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Abstract. We developanapproachin whichwe modelcommunicatiorprotocols
via commitmenmadines Commitmentmachinessupplya contentto protocol
statesand actionsin termsof the social commitmentsof the participants.The
contentcanbe reasone@boutby the agentgherebyenablingflexible execution
of thegivenprotocol.We provide reasoningulesto capturetheevolution of com-
mitmentsthroughtheagentsactions Becausef its representationf contentand
its operationatules,acommitmentmachineeffectively encodes systematically
enhancedrersionof the original protocol, which allows the original sequences
of actionsaswell asotherlegal movesto accommodatexceptionsandopportu-
nities. We shav howv a commitmentmachinecanbe compiledinto a finite state
machinefor efficient execution,and prove soundnessnd completenessf our
compilationprocedure.

1 Intr oduction

ProtocolsarestructurednteractionamongcommunicatingagentsProtocolsareessen-
tial in applicationssuchaselectroniccommercewhereit is necessaryo constrainthe
behaviors of autonomousgentsMultiagentprotocolshave traditionallybeenmodeled
by formalismssimilar to thoseusedto specifyprotocolsin distributedcomputingand
computemetworks (e.qg.,finite statemachinedq2] or PetriNets[4]). Theseformalisms
specify protocolsmerelyin termsof legal sequencesf actionswithout regardto the
meaningsof thoseactions.Consequentlyprotocolstendto suffer from unnecessary
rigidity in execution[7], resultingin redundantnteractionsandavoidablefailures.
Let usconsidersomedesirablepropertiesof a protocolrepresentation.

— Autonomy:Promotingthe participants’autonomyis crucial for creatingeffective
systemsn openervironmentsParticipantanustbeconstrainedh theirinteractions
only to theextentnecessaryo carry outthe givenprotocol,andno more.

— Opportunities: Participantsshould be able to take advantageof opportunitiesto
improve their choicesor to simplify their interactionsDependingon the situation,
a participantmay take advantageof domainknowledge,andjump to a statein a
protocolwithout explicitly visiting one or more intervening states sincevisiting
eachstatemayrequireadditionalmessageandcausedelays.
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— ExceptionsParticipantsmustbe ableto modify their interactiongo handleexcep-
tions thatresultfrom the unexpectedbehaior of the participants For example,a
deadlinemay be rengyotiatedat a discount.This would obviously involve domain
knowledge,but the protocolrepresentatioshouldallow it.

We proposecommitmenmadines(CMs) asa formalismto formally specifyandexe-
cuteprotocols A commitmenimachineattachespecificdeclamtivemeaninggo states
andactionswithin a protocol. Thesemeaningsare basedon commitmentsof the par
ticipating agents. When the meaningsof statesand actionsare formally defined,the
legal computationganbe logically inferred. This enableghe protocolsto be system-
atically enhancedvith additionaltransitions,allowing a broaderrangeof interactions.
Theenhancemergnablesagentso exploit opportunitiesandhandleexceptions.

We shav how a commitmentmachinemay be automaticallycompiledinto a fi-
nite statemachine(FSM) in which no commitmentwor otherdeclaratve meaningsare
explicitly mentioned put which canbe efficiently executed We give technicalresults
proving that the compilation procedure sometimeswith additional restrictions,pro-
ducesan FSM thatis deterministic(easyto execute),sound(never produces compu-
tation not allowed by the commitmentmachine) andcompletg(canproducethe effect
of any computatiorallowed by thecommitmentmachine).

The rest of this paperis organizedas follows. Section2 describesour example
and necessanpackgroundinformation. Section3 introducescommitmentmachines
andshov how they may be applied.Section4 shonvs how commitmentmachinescan
be compiledinto finite statemachinesand establishesmportantresultsregardingthe
compilationprocedure Section5 describeour contributionswith respecto the most
relevantliterature.

2 TechnicalFramework

Following speechacttheory, we view communicatiorasa form of action[1]. Theac-
tionsherereflectprogressn the givenprotocolandmay be capturedn termsof modi-
ficationsto the participants’commitments.

Social commitmentsare commitmentsmadefrom one agentto anotheragentto
carry out a certaincourseof action[3, 11]. A socialcommitmentC(x, y, p) relatesa
debtorx, acreditory, andaconditionp. Whena socialcommitmentof thisform is cre-
ated,x becomesesponsibleo y for satisfyingp. The conditionp mayinvolve relevant
predicatesand commitmentsallowing the commitmentsto be nestedor conditional.
The commitmentsareflexible and canbe revoked or modified.Almost always, there-
vocationor modificationis constrainedhroughothercommitments.

Viewing a commitmentasan abstracdatatype, the creationandthe manipulation
of thecommitmentsanbe describedisingthe following operationg11,14]. Here,z,
y, z denoteagentsandc and¢’ denotecommitmentf theform C(x, y, p).

1. Create(x,c) establisheshe commitmentc.

2. Discharge(x,c) resohesthecommitment, i.e.,theconditionp startsto hold.

3. Cancel(x,c) cancelghe commitmentc. Usually, the cancellatiorof a commitment
is accompaniedby the creationof anothercompensatingommitment.



4. Release()c) releaseshedebtorfrom thecommitment. It canbeperformedoy the
creditor, to meanthatthe debtoris no longerobligedto carryout his commitment.

5. Assign(yz, c) eliminatesthe commitmentc, andcreatesa new commitmentc’ for
which z is appointedasthe new creditor

6. Delegate(x,z, ¢) eliminatesghe commitmente, andcreatesanew commitment’ in
which therole of thedebtoris transferredo z.

As arunningexample,we considera simplified versionof the NetBill protocolwhich
wasdevelopedto handlethe buying andselling over the Internetof electronicgoods,
suchassoftwareandelectronicdocument$12].

Example1 Asshavn in thefigurebelow, theprotocolbeginswith acustomerequest-
ing a quotefor somedesiredgoods,followed by the merchantsendingthe quote. If
the customeracceptshe quote,thenthe merchandeliversthe goodsandwaits for an
electronicpaymentorder(EPO). The goodsdeliveredat this point are encryptedthat
is, not usable After receving the EPO,the merchansendgshereceiptto the customer
who canthensuccessfullydecryptandusethe goods.Somescenarioghatwill notbe
handledby this protocolspecificatiorareshavn on theright sideof thefigure.

C: Send ()Insteadof waiting for a customerto re-
request guesta quote,a merchantmay proactively
senda quote,mimicking the ideaof adwer-

tising.

(i) The customermay send an “accept”
messagewithout first exchangingexplicit

messagesabout a price. This situation
would reflectthelevel of trustthe customer
placesin themerchant.

(ii) A merchantmay sendthe goodswith-

out an explicit price quote.Sendingunso-
licited goodswould correspondo “try be-
fore you buy” deals,commonin the soft-

wareindustry

Example 2 We definethe semanticcontentof eachstatein the figure above basedon
theparticipantscommitments:

— In state3, having senta quoteto a customerthe merchantcommitsto delivering
goodsandsendingareceiptafterwards,if the customepromisedo pay.

In state4, having sentanaccepto amerchantthe customeagreego pay, but only
if themerchanpromisedo sendareceiptafterwards.

In state5, the merchanthasfulfilled partof his promiseby sendinghe goods.

In state6, the customehasdischagedhis commitmentof sendingthe EPO.

In state7, the merchanthasdischagedhis commitmenbof sendingthereceipt.



3 Commitment Machines

We definea commitmentmachine(CM) in termsof setsof statesandactionsthatare
givenadeclaratve semanticcontentin termsof commitmentsA CM specifies

— thepossiblestatesanexecutingprotocolcanbein.
— theactionsthatareusedfor atransitionfrom onestateto another
— thepossiblefinal statesof the protocol.

The meaningassociatedvith eachstatespecifieswhich commitmentsarein force in
thatparticularstate andthe meaningassociatedvith eachactiondefineshow the com-
mitmentsareaffectedby thataction(therebyleadingto a statechange).

Like an FSM, a CM hasa currentstate;zeroor moreactionsareallowed in each
state;every allowed actioncauseghe CM to transitionto a new state.Unlike an FSM,
therepresentationf a CM doesnot specifya startingstate.The participantamay start
the protocolfrom a stateby acceptinghe commitmentghatarein forcein that state.
Usually, the protocolwill have somestatesvhereno commitmentsarein force.A CM
alsohasfinal stateswhich reflectthe acceptabler desirableterminationstatesof the
protocol.

Importantly unlike in an FSM, the transitionsbetweernthe statesarenot explicitly
specified.Basedon the intrinsic meaningof the actions,the new statethatis reached
by performinganactionat a particularstatecanbelogically inferred. Thus,insteadof
specifyingthe sequencesf actionsthat canbe performed,a CM simply specifiesthe
meaninggshatarelegaliin the protocoland,of thesethe meaningghatarefinal.

A CM specificatiorof a protocolemphasizethatthe aim of executingthe protocol
is notmerelyto performcertainsequencesf actions put to reachadesirablestate With
thisin mind, we cancomeup with differentactionsequenceser pathsthataccomplish
thesamegoalasthe original path.

Our formalizationis basedon alanguageusedto representhe legal meaningsn a
CM. Ourformal languageP, is basedon the languageof propositionalogic with the
additionof a commitmentoperatorto representommitmentsanda leadsto operator
to capturestrictimplication.

The following Backus-Naur~orm (BNF) grammarwith a start symbol Protocol
givesthe syntaxof P. In this grammay slanttypefaceindicatesnonterminals— isa
metasymbobf BNF; « and>> delimit commentsq{ and} indicatethatthe enclosed
itemis repeated) or moretimes;the remainingsymbolsareterminals.For expository
easewe usea simplifiednotationfor commitmentsHereC, p meanghatz (which can
bethecustomeior the merchanin NetBill) is committedto the otherpartyto carryout
p. Further we restrictthe nestingof commitmentgo onelevel.

— Protocol— {Action} <« setof actions>

— Action — Token:L «tokenis alabel;L is theassociatedneanings>
— Commitment— C, (L) | C, (M) «simplifiedasexplainedbelor>>
— L — Commitment

- M — L~ L «leadsto, indicatinga strictimplications

- L — L AL <conjunctions

- L — - L «negatiorrs>



— L — Prop<atomicpropositions>

The booleanoperatorsare given the usualsemanticsThe strict implication, p ~ ¢,
requiresg to hold whenp holds.Contraryto the materialimplication (p — ¢), which
is true whenp is false, the strictimplicationis false if p is false. The strictimplication
is usedonly in commitmentsOur formal semanticss givenin AppendixA. For com-

mitmentswherez andy arethe same(C,(p ~ C,r)), thesimplerform C,(p ~ r)
suffices.

Example 3 Following Figurel, we definethefollowing atomicpropositionsandcom-
mitmentsthatwill be usedto specifythe meanings.

— Atomic propositions
e requeskthecustomemhasrequestec quote;>
e goods«the merchanhasdeliveredthegoods:>
e pay<thecustomehaspaidthe agreecamount>
e receiptgthemerchantasdeliveredthereceipt;>
— Abbreviations for the commitments
e acceptkanabbreviation for C.(goods~ pay) meaningthatthe custometis
willing to payif herecevesthegoods>
e promiseGoods«an abbreviation for C,,, (accept~ goodg meaningthatthe
merchanis willing to sendthe goodsif the customepromiseso pay:>>
e promiseReceip& an abbreiation for C,,,(pay ~» receip) meaningthatthe
merchanis willing to sendthereceiptif the customepays;>
o offer €anabbreiationfor (promiseGoods promiseReceipts>

The meaningof a stateis given by ary formuladerivablefrom the nonterminalL.
We definetwo logical relationsamongmeaningsiogical derivation and equivalence.
p + g meansthat ¢ canbe logically derived from p. p = ¢ meansthatp andq are
logically equivalent,thatis, p F ¢ andg - p. Thesetwo relationsareusedto compare
the executionstatesof a protocolsemantically

A minimal setof meaningss onein which all meaningsarelogically distinct. A set
of final meaningss consistentf it is well-beharedwith respecto logical consequence.

Definition 1 A setM of meaningds minimalif andonly if thefollowing hold:

— (Vmy, m; € M: (m; =m; ) = (m; = my))
— true € M.
— false ¢ M. 1

Definition 2 A setof final meaningd- is consistentvith respecto a setof meanings
M if andonly if any meaningthatis strongerthana final meanings alsofinal. Thatis,
(Ym; € F,m; € M: (mj Fm;) = (mj € F))I

Actions are representeas a pair whosefirst elementis the token (name)of the
action,andwhosesecondcelements theeffectof theaction.Thatis, (a : €) isanaction,
if a is thetokenande is the meaning(effect) of theaction.



Definition 3 A CM is atriple (M, A, F), whereM is afinite minimal setof meanings,
A is afinite setof actionsdefinedin termsof commitmentsandFCM is a consistent
setof final meaningsl

Next we specifythelegalmeaninggheNetBill protocolexecutioncanbein, theactions
the agentscan perform andthe final meaningsthat the protocol canend. Sinceeach
actioncanbe performedby only oneparty, we do not specifythe performersexplicitly.
Tablel givesthe CM specification.

Meanings(M) Actions(A) Final MeaningqF)
1true (sendRequestequest request
2|request {sendQuoteoffer) offer
3| offer {sendAcceptaccept goodsA payA receipf
4|C,, goodsA accepth promiseReceip{sendGoodsgoodsA promiseReceip
5|goodsA C.payA promiseReceipt |{sendEpopay)
6|goodsA payA C, receipt {sendReceiptreceip}
7|goodsA C.payA receipt
8|goodsA pay A receipt

Table 1. The CM representationf the NetBill protocol

A CM transitionsfrom meaningg to meaningr underaction(a : e) if andonly if
afterapplyingtheeffecte ong, r canbelogically derived.We formalizethe CM transi-
tionsasfollows:q = (q.cy 7 2 (g Ae) - r. Thus,deriving theresultingmeaningfrom
a givenmeaningandactioninvolvescomputingthe logical consequencéhatis, the -
relation).For the propositionalpartof the languagethis is asusual.For commitments,
we now presentsomeimportantrulesfor reasoningabouttheir consequenced.hese
reasoningulescapturethe operationakemantic®f our approach.

1. A commitmentC,p ceaseso exist whenthe propositionp becomesgrue.

2. A commitmentC,(p ~ r) ceaseso exist whenthe propositionp becomegrue,
but anew base-leel commitmentC,r is createdo capturethatz hasto satisfythe
original commitmentby bringing aboutthe propositionr.

3. A commitmentC,(p ~ r) ceaseso exist whenthe propositionr holds(beforep
is initiated),andno additionalcommitmentsarecreated.

Example4 Considerthe metacommitment,,(pay ~» receip), which denotesthe
commitmentthat the merchantis willing to senda receiptif the customerpays.After
thecreationof this metacommitmenthefollowing scenariosnaytake place:

— The customermays, making the propositionpaytrue. In this case,the metacom-
mitmentis terminatedanda nev commitment,C,, receipt is createdin its stead
(ReasonindRule 2). Whenthe merchantactually sendsthe receipt,i.e., whenthe
propositionreceiptbecomesdrue, thenthe commitmentC,, receiptis dischaged
(ReasonindRulel).



— Beforethe customerpays,the merchantsendshe receipt,makingthe proposition
receipttrue. In this case,the metacommitmentis terminated,but no other com-
mitmentis createdsincethe customerdid not committo payingin thefirst place
(ReasonindRule 3).

The CM specificatiorof aprotocolcanbeappliedbothatruntime andcompiletime. A

CM specificatiorof a protocolgivesthe statesandthe effectsof performingthevarious
actions Givena CM, anagentthatcanprocesdogicalformulascandirectly executethe
CM. In thisrespectthechoiceof actionsis a planningproblemfor eachagent.Thatis,

from the possiblefinal statesthe agentfirst decideson the desiredfinal state,andthen
logically infers a paththatwill take it from the currentstateto the desiredfinal state.
Effectively, theagentinterpretshe CM directly atruntime. Alternatively, aCM canbe
compiledinto an FSM thatabstractout the meaningf the statesandactions.In the
next sectionwe describethis compilationprocessn detail.

4 Compiling Commitment Machines

A protocolspecificationthat allows the above characteristiceandrasticallyimprove
theflexibility andthusthequality of the solutionprovidedby agent-basedpplications.
However, theflexibility comesatthepriceof reasoningvith declaratve representations
atrun-time,which canbe expensve andmay increasethe codefootprint of the agents
whoimplementsuchreasoningFortunatelyit is possibleto compileaCM into anFSM
so that the desiredaffect can be obtainedwithout representingand reasoningabout
declaratve meaningsatruntime.

Beforeconsideringhe requirement®f compilinga CM into anFSM, let usgive a
formal definitionof anFSM anda DFSM.

Definition 4 A finite statemachineis a five-tuple,M = (S, X, sq, Q, §), whereS is

thesetof states X' is theinputalphabetsy € Sis thestartstate QCSis thesetof final

statesandd C Sx X' x Sis thetransitionrelation.A finite statemachines deterministic
if ary action hasat mostone transitionfrom a state,i.e., (Vs,s',s" € S,a € X :

(s,a,8"),(s,a,5") € § = 5" =s").1

For anagentto be ableto directly executethe FSM that resultsfrom compiling a
CM, we seekan FSM thatis deterministicandwith no irrelevanttransitions.Givena
CM, thestatesf theFSM canbegeneratedrom themeaning®f the CM. However, the
executionof the FSM follows the usualregime of state-transition-stateithout regard
to theformulasthatexistin CM meaning®n which the FSM statesarebased.

4.1 Compilation Formalized

We now shav how a CM canbe formally compiledinto an FSM. We establishsound-
nessand completenessesultsregardingour compilationprocedureThe compilation
procedurecanberealizedin anautomatictool. Recallthata CM allows multiple start-
ing stateswhereasan FSM allows only one.In the compilationbelow, we shav how

anFSM canbe constructedhfterchoosinga startstatefor the CM, namely true.



Procedurel Let X = (M, A, F) beaCM. ConstrucanFSMY = (S, ¥, s¢, Q, ) as
follows.

- S=M

—Y={a:{a:e) € A}

— 89 =true

~-Q=F

= 6 ={{mi,a,m;) :m;,m; € M, (a: e) € Aand(m; =(q.cy mj, m; ¥ m; and(V
my € M:im; |= .0y me = my Fmy))}H

To infer the valid transitionsin the FSM, we considerthe possibleentailmentse-
tweenthe meaningsTo ensuredeterminismand efficiency, we constrainthe allowed
transitionswith two majorrestrictions.

Restriction 1 (m;, a,m;) € ¢ entailsthatm; I/ m;.

If the sourcemeaningalreadyentailsthe contentcapturedin the target meaning,
no transitionfrom the sourceto thetargetis necessaryrhis restrictionensureghatthe
meaningthatwill be reacheds not alreadycapturedat the currentstate,andthatthe
FSM hasno transitionsthatdo not addto the contentl

Restriction 2 (m;,a,m;) € § entailsthat(V my € M: m; = (q:e) mi = mj Fmy).
This is to ensurethat if applyingan actionat a particularmeaningentailsseveral

possiblemeaningsthenthe transitionwill endin a statethat containsthe maximal

information.Laterwe will restrictour CMs sothata maximalmeaningalwaysexists.l

Noticethatd is definedso asto satisfy Restrictionsl and2. Whenan FSM Y is
producedrom aCM X by Procedurel, we saythat X is compiledinto Y. A compiled
FSM can be directly executedby an agentwith a single thread,using only constant
spaceTheoreml establishesghisresult.

Theorem1 An FSM producedby compilinga CM accordingto Procedurd is
deterministic.
Proof. LetX = (M, A, F) beaCM compiledintoY = (S, X, sq, Q, 4). Let
(mj,a,m;) € 6 and(m;,a,my) € § betwo transitionsof Y. FromRestriction2, we
know m; F my andmy - my, thatis, m; = my,. Then,by Definition 1, m; = mg.
Thus,by Definition 4, Y is deterministicll

The correctnes®f a compilation proceduremust be basedon the computations
that canresultfrom it. Therefore,we formalize the notion of a computationhow a
computatiormaybegeneratedby a CM, andhow acomputatiormayberealizedby an
FSM.Let f € A beafinite ordinal.Let| bethesetof indices{0,1,...,(f — 1)} (I is
emptywhenf = 0). LetJ bethesetof indices{0, 1, ..., f}.

Definition 5 7 = (mq, ap,m1,a1,...,a5_1,my) isacomputationf (Vi € I,j € J :
a; € X andm; € M). Intuitively, theactionlabelsthatoccurin 7, (ag, a1, -..,af 1),
describethe externally visible part of the computationbecausdheseare the actions
seenby otheragentsl



Definition 6 7 = (myg, ag,m1, ..., my) is genemtedby aCM X = (M, A, F) if and
only if my € F, and(\ﬁ El:m; eM and(EIei, (ai : ei) e Aimy ':<ai1€i) mi+1)).|

Definition 7 7 = {mg, ag, m1, . .., my) isrealizedby anFSMY = (S, X, s¢, Q, ) if
andonly if mg = sg, my € Q,and(Vi € 1, {m;,a;,m;y1) € 6).1

Notice that a computationcanonly be generatedby a machinethat can manipu-
late thesemeaningsthatis, a CM. By contrast,an FSM canrealizethis computation
by following the action sequenceWith this distinctionin mind, we definetwo main
aspectf correctnessSoundnesmeanghat only allowed computationsarerealized.
Completenessieanghatall allowed computationsanberealized A compilationpro-
cedurethatproducesan FSM (S, X, sq, Q, ¢) with S={} would besoundwhereane
that producesan FSM with ¥=M x AxM would be complete.Thatis, it is trivial to
ensureeithersoundnessr completenesddowever, it is crucial to ensureboth proper
ties. Theorem2 establisheshe soundnessf our compilationmethod:it stateghatthe
compiledF<SMwon't producea computatiorthatwasnot allowedby the original CM.

Theorem?2 Let X = (M, A, F) becompiledintoY = (S, X, so, Q, §). Thenary
computatiorrealizedby Y is generatedby X .

Proof. Letr =(my, a0, m1,...,mys) beacomputatiorrealizedby Y. By
Procedurd S=M, (Vi € I, m; € M), andmy € F. Considettheith transitionin 7,
{my, a;,miy1) € 6. Thisimplies,(Je; : (a; : e;) € A andm; = (4;.e;) Mit1). BY
Definition 6, X generates. i

4.2 Completeness

Interestingly we mustrefine the definition of a CM to ensurecompletenesdrirst, a
computatiorthatis generatedhy a CM maybegin from ary arbitrarymeaningSecond,
theremay be no transitionsin the FSM correspondingo sometransitionin the CM.
Restriction2 forcesthetransitiongo yield ameaningthatcarriesmaximalinformation
amongthe possiblemeaningslt might be the casethat a transitionemanatingrom a
sourcestateentailsseveral meaningsnoneof which entailsthe rest.In this case,no
meaninghasthe maximalinformation,andno correspondingdransitionis includedin
4. In orderto ensurehatthereis alwaysa meaningwith the mostinformation,we need
to ensuraghatthemeaningsetM of theCM is closedunderantecedencehatis, for ary
setof meaningghereis a meaningthatis strongerthaneachmeaningn the set.

Definition 8 A completeCM isaCM whosemeaningsetM andfinal meaningsetF are
closedunderantecedencézormally, (VR C M : (Imy, € M: (Vm; € R : my b m;)))
and(VRCF: (3mg € F: (Vm; € R:my + ml)))l

A completeCM guaranteeghatin ary subsetof both the meaningsetM andthe
final meaningsetF, thereexistsa meaningthatentailsall the meaningsn the subset.

Themainideaunderlyinga CM executionis thatinsteadof specifyingprotocolsin
termsof legal sequencesf actions,a CM specifiegshemin termsof meaninggo reach.
Thus,two computationsnayfollow differentsequencesf actionsbut still achieve the
samemeaning.Sincethe computationsre characterizedavith the achiezed meanings,



ratherthan pure sequencesf actions,computationgjeneratecdy a CM canbe com-
paredsemantically

Definition 9 A computationr’ = (mg, ag, my, ..., m}) is semanticallysuperiorto a
computationr = (myg, ag, m1, - . ., my) (with thesameactionsequenceasr’ if andonly
if (Vi € J:m! + m;). Thisis writtenas7’ > 7.1

Definition 10 A computationr’ = {mg, agp, m}, - .. ,m’f) generatedy aCM X is the
semanticallystrongestcomputationf andonly if for all computations

T = (mo,ap,my, ..., my) generatedy X (thatinvolve the sameactionsequences
'), 7' is semanticallysuperiorto 7. |

Definition 11 A CM X' is semanticallysuperiorto aCM X, written X’ > X, if and
onlyif (V7 : 7 is generatedy X = (37 : 7' is generatedy X’ and7’ > 7)).1

In thefollowing discussionwe provide two procedureso corvertonecomputation
into another First, Procedure? transformsa given computationinto the semantically
strongestomputatiorbasedon a particularactionsequence.

Procedure2 Letr = (my, ap,m1, ..., mys) beacomputatiorgeneratedby acomplete
CM X = (M, A, F). We constructthe computationr’ = (mg,ao,m},...,m}) in
whichmg = me andmj, is the strongesstatethatfollows m; and(a; : e;). By the
definitionof a completeCM (Definition 8), we know thatsuchanm exists.l

Lemmal LetX = (M, A, F) beacompleteCM andlet 7 = (mg, ag, m1, ..., my)
beacomputatiorgeneratedby X . ThenProcedure ont yieldsa computationr’ =
(mg, ag, mi, ..., m}) whichis thesemanticallystrongestomputation(Definition 10)
on{ap,ai,...,as 1).
Proof. In Procedure, aftereachactiona; atstatem;, 7' will moveto anew state
my,,, suchthatm, , is thestrongesstatethatcanresultfrom doingactiona; in m;.
Sinceeachm is the strongesstate(by theinductive hypothesis)s; is thestrongest
computatiorfor the givensequencef actionsii

Recallthatin compilinga CM into an FSM, we have not allowed computationgo
transitionfrom a meaningto itself. Although a compiledFSM doesnot allow sucha
transition,a CM doesallow it. In otherwords,a CM may possiblycontainredundant
transitions.To classify computationghat do not have redundantransitions we intro-
ducethe conceptof efficientcomputationsA computationis efficientif andonly if it
containsno consecutiely repeatedtates Procedures transformsa givencomputation
into anefficient computation.

Procedure3 Let 7 = (mg,ag, m1, ..., mg) beacomputatiorgeneratedy CM X =
(M, A, F). We producethe computationr’ = (mg, ag, m1, - . . ,mm’y) thatdoesnothave
ary equivalentconsecutie states.Thatis, we startby copying mg to 7'. Iteratively,
we checkwhetherapplyinga; from statem; move the computationto a new meaning
m;41. If thatis the case we copy botha; andm;1 to 7. Otherwisewe skip a; and
continuetheiterationwith a; 1. I



Lemma 2 Procedure yieldsanefficientcomputation.
Proof. SinceProcedure3 removesconsecutiely repeatedtatestheresulting
computatioris efficient.ll

Procedure3 cantransforma computationinto onethatis shorter Thus, step-by-
stepcomparisonamongcomputationsvould not apply. For this reasonwe introduce
the notion of endpointequivalence This notion matchesour basicintuition of flexible
executionbecauseve only careaboutwherea computatiorends notwhatintermediate
statedt wentthrough.

Definition 12 A computationr = (mg, ag, m1,...,mys) is endpointequivalentto
computationr’ = (mg, ag, my,...,m}) if andonly if mg = my andm; = m/,.
Noticethatthe computationsnay be of differentlengthsl

Lemma 3 Procedure preseresendpointequivalenceof computations.
Proof. Procedure producesacomputationr’ by removing redundantransitions
from acomputationr. Any transitionthatresultsin anew meanings kept. Thus,the
laststatein 7' equalsthelaststatein 7. Hence endpointequivalences presered.l
Importantly Lemma3 shows that Procedure3 preseresthe propertyof a compu-
tation beingthe semanticallystrongesfor its actions.Thatis, althoughthe resulting
computatiorhasfewer actionsiit is the strongesfor the actionsin it if theinput com-
putationhadthatpropertyin thefirst place.

Lemma 4 If thecomputationr givenasinputto Procedures is semantically
strongestthecomputationr’ producedy Procedure is alsosemanticallystrongestl

Lemma5 Let X = (M, A, F) beacompleteCM compiledinto anFSM
Y = (S, %, s, Q, d) accordingto Procedurel. Let 7 = (mg, ag, m1, ..., mys) bea
computatiorgeneratedby X, suchthatr is efficient semanticallystrongestandbegins
from true. Thenr canberealizedby Y.
Proof. By Procedurd, s¢ = true. Sincer is efficient, we know thereareno
consecutrely repeatedstates Thusno transitionwill be disallovedby Restrictionl.
Also, sincer is semanticallystrongesteachstatein 7 will bethe strongespossible
state.RecallthatRestriction2 enforceghis requiremenbn transitionsof FSMs.Since
Restrictionl is never exercised andRestriction2 doesnot causedeviation from the
flow of 7, 7 canberealizedby Y. i

We pointedout above thatwith the generaldefinition of CMs, our compilationis
not complete However, completeCMs caneasilybe found by makingthe meaningset
closedunderconjunction.After restrictingthe classof CMs to completeCMs, we can
achieve thefollowing completeneseesult.

Theorem3 Let X = (M, A, F) beacompleteCM compiledintoanFSMY =(S, ¥,
s0, Q, 8). Thenfor any computatiorthatis generatedy X andbeginsfrom true, there
existsanefficient, semanticallystrongestomputatiorrealizedby Y.

Proof. Letr ={mg,ao,m1,...,my) beacomputatiorgeneratedy X. Let 7' =
(mg, a0, my, ..., m';) beacomputatiorproduceddy Procedure whengivenr as
input. By Lemmal, we know 7' is semanticallystrongestlf we give ' asinputto
Procedures, thisyieldsa computatiorthatis efficient (Lemma3), andsemantically
strongesf{Lemmad4). Further this computatiorcanberealizedby Y (Lemmabs). il



5 Discussion

Commitmentsave beenstudiedbefore[3, 8], but werenot usedfor protocolspecifica-
tion aswe have donehere.Commitmentmachinegrovide flexibility by capturingthe
semanticcontentof the actionsin a protocol.By specifyingcommunicatiorprotocols
using commitmentswe can analyzethe interactionsamongparticipantsthroughthe
intrinsic meaningof thoseinteractions.

Verharen[15] developsa contractspecificationlanguage Cola, to specifytrans-
actionsand contracts.Verharens approachbenefitsfrom commitmentsn expressing
actions but it treatscommitmentsassimple,undirectedbligations anddoesnot allow
manipulationof commitmentsasin our approachFurther Verharenonly considers
base-lgel commitmentswithout capturingconditionalcommitmentsaswe have done.

DignumandvanLinder[5] proposeaframeavork for socialagentdasedndynamic
logic, in which they distinguishmessagebasedn speectacts.In additionto employ-
ing commitmentsthey usedirectionsanddeclarationsto denotethe semanticcontent
of messaged-urther they employ an authority relation betweenagentsto decideon
thesucces®f directionsanddeclarationsln our work, we assumegbeerto-peerinter-
actions,in thatwe do not considerthe interactionsbasedon differentauthorityamong
agents.

d’'Invernoet al. [6] develop interactionprotocolsfor the multiagentframework,
Agentis.They modelprotocolsasa compositiorof variousservicesandtasksrequested
andofferedamongagentsd’Invernoetal.’s protocolmodelconsistof four levels:regis-
tration,service taskandnotification.In all levelsof Agentis,theprotocolsarespecified
with FSMs,which areformal andsimple,but low level.

Smith et al. [13] develop protocolsin which actionsare given a contentbasedon
jointintentions We agreewith themonthenecessityf declaratve contentThey model
the contentof actionswith mentalattributeswhereaswve usesocial constructsThey
seemto informally mapthe joint intentionsof the agentgo particularstatesof afinite
statemachine put their compilationprocedures notcleatr Corversely our compilation
proceduras preciseto thelevel of statesandits soundnesandcompleteneskasbeen
established.

Pitt and Mamdani[10] develop an agentcommunicationanguage(ACL) frame-
work in termsof protocols,and shov how an agentrepliesto a communicationby
choosingoneof the communicationsallowed by the givencommunicationThey give
contentto messagebasedn socialconstructssimilar to the preseneapproach.
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A Semantics

The meaningf formulasgeneratedrom L in our BNF grammararegivenrelative to
a modelanda statein the model. The meaningsof formulasgeneratedrom Protocol
aregivenrelative to a pathanda stateon the path. The booleanoperatorsarestandard.
Usefulabbreviationsincludefalse = (p A —p), for ary p € &, true = —false, pV ¢ =
—(-pA—g)andp - qg=-pVaq.

M =(S,<,~,N, A, C)isaformalmodelfor P. S is asetof states<C S x S is
apartialorderindicatingbranchingime,~C S x S relatesstatego similar statesand
N : S = 2% is aninterpretationwhich tells uswhich atomicpropositionsaretruein a
givenstate P is thesetof pathsderivedfrom <. PP givesthepowersebf P. Fort € S,
P, is thesetof pathsemanatingrom ¢. A is asetof agentsC : S x A x A — PP
give themodalaccessibilityrelationsfor commitmentsrespectiely.

For p derived from Protoco] M |=; p expresses M satisfiesp at t” andfor p
derivedfrom P, M |=p, p expresse$ M satisfiegp att alongpathP.”

M1. M |= ¢ iff ¢ € N(t), wherey €

M2. M E;pAqiff M EypandM ¢ g

M4. M 'Zt p~q iff M ':t p and(Vt' M |:t’ p = (Vt” : tl ~ t” =M ':t" q))
M5. M }= C(z,y,p) iff (VP : P € C(z,y,t) = M =py p)



