
Abstract

YOLUM, PINAR. Flexible Executionof E-CommerceProtocols:A Commitment-Based

Approach(Underthedirectionof MunindarP. Singh).

Protocolsrepresenttheallowedinteractionsamongcommunicatingcomponents.Proto-

colsareessentialin electroniccommerceto constrainthebehaviorsof autonomousentities.

Traditionalrepresentationsof protocolsincludetheallowedactions,but not their content.

Thispreventsthemfrom beingappliedin settingswhereautonomousentitiesmustflexibly

interactto handleexceptionsandexploit opportunities.

We developanagent-basedapproachin whichwe modelthecommunicationprotocols

via a commitment-basedrepresentation.This formalismprovidesa contentto the proto-

cols. Thecontentcanbereasonedabout,therebyenablingflexible execution.We provide

reasoningrulesto capturetheevolutionof commitmentsandshow how anexistingprotocol

canbesystematicallyenhancedto yield a protocolthatallows thegivenactionsaswell as

otherlegalmoves.Wealsoshow how acommitment-basedrepresentationcanbecompiled

into afinite statemachinefor efficientexecution.
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Chapter 1

Intr oduction

Commerce,electronicor otherwise,is basedon communicationamonginteractingpartic-

ipants. Protocolsstreamlinethis communication.Although e-commercepromisesto be

moreflexible than traditionalcommerce,currenttechniquesfor specifyingandenacting

e-commerceprotocolsresultin morerigid protocolsthantraditional,human-orientedpro-

tocols.Thisrigidity subvertssomeof themotivationsbehinde-commerce[Kimbroughand

Lee,1996].

Protocolsfor e-commercehave traditionally beenmodelledby the sameformalisms

usedto specifynetwork protocols.Althoughprotocolsin bothareasarebasedon theidea

of modellingcommunicationbetweencomponents,theformalismsusedfor network proto-

colsarenot adequateto representtheinteractionsin e-commerce[FisherandWooldridge,

1997].As aconsequenceof this,moste-commerceprotocolssuffer from unneededrigidity

in execution,resultingin redundantinteractionsandunnecessaryfailures.In orderto deal

with this problem,we first investigatethe desiredpropertiesof the componentsandthen

describeanew formalismthatcanaccommodatethem.
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1.1 Dynamic Properties

Currentformalismsusedin modellingnetworking protocols,suchasfinite statemachines

andPetri Nets, specifyprotocolsmerely in termsof legal sequencesof actionswithout

regard to the meaningsof thoseactions. For this reason,traditionalprotocolsareoften

over-constrainedto thelevel of specificsequencesof actions.

However, e-commerceprotocolsshouldnot only constrainthe actionsof the partici-

pants,but alsorecognizetheopen,dynamicnatureof e-commerceinteractionsby accom-

modatingthekey aspectsof autonomy, heterogeneity, opportunities,andexceptions.

� Autonomy:Enablingparticipantsto exerciseautonomyasmuchasthey canin

the socialenvironmentin which they aresituatedis a crucial factor in creat-

ing effective e-commercecontext. Thecomponentsshouldbeableto exercise

autonomyin decidingwhatactionsthey wantto perform,whothey wantto in-

teractwith, or how they wantto carryout their tasks.Thus,in ane-commerce

setting,componentsmustretaintheirautonomyandbeminimally constrained

in their interactions,that is, constrainedonly to the extentnecessaryto carry

out thegivenprotocol.

� Heterogeneity:Componentscanbediversein their identityandadoptdifferent

strategiesto carryout their interactions.In currentprotocolspecificationsthe

identitiesof the participantsarenot taken into account. All thoseplaying a

givenroleareassumedto haveidenticalqualities.Thisespeciallystandsout in

thecaseof trust. In moste-commerceprotocols,all participantsareassumed

to be untrustworthy, andeachstepof the protocolensuresthat appropriately

safeactionsaretakenby thevariousparticipants.This unrealisticassumption

degradesthe performanceof the protocolssincethe actionsperformedcould

2



be greatly varied accordingto the correspondents’identities. In particular,

participantsthathaveestablishedtrustwith eachothercouldsafelyskipcertain

stepsin theprotocol.

� Opportunities:Componentsshouldbeableto take advantageof opportunities

to improve their choicesor to simplify their interactions.Dependingon the

situationor thespecificparticipant,certainstepsin a protocolcanbeskipped.

A participantmay take advantageof eitherpersonalknowledge,or a conve-

nienceprovidedby otherparticipants,andjumpto astatein aprotocolwithout

visiting oneor moreinterveningstates.

� Exceptions:Componentsmustbe ableto modify their interactionsto handle

any unexpectedconditions. The sort of exceptionsreferredto hereare not

programmingor networkingexceptionssuchaslossof messages,network de-

lays,andsoon,but arehigher-level exceptionsthatresultfrom theunexpected

behavior of theparticipatingparties.

1.2 SemanticAnalysis

We now analyzethe conceptsandchallengesunderlyingcommunication,especiallywith

regardto theexecutionof activities. As a runningexample,weconsidertheNetBill proto-

col thathasbeendevelopedto handlethebuying andsellingof electronicgoods,suchas

softwareandelectronicdocuments,over theInternet[Sirbu, 1998].

Example1 As shown in Figure1.1,theprotocolstartswith acustomerrequestingaquote

for somedesiredgoods,followed by the merchantsendingthe quote. If the customer

acceptsthequote,thenthemerchantdeliversthegoodsandwaitsfor anElectronicPayment

Order(EPO).The goodsdeliveredat this point areencrypted,that is, not usable. After

3
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Figure1.1: TheNetBill paymentprotocol

receiving theEPO,themerchantforwardstheEPOandthekey to theIntermediationServer,

which thencontactsthe bankto take careof the bankingprocess.Oncethe debit-credit

operationsare handled,the intermediationserver sendsa receiptback to the merchant.

Thereceiptcontainsthedecryptionkey for thesoldgoods.As thelaststep,themerchant

forwardsthereceiptto thecustomer, whocansuccessfullydecryptandusethegoods.

For ourpresentpurposes,weareconcernedneitheraboutthedetailsof theactualtrans-

actionsthat take placeamongthebanksnor abouttheunderlyingsecurityandencryption

mechanisms.Therefore,we simplify theprotocolto thepoint wherewe assumethatonce

themerchantreceivesanEPO,hecantake careof thebankingservicessuccessfully. Fig-

ure1.2shows this simplifiedversion.We usethis simplifiedversionof theprotocolasour

mainexamplethroughoutthis thesis.

The participatingpartiesin an e-commerceprotocol are self-interestedand eagerto

practiceany of a varietyof interactionsthatwould benefitthem. Thus,in ane-commerce

4
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Figure1.2: Simplifiedversionof theNetBill protocol

setting,partiesshouldbe permitteda choiceof actions,andbe ableto selectthe actions

thatbenefitthemthemost.

Example2 Therigid specificationin Figure1.2 cannothandlesomeof thenaturalsitua-

tionsthatarisein e-commerce:

, Insteadof waiting for a customerto requesta quote,a merchantmayproac-

tively sendaquote,mimickingtheideaof advertising.

, Thecustomermaysendan”accept”messagewithoutfirst exchangingexplicit

messagesabouta price. This couldverywell reflectthelevel of trustbetween

theparties.Thatis, thecustomer(whotruststhemerchantto givehim thebest

quote)mayacceptthepricewithout a prior announcementor quote.Alterna-

tively, thisactioncouldresultfrom thecustomer’s lack of interestin theprice,

theemergency of thetransaction,theinsignificanceof money to thecustomer,

andsoon. Thisscenariois shown in Figure1.3.

, As shown in Figure1.4,a merchantmaysendthegoodswithout anexplicit

pricequote. Suchgoodscouldrepresentthe trial versionsin thesoftwarein-

dustry, whereaftera certainperiodof time thecustomeris expectedto payto

continueusingthesoftware.
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Figure1.4: Alternativeexecutionwherethemerchantsendsthegoodsfirst

§ After receiving thegoods,thecustomermaysendtheEPOto thebankinstead

of themerchant.By delegatingthepaymentto thebank,thecustomermakes

thebankresponsiblefor ensuringthatthemoney getsto themerchant.

1.3 Approach

In order to handlethe aforementioneddynamicaspectsof e-commerce,we develop an

agent-basedapproachthat incorporatesthe key abstractionof commitments. Agentsare

persistentcomputationsthat canperceive, reason,act, andcommunicate.Agentscanbe
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autonomousandheterogeneous,andcanrepresentdifferentinteractingcomponents.The

agents’communicationsaffect,andareaffectedby, theircommitments.In turn,theagents’

commitmentsreflectthe protocolsthey arefollowing andthe communicationsthey have

alreadymade.

In what follows, we proposea new formalism,the commitmentmachine (CM), to be

usedin the formal specificationandexecutionof protocols. Insteadof specifyingproto-

colsmerelyin termsof legal sequencesof actions,we attachspecificmeanings,basedon

commitmentsof theparticipatingagents,to statesandactions.Whenstatesandactionsare

formally definedin termsof valid meanings,thepossiblepathsbetweenthestatescanbe

logically inferred.This permitsanenhancedprotocolwith additionaltransitions,allowing

a broaderrangeof interactions.This, in turn, enablesagentsto exercisetheir autonomy,

andto exploit opportunitiesandhandleexceptions.

We provide reasoningrulesthatformalizetheevolution of commitments.Theserules,

andthe operationsto createandto manipulatecommitmentsareall formalizedin event

calculus.By steppingthrougha runningexample,we show how ane-commerceprotocol

can be specifiedusing a CM and how it canbe executedflexibly to yield an enhanced

protocol.

1.4 Organization

Therestof this thesisis organizedasfollows: Chapter2 explainsthetechnicalbackground

dealingwith communications.Chapter3 introducescommitment-basedfinite statema-

chinesanddiscussesits applicability. Chapter4 formalizesthe reasoningrulesandoper-

ationson commitments.Chapter5 describesour contributionswith respectto the most

relevantliterature,andthefuturedirections.

7



Chapter 2

TechnicalFramework

Our approachto accommodatingflexible executionof e-commerceprotocolsis basedon

thekey abstractionof socialcommitments. In whatfollows,we first introducesocialcom-

mitments,andthenexplain theconceptsof finite statemachinesandtheeventcalculuson

whichwebuild ourapproach.

2.1 SocialCommitments

Startingwith the rationalisticapproaches,languagehasbeenthoughtto be a tool to re-

late the internal world of a being to the externalworld. As a counterto the language-

as-descriptionmodel, the language-as-actionmodel emerged whereeachutterancein a

languageis considerednot justadescriptionbut anaction.Morespecifically, by makingan

utterance,anagentdoesnot justdescribethecurrentstateof theworld, but alsochangesit.

We capturethis changein termsof modificationsto theparticipants’commitments.Each

utteranceresultsin the creation,acceptanceor declinationof oneor morecommitments.

Thecommitmentsassociatedwith thelanguagearesocial(asis thelanguageitself), in that

they affectall thepartiesthatengagein communication[WinogradandFlores,1986].
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Socialcommitmentsaredifferentfrom both internalandcollective commitments.An

internalcommitmentrefersto therelationbetweenanagentanda particularaction,anda

collectivecommitmentrefersto therelationbetweenagroupof agentscommittingto bring

aboutaparticularcondition[Castelfranchi,1995].Socialcommitments,ontheotherhand,

arecommitmentsmadefrom oneagentto anotheragentto carry out a certaincourseof

action[Singh,1999].

Definition 1 A social commitmentC(x, y, G, p) relatesa debtorx, a creditor y, and a

conditionp, in thescopeof acontext groupG [Singh,1999].

When a social commitmentof this form is created,x becomesresponsibleto y for

satisfyingp. In addition,thereis anemergenceof right [ConteandCastelfranchi,1995]: y

now hastheright to makesurex carriesoutwhathepromised,andto protestif hedoesn’t.

Thecontext groupG is theorganizationwithin which thecommitmentexists. Making

thecontext explicit enablesusto control theevolution of thecommitmentsandto accom-

modatecomplianceandresolutionof disputes.

Theconditionp mayinvolve relevantpredicatesandcommitments,allowing thecom-

mitmentsto be nestedor conditional. Contraryto commitmentsin databases,herethe

commitmentsareflexible, andcanberevokedor modified.Almost always,therevocation

or modificationis constrainedthroughmetacommitments.

Definition 2 A commitmenẗ = C(x, y, G, p) is base-level if © doesnot referto any other

commitments;̈ is ametacommitmentif © refersto abase-level commitment.

Viewingacommitmentasanabstractdatatype,thecreationandthemanipulationof the

commitmentscanbedescribedusingthefollowing operations[Singh,1999,Venkatraman

andSingh,1999]. Here, ª , « , ¬ denoteagents,and ¨ and ¨®­ denotecommitmentsof the

form C(x, y, G, p).

9



1. Create(x,c) establishesthe commitment̄ . The createoperationcanonly be per-

formedby thedebtorof thecommitment.

2. Discharge(x,c) resolvesthecommitment̄ . Again,thedischargeoperationcanonly

be performedby the debtorof the commitmentto meanthat the commitmenthas

successfullybeencarriedout. Thus,after the discharge operationthe condition °
startsto hold.

3. Cancel(x,c) cancelsthecommitment̄ . Generally, cancellationof a commitmentis

followedby thecreationof anothercommitmentto compensatefor theformerone.

4. Release(y, c) or Release(G,c) releasesthedebtorfrom thecommitment̄ . It canbe

performedeitherby thecreditoror thecontext group,to meanthat thedebtoris no

longerobligedto carryouthiscommitment.

5. Assign(y, z, c) eliminatesthe commitment̄ , andcreatesa new commitment̄®± for

which ² is appointedasthenew creditor.

6. Delegate(x,z, c) eliminatesthecommitment̄ , andcreatesa new commitment̄ ± in

which theroleof thedebtoris transferredto ² .

2.2 Event Calculus

The event calculus(EC), introducedby Kowalski and Sergot [1986], is a formalism to

reasonaboutevents.Eventsin ECinitiateandterminatefluents. Fluentsarepropertiesthat

areallowedto havedifferentvaluesatdifferenttime points.Their valueis manipulatedby

the occurrenceof events. A fluentstartsto hold after an event that caninitiate it occurs.

Similarly, it ceasesto holdwhenaneventthatcanterminateit occurs.

10



Over the years,several variantsof the event calculushave beenproposed.The ver-

sionof eventcalculususedhereis theSimpleEventCalculus(SEC),developedby Shana-

han[1997]. It is basedonfirst-orderpredicatecalculus,with theadditionof ninepredicates

to reasonabouttheevents.We now introducethesepredicatesandtheaxiomswith which

to integratethepredicates.

In thefollowing, ³µ´®¶�´�·z·�· refer to events, ¸q´�¹º´�·�·�· refer to fluents;and »F´(»�¼�´�»Z½�´�·�·z· refer

to timepoints.Thevariablesthatarenotexplicitly quantifiedareassumedto beuniversally

quantified.¾ denotesimplicationand ¿ denotesconjunction.Thetimepointsareordered

by the À relation,which is definedto betransitiveandasymmetric.

1. Initiates(³µ´F¸q´�» ) meansthatfluent ¸ holdsafterevent ³ at time » .
2. Terminates(³µ´F¸q´�» ) meansthatfluent ¸ doesnot holdafterevent ³ at time » .
3. Releases(³µ´F¸º´(» ) meansthatfluent ¸ is not known to holdafterevent ³ at time » .
4. Initially Á ( ¸ ) meansthatfluent ¸ holdsfrom time0.

5. Initially Â ( ¸ ) meansthatfluent ¸ doesnot hold from time0.

6. Happens(³µ´�»�¼F´�»Z½ ) meansthatevent ³ startsat time »�¼ andendsat »Z½ .
7. HoldsAt(̧º´�» ) meansthatthefluent ¸ holdsat time » .
8. Clipped(»�¼®´F¸º´�»Z½ ) meansthatthefluent ¸ is terminatedbetween»�¼ and »Z½ .
9. Declipped(»�¼F´F¸º´(»Z½ ) meansthatthefluent ¸ is initiatedbetween»�¼ and »Z½ .

Definition 3 Weintroduceatwo argumentHappensfluentto reasonabouteventsthatstart

andendat the sametime point. For simplicity, we will usethis versionof the Happens

11



fluenthereafter.

Happens(ÃqÄ(Å ) ÆÈÇ%É/Ê Happens(ÃµÄ�ÅFÄ�Å )

Example3 Figure2.1showsthatafluent Ë holdsata time ÅZÌ afterit hasbeeninitiatedbut

not terminated.

Figure 2.1: Holdingof fluents

Basedon thelanguageof SEC,thefollowing axiomsaredefined[Shanahan,2000]:

Axiom 1 HoldsAt(ËqÄ�Å ) Í Initially Î ( Ë ) ÏÑÐ Clipped(ÒÓÄFËºÄ(Å )

Ô Õ
ÖØ×ÚÙÜÛÞÝoßjà�á/âoã�ä�å

æèçêéÜëPì�ìîízï�ð/ñÞò�óoòõô÷ö

øjùÚú÷ûÞü�ýjþ�ÿ����õþ��

Figure2.2: Axiom 1

As shown in Figure2.2, all fluentsthat hold initially andarenot terminatedby any

eventfrom time Ò to time Å continueto holdat time Å .
12



Axiom 2 HoldsAt(���
	�� ) 
 Happens(���
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Figure2.3: Axiom 2

As shown in Figure2.3,afteranevent initiatesa fluent,thefluentcontinuesto hold if

no otherevent that canterminateit occursat a later time. Thesetwo axiomscapturethe

factthatafterafluentbeginsto hold,aneventthatcanterminatethefluentshouldoccurin

orderto putanendto theholdingof thatfluent.

Axiom 3 Clipped(	��������
	�� ) � �&����	����
	����Happens(���
	����
	�� ) � ( 	��k��	�� ) � ( 	��6��	�� ) �
( 	��k��	�� ) � ( 	��6��	�� ) ���Terminates(�������
	�� ) � Releases(��������	�� ) ���

���

�"���$�&���&�
���,�,�.�,�0����

 I¡

¢P£R¤t¥$¥&¦f§©¨ ªD«¬�­^®_¬¯ °±d²f³6´�µj¶k±d·(¸=¹
º�µq»s¼Rµt²f¶0½¾©¿�À@Á"ÂÄÃ^Å�Æ�¿(Ç=È@Å�É�ÊËÉ�Æ8ÌÍ

Î=Ï Ð�Ñ

Figure2.4: Axiom 3
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Axiom 3 statesthat a fluent is said to be clipped if and only if an event occursto

terminateor releaseit.

Thefollowing two axiomsrepresentthedualsof Axiom 1 andAxiom 2, respectively.

Axiom 4 Ò HoldsAt(Ó�Ô
Õ ) Ö Initially × ( Ó ) Ø�Ò Declipped(Ù0Ô�Ó�Ô
Õ )

Ú Û
Ü�Ý"Þ8ßRà;á�â�ãËä�å�æ^ç^è

é�ê"ëWìfíRîtï$ï&ëfð©ñ�ò;ó^ô�ó,õ�ö

÷�ø"ù8úRû;ü�ý�þËÿ����,þ��

Figure2.5: Axiom 4

Axiom 4 statesthata fluentdoesnot continueto hold, if initially it did not hold, and

theredoesnotoccurany eventthatinitiatesit. Thisaxiomis illustratedin Figure2.5.

Axiom 5 Ò HoldsAt(Ó�Ô
Õ�� ) Ö Happens(��Ô
Õ
	�Ô�Õ�� ) Ø Terminates(��Ô�Ó�Ô
Õ
	 ) Ø ( Õ��
��Õ�� ) Ø�Ò
Declipped(Õ
	�Ô�Ó�Ô
Õ�� )

���

�������������������� !�� #"$&%

')(+*-,�.0/21+354�6�798:�;
<>=?2@

A)B+CEDEFHGJI�I�CEKML N9OP)QSRTPU VWYX[Z+\^]`_aWYb�c2dfe�]hgjiH]kX[_#lmMn�o5p�qsrSt
u�n�v2w5tyx{z|xyu-}~

Figure2.6: Axiom 5

14



Following the sameintuition, Axiom 5 statesthat if an event occursand terminates

a fluent, andno otherevent occursto initiate it, thenthe fluent continuesnot to hold, as

shown in Figure2.6.

Axiom 6 Declipped(�
�^���)�f��� ) � �����f���{�f�����Happens(���f���{����� ) � ( �
�a�&��� ) � ( ���+����� ) �
( �
�a�&��� ) � ( ���+����� ) ��� Initiates(���^���f��� ) � Releases(���^���f��� ) ���

���

���������^���f�������!���#� ¢¡

£>¤

¥+¦{§[¨H©kª�ª�¦[«M¬ ­9®¯)°S±T¯² ³´Yµ[¶+·^¸`¹a´Yº�»2¼f½�¸h¾j¿H¸kµ[¹#ÀÁÂ¹S¸`¿H¸kÃ
Ä�Å�Æ2Ç5ÃyÈ{É>ÈyÄ-ÊË

Ì2Í Î�Ï

Figure2.7: Axiom 6

A fluentis saidto bedeclippedin a time periodif andonly if thereexistsaneventthat

occursandeitherinitiatesor releasesthefluentin thattimeperiod.Thisaxiomis illustrated

in Figure2.7.

Axiom 7 Happens(���f�
���f��� ) ÐÑ�
�YÒÓ���

Ô2Õ

Ö�×
Ø+Ù^Ú�Ú�Û^Ü�Ý�Þ�Ùàß�á)ß�á#âã&ä

Figure2.8: Axiom 7

Axiom 7 ensuresthatnoeventtakesanegativeamountof time.

15



2.3 Finite StateMachines

Oneof the mostcommonmethodsof specifyingnetwork protocolsis throughthe useof

thedeterministicfinite statemachine(FSM) formalism.FSMsarealsoextensively usedto

specifye-commerceprotocols[USE,1998].

Definition 4 A deterministicfinite statemachineis afive-tuple,(S, å , sæ , Q, ç ), whereS is

thesetof states,å is theinput alphabet,sæ�èêé is thestartstate,Q ë S arethefinal states,

and çíì S îïå�ðñ S is thetransitionfunction.

An FSMcanberepresentedgraphicallyby alabeleddirectedgraph,wherenodesrepresent

thestatesandthearcsrepresentthe transitions.In ane-commerceprotocolspecification,

thealphabetof theFSMis givenby thesetof possibleactions.Thetransitionfunctionis a

meansto coordinatethepossibleactionsin theprotocol.

ò

óô

õö

÷ø

ùjú�û�üHý�þÿ ü�����ü����
�
	���
�������������


���������� �!�"�"� $#

%
&�'�(�)�*,+-(�./(�0 1$2

354�6�7�8�9:/;�; 7=<$>

?5@�A�B�C�DEGFIH

Figure2.9: FSMrepresentationof theNetBill Protocol

Example4 Figure2.9shows thesimplifiedversionof theNetBill paymentprotocolasan

FSMlabeledwith theactionsof merchantagentM andcustomeragentC.
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Chapter 3

Commitment Machines

Wedefineacommitmentmachine(CM) conceptuallyasanFSMwhosestatesandalphabet

aregivena semanticcontentthat is definedin termsof commitments.A CM specifiesthe

possiblestatesanexecutingprotocolcanbein, theactionsthatareusedfor transitionfrom

onestateto another, andthepossiblefinal statesof theprotocol. Themeaningassociated

with eachstatespecifieswhich commitmentsarein force in that particularstate,andthe

meaningassociatedwith eachactiondefineshow the commitmentsareaffectedby that

action(therebyleadingto astatechange).

Unlike an FSM, the representationof a CM doesnot specify a startingstate. The

participantsmaystarttheprotocolfrom a statewherethereareno commitmentsin force,

or by acceptingthecommitmentsthatarein force in that state.Again, unlike FSMs,the

transitionsbetweenthestatesarenot explicitly specified.Themeaningsof thestatesand

theactorsarelogically represented.Basedontheintrinsicmeaningof actions,thenew state

thatis reachedby performinganactionataparticularstatecanbelogically inferred.Thus,

insteadof specifyingthe sequencesof actionsthat canbe performed,we simply specify

meaningsthatcanbereachedandof thesewhicharefinal (i.e.,desirable).
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By specifyingane-commerceprotocolusinga CM, we emphasizethat theaim of ex-

ecutinga protocolis not merelyto performsequencesof actions,but to reacha statethat

representstheresultof performingthesesequencesof actions.With this in mind, we can

comeup with differentpathsthat accomplishthe samegoal as the original path. Thus,

a protocolcanbereconfigured(enhancedor abbreviated)by finding alternative pathsbe-

tweenstates.

Example5 Wedefinethesemanticcontentof eachstatein Figure2.9basedon thepartic-

ipants’commitments:

J In state3, having senta quoteto a customer, the merchantcommitsto de-

liveringgoodsandsendinga receiptafterwards,if the customerpromisesto

pay.

J In state4, having sentan acceptto a merchant,the customeragreesto pay,

but only if themerchantpromisesto senda receiptafterwards.

J In state5, themerchanthasfulfilled thefirst partof his promiseby sending

thegoods.

J In state6, thecustomerhasdischargedhiscommitmentof sendingtheEPO.

J In state7, themerchanthasdischargedhiscommitmentof sendingthereceipt.

TheCM specificationof a protocolcanbeappliedin two mainways.

Run time. A CM specificationof aprotocolgivesthestatesandtheeffectsof performing

thevariousactions.Givena CM, anagentthatcanprocesslogical formulaecancompute

thetransitionsbetweenstates.In this respect,thechoiceof actionsis a planningproblem

for eachagent.Thatis, from thepossiblefinal states,theagentfirst decideson thedesired
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final state,andthen logically infers a path that will take it from the currentstateto the

desiredfinal state.Effectively, theagentinterpretstheCM directlyat run time.

Compile time. To reducethecomputationrequiredat run time, a CM canbeconverted

into anFSMrepresentationatcompiletime. Thistransformationis basedonsystematically

producingpathsbetweenpairsof meanings,andcanbecarriedout in severalwaysusinga

searchalgorithmor a planner. Themeaningsin CM mapto statesin theFSM.Thetransi-

tionsbetweenthestatesfollow from thevalid pathsin theCM. Thesetof final stateswould

beall thestatesthatsatisfytheendingconstraintsof theCM, namely, thestateswhereno

commitmentsarein force or whereall metacommitmentsof a party have beenhonored.

The setof actionsremainsthe same. An agentcanthenusethis FSM representationto

executetheprotocolat run time. Westudycompilationin detailbelow.

3.1 Formalization

Our formal language,
K

, is basedon thelanguageof propositionallogic with theaddition

of acommitmentoperatorto representcommitments.

The following Backus-NaurForm (BNF) grammarwith a distinguishedstartsymbol

Protocolgivesthe syntaxof
K

. In this grammar, slant typefaceindicatesnonterminals;

LNM is a metasymbolof BNF specification;O and P delimit comments;Q and R indicate

thattheencloseditem is repeatedS or moretimes;theremainingsymbolsareterminals.

T Protocol LNM Q Action RUO setof actionsP
T Action LNM Token:L O tokenis a label;L is theassociatedmeaningP
T CommitmentLNM VNW (L) O simplifiedasexplainedbelow P
T L LNM Commitment
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X L YNZ L [ L \ leadsto, indicatingastrict implication]
X L YNZ L ^ L \ conjunction]
X L YNZ _ L \ negation]
X L YNZ Prop \ atomicpropositions]
Sincein thesimplifiedversionof theNetBill protocolthereareonly two roles,customer

andmerchant,weuseasimplifiednotationto representcommitments.Here `Nacb meansthat

d (whichcanbethecustomeror themerchant)is committedto theotherpartyto carryout b .

Wealsoassumethatthecontext group e is understood,sowedon’t representit explicitly.

Definition 5 Thestrict implication, bf[ g , requiresg to hold when b holds. Contraryto

regularimplication(bihjg ) whichis kclnmpo whenb is q�rts uvo , thestrict implicationwill be q�r�s uwo
if b is q�rts uvo .

Definition 6 A metacommitmentis a commitmentof theform `xazy{b|[ }�~ . This expresses

theconditionalcommitmentwhereif thepropositionb becomestrue,thenthedebtord will

becomecommittedto bringingabout} .

Definition 7 Themeaningof a stateis givenby any formuladerivablefrom thenontermi-

nalL.

Definition 8 b���g meansthat g canbelogically derivedfrom b .

Definition 9 b���g meansthat b and g arelogically equivalent,thatis, b���g and g���b .

A minimal setof meaningsis onein whichall meaningsarelogically distinct.A setof

final meaningsis consistentif it is well-behavedwith respectto logicalconsequence.

Definition 10 A set M of meaningsis minimal if and only if the following conditions

hold:

20



� (����� , ����� M : ���������U� ���x����� )
���c�n�p� � M

Definition 11 A setof final meaningsF is consistentwith respectto a setof meaningsM

if andonly if any meaningthatis strongerthanafinal meaningis alsofinal. Thatis,

( �N����� F, ����� M : ( �������������j����� F)

Definition 12 Actionsarerepresentedasa two-tuple,wherethefirst elementis thetoken

(name)of theaction,andthesecondelementis theeffect of theaction.Formally,  �¡£¢c¤p¥ is

anaction,if ¡ is thetokenand ¤ is theeffectof theaction.

Definition 13 A CM is a three-tuple¦ �§  M , ¨ , F ¥ , whereM is a minimal setof mean-

ings, ¨ is a setof actionsdefinedin termsof commitments,andF © M is a consistentset

of final meanings.

Definition 14 A meaningchangesfrom meaningª to meaning« underaction  �¡£¢c¤p¥ if and

only if after applyingthe effect ¤ of action ¡ on ª , « canbe logically derived. Formally,

ª­¬ �¯®-°c± ²$³´«��¶µ ²$· ª¹¸º¤��i«

Thus,deriving the resultingmeaningfrom a givenmeaningandactioninvolvescom-

puting the logical consequence(that is, the � relation). For the propositionalpart of the

languagethis is asusual.For commitmentsandmetacommitments,we now presentsome

importantrulesfor reasoningabouttheirconsequences.Theserulescapturetheoperational

semanticsof ourapproach.

ReasoningRule 1 A commitment »N¼c½ ceasesto exist when the proposition½ becomes

true.
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ReasoningRule 2 A metacommitment¾N¿zÀÂÁ�Ã Ä,Å ceasesto exist whenthepropositionÁ
becomestrue,but a new base-level commitment¾x¿ÆÄ is createdto capturethe fact that Ç
hasto satisfytheoriginalmetacommitmentby bringingaboutthepropositionÄ .

ReasoningRule 3 A metacommitment¾N¿ÈÀÂÁ�Ã Ä,Å ceasesto exist whenthepropositionÄ
holds(beforeÁ is initiated),andnoadditionalcommitmentsarecreated.

Thefollowing exampleillustratestheapplicabilityof thesereasoningrules.

Example6 Considerthemetacommitment¾NÉÊÀ{Á´Ë�Ì�Ã Ä,ÍÏÎÐÍÆÑ�ÁÓÒvÅ , which denotesthecom-

mitment that the merchantis willing to senda receiptif the customerpays. After the

creationof thismetacommitmentthefollowing scenariosmaytakeplace:

Ô The customerpays, making the proposition Á´Ë�Ì true. In this case,the

metacommitmentis terminatedand a new commitment, ¾NÉÕÄ5ÍÏÎÖÍÆÑ=Á×Ò , is cre-

ated.Whenthemerchantactuallysendsthereceipt,i.e.,whentheproposition

Ä5ÍÏÎÖÍÆÑ=Á×Ò becomestrue,thenthecommitment¾NÉÕÄ5ÍÏÎÖÍÆÑ=Á×Ò is discharged.

Ô Beforethecustomerpays,themerchantsendsthereceipt,makingthepropo-

sition Ä,ÍÏÎÐÍÆÑ�ÁÓÒ true. In this case,the metacommitmentis terminated,but no

othercommitmentis createdsincethe customerdid not commit to payingin

thefirst place.

We now definetheNetBill protocolformally asaCM.

Example7 FollowingExample5, themessagesandthestatescanbegivenacontentbased

on thefollowing definitions:

Ô Atomic Propositions
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Ø request:an atomicpropositionmeaningthat the customerhasre-

questedaquote.

Ø goods:anatomicpropositionmeaningthat themerchanthasdeliv-

eredthegoods.

Ø pay: anatomicpropositionmeaningthat thecustomerhaspaidthe

agreedamount.

Ø receipt:anatomicpropositionmeaningthatthemerchanthasdeliv-

eredthereceipt.

Ø Abbreviations for the Metacommitments

Ø accept:anabbreviationfor ÙÛÚÐÜ/ÝÓÞßÞßàzá�â ã£ätåÓæ meaningthatthecus-

tomeris willing to payif hereceivesthegoods.

Ø promiseGoods:an abbreviation for ÙNç�ÜnätèÐèÖéIã×ê�â ÝzÞ5ÞßàÈáßæ mean-

ing that the merchantis willing to sendthe goodsif the customer

promisesto pay.

Ø promiseReceipt:anabbreviation for ÙNçÊÜ{ã´ä�å�â ë5éÏèÖéÆì=ã×êvæ meaning

thatthemerchantis willing to sendthereceiptif thecustomerpays.

Ø offer: anabbreviation for Ü{ã£ë,Þpíiì�áÏéÏî�Þ5ÞßàÈáðï�ã£ë,Þpíiì�áÏéÏñÊéÏèÐéÆì�ã×êvæ
For simplicity, we placethe contentof an actionin the statethat resultsfrom it, and

sinceeachactioncanbe performedby only oneparty, we do not specifythe performers

explicitly.

Ø Meanings(M):

1. òcónôpõ
2. requestö Thecustomerhasrequestedaquote.÷
3. offer ö Themerchanthasmadeanoffer. ÷
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4. C ø goods ù acceptù promiseReceiptú The customerhasacceptedthe

merchant’s offer. û
5. goods ù C ü pay ù promiseReceiptú The merchanthas delivered the

goods,andthereforethe customeris committedto payingandthe mer-

chantis willing to sendthereceiptafterthecustomerpays.û
6. goods ù pay ù C ø receipt ú The merchanthas delivered the goods,

the customerhaspaid, and the merchantis committedto sendingthe

receipt.û
7. goods ù pay ù receipt ú Themerchanthasdeliveredthegoodsandthe

receipt,andthecustomerhaspaid.û
ý Actions ( þ )

1. ÿ sendRequest:request��ú sendinga requestfor quoteû
2. ÿ sendQuote:offer�
ú sendingaquoteû
3. ÿ sendAccept:accept��ú sendinganacceptû
4. ÿ sendGoods:goodsù promiseReceipt��ú deliveringthegoodsû
5. ÿ sendEpo:pay��ú sendinganEPOû
6. ÿ sendReceipt:receipt��ú sendingthereceiptû

ý Final meanings(F)

1. request

2. offer

3. goodsù pay ù receipt
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3.2 Compiling CMs to FSMs

Wenow studytherequirementsof compilingaCM into anFSM.For anagentto beableto

directlyexecutetheresultingFSM,weseekanFSMthatis deterministicandwith no irrel-

evanttransitions.Givena CM, thestatesof theFSM canbegeneratedfrom themeanings

of theCM. However, theexecutionof theFSMfollowstheusualregimeof state-transition-

statewithout regardto the formulasthat exist in CM meaningson which the FSM states

arebased.

To infer thevalid transitionsin theFSM,weconsiderthepossibleentailmentsbetween

themeanings.To ensuredeterminismandefficiency, we constraintheallowedtransitions

with two majorrestrictions.

Restriction 1 �������	�
���
������� entailsthat ������ �
�
If thesourcemeaningalreadyentailsthecontentcapturedin the targetmeaning,no tran-

sition from thesourceto the target is necessary. Entailmentsof this form ensurethat the

meaningthatwill bereachedis not alreadycapturedat thecurrentstate,andthattheFSM

hasno transitionsthatdonotaddto thecontent.

Restriction 2 �������	�
���
������� entailsthat(������� M : ����� � �"!	# $&%'����()�
� � ��� )
This is to ensurethat if applyinganactionat a particularmeaningentailsseveralpossible

meanings,then the transitionwill end in a statethat containsthe maximal information.

Laterwewill restrictourCMssothatamaximalmeaningalwaysexists.

Example8 Let usassumethatthemeaningsdepictedin Figure3.1constitutethemeaning

setM of a CM. Among thesefour meanings,F containsonly ��* . Let the actionset +
containtwo actions:sendacceptwhich initiatesaccept, andsendoffer which initiatesoffer.
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Figure3.1: Exampletransition

Wenow look atsomepossibleentailmentsanddemonstratewhichuf theseentailments

resultin avalid transitionconvertingaCM to anFSM.

,.-�/�0 , sendoffer, /2143 : 5	6�798;:<>=�?A@CBEDGFHF	?�I offer

-�/�0 , sendaccept, /�JK3 : 5	6�798L: <>=A?�@CBEMONPNA?RQ	S accept

Sinceneitherrestrictionappliesto theseentailments,both transitionsareac-

cepted.

,.-�/21 , sendoffer, /2143 :offer : <>=�?A@CBEDGFHF	?�I offer

-�/21 , sendaccept, /21T3 :offer : <U=A?�@VBOMONPNP?WQ	S offer
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Thesetwo transitionswill not bealloweddueto Restriction1, whichdoesnot

allow transitionswherethestartingstatealreadyentailstheendstate.
X�Y2Z

, sendaccept,
Y�[K\

:offer ] ^U_A`�aVbOcOdPdP`We	f accept
X�Y2Z

, sendaccept,
Y�gK\

:offer ] ^U_A`�aVbOcOdPdP`We	f (offer h accept)

BasedonRestriction2, only thelattertransitionwill beallowed.

i X�Y�[ , sendaccept,
Y�[K\

:accept] ^>_�`AaCbEc4dPdP`We	f accept
X�Y�[

, sendoffer,
Y�[H\

:accept] ^U_A`�aVbOj&kKk	`Al accept

Again,basedonRestriction1, thesetwo transitionswill notbeallowed.
X�Y�[

, sendoffer,
Y2Z4\

:accept] ^U_A`�aVbOj&kKk	`Al offer
X�Y�[

, sendoffer,
Y�gH\

:accept] ^U_A`�aVbOj&kKk	`Al (offer h accept)

Theonly transitionthatwill beallowedwill againbethelatter, sinceit yields

moreinformationthentheformer.

i X�Y�g , sendaccept,
Y�[K\

:(offer h accept)] ^>_�`AaCbEcOdAdP`ReHf accept
X�Y�g

, sendaccept,
Y�gK\

:(offer h accept)] ^>_�`AaCbEcOdAdP`ReHf (offer h accept)
X�Y�g

, sendaccept,
Y2ZT\

:(offer h accept)] ^>_�`AaCbEcOdAdP`ReHf offer
X�Y�g

, sendoffer,
Y�[H\

:(offer h accept)] ^>_�`�aVbEc4dPdP`We	f accept
X�Y�g

, sendoffer,
Y�gH\

:(offer h accept)] ^>_�`�aVbEc4dPdP`We	f (offer h accept)
X�Y�g

, sendoffer,
Y2Z4\

:(offer h accept)] ^>_�`�aVbEc4dPdP`We	f offer

It is easyto seethatno transitionscanstartfrom
Y�g

, since
Y�g

alreadyentails

all themeaningsassociatedwith theotherstates.

In Figure3.1, the solid lines show the allowed transitionsandthe dashedlines show the

otherpossibleentailmentsthatarenot allowed.

27



3.2.1 Compilation Formalized

This sectionshows how a CM can be formally compiledinto an FSM, and establishes

soundnessandcompletenessresultsregardingourcompilationprocedure.Thecompilation

can be realizedin an automatictool. Recall that a CM allows multiple startingstates,

whereasanFSM allowsonly one.In thecompilationbelow, we show how anFSM canbe

constructedafterchoosingastartstatefor theCM, namely, m	n�o9p .
Definition 15 Let qsrut M , v , F w beaCM, and xyryt S, z�{H|C} , Q, ~�w beanFSM.

q is compiledinto x if thefollowing conditionshold.

� S= M

� z = ������t��
{	�9w���v��
� |C} = m	n�o9p
� Q = F

� ~ = ��t����&{	�
{��
�Kw : ��� , �
��� M , t��
{	�9w���v and( ����� r;���	� �&���
� , ������ �
� and

(������� M : ����� r �"�H� ��� ���� ¡�
� � ��� )) �

Notice that the definition of ~ given above incorporatesRestriction1 andRestriction2.

Thecorrectnessof acompilationmustbebasedonthecomputationsthatcanresultfrom it.

Therefore,weformalizethenotionof acomputation,how acomputationmaybegenerated

byaCM, andhow acomputationmayberealizedbyanFSM.Therearetwomainaspectsof

correctness.Soundnessmeansthatonly allowedcomputationsarerealized.Completeness

meansthatall allowedcomputationscanberealized.

Definition 16 ¢ = ��}	�£}	�2¤4�¥¤§¦C¦C¦T�©¨Vª
¤O�«¨ is a computation.Intuitively, the actionlabels,

�£}¬{	�¥¤§¦C¦C¦��­¨Vª
¤ , describetheexternallyvisiblepartof thecomputationbecausethesearethe

actionseenby otheragents.

28



®�¯ °G±²G³
´�µ¶�·¸�¹º�»

¼E½ ¾ ¿

Figure3.2: A samplecomputation

For thefollowingdefinitionsandtheorems,let I bethesetof indices,À�Á¥ÂCÃÄÂCÅVÅCÅ�Â¬Æ�Ç�È Ã¬ÉHÊ ,
andJ bethesetof indices,À�Á¥ÂCÃ�ÂCÅCÅCÅHÂHÇËÊ .

Definition 17 Ì = Í�ÎHÏ£Î	Í2Ð§ÅCÅCÅ4Í«Ñ is generatedby a CM Ò Ó¡Ô M , Õ , F Ö if andonly if

Í«Ñ;×�Ø , and(Ù§Ú�× I : Í�ÛË× M and Æ�ÜÞÝVÛ&Â9Ô�ÏÄÛ&Â	ÝVÛßÖ�×�Õ : Í�Û�à Ó;á"â4ãßä å�ãçæ�Í�Ûéè§Ð )).

Definition 18 Ì = Í�ÎHÏ­ÎTÍ2ÐêÅCÅVÅTÍ«Ñ is realizedby anFSM ëìÓíÔ S, î�ÂHïCÎ , Q, ðñÖ if andonly

if Í�Î�Óòï¬Î , Í«Ñ;× Q, and ÆWÙ§Ú�× I , Ô�Í�Û&Â	ÏÄÛ�Â�Í�Ûóè§ÐTÖ�×�ðñÉ .

Theorem1 establishesthata compiledFSM canbedirectly executedby anagentwith

asinglethread.

Theorem 1 An FSMproducedby compilingaCM is deterministic.

Proof. Let Ò Ó Ô M , Õ , F Ö be a CM compiled into ë Ó Ô S, î�ÂHïCÎ , Q, ð�Ö and let

Ô�Í�Û�Â	Ï
Â�Í
ôVÖõ×íð and Ô�Í�Û&Â�Ï'ÂTÍ�öCÖ÷×øð be two transitionsof ë . From Restriction2, we

know Í
ô�ùúÍ�ö and Í�öûùüÍ
ô , thatis, Í
ôþýòÍ�ö . Then,by Definition10, Í
ô�ÓÿÍ�ö .

Theorem2 establishesthesoundnessof our compilationmethod.Effectively, it states

that thecompiledFSM won’t producea computationthatwasnot allowedby theoriginal

CM.

Theorem 2 Let Ò Ó Ô M , Õ , F Ö becompiledinto ëyÓ Ô S, î�Â	ï¬Î , Q, ð�Ö . Thenany compu-

tationrealizedby ë is generatedby Ò .

Proof. Let Ì = Í�ÎHÏ£Î	Í2Ð§ÅCÅCÅ4Í«Ñ be a computationgeneratedby ë . Since S = M ,
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(
�����

I , ��� � M ), and �
	 � F by compilationof � into � . Considerthe
�
th transition

in 
 , ����������������������� ���
. This implies, ��� �!�#"$���%���&�!�'� �)(

and ���+* ,.-0/�1'2 3�1546�������87 .

Interestingly, with the generaldefinition of a CM, our compilationis not complete.

For one,a computationthat is generatedby a CM maybegin from any arbitrarymeaning.

Also, theremaybeno transitionsin theFSM correspondingto sometransitionin theCM.

Restriction2 forcesthe transitionsto yield a meaningthat carriesmaximal information

amongthepossiblemeanings.It mightbethecasethatatransitionemanatingfrom asource

stateentailsseveralmeanings,noneof which entailstherest. In this case,no meaninghas

the maximalinformation,andthe transitionis not includedin
�
. In orderto enforcethat

thereis alwaysa meaningwith themostinformation,we needto ensurethat themeaning

setM of theCM is closedunderantecedence.

Definition 19 A completeCM is a CM whosemeaningsetM andfinal meaningsetF are

closedunderantecedence.Formally, � �69;:
M : � � ��� �<9 "$���=�?> � M : �?>A@B���C78787

Definition 20 A conjunctiveCM is a CM whosemeaningsetM is closedunderconjunc-

tion. Formally, (
�69D:

M : ���=�?> � M : �?>AEGFIH 1CJLK ���M7�7

Lemma 1 EveryconjunctiveCM is complete.

The main idea underlyinga CM executionis that insteadof specifyingprotocolsin

termsof legal sequencesof actions,a CM specifiesthemin termsof possiblemeaningsto

reach.Thus,two computationsmayfollow differentsequencesof actionsbut still achieve

thesamemeaning.

Definition 21 A computation
 = �?NO��N&�P��QLQLQ��
	 is semanticallyequivalentto computa-

tion 
=R = ��RN �SN&��R � QLQ!Q���R	 if andonly if �?NTEU��RN and �
	VEU��R	 .
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Definition 22 A computationWYX = Z�X[O\ [ Z�X ]6^!^L^8Z�X_ is semanticallysuperiorto computation

W = Z [ \ [ Z ] ^L^L^�Z _ if andonly if ( `�a+b J: Z�Xc6dBZ c ).

Definition 23 A computationW X
e Z X [O\ [ Z X ]f^L^!^8Z X _ is the semanticallystrongest com-

putationon the actionsequence\ [hg \ ]Og ^L^L^ g \ _!i ] if andonly if for all computationsW =

Z [ \ [ Z ] ^L^L^8Z _ generatedby j (thatinvolvethegivenactionsequence),W=X is semantically

superiorto W .

Procedure 1 Let W = Z [ \ [ Z ] ^L^L^�Z _ be a computationgeneratedby a completeCM

j elk M , m , F n . We constructthe computationWYX = Z�X[ \%X[ Z�X ] ^L^L^�Z�X_ in which Z�X[ e Z [
and Z Xcpo ] is thestrongeststatethat follows Z Xc and k \ c g&q c n . By thedefinitionof complete

CM, weknow thatsuchan Z�Xc�o ] exists.

Lemma 2 Let j elk M , m , F n beacompleteCM andlet W = Z [ \ [ Z ] ^L^!^8Z _ bea

computationgeneratedby j . ThenProcedure1 on W yieldsacomputation

W=X e Z�X[ \%X[ Z�X ] ^L^L^�Z�X_ which is thesemanticallystrongestcomputationon \ [Lg \ ]rg ^!^L^ g \ _!i ] .
Proof. In Procedure1 aftereachaction \ c atstateZ Xc , W X will moveto anew stateZ Xcpo ] ,
suchthat Z�Xc�o ] is thestrongeststate.SinceeachZ�Xc is thestrongeststate,WYXc is the

strongestcomputationfor thegivensequenceof actions.

Definition 24 Thecomputationswith no consecutively repeatedstatesarecalledefficient

computations.

Procedure 2 Let W = Z [ \ [ Z ] ^L^!^8Z _ beacomputationgeneratedby CM j esk M , m , F n .
WeproducethecomputationW=X = Z�X[ \�X[ Z�X ] ^L^!^8Z�X_ thatdoesnothaveany equivalentconsec-

utive states.That is, we startby copying Z [ to WYX . Iteratively, we checkwhetherapplying

\ c from stateZ c movethecomputationto anew meaningZ c�o ] . If thatis thecasewemove

both \ c and Z c�o ] to W=X . Otherwise,wecontinuetheiterationwith \ c�o ] .
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Lemma 3 Procedure2 preservessemanticequivalenceof computationsandprovides

efficientcomputation.

Proof. Procedure2 removesredundanttransitionsfrom acomputation.Any transitionthat

resultsin a new meaningis kept.Thus,thesemanticequivalenceis preserved.Since

Procedure2 removesconsecutively repeatedstates,thecomputationis efficient.

Lemma 4 If the t givenasinput to Procedure2 is semanticallystrongest,the tYu produced

by Procedure2 is alsosemanticallystrongest.

Lemma 5 Let vxwly M , z , F { beacompleteCM compiledinto anFSM
| wsy S, }�~&�h� , Q, ��{ . Let t = �?�O�����P�6�L�L���
� beacomputationgeneratedby v , suchthat

t is efficient,semanticallystrongest,andbeginsfrom �&����� . Then t canberealizedby
|

.

Proof. By compilation,�L� = �&����� . Sincet is efficient,weknow therearenoconsecutively

repeatedstates,thusno transitionwill bedisallowedby Restriction1. Also, sincet is

semanticallystrongest,eachstatein t will bethestrongestpossiblestate.Recallthat

Restriction2 enforcesthis requirementon transitionsof FSMs.SinceRestriction1 is

neverexercised,andRestriction2 doesnot causedeviation from theflow of t , t canbe

realizedby
|

.

Theorem 3 Let v w y M , z , F { be a complete CM compiled into an FSM
| wsy S, }�~&�h� , Q, ��{ . Thenfor any computationthat is generatedby v andbegins from

�&����� , thereexistsanefficient,semanticallystrongestcomputationrealizedby
|

.

Proof. Let t = �?�O�S�&�P���L�!�8�
� bea computationgeneratedby v . Let t u = �?�O���&� u � �!�L�8� u �
bea computationproducedby Procedure1 whengiven t asinput. By Lemma2, weknow

t u is semanticallystrongest.Now, if we give t u asinput to Procedure2, this yieldsanef-

ficient (Lemma3) andthe semanticallystrongestcomputation(Lemma4), which canbe

realizedby
|

(Lemma5).
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3.2.2 Configuration

Oneof the mainadvantagesof specifyinge-commerceprotocolsusingCMs is their ease

of configuration.By addingnew meaningsto themeaningset,M , andappropriately, to the

final meaningset,F, theprotocolcanbeenhancedto allow morecomputations.Similarly,

by reducingthe meaningssetM andF the possiblecomputationscanbe restricted.The

following exampledepictshow anexistingCM specificationcanbeenhanced.
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Figure 3.3: EnhancedCM

Example9 We now reconsidertheshortcomingsof Example2. In orderto remedythese

shortcomings,weintroducetwo new meanings,acceptand(goods
'

promiseReceipt). The

first meaningdenotesthe statethat the customeris acceptingany price, andthe second

meaningdenotesthestatewherethemerchanthasdeliveredthegoodsandwilling to send

thereceiptif thecustomerpays.We now addthesetwo new meaningsto themeaningset,

M , andthefinal meaningset,F, of Example7, thepreviousspecificationof our protocol.

Figure3.3shows theenhancedFSM thatcanbederivedfrom theCM specificationof the

NetBill protocol.
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( The merchantcannow start the protocolby sendinga quoteto a customer.

As wasthecasein Example7, by performingthis actionthemerchantcreates

a metacommitmentin state3, namelythatheis willing to sendthegoodsand

thereceiptif thecustomeragreesto pay.

( By sendingan acceptmessagewithout prior conversationaboutthe quote,

the customercommitsto paying if the merchantmakesan offer. Thus, we

move from a statewhereno commitmentsaremade(state1), to a statewhere

the customeris makingan offer (state9). If the merchantdoesnot make an

offer, thentheprotocolendsat this point. On theotherhand,if themerchant

makesanoffer by sendingthegoods,thenbothpartieshave to carryout their

commitments,sotheprotocolmovesto state5.

( By sendingthegoodswithoutanexplicit acceptmessage,themerchantmakes

anoffer to sendthereceiptif thecustomeragreesto pay. Thus,wemovefrom

astatewherenocommitmentsaremade(state1), to astatewherethemerchant

is makinganoffer (state8). If thecustomerdoesnot accepttheoffer, thenthe

protocolendsatthispoint. Conversely, if thecustomeractuallysendsanaccept

message,thenboth partiesneedto fulfill their commitments,so the protocol

movesto state5.

Comparedto theoriginalversionof theprotocolin Figure2.9,wehaveintroducedtwo new

states,state8 andstate9, for thenew addedmeanings.

( State8: goods) promiseReceipt

( State9: accept

In additionto theabove states,we have addednew transitionsfrom state1 to states3, 8,

and9; from state2 to states8 and9; from state8 to state6 andfrom state9 to state5. The

new transitionsareshown with dashedlinesin Figure3.3.
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3.3 Reasoningwith CMs

Althoughtheformaldescriptionsof CMsandFSMsarequitedifferentfrom eachother, we

canusethesamepictorialrepresentationfor both.Thus,weusethegraphicalrepresentation

in Figure2.9to reasonabouttheCM specification.

We now addresssomeof theinadequaciesof thetraditionalapproachesandshow how

ourapproachhandlesthesesituationsif usedat run time.

3.3.1 Opportunism

Dependingon the circumstances,a participantmay chooseto start a protocol from the

middleto take advantageof anopportunity. An opportunityin this context correspondsto

acommitment-basedmeaningof astatethatprovidessomeconvenienceto theparticipant.

By startinga protocolin this fashion,theagentacceptsthecommitmentsthatarein force

in thatparticularstate.Similarly, duringtheexecutionof a protocolanagentmaybeable

to jumpacrossseveralstepsatonce.

3.3.2 Negotiation

Duringtheexecutionof aprotocol,exceptionscanarisebecauseaparticipantcannotfulfill

his commitmentfor whatever reason.It is oftennot feasibleandsometimesimpossible,to

predicttheseexceptionsbeforethey arise.Agentsthatareparticipatingin aprotocolshould

beableto handlesuchexceptionssuccessfully.

If an agentcan not carry out one of its commitments,then the participantsneedto

negotiateandcometo a new agreement.This may resultin the endingconditionsof the

protocolto bechanged,forcing theagentsto endaprotocolatadifferentendingstatethan

initially identified.
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3.3.3 Composition

Protocolsmaybecombinedinto largerprotocols,aslongasoneprotocolyieldsacommit-

mentstatethatanotherprotocolcanaccommodate.In Section1.2, we abstractedout the

bankingproceduresto simplify the NetBill protocol,althoughthereis a conventionused

betweenthemerchantandthebankto dealwith theEPOprocessing.Theparticipantsof a

protocolshouldbeableto participatein sideprotocols,providedthatthey canreturnto the

pointwherethey left off in themainprotocol.

Example10 If we considerthebankingoperationsasaseparateprotocol,wecanseethat

the bankingprotocolmay be combinedwith our protocolthroughstate6. Recall that at

state6, thecustomerhasdischargedhis commitmentof sendinganEPO,but themerchant

still hasto sendthe receipt. The merchantat this statecanparticipatein a sideprotocol

with a bank to verify that the EPO hasactually cleared. After taking part in this side

protocol,themerchantwill comebackto state6 to sendthereceiptto thecustomer. Since

thecommitmentsof themainprotocolarepreservedin thesideprotocol,thecomposition

of thetwo protocolsyieldsavalid protocol.

3.3.4 Factoring and Regrouping

A protocolcanbe thoughtof a compositionof severalsubprotocolsthatarecombinedas

describedin thelastsubsection.A subprotocolcanbesubstitutedfor anothersubprotocol

if the substitutedsubprotocolcanprovide the samecontentas the replacedsubprotocol,

that is, if the samecommitmentsare in force at the startandat the endas in the origi-

nal subprotocol.Thefactoringof protocolsprovidesa naturalmeansto practicedifferent

subprotocolsfor differentoperationsin aprotocol.
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Example11 If we think aboutthestepsof request-quote-acceptasasubprotocol,wemay

beableto usea moresophisticatednegotiationprotocolasa subprotocol.As long asboth

subprotocolsprovidethesamecommitmentswith respectto thevalidity of thequotedprice,

thefactoringcanbecarriedout.

A protocolspecificationthatallowstheabovecharacteristicscandrasticallyimprovethe

flexibility andthustheperformanceof theprotocols.At thispoint, it is importantto restate

what we meanby flexibility . Although we want the agentsto practicea flexible proto-

col, we still want to preserve an orderingthat will allow only meaningfulconversations.

For example,a merchantshouldnot senda quoteaftersendingthegoods,or thecustomer

shouldnot starttheconversationby sendinganEPO.More importantly, flexibility canbe

introducedonly to thepoint wherethe intendedmeaningsof theactionsarenot violated.

Theinteractionsamongthepartiescanbegivena meaningbasedon their commitmentsto

eachother. Whenwe allow moreflexible interactions,we needto ensurethat theoriginal

commitmentsare in force or that they arealteredby mutualagreement.The execution

of a protocolis thenminimally constrainedonly to satisfythosemetacommitments.This

is a major advantageover low-level representations,which requirespecificexecutionse-

quencesandprovidenobasisfor decidingonthecorrectstateindependentof theexecution

sequence.
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Chapter 4

Commitments in Event Calculus

Theeventcalculusprovidesanaturalwayto reasonaboutcommitments.Commitments,as

emphasizedbefore,resultfrom communicativeactions.Theeventcalculusis basedon the

ideaof eventsinitiating andterminatingpropertiesin theworld. Thus,if werepresentcom-

mitmentsasproperties,theeventcalculusprovidesa foundationfor modelingthecreation

andmanipulationof commitmentsasa resultof performingactions.Further, by allowing

preconditionsto be associatedwith the initiation andterminationof properties,different

commitmentscanbe associatedwith communicative actsto model the communications

amongagentsmoreconcretely.

4.1 RepresentingCommitments in Event Calculus

The main differencebetweenan obligationanda commitmentis that commitmentsare

moreflexible. Unlike anobligation,a commitmentmay be resolvedevenwithout bring-

ing aboutthe actioncommittedto. In what follows, we presenta formal accountof the

operationsthatcanbeperformedto createandmanipulatecommitments.
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Commitmentscanberepresentedin simpleeventcalculus(SEC)asafluent.Theoper-

ationsoncommitmentsthatweredefinedconceptuallyin Section2.1canbeformalizedin

SECasfollows:

1. Create(x,c) establishesthecommitment* .
Create(x,C(x, y, G, p)) : + e , Happens(-/.10 ) 2 Initiates(-/.�354�67.98:.<;=.?>:@A.10 ) B

2. Discharge(x,c) resolvesthecommitment* .
Discharge(x,C(x, y, G, p)) : + e , Happens(-/.10 ) 2 Initiates(-/.C>D.10 ) B

3. Cancel(x,c) cancelsthecommitment* .
Cancel(x,C(x, y, G, p)) : + e , Happens(-/.10 ) 2 Terminates(-/.�354�67.98:.<;=.?>:@A.10 ) B

4. Release(G,c) or Release(y, c) releasesthedebtorfrom thecommitment* .
Release(y, C(x, y, G, p)) : + e , Happens(-/.10 ) 2 Terminates(-/.�3E4�67.18F.<;G.C>:@H.10 ) B

5. Assign(y, z, c) eliminatesthe commitment* , andcreatesa new commitment*<I for

which J is appointedasthenew creditor.

Assign(y, C(x, y, G, p)) : + e , Happens(-/.10 ) 2 Terminates(-/.�3E4�67.18F.<;G.C>:@H.10 ) 2
Initiates(-/.�3E4�67.9JK.<;G.C>:@A.L0 ) B

6. Delegate(x,z, c) eliminatesthecommitment* , andcreatesa new commitment* I in

which theroleof thedebtoris transferredto J .
Delegate(x,C(x, y, G, p)) : + e , Happens(-/.10 ) 2 Terminates(-/.�354�67.98:.<;=.?>:@A.10 ) 2
Initiates(-/.�3E4?JM.98F.9;=.C>�@A.10 ) B

Thesesix operationsareusedin creatingandmanipulatingcommitments.Recallthat

in Section3.1wedescribedour reasoningrulesinformally. Thefollowing threepostulates

formalizethosereasoningrules.
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Postulate1 formalizesReasoningRule1, thatis, a commitmentis no longerin forceif

theconditioncommittedto holds.

Postulate1 Terminates(N/O�PEQ�R7O1SFO<TGOCU:VHO1W ) X HoldsAt(PEQ�R7O1SFO<TGOCU:VHO1W ) Y Happens(N/O1W ) Y
Initiates(N/OCUZOLW )

For the condition U to hold, an event mustoccur to initiate it. In Postulate1, when

the event N occursat time W , it initiates the property U , and thereforethe commitment

PEQ�R7O9S:O<TGOCU:V canbeterminated.

In orderto representmetacommitmentsin SEC,we introduceafluentmeta(p,q) where

[ mayrefer to othercommitments.Recallthat in Chapter3, we introducedthestrict im-

plication amongmeanings(U]\ [ ). We usethe fluent meta(p,q) for the samepurpose.

Thus,the interpretationof meta(p,q) is thesameasthe interpretationof (U^\ [ ), in that

it requires[ to hold when U holdsandthefluent itself to be _a`cb dfe if U is _a`cb dfe . Using this

fluent,we representa metacommitmentin SECby C(x, y, G, meta(p,q)) meaningthatthe

debtorof R becomescommittedto bringabout[ whenU is true.

Postulates2 and3 representReasoningRules2 and3, respectively.

Postulate2 Initiates(N/O�PEQ�R7O1SFO<TGO [ VAO1W ) Y Terminates(N/O�PEQ�R7O9S:O<TGO9g^N�Wfh:Q�UZO [ VLVAO1W ) X
HoldsAt(P5Q�R7O9SFO9T=O9g^N�Wfh:QiUZO [ V1VAOLW ) Y Happens(N/O1W ) Y Initiates(N/OCUZOLW )

Recallthat in ReasoningRule2, when U becomestrue,thentheoriginal metacommit-

mentceasesto exist but anew base-level commitmentis created,sincethedebtorR is now

committedto bringabout[ . In Postulate2,whentheevent N occurs,it initiatesU , whichre-

sultsin theterminationof theoriginalmetacommitment,andtheinitiation of PEQ�R7O9S:O<TGO [ V .

Postulate3 Terminates(N/O�PEQ�R7O1SFO<TGO9g^N�Wfh:Q�UDO [ VLVAO1W ) X HoldsAt(P5Q�R7O9S:O<T=O1g^N�WfhFQiUZO [ V1VHO1W )
Y Happens(N/OLW ) Y Initiates(N/O [ OLW )
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Postulate3 followsReasoningRule3. Thus,whenanevent j thatcaninitiate k occurs,

k startsto hold andthe original metacommitmentis terminated.Sincethe creditor l has

notcommittedto anything,noadditionalcommitmentsarecreated.

Having representedourreasoningmechanismaboutcommitments,wenow look at rep-

resentationof protocolsin SEC.

4.2 RepresentingProtocolsin Event Calculus

To representa protocolin SEC,we needto representtheflow of executionwithin thepro-

tocol. In SEC,two predicatesareusedto specifyhow theexecutioncanevolve: Initiates

andTerminates. In additionto definingwhichfluentsthey initiateor terminate, therequired

preconditionsfor activatingthesepredicatescanbespecified.Therefore,thepossibletran-

sitionsin aprotocolcanbespecifiedin termsof a setof InitiatesandTerminatesclauses.

Definition 25 A protocoldescriptionis a setof InitiatesandTerminatesclausesthat de-

fine the preconditionsunderwhich propertiespertainingto the protocolareinitiated and

terminated.

Givenaprotocoldescription,acomputationthatis generatedby executingtheprotocol

constitutesa protocolrun. In SEC,any computationis a resultof executionof eventsat

differenttimepoints.

Definition 26 A protocolrun is a setof Happenspredicatesalongwith anorderingof the

timepointsreferredto in thepredicates.

Definition 27 A protocolrun is completeif all thebase-level commitmentsthathavebeen

createdareresolvedasformalizedby Postulate4.
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Postulate4 monqp Happens(n/r1s ) t Terminates(n/r�uEv�w7r9x:r<yGrCz:{Hr1s ) |~}
HoldsAt(u5v�w7r9xFr9y=rCz�{Ar1s )

If aprotocolrunis notcomplete,thatis, if thereis anopenbase-level commitmentafter

theexecutionof theprotocol,we know thata participanthasnot fulfilled its commitment.

Thissignalsaviolationof theprotocol.Althoughwedon’t investigatetheissueof protocol

complianceby agentsin this work, incompleteprotocolrunsprovide evidenceto identify

non-compliantagents.

To continueourtreatmentof theNetBill protocol,wefirst definethefluentsusedin that

protocolandthenprovide theprotocoldescription.

Example12 The actions(messages)of Figure2.9 canbe given a contentbasedon the

following definitions.

� Rolesand context:

� MR representsthemerchant.

� CT representsthecustomer.

� NB representsthecontext groupfor theNetBill protocol.

� Domain-specificfluents:

� request(� ): afluentmeaningthatthecustomerhasrequestedaquote

for item � .
� goods(� ): afluentmeaningthatthemerchanthasdeliveredthegoods

� .
� pay(� ): afluentmeaningthatthecustomerhaspaidtheagreedupon

amount� .

� receipt(� ): a fluentmeaningthat themerchanthasdeliveredthere-

ceiptfor item � .
� Metacommitments:
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� accept(�1�1� ): an abbreviation for C(CT, MR, NB, meta(goods(� ),
pay(� ))) meaningthat the customeris willing to pay if he receives

thegoods.

� promiseGoods(�L�9� ): an abbreviation for C(MR, CT, NB,

meta(accept(�1�9� ), goods(� ))) meaningthat the merchantis will-

ing to sendthe goodsif the customerpromisesto pay the agreed

amount.

� promiseReceipt(�1�9� ): an abbreviation for C(MR, CT, NB,

meta(pay(� ), receipt(� ))) meaningthat the merchantis willing to

sendthereceiptif thecustomerpaystheagreed-uponamount.

� offer(�1�9� ): an abbreviation for (promiseGoods(�1�1� ) �
promiseReceipt(�1�9� ))

� Definition of Initiatesin the NetBill Protocol:

� Initiates(sendRequest(� ), request(� ), � )
� Initiates(sendQuote(� , � ), promiseGoods(� , � ), � )
� Initiates(sendQuote(�L�9� ), promiseReceipt(�1�9� ), � )
� Initiates(sendAccept(�1�9� ), accept(�L�9� ), � )
� Initiates(sendGoods(�1�1� ), goods(� ), � )
� Initiates(sendGoods(�1�1� ), promiseReceipt(�L�9� ), � ) �
� holdsAt(promiseReceipt(�L�9� ), � )

� Initiates(sendEPO(�1�9� ), pay(� ), � ) � HoldsAt(goods(� ), � )
� Initiates(sendReceipt(�L��� ), receipt(� ), � ) � HoldsAt(pay(� ), � )

� Definition of terminates:

� Terminates(sendQuote(�L�9� ), request(� )) � HoldsAt(request(� ), � )
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Having providedtheprotocoldescription,wenow look atanexampleprotocolrun.

Example13 The protocol run shown in Figure1.4 canbe formalizedby the following

facts:

F1. Happens(sendGoods(�1�9� ), �9� )

F2. Happens(sendEPO(� ), ��� )

F3. Happens(sendReceipt(� ), ��� )

F4. �9�������

F5. ���������

Now we look at how thecommitmentsamongtheparticipantsevolve in thegivenpro-

tocol run.

1. HoldsAt(C(MR, CT, NB, meta(pay(� ), receipt(� ))), �9� ) � HoldsAt(goods(� ), �9� )
When the goodsaresentat time �9� , the fluent goods(� ) is initiated. Furthermore,

following the protocoldefinition in Example12, the metacommitmentC(MR, CT,

NB, meta(pay(� ), receipt(� )) is created.Sonow, thegoodshavebeendelivered,and

themerchantis willing to sendthereceiptif thecustomerpays.

2. HoldsAt(C(MR, CT, NB, receipt(� )), ��� ) � HoldsAt(goods(� ), ��� ) � HoldsAt(pay(� ),
��� )
By sendingtheEPOat time ��� , thecustomerinitiatesthefluentpay(� ). By Postu-

late2, thisendsthemetacommitment—sl C(MR, CT, NB, meta(pay(� ), receipt(� ))
andcreatesthecommitmentC(MR, CT, NB, receipt(� ). Sinceno eventoccurredto

terminategoods(� ) it continuesto hold.
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3. HoldsAt(goods(� ), ��� ) � HoldsAt(pay(� ), ��� ) � HoldsAt(receipt(� ),��� )
At time ��� thethird factis applicable,which initiatesthefluentreceipt(� ). Following

Postulate1, this terminatesthe commitmentC(MR, CT, NB, receipt(� )). Thus,we

reachthestatewherethemerchanthasdeliveredthegoodsandthereceipt,andthe

customerhaspaid.

4.3 Planning

Planningis theconstructionof plansfor automaticor semiautomaticexecutionby anagent.

We considerplansthat would leadfrom an initial stateto a final state. In planning,the

operatorsaredefinedto allow transitionsbetweenstates.Traditionally, statesaredescribed

aslists of fluents,eachinterpretedasholdingin thegivenstate.Operatorsarespecifiedin

a fashionwherethe preconditionfor anoperatorto beappliedandthe effect of applying

the operatoraredefined. The effect of an operatorcanbe capturedthroughthe addition

andremoval of fluentsfrom therepresentationof thesourcestatein which theoperatoris

applied;this is thewell-known STRIPSapproach.

Planningis carriedout by eitherprogressionor regressionplanners.Progressionplan-

nersstartwith theinitial stateandapplyall possibleoperatorsuntil thegoalstateis reached;

suchplannerssuffer from high branchingfactor. Regressionplanners,on theotherhand,

startwith thegoalstateandsearchbackwardsto getto theinitial state[RussellandNorvig,

1995].
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4.3.1 Planning in Event Calculus

In theeventcalculus,the initial statesarerepresentedby conjunctive expressionsconsist-

ing of Initially � andInitially � clausesto representwhich fluentshold or do not hold at

the beginning. The goal stateis representedby conjunctive HoldsAtclauses.Operators

arethe eventsin the domain. The domaindefinition containingInitiatesandTerminates

clausesnaturallyspecifiesthe preconditionsandeffectsof theactions.Having the initial

states,thegoalstatesandthedomaindescription,aneventcalculusplannercangeneratea

narrative thatcontainsHappensclauses,andanorderingof time pointsof theeventsthat

occur[Shanahan,2000].

Theformof logicalreasoningthatis commonlyusedin buildingeventcalculusplanners

is abduction.Abduction,unlike deduction,is basedon an applicationof implicationsin

reverse.In otherwords,giventwo well-formedformulae,�¡  ¢ and ¢ , � canbeassumed

via abductionas long as it is consistentwith the rest of the knowledgebase[Rich and

Knight, 1991]. Onesuchabductive eventcalculusplanneris dueto Shanahan[2000]; we

useit hereto demonstratehow a protocolcanbedefinedbasedon the preconditionsand

theeffectsof actions,andhow possiblepathscanbegeneratedbetweenaninitial stateand

agoalstate.

4.3.2 GeneratingPaths

Given a protocol description,planningcan be usedto generateall possibleruns of the

protocol. We now presenta sampleSECprogramthatcanbesuccessfullyinterpretedby

Shanahan’s SECplanner.

Figure 4.1 gives the clausesto set up the initial stateof the protocol. As we have
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explainedin Section2.2,theinitial stateis representedwith Initially £ andInitially ¤ predi-

cates,to denotethepositiveandnegativefluents,respectively. In theplanner, though,only

onepredicate,Initially , hasbeenimplemented.In orderto indicatenegativefluents,a new

predicateneg hasbeenintroduced.

axiom(initially(neg(goods(I, D))),[]).
axiom(initially(neg(pay(M, D))),[]).
axiom(initially(neg(receipt(I, D))),[]).
axiom(initially(neg(c(receipt(I, D)))),[]).
axiom(initially(neg(c(goods(I)))),[]).
axiom(initially(neg(c(pay(M, D)))),[]).
axiom(initially(neg(accept(I, M, D))),[]).
axiom(initially(neg(request(I, D))),[]).
axiom(initially(neg(offer(I, M, D))),[]).
axiom(initially(neg(promisereceipt(I, M, D))),[]).

Figure 4.1: Descriptionof aninitial state

Figure4.2specifiesthefirst partof theprotocoldescriptionthatis, theInitiatesclauses.

The first argumentto the axiomsis the Initiatesclause,and the secondargumentis the

setof preconditionsneededfor theInitiatesclauseto beapplicable.Thefluentsusedhere

arethe sameasthe onesusedin Example12, exceptherewe adda transactionidentifier

to eachfluent asthe last argument. This identifier is usedto ensurethat the participants

by bringingaboutproperties,resolvecommitmentswith thecorrespondingtransactionids.

Thereasoningrulesexplainedbeforearemanuallycompiledhere.

Figure4.3 specifiesthesecondpartof theprotocoldescription,that is, theTerminates

clauses.Again,theaxiomshave thesameformatasin Figure4.2,wherethefirst argument

is theTerminatesclauseandthesecondargumentis thesetof preconditions.

Figure4.4simplygivesthesetof actionsin theprogramthroughtheclauseexecutable.

Whentheclausesof Figures4.1,4.2,4.3,and4.4areappended,they form a complete

SECprogram.We invoke theplannerandthis programfrom a Prologinterpreter. In order
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axiom(initiates(sendrequest(I, D),request(I, D),T),
[holds_at(neg(goods(I, D)), T),
holds_at(neg(request(I, D)), T)]).

axiom(initiates(sendquote(I, M, D),offer(I, M, D),T),
[holds_at(neg(goods(I, D)), T),
holds_at(neg(offer(I, M, D)), T),
holds_at(neg(accept(I, M, D)), T)]).

axiom(initiates(sendgoods(I, M, D),goods(I, D),T),
[holds_at(c(goods(I, D)), T),
holds_at(neg(goods(I, D)), T)]).

axiom(initiates(sendgoods(I, M, D),c(pay(M, D)),T),
[holds_at(accept(I, M, D), T),
holds_at(neg(goods(I, D)), T)]).

axiom(initiates(sendgoods(I, M, D),c(pay(M, D)),T),
[holds_at(c(goods(I, D)), T),
holds_at(neg(goods(I, D)), T)]).

axiom(initiates(sendgoods(I, M, D),goods(I, D),T),
[holds_at(accept(I, M, D), T),
holds_at(neg(goods(I, D)), T)]).

axiom(initiates(sendgoods(I, M, D),goods(I, D),T),
[holds_at(offer(I, M, D),T),
holds_at(neg(goods(I, D)), T)]).

axiom(initiates(sendgoods(I, M, D),goods(I, D),T),
[holds_at(neg(goods(I, D)), T)]).

axiom(initiates(sendgoods(I, M, D),
promisereceipt(I, M, D),T),

[holds_at(neg(goods(I, D)), T)]).
axiom(initiates(sendepo(M, D),pay(M, D),T),

[holds_at(goods(I, D), T), holds_at(neg(pay(M, D)), T)]).
axiom(initiates(sendepo(M, D), c(receipt(I, D)),T),

[holds_at(promisereceipt(I, M, D), T),
holds_at(neg(pay(M, D)), T)]).

axiom(initiates(sendaccept(I, M, D),c(goods(I, D)),T),
[holds_at(offer(I, M, D), T)]).

axiom(initiates(sendaccept(I, M, D),
promisereceipt(I, M, D),T),

[holds_at(offer(I, M, D), T)]).
axiom(initiates(sendaccept(I, M, D),accept(I, M, D),T),

[holds_at(neg(offer(I, M, D)), T)]).
axiom(initiates(sendreceipt(I, D),receipt(I, D),T),

[holds_at(pay(M, D), T)]).

Figure4.2: Descriptionof Initiatesclauses
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axiom(terminates(sendgoods(I, M, D),c(goods(I, D)),T),
[holds_at(c(goods(I, D)), T)]).

axiom(terminates(sendepo(M, D),c(pay(M, D)),T),
[holds_at(c(pay(M, D)), T)]).

axiom(terminates(sendreceipt(I, D),c(receipt(I, D)),T),
[holds_at(c(receipt(I, D)), T)]).

axiom(terminates(sendepo(M, D),promisereceipt(I, M, D),T),
[holds_at(promisereceipt(I, M, D), T)]).

axiom(terminates(sendquote(I, M, D),request(I, D),T),[]).
axiom(terminates(sendgoods(I, M, D),accept(I, M, D),T),

[holds_at(accept(I, M, D), T)]).
axiom(terminates(sendaccept(I, M, D),offer(I, M, D),T),

[holds_at(offer(I, M, D), T)]).

Figure4.3: Descriptionof Terminatesclauses

abducible(dummy).
executable(sendrequest(I, D)).
executable(sendquote(I, M, D)).
executable(sendgoods(I, M, D)).
executable(sendaccept(I, M, D)).
executable(sendepo(M, D)).
executable(sendreceipt(I, D)).

Figure4.4: Descriptionof executableevents
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to interpretthecode,weprovidethedescriptionof thefinal state;Figure4.5showssuchan

example.Thefinal statedepictedin Figure4.5meansthatgoods(software)havebeensent

with transactionidentifier ¥M¦ . This yieldstheresultshown in Figure4.6,whereeachR is

a possibleprotocolrun startingfrom theinitial statedepictedin Figure4.2,andendingin

thefinal statedepictedin Figure4.5.

abdemo([holds_at(goods(software, 51),t),
holds_at(c(pay(price, 51)),t)],R).

Figure4.5: Descriptionof afinal state

As describedbefore,eachprotocolrun consistsof Happensclausesandanorderingof

time points. The last argumentin eachHappensclausedenotesa timepointat which the

eventhappens.Theorderingof thesetimepointsarethenshown with thebeforeclauses.

R =[[happens(sendquote(software,H816,51),t191),
happens(sendaccept(software,H816,51),t190),

happens(sendgoods(software,H601,51),t189)],
[before(t191,t),before(t191,t189),before(t191,t190),

before(t190,t),before(t190,t189),before(t189,t)]] ;

R = [[happens(sendaccept(software,H601,51),t193),
happens(sendgoods(software,H601,51),t192)],

[before(t193,t),before(t193,t192,before(t192,t)]] ;

Figure4.6: Protocolruns
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Chapter 5

Conclusions

Given the open,dynamicnatureof e-commerce,employing an agent-basedapproachto

modelandenactthetradingis natural.Agentscanprovidetheautonomyandheterogeneity

requiredfrom participantsin e-commercesettings.However, in orderto fully exploit their

capabilities,agentsshouldbeprovidedwith acommunicationframework thatallows them

to interactflexibly. Thus,protocolsthey follow shouldbeflexible enoughto accommodate

thevaryinginteractionsthatcantakeplaceamongagents.

Traditionally, communicationprotocolsarespecifiedby definingtheallowedordersin

whichcommunicativeactsmaytakeplace,but nomore.Thisholdsfor protocolformalisms

suchasFSMs,formalgrammars,PetriNets,andsoon. Someof theseformalismsarequite

powerful,but they areusedonly to specifyallowedactions.Theactionsarejust labels,and

thestates,if explicit, donot capturetheconceptualmeaningof aprotocol.

This researchproposesa novel formalism,theCFSM,to specifyandexecutethepro-

tocolsusedin e-commerce.CFSMsprovide flexibility by capturingthesemanticcontent

of theactionsin a protocol,ratherthancapturingonly their sequencing.Themeaningof

actionsandstatesarerepresentedvia socialcommitments.By specifyingcommunication

protocolsusingcommitments,wecananalyzetheinteractionsamongparticipantsthrough
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the intrinsic meaningof thoseinteractions.By walking throughan example,we showed

how we candefinea CFSMspecification,andhow we canreasonabouttheprotocolsand

enhancethemto achieve flexible execution. We alsoshowed how this specificationcan

beappliedat run time or compiletime, dependingon thecomputationalbordersor agent

architectures.

In adoptingthe language-as-actionperspective, we canleveragethe event calculusto

reasonaboutactionsandcommitments.Theeventcalculusprovidesanelegantwayto rep-

resentthechangeof theworld throughtheactionsin a protocol.Usingtheeventcalculus,

we have shown how commitmentsandthe operationsto createandmanipulatethemcan

be formalized. Further, we have formalizedthe reasoningrulesassociatedwith commit-

ments.Basedon this formal grounding,e-commerceprotocolscanbespecifiedrigorously

yet flexibly.

5.1 Literatur e

Thereis a substantialbody of literatureon agentcommunicationlanguages(ACLs) and

their semantics.TheFoundationfor IntelligentPhysicalAgents(FIPA) hasbeenstandard-

izinganACL alongwith aformalsemanticsbasedonalogicof beliefsandintentions.FIPA

alsoincludesinteractionprotocols,which arecharacterizedpurelyoperationally. Labrou

andFinin [1998] describea grammarfor constructingconversationsor protocols.This is

a formal grammarbut it only describesthe sequencingof tokens. LabrouandFinin also

givea belief andintentionbasedsemanticsfor KnowledgeQueryManipulationLanguage

(KQML). Thereis thusa major disconnectbetweenthe FIPA ACL semanticsandproto-

col operationalization,andLabrouandFinin’sACL semanticsandprotocolexecution.By

contrast,in ourapproachthesemanticsgivento themessagesis directlyoperationalized.In
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our approach,thetokensarechosenfor eachprotocol.We don’t attemptto give a seman-

tics for tokenslike inform thatcanapply in all possibleprotocols.More recently, Moore

[2000]hasdevelopedanACL, FLBC, for businesscommunicationthatattemptsto remedy

thepotentialproblemswith KQML, but FLBC hasnotbeenappliedaswidely asKQML.

Commitmentshave beenstudiedbefore[Castelfranchi,1995,Gasser,1998],but were

not usedfor protocol specificationas we have donehere. Verharen[1997] developsa

contractspecificationlanguage,CoLa, to specify transactionsandcontracts.Verharen’s

approachbenefitsfrom commitmentsin expressingactions,but it treatscommitmentsas

obligations,anddoesnot allow manipulationof commitmentsasin our approach.Further,

Verharenonly considersbase-level commitments,without capturingconditionalcommit-

mentsaswehavedonethroughmetacommitments.

BarbuceanuandFox [1995] develop a language,COOL, for describingcoordination

amongagents.Their approachis basedon modellingconversationsthroughFSMs,where

thestatesdenotethepossiblestatesa conversationcanbein, andthetransitionsrepresent

the flow of the conversationthroughmessageexchange. They try to handleexceptions

througherror recoveryrules. They allow interruptionof conversations, which is similar to

ourdefinitionof compositionof protocols.They givecontentto messagesbasedonspeech

acts,but they only allow pre-definedtransitions,disallowing dynamictransitionsbasedon

themeaningof messages.

Dignum andvan Linder [1997] proposea framework for socialagentsbasedon dy-

namiclogic, in which they distinguishmessagesbasedon speechacts.In additionto em-

ploying commitments,they usedirectionsanddeclarationsto denotethesemanticcontent

of messages.Furthermore,they employ anauthorityrelationbetweenagentsto decideon

thesuccessof directionsanddeclarations.In our work, we assumedpeer-to-peerinterac-

tions,in thatwedonotconsidertheinteractionsbasedondifferentauthorityamongagents.
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But it would bea simplematterto handlevariousauthorityrelations,e.g.,to requirethat

requestsfrom oneagentarealwayshonoredby theother.

Enablingflexible communicationamongagentsis a two-prongedissue.In onedirec-

tion, theprotocolsusedshouldbeflexible enoughto accommodatethedynamicnatureof

interactions.This is what we have tried to develop in this research.The otherdirection

is to developagentarchitecturesthatcanbenefitfrom theflexibility of suchprotocols.In

this direction,Haddadi[1998] developsa formal semanticsbasedon beliefs,desiresand

intentionsof agents.Shedescribesthe means-endsreasoningprocessof agents,through

theconceptsof chance, choiceandcommitment. Herdescriptionof chanceis similar to our

descriptionof opportunity, but her treatmentof commitmentsvariesfrom our treatment,

in thatshefocuseson formationof commitmentswhereaswe dealwith theutilization of

commitments.

Eventcalculushasbeentheoreticallystudiedbut hasnotbeenusedfor modellingcom-

mitmentsandcommunicationprotocolsaswehavedonehere.Shanahan[1996]usesevent

calculusin roboticsfor coordinatingrobotactions.Wewereableto adaptShanahan’splan-

nerto applyto reasoningaboutcommitments.Cervesatoetal. [1997]studyeventcalculus

theoryandhavedevelopedmodalvariantsof thecalculus.

5.2 Futur eDir ections

Theapproachwedevelophereis basedon thewidely-usedfinite statemachineformalism.

It would be worthwhile to incorporatecommitmentsinto otherformalisms,suchasPetri

Nets,to evaluatehow muchtheseformalismswouldbenefitfrom commitments.

In ourcurrentapproach,thecommitmentsthatareassociatedwith actionsarespecified
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manually. Anotherdirectionwould beattemptingto automatethedefinitionsof commit-

mentsin agivenprotocol.

Althoughwebelievein theimportanceof context groupin commitments,thisstudyhas

not investigatedhow commitmentswouldbemodifiedbasedonvaryingcontext group.Yet

anotherdirectionwouldbeextendingthereasoningruleswehavedevelopedhere,tohandle

thetransformationof commitmentsasthecontext groupchanges.Theseareall interesting

topics,whichwedeferto futureresearch.
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