M , ¹ , F ¸ bea CM compiledinto èç©é³ S, ÔÕ�5Ö_× , Q, Ø]¸ . Let
³¢�£� ��´K���¥ _¸ñ¡£Ø and ³~��� ��´�� �ëí]¸k¡ëØ betwo transitionsof è . FromRestriction2, we
know �� ±���ëí and �ëí­�¥��  , thatis, �¥ ï�«�ëí . Then,by Definition1, �¥ ï©«�ëí .
Thus,by Definition 4, è is deterministic.

The correctnessof a compilationproceduremust be basedon the computations
that can result from it. Therefore,we formalize the notion of a computation,how a
computationmaybegeneratedby aCM, andhow acomputationmayberealizedby an
FSM.Let òÅ¡¯ó bea finite ordinal.Let I bethesetof indices e{g��Éô·�_õÉõ_õ��_�Oò�aöô{�5f (I is
emptywhen ò£©«g ). Let J bethesetof indices e¬gÐ�_ô·�Éõ_õÉõ��5ò�f .
Definition 5 ÷ = ³~�Õ×���´�×á� ��ø¬��´Ðøo�ÉõÉõ_õ	��´ìù·ú-øo� �ëùá¸ is a computationif �â��ûü¡þýo��ÿë¡��öµ
´ � ¡�Ô and �   ¡ M ). Intuitively, theactionlabelsthatoccurin ÷ , ³~´�×·��´Ðø¬�Éõ_õÉõ_��´ìù·ú-ø	¸ ,
describethe externally visible part of the computationbecausetheseare the actions
seenby otheragents.



Definition 6 ÷ = ³¢� × ��´ × � � ø �Éõ_õÉõ_� � ù ¸ is generatedby a CM å © ³ M , ¹ , F ¸ if and
only if � ù ¡ F, and( ��ûÝ¡ I : ���°¡ M and ���ì¶¬���_³~´ �°µ�¶{��¸k¡�¹ : �£�§n ©�Æ$Ç��OÈ Ê���Ë������ ø )).
Definition 7 ÷ = ³¢� × ��´ × � � ø �Éõ_õÉõ_� � ù ¸ is realizedby anFSM è ©ç³ S, ÔÕ��Ö × , Q, Ø]¸ if
andonly if � × ©äÖ × , � ù ¡ Q, and ����û§¡ I , ³¢�£� ��´ �"� �£��� ø ¸k¡£Ø]� .

Notice that a computationcanonly be generatedby a machinethat canmanipu-
late thesemeanings,that is, a CM. By contrast,an FSM canrealizethis computation
by following the actionsequence.With this distinction in mind, we definetwo main
aspectsof correctness.Soundnessmeansthatonly allowedcomputationsarerealized.
Completenessmeansthatall allowedcomputationscanberealized.A compilationpro-
cedurethatproducesanFSM ³ S, ÔÕ�5Ö × , Q, Ø]¸ with S= eáf wouldbesound,whereasone
that producesan FSM with Ô =M Ú²¹�Ú M would be complete.That is, it is trivial to
ensureeithersoundnessor completeness.However, it is crucial to ensurebothproper-
ties.Theorem2 establishesthesoundnessof our compilationmethod:it statesthat the
compiledFSM won’t producea computationthatwasnot allowedby theoriginalCM.

Theorem2 Let åð©é³ M , ¹ , F ¸ becompiledinto èç©é³ S, ÔÕ��Ö × , Q, Ø]¸ . Thenany
computationrealizedby è is generatedby å .
Proof. Let ÷ = ³¢� × ��´ × � � ø �_õÉõ_õÉ� � ù ¸ beacomputationrealizedby è . By
Procedure1 S = M , �â��û§¡£ýo�����Ý¡ M ), and � ù ¡
	 . Considerthe û th transitionin ÷ ,
³¢� � ��´ � � � ��� øÉ¸k¡ëØ . This implies, ���Ð¶ � µ�³~´ � µ·¶ � ¸k¡£¹ and � � n ©�Æ�Ç � È Ê � Ë�� ��� ø_� . By
Definition 6, å generates÷ .

4.2 Completeness

Interestingly, we must refine the definition of a CM to ensurecompleteness.First, a
computationthatis generatedby aCM maybegin from any arbitrarymeaning.Second,
theremay be no transitionsin the FSM correspondingto sometransitionin the CM.
Restriction2 forcesthetransitionsto yield ameaningthatcarriesmaximalinformation
amongthepossiblemeanings.It might be the casethata transitionemanatingfrom a
sourcestateentailsseveral meanings,noneof which entailsthe rest.In this case,no
meaninghasthe maximal information,andno correspondingtransitionis includedin
Ø . In orderto ensurethatthereis alwaysameaningwith themostinformation,weneed
to ensurethatthemeaningsetM of theCM is closedunderantecedence,thatis, for any
setof meaningsthereis ameaningthatis strongerthaneachmeaningin theset.

Definition 8 A completeCM is aCM whosemeaningsetM andfinal meaningsetF are
closedunderantecedence.Formally, ���
�çº�� µ���� �ëí�¡ M : �â���£�Ý¡
�éµ]�ëí­�Õ����� � �
and �����Þº F: ��� �ëí�¡ F: �������°¡��éµ·�£í­�¥����� ��� .

A completeCM guaranteesthat in any subsetof both the meaningsetM andthe
final meaningsetF, thereexistsameaningthatentailsall themeaningsin thesubset.

Themainideaunderlyinga CM executionis thatinsteadof specifyingprotocolsin
termsof legalsequencesof actions,aCM specifiesthemin termsof meaningsto reach.
Thus,two computationsmayfollow differentsequencesof actionsbut still achievethe
samemeaning.Sincethecomputationsarecharacterizedwith theachievedmeanings,



ratherthanpuresequencesof actions,computationsgeneratedby a CM canbe com-
paredsemantically.

Definition 9 A computation÷ � = ³¢� �× ��´ × � � � ø �_õÉõ_õ	� � � ù ¸ is semanticallysuperior to a
computation÷ = ³~� × ��´ × � � ø �Éõ_õÉõ	��� ù ¸ (with thesameactionsequenceas÷Ð� if andonly
if ( ��ûÝ¡ J: �£�� ����� ). This is writtenas ÷Ð���ö÷ .

Definition 10 A computation÷Ð� = ³~���× ��´ × �����ø �Éõ_õÉõ	�����ù ¸ generatedby a CM å is the
semanticallystrongestcomputationif andonly if for all computations
÷ = ³¢��×·��´�×·� ��ø¬�_õÉõ_õÉ� �ëù�¸ generatedby å (that involve the sameactionsequenceas
÷ � ), ÷ � is semanticallysuperiorto ÷ .

Definition 11 A CM åÅ� is semanticallysuperiorto a CM å , written åÅ��� å , if and
only if ( ��÷�µ·÷ is generatedby å�¦¨��� ÷Ð�mµ]÷Ð� is generatedby åÅ� and ÷Ð���ö÷ )).

In thefollowing discussion,weprovidetwo proceduresto convertonecomputation
into another. First, Procedure2 transformsa given computationinto the semantically
strongestcomputationbasedon a particularactionsequence.

Procedure2 Let ÷ = ³¢� × ��´ × � � ø �_õÉõÉõÉ� � ù ¸ beacomputationgeneratedby acomplete
CM åÏ© ³ M , ¹ , F ¸ . We constructthe computation÷Ð� = ³¢�£�× ��´ × � �£�ø �_õÉõÉõÉ� �£�ù ¸ in
which �£�× ©Þ� × and ������ ø is thestrongeststatethat follows ���� and ³O´��±µ�¶¬�O¸ . By the
definitionof a completeCM (Definition8), we know thatsuchan ������ ø exists.

Lemma 1 Let å�©Þ³ M , ¹ , F ¸ bea completeCM andlet ÷ = ³¢� × ��´ × � � ø �_õÉõÉõÉ� � ù ¸
bea computationgeneratedby å . ThenProcedure2 on ÷ yieldsa computation÷Ð� =
³¢�£�× ��´�×á� �£�ø �_õÉõÉõÉ� �£�ù ¸ which is thesemanticallystrongestcomputation(Definition10)
on ³O´�×·��´Ðøo�ÉõÉõ_õÉ��´ ù·úmø	¸ .
Proof. In Procedure2, aftereachaction ´ � at state�£�� , ÷Ð� will moveto a new state
������ ø , suchthat �£���� ø is thestrongeststatethatcanresultfrom doingaction ´ � in ���� .
Sinceeach�£�� is thestrongeststate(by theinductivehypothesis),÷Ð�� is thestrongest
computationfor thegivensequenceof actions.

Recallthat in compilinga CM into anFSM, we have not allowedcomputationsto
transitionfrom a meaningto itself. Although a compiledFSM doesnot allow sucha
transition,a CM doesallow it. In otherwords,a CM maypossiblycontainredundant
transitions.To classifycomputationsthatdo not have redundanttransitions,we intro-
ducethe conceptof efficientcomputations.A computationis efficient if andonly if it
containsno consecutively repeatedstates.Procedure3 transformsa givencomputation
into anefficient computation.

Procedure3 Let ÷ = ³~�Õ×á��´�×·���ëøo�Éõ_õÉõÉ���£ùá¸ bea computationgeneratedby CM å ©
³ M , ¹ , F ¸ . We producethecomputation÷Ð� = ³¢�£�× ��´�×·� �£�ø �_õÉõ_õÉ� �£�ù ¸ thatdoesnot have
any equivalentconsecutive states.That is, we start by copying ��× to ÷Ð� . Iteratively,
we checkwhetherapplying ´ � from state� � move thecomputationto a new meaning
����� ø . If that is the case,we copy both ´ � and �£��� ø to ÷Ð� . Otherwise,we skip ´�� and
continuetheiterationwith ´���� ø .



Lemma 2 Procedure3 yieldsanefficientcomputation.
Proof. SinceProcedure3 removesconsecutively repeatedstates,theresulting
computationis efficient.

Procedure3 can transforma computationinto one that is shorter. Thus,step-by-
stepcomparisonsamongcomputationswould not apply. For this reason,we introduce
thenotionof endpointequivalence.This notionmatchesour basicintuition of flexible
executionbecauseweonly careaboutwhereacomputationends,notwhatintermediate
statesit wentthrough.

Definition 12 A computation÷ © ³¢��×���´�×·���ëøo�ÉõÉõ_õ	� �ëù�¸ is endpointequivalentto
computation÷ � ©ã³~� �× ��´�×·��� � ø �Éõ_õÉõ	��� �ù�� ¸ if andonly if ��×��Ó� �× and �ëùs�æ� �ù�� .
Noticethatthecomputationsmaybeof differentlengths.

Lemma 3 Procedure3 preservesendpointequivalenceof computations.
Proof. Procedure3 producesa computation÷Ð� by removing redundanttransitions
from a computation÷ . Any transitionthatresultsin a new meaningis kept.Thus,the
laststatein ÷Ð� equalsthelaststatein ÷ . Hence,endpointequivalenceis preserved.

Importantly, Lemma3 shows thatProcedure3 preservesthepropertyof a compu-
tation being the semanticallystrongestfor its actions.That is, althoughthe resulting
computationhasfewer actions,it is thestrongestfor theactionsin it if theinput com-
putationhadthatpropertyin thefirst place.

Lemma 4 If thecomputation÷ givenasinput to Procedure3 is semantically
strongest,thecomputation÷Ð� producedby Procedure3 is alsosemanticallystrongest.

Lemma 5 Let å�©Þ³ M , ¹ , F ¸ bea completeCM compiledinto anFSM
èç©Þ³�Ù§�5ÔÕ�5Ö × , Q, Ø]¸ accordingto Procedure1. Let ÷ = ³¢� × ��´ × ��� ø �ÉõÉõ_õ	� � ù ¸ bea
computationgeneratedby å , suchthat ÷ is efficientsemanticallystrongest,andbegins
from w�x�y{z . Then ÷ canberealizedby è .
Proof. By Procedure1, Ö_× = w�x�y¬z . Since÷ is efficient,we know thereareno
consecutively repeatedstates.Thusno transitionwill bedisallowedby Restriction1.
Also, since ÷ is semanticallystrongest,eachstatein ÷ will bethestrongestpossible
state.RecallthatRestriction2 enforcesthis requirementon transitionsof FSMs.Since
Restriction1 is neverexercised,andRestriction2 doesnot causedeviation from the
flow of ÷ , ÷ canberealizedby è .

We pointedout above that with the generaldefinition of CMs, our compilationis
not complete.However, completeCMscaneasilybefoundby makingthemeaningset
closedunderconjunction.After restrictingtheclassof CMs to completeCMs,we can
achievethefollowing completenessresult.

Theorem3 Let åð©é³ M , ¹ , F ¸ bea completeCM compiledinto anFSM è = ³�Ù , Ô ,
ÖÉ× , Q, Ø]¸ . Thenfor any computationthatis generatedby å andbeginsfrom w�x�y{z , there
existsanefficient,semanticallystrongestcomputationrealizedby è .
Proof. Let ÷ = ³¢��×á��´�×·� ��ø¬�_õÉõ_õÉ� �ëù·¸ beacomputationgeneratedby å . Let ÷Ð� =
³¢�£�× ��´ × � �£�ø �_õÉõÉõÉ� �£�ù ¸ bea computationproducedby Procedure2 whengiven ÷ as
input.By Lemma1, we know ÷Ð� is semanticallystrongest.If wegive ÷Ð� asinput to
Procedure3, this yieldsa computationthatis efficient (Lemma3), andsemantically
strongest(Lemma4). Further, this computationcanberealizedby è (Lemma5).



5 Discussion

Commitmentshavebeenstudiedbefore[3, 8], but werenotusedfor protocolspecifica-
tion aswe have donehere.Commitmentmachinesprovide flexibility by capturingthe
semanticcontentof theactionsin a protocol.By specifyingcommunicationprotocols
usingcommitments,we cananalyzethe interactionsamongparticipantsthroughthe
intrinsic meaningof thoseinteractions.

Verharen[15] developsa contractspecificationlanguage,CoLa, to specify trans-
actionsandcontracts.Verharen’s approachbenefitsfrom commitmentsin expressing
actions,but it treatscommitmentsassimple,undirectedobligations,anddoesnotallow
manipulationof commitments,as in our approach.Further, Verharenonly considers
base-level commitments,withoutcapturingconditionalcommitmentsaswehavedone.

DignumandvanLinder[5] proposeaframework for socialagentsbasedondynamic
logic, in which they distinguishmessagesbasedon speechacts.In additionto employ-
ing commitments,they usedirectionsanddeclarationsto denotethesemanticcontent
of messages.Further, they employ an authority relationbetweenagentsto decideon
thesuccessof directionsanddeclarations.In our work, we assumedpeer-to-peerinter-
actions,in thatwe do not considerthe interactionsbasedon differentauthorityamong
agents.

d’Inverno et al. [6] develop interactionprotocolsfor the multiagentframework,
Agentis.They modelprotocolsasacompositionof variousservicesandtasksrequested
andofferedamongagents.d’Invernoetal.’sprotocolmodelconsistof four levels:regis-
tration,service,taskandnotification.In all levelsof Agentis,theprotocolsarespecified
with FSMs,which areformalandsimple,but low level.

Smith et al. [13] developprotocolsin which actionsaregiven a contentbasedon
joint intentions.Weagreewith themonthenecessityof declarativecontent.They model
the contentof actionswith mentalattributeswhereaswe usesocial constructs.They
seemto informally mapthejoint intentionsof theagentsto particularstatesof a finite
statemachine,but theircompilationprocedureis notclear. Conversely, ourcompilation
procedureis preciseto thelevel of states,andits soundnessandcompletenesshasbeen
established.

Pitt andMamdani[10] develop an agentcommunicationlanguage(ACL) frame-
work in termsof protocols,and show how an agentreplies to a communicationby
choosingoneof thecommunicationsallowedby thegivencommunication.They give
contentto messagesbasedonsocialconstructs,similar to thepresentapproach.
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A Semantics

Themeaningsof formulasgeneratedfrom L in our BNF grammararegivenrelative to
a modelanda statein the model.Themeaningsof formulasgeneratedfrom Protocol
aregivenrelative to a pathanda stateon thepath.Thebooleanoperatorsarestandard.
Usefulabbreviationsinclude |~}�� ��z �ß��
¯q�r�
�� , for any 
�¡�� , w�x�y¬zî�çr�|~}�� � z , 
��£t��
rñ�Or�
�q£r°t]� and
Õb t­�är�
���t .

Òv©ç³�Ù§���­�����! u�#"Å��$�¸ is a formalmodelfor ` . Ù is asetof states;�­º&%uÚ'% is
apartialorderindicatingbranchingtime, ��º&%þÚ(% relatesstatesto similar states,and
 �µìÙ*) b,+.- is aninterpretation,which tells uswhich atomicpropositionsaretruein a
givenstate./ is thesetof pathsderivedfrom � . /0/ givesthepowersetof / . For 1k¡ëÙ ,
/32 is thesetof pathsemanatingfrom 1 . " is a setof agents.$Óµ�Ù Ú4"�Ú4"5)b6/0/
give themodalaccessibilityrelationsfor commitments,respectively.

For 
 derived from Protocol, Ò n © 2 
 expresses“ Ò satisfies
 at 1 ” and for 

derivedfrom P, Ò n ©87:9 2 
 expresses“ Ò satisfies
 at 1 alongpath ; .”

M1. Ò n ©<2>= if f =¤¡� þ�?1 � , where=¤¡��
M2. Ò n ©<2�
 q�t if f Ò n ©<2�
 and Ò n ©<2ªt
M3. Ò n ©<2ªr�
 if f Ò ®n ©<2�

M4. Ò n ©<2�
­pvt if f Ò n ©<2K
 and �â�@1"�-µ�Ò n ©<2?��
Õ¦¨���
1"� �-µ.1"�@�A1"� ��¦ãÒ n ©<2?� �-t]� �
M5. Ò n ©<2°h²�¢��� � �~
�� if f ����;éµB; ¡
$Õ�~�j� � �#1 �²¦ãÒ n © 7:9 2K
��


