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Abstract: Traditionalapproacheto managindousinesgrocesseareofteninadequatdor large-scaleprgani-
sation-wide dynamicsettings Howeversincelnternetandintranettechnologieiavebecomewidespreadan
increasinghumberof businesprocessesxhibitthesepropertiesThereforea newapproachs neededTo this
end,we describehemotivation,conceptualisatiordesignandimplementatiorof anovelagent-basetusiness
processnanagemergystemThekeyadvancef our systemis thatresponsibilityfor enactingvariouscompo-
nentsof the businesgprocesss delegatedo a numberof autonomougproblemsolvingagentsTo enacttheir
role, theseagentgsypically interactandnegotiatewith otheragentsn orderto coordinatetheir actionsandto
buyin theservicegheyrequire.Thisapproacheadsto a systenthatis significantlymoreagileandrobustthan
its traditionalcounterpartsTo helpdemonstrat¢hesebenefitsacompaniorpaperdescribesheapplicationof
our system to a real-world problem faced by British Telecom.

1 INTRODUCTION

Successfutompanie®rganiseandruntheirbusinessctivitiesin anefficientmannerCoreactivitiesarecomplet-
edontime andwithin the specifiedresourceconstraintsHoweverto staycompetitivein today’smarkets compa-
niesneedo continuallyimprovetheir efficiency—businesactivitiesneedto becompletednorequickly, to higher
quality andat lower cost. To this end, thereis anincreasingawarenessf the benefitsand potentialcompetitive
advantagehatwell-designedusinesgprocessnanagemergystemsanprovide.Suchsystemscansubstantially
improveefficiencyby ensuringhatbusinessctivitiesarebetterscheduledexecutedmonitored andcoordinated.

The designandimplementatiorof corporate-widédusinessnanagemergystemss a complexactivity. The soft-
warehasto supportthedistributeddesignandoperationof manyconcurrengctivitiesthatarehighly interdepend-
ent.Moreover manyof theactivitieshaveareal-timecomponentrequiretheability to accessegacysoftwareand
needcontext-dependerxecution(i.e. their operationdepend®n the stateof previousactivitiesandof the envi-
ronment—theyarereactivesystemg37]). In short,businesamanagemenis a demandingdomainthat requires
state-of-the-arsoftwaresolutions.In this work, it wasdecidedto conceptualisedesign,andimplementthe busi-
nesgrocessnanagemergystermusinganagent-based approachThusin projectADEPT (AdvancedecisionEn-
vironmentfor Proces§ asks}thebusinesprocesss viewedasacollectionof autonomougroblemsolvingentities
thatnegotiatewith oneanotherandcometo mutually acceptablegreementthatcoordinatetheir interdependent
sub-activities The main advantagesf this approachover moretraditionalcounterpartsuchasmanagemeni-
formationsystemsworkflow managemen@ndenterprisaéntegrationarethatit offers greaterflexibility, agility,
and adaptability.

The contributionof this work is in two mainareas—busineggocessnanagemergystemsandagent-basedys-
tems.In theformer casethis work represents novelmeansf conceptualisingindimplementingsoftwaresolu-
tions.Theinsightsgainedin thiswork will assisdesigner®f businesprocessnanagemergystemsn evaluating
theappropriatenesandbenefitsof theagentiparadigmijn identifying the potentialpitfalls, andin offeringguidance
on howto structuretheir applicationsln thelattercasethework representeneof thefew applicationsof multi-

agenttechniquego real-world problems(this hasbeenidentified asa major shortcomingof the disciplineto date
[16]). This work also makescontributionsto the field of automatechegotiation;previouswork eithermadeas-
sumptionghatareunrealisticfor practicalimplementation®r failed to adequatelyapturetherichnesof negoti-
ation required in practical applications.

Theremainderof the paperis structuredasfollows. Section2 describeshe domainof businesgprocesamanage-
ment,outlinestherationalefor anagent-basedolutionandidentifiesthe solution’skey abstractiormechanisms.



Section3 detailsADEPT's systemstructureandagentarchitecture Section4 placesthis work in contextby de-

scribingotherapproache$o businesprocesamanagemenandrelatedwork in agentsystemsFinally, section5

providessomerecommendationasto theuseof agentsn businesprocessnanagemerandhighlightsopenissues
thatneedto be morefully addressedA companionpaperthendemonstratehow the conceptsdescribecdherein
havebeenappliedto a British Telecom(BT) businesgprocesgor providing a quotefor installing a networkat a

customer’s premises.

2 AGENT-BASED BUSINESS PROCESS MANAGEMENT

This sectionintroduceghe domainof businesprocessmanagemen(section2.1), presentshe casefor anagent-
basedsolution(section2.2), identifiesandjustifies ADEPT's key conceptuatomponentgsection2.3), andindi-
cates how these components are used to build agent-based solutions (section 2.4).

2.1 The Basics of Business Process Management

Medina-Moraet al. [28] categorisgorocessed anorganisatiorinto materialprocessefthe assemblyof physical
componentsr thedeliveryof physicalproducts)jnformationprocessegelatedto theautomatedndpartially au-
tomatedtasksthat create processmanageandprovideinformation)andbusinesgprocessegmarket-centredle-
scriptionsof an organisation’sactivities, implementedas information processesnd/or materialprocesses)in
more detail, a business process can be split into a number of constituent components (figure 1).

<INSERT FIGURE 1 HERE>

Firstly, thereneedgo be a definition of the businesprocesgleft branchof figure 1). It describesin somespeci-
ficationlanguagetheactivitiesthatneedto be performedtheparticipantavho could or shouldperformthem,and
theinterdependenciahatexistbetweerthemz. Specificationanguagewary greatlyin their details,butatacon-
ceptuallevel they arebroadlysimilar—theymustprovidea setof conceptauisefulfor describingprocessegheir
tasksthe dependencieketweerthetasks,andtherequiredrolesthatcanperformthe specifiedtasks[8]. Theac-
tivities in the process description may be automated, or involve humans interacting with computers.

Secondly the businesprocesmeeddo be executedand managedright branchof figure 1). A softwaresystem
needso be devisedthatis capableof ensuringthe processlescriptionis realisedin practice.This systemmust:
allow the humanandthe manualactivitiesto be assignedppropriatelyprovideaccesgo the softwaretools (e.g.
databasespreadsheetdesignsoftware gtc.)requiredo completehetasksandensurgahedependenciesetween
thetasksaresatisfied.Moreover,the softwareshouldtransparenthysupportmultiple invocations(instancespf a
given process and a given task.

Thetypesof businesprocesdor which managemergystemshavebeendevisedvary enormously—fromad hoc
interactionswith few setpathsandfew setpatternof interactionsto repetitive predictablgorocessewith simple
hard-wiredcoordinationrules;from dealingpredominantlywith human-orientedctivities(i.e. groupwareappli-

2 An importantaspectof successfubusinesgprocessmanagemenis the optimisationof the processThe first
stepof this endeavours to understandhe processasit currentlyoperategthisis atypical systemsanalysisactiv-
ity thatinvolvesinterviewingpeoplewith expertknowledgeaboutthe processandstudyingrelevantsystemdoc-
umentation).The secondstepis to explicitly reconsiderand redesignthe process.Suchbusinessprocessre-
engineerings typically carriedoutin orderto increasecustomersatisfactionjmprovethe efficiency of business
processoperations,increasethe quality of products,reducecosts,and/or meet new businesschallengesand
opportunitiedy changingexistingservicesor introducingnewones.Thefinal stepis to encodetherevisedbusi-
nessprocesgescriptionin the businesprocessspecificationlanguage ADEPT dealsexclusivelywith the final
step and assumes that any necessary process re-engineering has already taken place.



cations)to entirelyautomatedctivities.See[8] for a detailedsurveyandclassification Herewe areinterestedn
large-scalghundredsof activities),organisation-widdusinesgprocessesOur analysisidentified the following
key characteristics of this class of application [18]:

» Theprocessearedynamicandunpredictablelt is impossibleto give acompletea priori specificatiorof all
theactvities thatneedto be performedandhow they shouldbe ordered Any detailedtime plansthatarepro-
ducedareoftendisruptedoy unaroidabledelaysor unanticipateavents(e.g.peopleareill or taskstakelonger

than e&pected). Coordination between the tasks also needs to be handled in a similalyrfianner

» The processefvolve a mixture of humanactiities and automatedasks.The exact ratio variesbetween
applicationslIssuegrelatingto the rolesandinteractionsof humansin our systemaredealtwith in the com-

panion paper

« Multiple organisationsmay be involved in the processEach organisationattemptsto maximiseits own

profit within the werall actvity.

» Processearephysically distributed;this distribution maybeacrosonesite,acrossa country or evenacross

continents.

« Within organisationsthereis a decentralise@wnershipof the tasks,informationandresourcesnvolvedin

the husiness process.

« Differentgroupswithin organisationsarerelatively autonomous—thecontrolhow their resourcesirecon-
sumed by whom, at what cost,andin whattime frame.They alsohave their own informationsystemswith

their ovn idiosyncratic representations, for managing their resources.

 Thereis ahigh degreeof naturalconcurreng—mary interrelatedasksarerunningatary givenpoint of the

business process.

» Thereis a requirementto monitor and managethe overall businessprocess.Although the control and
resource®f the constituensubpartsaredecentralisedhereis a needto placeconstraintontheentireprocess

(e.g. total time, totalumdget, etc.).
2.2 The Casefor an Agent-Based Solution

Thetraditional(workflow) approacho businesprocessnanagemerihvolvesdescribinghe entireprocesfrom
acentralisecperspectiveThatis, acompletdist of all theactivitiesandall the pathsareprovided,the criteriafor
following aparticularpatharespecified andthe orderingconstraint®ntheactionsaregiven.Giventhis complete
specificationthebusinesprocessnanagementystemhasthe comparativelystraightforwardaskof executingt.
This approactworkswell for simplebusinesgprocessedt hasled to arangeof commerciaproducts(suchasin-
Concert[26], Staffware[50], and Action Workflow [29]) andhasan estimatednarketsize of $2.5billion [27].
Howeverfor theclassof businesprocessewe consideredthefollowing inherentshortcomingsneanatraditional
approachs unsuitable—itacks[45]: (i) reactivity—workflowmanagemergystemgequireana priori represen-
tationof thebusinesgprocessandall potentialdeviationsrom thatprocess(ii) semantics—manworkflow man-



agemensystemdack anappreciatiorof the contentof abusinesgprocessanddo not makedecisiondbasednthe
natureof the informationthatis generated(iii) extensibility—manysystemsare not extensibleon line; (iv) re-
sourcemanagement—workflounanagemensystemsdo not controlthe resourcingof a businesgprocessandso
theyrely onthe procesdeingfully dimensionedeforehandand(v) heterogeneity—workflonmanagemerdys-
temstendto takea centralised/iew with a singlemanagemergnginethatdoesnot operateacrosamultiple-server
platforms or multiple-client operating systems.

To overcomehesdimitationsafundamentallynewapproachs neededOur approachs to devolveresponsibility
for enactingspecificbusines@rocesactivitiesto theconstituentomponents;atherthanmaintainit centrally,and
to makethesecomponentsnoreactive. Thuseachof thebusinesgprocessesnainactivitiesareassignedo a par-
ticular problemsolvingentity, andthatentityis responsibléor ensuringheactivity is fulfilled within thespecified
constraintsThemeandy whichtheactivitiesareperformedareleft to theresponsiblentity to determineln many
casesaresponsiblentity needgheservicef othersto achievespecificsub-activitiesandthesanteractionanay
again involve devolving responsibility. Thus, delegation can continue through many levels of nesting.

Devolvedresponsibilitymeanghatthe businesprocesamanagemersystemneedso be considerablynoreso-
phisticatedhanits traditionalcounterpartMany decisionghataretraditionallymadein the processlescriptionat
design-timearenow movedto the executiorsystemanddeterminedatruntime. Thus,insteadof executinga fully
definedprocessdescription,the executionsystemhasto determinewhich activities shouldbe performed,how
muchresourcesachactivity canconsumewho shouldperformthem,whenthey shouldbe performed,andhow
any interdependencies should be resolved.

Giventhis conceptualisatiora naturalway to designandimplementthe businesgprocessmanagemergystemis
to makeeachresponsiblentity anautonomousigent.Suchagentshavespecificgoalsto achieveandinteractwith

oneanotheito manageheirinterdependenciefn this context,anagentcanbeviewedasanencapsulategdroblem
solving entity that exhibits the following properties [49]:

« Autonomy: agentsperformthe majority of their problemsolving taskswithout the direct intervention of
humans or other agents, andytiave control @er their avn actions and theinven internal state.

« Social ability: agentsinteract,whenthey deemappropriatewith otheragentsin orderto completetheir
problem solving and to help others with theiratgs.

» Proactiveness: agents taf the initiatve and gploit unexpected opportunities where appropriate.
» Responsiveness: agents percee their emironment and respond in a timelshion to changes in it.

Secondaryactorsthat point towardsagentsasa suitablesolutiontechnologyinclude: (i) the domaininvolvesan
inherentdistributionof data,problemsolvingcapabilitiesandresponsibilitiegconformsto thebasicmodelof dis-
tributed,encapsulategyroblemsolvingcomponents)ii) theintegrity of the existingorganisationastructureand
theautonomyof its subpartsieedso be maintainedappealdo theautonomousatureof theagents)({iii) interac-
tionsarefairly sophisticatedincluding negotiationjnformationsharing,andcoordination(requiresthe complex
socialskills of agents){iv) the problemsolutioncannotbe prescribedentirely from startto finish (the problem
solversneedto beresponsiveao changesn theenvironmentndto unpredictabilityin the processaandproactively
takeopportunitiesvhentheyarise);and(v) thedomainincludesanumberof legacysystemsespeciallydatabases,
thatneedto beincorporatednto the businesprocesgwrap up the existingcodeasanautonomousgentsothatit
can interact flexibly, through the agent’s social abilities, with a range of new applications [7, 21]).
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Themainbenefitsof anagent-basedpproactoverthetraditionalworkflow view areasfollows: (i) it offersgreater
flexibility sinceactionscanbe baseduponthe agent’scurrentsituation,ratherthanbeingprescribedn advance;
(ii) it offers greateragility sincenew servicescanbe addedand configuredwith minimal effecton otheragents;
and(iii) it offersgreateradaptabilitysinceanagent’schoicescanbe guidedby feedbackeceivedfrom previous
invocationsof particularpathsthroughthe businesgrocessTherelativedrawbacksf anagent-basedpproach
arethatit offersamorefragmentediiew of the processandit is moredifficult to ensureprocess-wideonstraints
aresatisfied.However,on balanceijt is felt thatthe benefitsoutweighthe drawbackdthis issueis returnedto in
section 5).

2.3 The ConceptualrBmeavork

Themaincomponent®f ADEPT's conceptuaframeworkareinteracting,autonomouggentghatareresponsible
for performingparticularactivities(figure 2). Herewe usetheterm* servicé to denoteactivities(manualor auto-
mated)thatan agentcanmanageA servicecorrespondso a conceptualinit of problemsolving activity in the
businesprocessExamplef servicesncludedesigninganartefact providinganinsuranceyuotefor acustomer,
or reviewinga paperfor a scientific journal. Servicescanbe characterise@sfunctionsthat take some(possibly
no) inputs,undertakesomecomputation(varyingfrom a simpledatabaséook-upto the designof a chemicalfac-
tory), and producesome(possiblyno) outputs.Servicesgo throughthreephases(i) specificatior—detail what
needgso be done(section2.4); (ii) provisioning—determinewhich agentis responsibldor executingthe service
and underwhat termsand conditions(section3.3); and (iii) manajement—executethe servicein line with the
agreed terms and conditions (section 3.4).

<INSERT FIGURE 2 HERE>

Thesimplestserviceis calleda taskandit representanatomicunit of problemsolvingin the ADEPT system It
may be performedby a humanor by anautomategbrogram.Theseatomicunitscanbecombinedo form complex
serviceshy addingorderingconstraintsand conditionalcontrol. A servicedescriptionlanguage(SDL) hasbeen
developedo specifyservicegseesection2.4for moredetails)andthislanguageorrespondso ADEPT's process
definition language (section 2.1).

As theagentsareautonomousthereareno controldependenciebetweerthem.Therefore jf anagentrequiresa
servicethatis managedy anotheragentt cannotsimplyinstructit to starttheservice. Rather serviceprovision-
ing requiresthe agentso cometo a mutually acceptableagreemenaboutthe termsandconditionsunderwhich
thedesiredservicewill be performedheresuchcontractsarecalledservicelevelagreement§SLAS)). Themech-
anismfor makingSLAsis inter-agenhegotiatior—aprocessn which partiesverbalisecontradictorydemandsnd
thenmovetowardsagreemenby concessiomakingor searchingor newalternativeg32]. The basiccontextand
form of all ADEPT’s negotiationds identical. It involvesconnectingan agentthatrequiresa service(the client)
with onethatis willing to provideit (theserver) Wetermsuchnegotiationservice-oriented43]. To performsuch
negotiationsagentmeeda protocol that specifiesthe role of the currentmessagénterchange—e.gvhetherthe
agentis makinga proposabr respondingvith acounterproposafgr whetherit is acceptingr rejectinga proposal.
Additionally, agentsneeda meansof describingandreferringto the domaintermsinvolvedin the negotiation—
for example both agentsneedto be surethey aredescribingthe sameserviceeventhoughthey may both havea
different(local) namefor it andrepresenit in adifferentmannerThis heterogeneitys inherentin mostorganisa-

3. Thisis oneof the majorfeatureghatdistinguishesagentsystemsrom object-orientedsystemsandmoretra-
ditional forms of distributed computing [48].



tions becauseeachdepartmentypically modelsits own informationandresourcesn its own way (section2.1).
Thuswhenagentsnteractanumbernf semantienappingsandtransformationsnayneedo beperformedo create
a mutually comprehensiblaformation sharing language (see section 3.2 for more details).

In manybusinesprocessapplicationghereis aneedto reflectthe company’sorganisationastructurevhenmod-

elling the procesanddescribinghe behaviourof the problemsolvingcomponentgsection2.1). Within therange
of applicationswe considerediwo typesof relationshipwere observedpeer-to-peeand organisationahierar-
chies.Toreflecttheserelationshipypes, ADEPT useghenotionof agency [36]. An agencyis recursivelydefined:
consistingof asingleresponsiblegenta, possiblyempty,setof tasksthattheresponsiblegentcanexecuteand
a, possiblyempty,setof sub-agenciefigure 3)*. For example agencyD hasa singleresponsibleagentthathas
two distincttasks(TD1 andTD2) andthreesub-agencieE, F andG). Theresponsiblegentrepresenttheinter-

estsof theagencyto its peers. Any communicatiorwith anagencymustgothroughtheresponsiblegentA sub-
agency(e.g.agencyG is asub-agencyf agencyD) typically behavesn acooperativananneitowardsits respon-
sibleagentincethisagentepresenttheinterestf theagencyin thewidercommunity. Thisrelationshifbetween
sub-agencyndresponsibleagentcanbeviewedasatype of socialcommitmen{35]. This meansvhenarespon-
sibleagentrequests servicefrom oneof its sub-agenciesherequests notrefusedwithoutgoodreasonHowev-

er, asub-agencys not a subroutinelt retainsa degreeof local autonomy For example the manageiof a design
departmenimayrequest designengineeto work on a particularproject.If theengineeccanperformthetask,the

requestvill beacceptedhuttheconditionsunderwhichtherequestwill bemetareopento negotiationln contrast,
therelationshipbetweerpeeragentds moreopen;anagents notobligedto acceptarequesfrom apeer.An agent
will come to an agreement with a peer agent if it is in its best interests to do so.

<INSERT FIGURE 3 HERE>

Theagencystructurealsoprovidesamechanisnior theencapsulatioandabstractiorof servicesAs anexample,
considerttheagencyillustratedin figure 3. Supposehatthis diagramrepresentthe structureof anorganisatiorin
which the designdepartments agencyD. In this case the responsibleagentrepresentshe departmentnanager
(i.e. theagentthroughwhich otherdepartment¢agenciesA, B andC) may contactthe designdepartment)sub-
agencyE representa singledesignengineethatis capableof performingtwo distincttasks(or atomicservices),
andoneof the otheragenciegsayF) representsa teamof surveyors Furthermoresupposehatthe department
managehasregistereda“costanddesignnetwork” servicethatcanbeprovidedby thedesigndepartmento other
agenciesn theorganisationBeforethe departmenmanageis ableto registerthis service it mustknowthatit is
ableto providethatserviceto otheragentsn thecommunityundercertainconditions Supposehatfor themanager
to beableto providethe“costanddesignnetwork” service the designengineemustbe ableto providea “design
network” service Also, the engineemustcollaboratewith a surveyorto ensurehatthedesignthatis proposeds
consistentvith thegeographicatequirement®f the proposedetworksite. Thereforefor themanageto register
the “cost anddesignnetwork” service,at leastone designengineemustregisterwith its peersandresponsible
agentthe service"designnetwork”, andthe agentrepresentingheteamof surveyoramustregistera “surveysite”
service.Then,subjectto a negotiateccontract,the departmenmanagemay agreeto costanddesigna proposed
networkinstallationwith certaincharacteristicat a particularlocationfor anotheragenf. Note thatit is neither
necessarfor theagentrequiringthe“costanddesignnetwork” serviceto know howthisis achievednoris it nec-

4 An agency must contain at least one task or two sub-agencies for it to be meaningful.

5 Peeragenciesarethosewith responsibleagentghatmay communicatavithout crossingan agencyboundary.
Forexamplejn figure 3 agencyF is a peerof agencyE andagencyA is apeerof agencyD, butagencyE is nota
peer of agency A.

6 A negotiateccontractfor the “designnetwork” servicemay be requiredbeforethe “cost anddesignnetwork”
service is offered, or this may be arranged at run time. This is the choice of the system designer.
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essaryfor thedepartmentmanageto know how to designa networkor surveythegeographicatequirementsf a
particularsite. This providesamechanisnior agentdo represenandreasoraboutservicesatanappropriatdevel
of abstraction.

In generaltheserviceghatanagentregistersn thecommunityarethetasksthatit is ableto performplusservices
constructedhroughthe combinationof its tasksandservicesavailablefrom its sub-agenciegAlthough,in unu-
sualcircumstanceanagentcanuseservicegrovidedby its peersn combinationwith otherservicedo construct
anewservice.However duringits lifetime anagentmayregistemewservicesastheybecomeavailable or with-

draw services if necessary (e.g. due to other agents or tasks becoming unavailable).

2.4 Building Business Process Applications using ADEPT

The ADEPT systenrelievessomeof theengineerindurdenof buildingbusinesprocessapplicationdy automat-
ing theallocation,schedulingandexecutiondecisiongthe managemenrevel of figure 4) thatarespecifiedat de-
signtime in traditional systems(Referto section3 for detailsof how theseactivitiesarerealised.)This inbuilt
functionality enableghe designengineetto concentraten the specificationof the applicationlayer (figure 4) of
anADEPT implementatioﬁ. This processnvolvesa numberof constituenictivities.Firstly, specifyingservices
usingADEPT’s SDL anddeterminingtheir distributionbetweerthe system’sagentsandagenciesSecondly de-
fining the SLA templatethatrepresentson a perservicebasis theissueghatneedto be settledduringa particular
service-orientedegotiationThus,for examplethe SLA templatefor serviceS1mayspecifythatthenamef the
clientandserverthenameof theservice thepriceof theserviceandthetime atwhichtheserviceis to beprovided
arerequiredasslotsin S1'sSLA. Whereador a differentservice S2,the SLA templatemay additionallyspecify
thatservicequality andservicevolumearealsorelevaninegotiatiorissuesThirdly, providingacceptabilityranges
for the SLA slotsthatareto be determinedy inter-agennhegotiationie.g.the maximumandminimumprice that
canbe paid for a particularservice,the shortesttime in which a servicecan be completed,and the maximum
numberof concurrentnvocationsof agivenservice These eservation valuesrepresentheagent’sdomainknowl-
edgeof aservice,andtheyareusedto constrainthe procesof serviceprovisioning.Finally, specifyingtheinfor-
mationmodelsthatagentauseduringinformationsharingsotheyareableto interoperatelespiteheheterogeneity
that is present in their local representations.

<INSERT FIGURE 4 HERE>

Defining the SLA templateandprovidingthe reservationvaluesfor eachof the servicesarefairly simpleknowl-
edgeacquisitiontasksin mostcasegseethecompaniorpaperfor moredetails).Howeverusingthe SDL to specify
how servicesarerealisedandhow differentinformationmodelsarerelatedare considerablymore complexand
time consumingactivities. The latterissueis dealtwith atlengthin section3.2 andthe formeris discussedn the
remainder of this section.

For eachservicean agentprovides,an SDL descriptionmustbe produced.This descriptionconsistsof a name
(uniquefor thatservice),a setof inputs,a setof outputs,a guard,anda body. The inputsspecifythe information
usedby the service.lnputscanbe eithermandatoryor optional. A mandatoryinput mustbe providedfor every

7 Themanagemerandapplicationlayersaresupportey anagentinfrastructurevhich providesbasicinterop-
erationcapabilitiesbetweenthe heterogeneouanddistributedcomponent®f the businesprocesananagement
system.n the currentimplementationthis infrastructures basedon DAIS [2], a CORBA-complianfCommon
ObjectRequesBroker Architecture)distributionplatform[31]. However,the ADEPT systemis notrestrictecto
a CORBA platform.Any distributionplatformmaybeemployed providedthatmappingsareavailablebetweerit
and the convergence layer (a layer that provides a technology neutral infrastructure interface).



invocationof the service.An optionalinput providesmoreinformationto the serviceprovider;it may enablethe
serviceto beperformedmorequickly or to abetterquality, butis notnecessaryinputsarealsocategorisedby their
origin; they may be providedby the client, the serveror either. Thereare five inputsto the exampleservice
Prepare_Table (figure5), four mandatoryman) inputs(oneto beprovidedby theclient(cli ), oneprovided
by theserver(ser ), andtwo thatcanbeprovidedby either(any )), andoneoptional(opt ) inputthatcanbepro-
vided by eithertheclient or the server.Thereareno suchdistinctionsfor the outputsof a service theyareall as-
signeda value by the server;e.g.the outputinformation objectHome_Seat_Allocation . The inputsand
outputsaredefinedin termsof the informationmodelof the agentthatis responsibldor the service(seesection
3.2).By conventionthenameof aninformationobjectis prependedby thenameof theinformationmodelin which
it is defined.Forinstancetheinputsandoutputsto thePrepare_Table  serviceareinformationobjectsdefined
within the server'sHomeinformation model.

<INSERT FIGURE 5 HERE>

A guardis aboolearconditionrelatingto thestateof theworld in whichtheservicecanbeexecutedlt is evaluated
whentheservicesinvoked.If it evaluateso false theservicefails withoutthebodyof theservicebeingprocessed.
ForexampletheservicePrepare_Table requireghatthenumberof guestds lessthanor equalto thenumber

people that can be accommodated. If the guard evaluates to true, the agent starts executing the service’s body.

Thebodyof aservicedescriptiorspecifieshowtheserviceis to beexecutedandconsistof therestrictionsonthe
order of its componentservices(tasksbeing atomic services),the conditionsunderwhich the servicewill be
deemedsuccessfulandhowinformationflows betweerthosecomponenservicesThebodyis composeaf asin-
gle block that may be composed of further nested sub-blocks. Each block has the followirﬁ; syntax

<block-type> "’ <block-identifier> *{* <execution-list> "} ->’
<completion-expression>

The<block-type> isoneof sequence (sequencefservices)can-para (servicesanbeperformedn par-
allel), must-para (servicesmustbe performedin parallel),andloop (serviceiteratesuntil somecondition
holds).Figure 6 consistsof a sequence block, andcan-para andmust-para sub-blocksThe <block-
identifier> canbeusedoutsidetheblockto referto thecompletionstateof thatblock. Forexampletheblock
identifier prepare identifiesacan-para sub-block.This block identifier is usedin the completioncondition

of themeal block,andwill havethevaluetrue if the blockto whichit refershasbeensuccessfullicompleted,
false if it has failed andinknown if it has not yet been commenced, or is in the process of being executed.

<INSERT FIGURE 6 HERE>

The <execution-list> is acommaseparatedist of servicesconditionalsandblocks.In this example the
executionlist of the block meal is a sequencef a must-para  sub-blockorganise , a can-parasub-block
prepare , asingleserviceEat Meal , andanothercan-para sub-blockclean_up . Theexecutionlist may
alsoincludeconditionalstatementsThesestatementsanbe usedto testa pieceof information.For example the

8. A proceduralanguagés notusedbecaussuchlanguagesypically requirearigorouslyspecifiedflow of con-
trol. Sincethe bodyis executedby anautonomousgentin anunpredictableenvironmentit is felt thatsuchcon-
trol decisionsare bestleft to the agentto determineat runtime (ratherthan being dictatedby the designerat
compiletime). Thus,in ADEPT's SDL, the body specifiesa partial flow of controlwith somerestrictionson the
orderandthe degreeof concurrencyof the executionandthe completionexpressiorsuppliesthe agentwith the
completionlogic of the block (in termsof success , fail , andunknown). It is thenup to the agentto com-
plete the service by the most appropriate means given its current circumstances.



sub-blockor gani se testswhetherthereareanyfriendsto askfor ameal.If the setof friendsis non-emptythe
identifierhave_fri ends evaluates to r ue, otherwise it evaluates fal se.

Everyblock, service andconditionalhasa completion state thatcanevaluateo oneof success, f ai | , orun-
known. The completionstateexpressesvhetherthe block, serviceor conditionalcompletedsuccessfullyor not.
If ablock hasnotyetbeenexecutedor if it is still beingexecutedits completionstateis unknown. A loop block
type may alsoreturnunknown whenit hasfinished executing;if unknown is returnedthe block is executed
again.A conditionalmayreturnunknown if it relieson someinformationobjectthatdoesnot exist,or onanat-
tribute of an information objectthat hasan unknownvalue. As servicesget executedand information values
changethe completionstateschange The completionexpressiorof the block neal stateshattheblock is suc-
cessfullycompletedf themealis organisedpreparedeaterandcleanedip. If oneof thesecomponentéails, then
the whole block fails.

Servicesarecalledby referringto themby nameandproviding sufficientparameterfor themto be executedFor
examplethe servicePr epar e_Tabl e is calledwith a single parameterThe parameteis thechoi ce output
fromthePl an_Quest Li st service specifiedusingthesyntaxPl an_Guest Li st : : choi ce. (Notethatthe
keyword ser vi ce refersto the servicein which this block is situated,and hencethe information ser v-
i ce:: friends is the friends input to this service.)

Oncetheapplicationlayerhasbeeninstantiatedthebusinesprocesss definedandcannowbeexecutedandman-
aged through the functions of the ADEPT agents (which are described in the following section).

3 REALISING THE AGENT FUNCTIONALITY

Thissectiondescribesiow ADEPT'’s conceptuaframeworkis realised Section3.1describeshefunctionalarchi-
tectureof anADEPT agentandsection3.2 dealswith inter-agentommunicationssuesA descriptionof howthe
architectureand the communicationinfrastructuresupportthe agent’'skey activities of service provisioning
(section3.3) and service management (sec8af) is then undertaken.

3.1 The Functional Architecture

ADEPT agentsconsistof a numberof distinctfunctionalmodule$ (figure 7) thatareresponsibldor handlingin-

ter-agennegotiationtheinteractionrmanagememnnoduleor IMM), for assessintheagent’'scurrentproblemsolv-

ing situation(the situationassessmemhoduleor SAM), andfor executingserviceqthe serviceexecutiormodule
or SEM). Thesemodulesutilise persisteninformationaboutotheragentsn the environmenthatis storedin the
acquaintancenodels(AMs) andinformationaboutthemselvesvhich is storedin the self model(SM). An agent
sends and receives communications through its communication module or CM.

<INSERT FIGURE 7 HERE>

3.1.1 The self and acquaintance models

The self andacquaintancenodelsare,respectivelyan agent’srepositoriesor knowledgeaboutitself andothers
in its environmentln the self model,anagentmaintainsinformationsuchasthe serviceghatit canprovide(and
theirreservatiorvalues) theresourceswailableto it, andits currentscheduleof activity. In its acquaintancenod-
els, it storesinformationaboutthe existenceandknown capabilitiesof otheragentshistoriesof pastencounters
with them and knowledge of how they model information.

9 This agent architecture is based on those of GRATE* [17] and ARCHON [20].
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3.1.2 The interaction management module

The MM is responsibldor provisioningservicesghroughnegotiation.Thusit bothtriesto procurethe services
the agentrequiresfrom its acquaintancesnddecideswhich serviceshe agentwill provideto othersandunder
whattermsandconditions.In eithercase servicescanbe provisionedin two different modesdependingon the
client agents intendedpatternof usageandthe sener agents schedulingcapabilities:(i) one-off: the serviceis

provisionedeachandeverytime it is neededcandthe agreementoverspreciselyoneinvocation;(ii) on-demand:

the servicecanbe invoked by the client on an as-neededasiswithin a giventime frame (subjectto somemaxi-

mum olume measurement).

The processof obtaininga servicefrom anotheragentis initiated by the SAM. The SAM also indicatesthe
desiredmode of provision. The IMM is thenresponsiblefor determiningwhich agentor agentsto approach,
which negotiation stratgiesto employ, etc. The IMM's decisionmakingis supportedy four typesof informa-
tion: schedulingconstraintemanatingrom the SAM; knowledgeanagenthasaboutits preference$or particular
agentsserviceprices,etc. (representeth its SM); the resenationvaluesfor eachissueundernegotiation(repre-
sentedn its SM); andits knowledgeof the capabilitiesof otheragentqrepresenteth its AM). With this knowl-

edgeand the agent'snegotiation model (section3.3), the IMM generatesnitial proposalsgvaluatesincoming
counterproposals,and producescounterproposalsof its own, all with the intention of reachinga mutually
acceptable agreement for the yasion of the required service.

The processof decidingwhich servicesto supplyto othersis initiated by the receiptof a proposalfrom another
agent.This proposalis evaluated,in termsof whetherit is feasible(definedby the SAM) andbeneficial,anda
decisionis madeasto whetherit shouldbe acceptedrejected or modified.Again this procesds expandedupon
in section 3.3.

3.1.3 The situation assessment module

The SAM is responsibldor assessingndmonitoringtheagent'sability to meetthe SLAsIit hasalreadyagreedand
for assessintheagent’sability to meetany SLAs thatarecurrentlyundernegotiationThisinvolvestwo mainac-
tivities: (i) theschedulingf servicesandtasksand(ii) thehandlingof high-levelexceptionghatoccurwhenserv-
ices and tasks are executed.

The schedulemaintainsa recordof the problemsolving resourcesghatthe agentcontrols(i.e. the tasksthatare
availableto it andthe negotiatedSLAs for whichiit is a client) andanindicationof wheneachof theseresources
hasbeencommitted.This resourcenformationis coupledwith acoarsegrain(approximateschedulingalgorithm
to determinevhetheproposedLAs canbesatisfiedn theserviceprovisioningphaseandwith afine grainsched-
uling algorithmto determinewhich servicesshouldbe executedat whattimesin the servicemanagemenphase.
Coarsegrain schedulings initiated whenthe serverlMM receivesa proposal(or counterproposalrom another
agentandits aimis to decidewhethertherequests feasible . To ascertairthis,theIMM asksits SAM whetherthe
proposedschedulsas likely to beacceptableClearlyin advanceof the situation,the SAM canonly provideanes-
timatesincethe agent’scircumstancemay changebetweerthe point at which this checkis madeandthetime at
whichtheservicewill berequiredfor executionThe SAM usedts knowledgeof its currentresource&ommitments
andof the commitmentghatmay follow from the agent'songoingnegotiationdo generateoneof the following
responsesaccept—itis likely thatthe proposedschedulewill be satisfiable;reject—theagentcannotsatisfythe
proposedschedulepr revise—itis unlikely thatthe proposedschedulewill be satisfiable but the serviceis pre-
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dictedto be satisfiableat the specifiedalternative Fine grainschedulings usedwhenanagreedSLA is in place.
It relatesto thefixing of a particulartime at which the serviceshouldbe executedanda specificsetof theagent’'s
resourceshatwill be deployedin this execution ResourcearethereforereservedbeforeanagreedSLA is exe-
cutedby theclient. Furthermoreif theserviceis provisionedn anon-demandnannerthe SAM usestheagreed
volume of invocations to predict the future demand for its resources under that agreement.

The high-levelexceptionhandleranalysesserviceexecutionexceptionsasthey occur (or evenbeforein certain
circumstancesndtriesto formulatea setof recoveryactionsthatwill preventheservicefrom failing. Forexam-
ple,duringtheexecutiorof aparticularservice the SEM mayrealisethatit requiresa subsidiaryservicefor which
no SLA hasyet beenagreedperhapsecausehis subsidiaryserviceis on alittle usedpaththroughthe business
process)The SAM thenrequestshe MM to arrangdor this serviceto bemadeavailableif it is notalreadydoing
s0.As asecondexample|f aserviceis delayedthenthe SAM may decideto locally reschedulét (if this canbe
achievedvithoutviolating the existingSLA), to requesthatthe IMM renegotiatéhe SLA (i.e. attemptto agreea
newschedulavith theservice’sconsumeif theexistingSLA cannotbemet),or to terminateit altogetheandpay
any penalties specified in the SLA (if re-negotiation fails).

3.1.4 The servicexecution module

The SEM is responsiblgor managingservicesthroughouttheir execution.This involvesthree main activities.
Firstly, serviceexecutionmanagemernthatinvolvesparsingthe service’sSDL andfiring off its constituentsub-
partsaccordingto thelogic specifiedin the completionconditionandthe schedulespecifiedby the SAM. In par-

ticular, this requiresinvoking, suspendingresumingandterminatingtasksandservicegthis managemenis en-

actedviatheCM (seesection3.1.5)).Eachtaskor serviceexecutionnstancds assignedts own processinghread
andhencemultiple servicesmay be executedy a singleagentat any onetime. The SEM’s secondmainactivity

is informationmanagement hisinvolvestheroutingof informationbetweertasks servicesandotheragentdur-

ing executionasspecifiedin the SDL (seesection2.4). Finally, the SEM performslow-level exceptionhandling.
Thisinvolvesmonitoringtheexecutiorof tasksandservicefor unexpecte@ventsandthenreactingappropriately.
In theeventof taskfailure,for examplethe SEM mayrecoverby attemptingo restartthetaskif thepresensched-
ule canstill bemet,or if this cannotbeachievedt will refertheproblemup to the SAM for re-provisioningor re-

negotiation (see section 3.1.3).

3.1.5 The communication module

The CM is responsibldor packagingnessagedestinedor otheragentsin the sharedcommunicatioanguage
andinformationmodel,andthe receiptandinterpretationof messagefrom otheragentsandfrom its tasks(see
section3.2 for moredetails).During taskmanagemente.g.the activation,suspensionor resumptionof a task),
messageareroutedbetweerthe SEM andthetasksmanagedby thatagent During serviceexecutiormanagement
(e.g.theinitiation or terminationof a servicebeingprovidedby anotheragentunderan existingSLA), messages
areroutedbetweenthe agent'sSEM andthe serviceprovider/consumeagent.During negotiation,messageare
routedbetweertheagent'sMM andtheagentbeingnegotiatedvith. In additionto this,the CM checkghevalidity
of incomingmessage ensurgheyarecorrectin thepresentontext(e.g.if theagenteceivescounter-proposal
from anagentit is not negotiatingwith, anappropriateerrormessagés generated)andtranslateghe contentof
the message between the shared information model and the agent’s local information model.
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3.2 Inter-Agent Communication

Agentscommunicaterzia anagentcommunicatiofanguaggACL). ADEPT’s ACL consistf messagesontain-
ing: oneof alimited numberof primitive messag#ypes theidentity of thesenderrecipient(bothagentdentifiers)
andthreadof communicationthe serviceconcernedandtheinformationmodelwith referencao which the con-
tentsof the messagshouldbe understoodAltogetherthereare 13 messageypes(tablel1): 10 of which areused
during negotiation (i.e. used by the IMM), and 3 are used during service execution (i.e. used by the SEM).

<INSERT TABLE 1 HERE>

In additionto the requirementshatagentsanustsharea commonmessagayntaxandinterpretdifferentmessage
typesin auniform mannerjnformationthatis sharedy two or moreagentsnusthavea commonsemantidnter-
pretation.Thisis asignificantproblemwheninteractingagentsdo not necessarilynodelinformationin a consist-
entwaylo. Supposefor example thata networkdesigndepartmenagentwithin atelecommunicationsompany
interpretghelocationof acustomer'siteto meanits postaladdressHowever ateamof surveyorsnayunderstand
the symbol“location” to referto the site’s grid referenceon a standardOrdinanceSurveymap.If the designde-
partmentrequiresa surveyof a customer'site, how aretheseagentawith their differentmodelsof informationto
understand one another?

Ourapproachs to useacommoninformationmodel,throughwhich agentamay shareinformation.Thisinforma-
tion modelis built on a numberof basicinformation objectclasseqe.g. Adept _Bool ean, Adept _Fl oat,
Adept I nt eger andAdept _Char), whereeachclassis prependedby the nameof theinformationmodel,in
thiscase' Adept ”. Eachclasswithin the ADEPT informationmodelcontainsanumberof namedslotscontaining
further ADEPT information objects. For example, an object of Agept _Ti me may be specified as follows:

(cl ass Adept _Tinme
(Adept _I nteger year) (Adept_String nonth)
(Adept _I nteger day) (Adept_Integer hour)
(Adept _I nteger minute) (Adept_Integer second) )

Theinformationmodelspecificationis thenparsedo createa representationf thatmodelin the nativelanguage
of theagent(e.g.C, CLIPS,Prolog,etc.).Usingthe ADEPT model,anapplication-specificommoninformation
modelis built thatmay,for example specifyinformationobjectclassegor a customer'sdetails,thatmayinclude
their name,addresscontactnumber etc. A concreteexampleof suchinformationobjectsfor the BT application
is givenin the companiorpaper.In the unlikely eventthatthe businesprocessnanagemengystemis beingde-
velopedfrom scratchtheagentdesignercouldchooseo usethis modelwithin its domaintasks However,in many
casedusinesprocessasksinvolvelegacysoftware(e.g.adatabasef old customerecords)thatwerebuilt using
adifferentmodelof information.Furthermoreif agentgepresentingheinterestof differentcompaniesreto in-
teract,acommoninformationmodelmustreflecttheinformationsharingneedsetweertheseorganisationsince
it is extremelyunlikely thattheywill useidenticalmodelsinternally.Fortheseeasonsagentsmusthavetheability
to manageheterogeneousformationmodels,andtransforminformationthatis expressedh task-specificor or-
ganisation-specific models to and from a common information model.

In transformingnformationbetweeraninternalanda commonmodel,simpleschemdranslationghatspecifythe
mappingbetweerobjectsin eachmodelmaybeused20]. Forexampletheagentmaybeprovidedwith afunction

10. Hereaninformationmodelshouldbe understoodisa specificationof the symbolsthatanagentusesto make
decisions.
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thattransformsts internalrepresentationf atime pointinto aninformationobjectof the classAdept _Ti e il-
lustratedabove.Schemdranslationdhavethe advantagef beingcomputationallycheap sincetheyarebasically
alook-uptableof mappingsHowever theyarecostlyto produceandmaintain(schemdranslationsnustbespec-
ified for eachagentwithin the systemandsignificantmodificationmayberequiredif eitherinformationmodelis
changedyndarehighly applicationdependantFurthermorejf the requiredschematranslationis not specified,
theagenttannotcommunicatéheinformationrequired An alternatives to usedeeprepresentationsf theinternal
andcommoninformationmodels(sometimeseferredto asontologieq9, 44]) to searcHor atransformatiorof an
informationobjectfrom onemodelto anotherTheinitial productionof ontologysolutionsis ascostlyasschema
translationput they have theadwantagethatthey have the potentialto bereusedHowever, reasoningvith ontolo-
giesis computationallyexpensve. Giventhesedesigntrade-offswe investiagteda numberof methodgor thema-
nipulationandcombinatiorof schemdranslationsandin theuseof explicit ontologicalrepresentation® generate
novel schemaranslationsThe methodemployedat presenis to useanexistingschemaf oneexists,andif not,
attemptto build a schemaby combiningvariouscomponentskor example,a schemdor translatinganinterval
representedy its startandendpointsmaybeconstructedby usingaschemdor translatingsingletime points.This
is a area for further research.

3.3 Service Provisioning

The performancef theoverall ADEPT systemandof thevariousstakeholderghatoffer andconsumeservicess
intimately relatedto the efficiency of the inter-agentnegotiationprocessTo prosper,agentsneedto be ableto
makebeneficialagreementsn areasonabléme frame,withoutusingexcessiveesourcegeithercommunication-
relatedor computational)Moreover this negotiatiormustbe enactedn a decentralisedashion(i.e. without arbi-
trationor third partyintervention[38, 39]) sincecentralisatiorof processesreatedottlenecksandis susceptible
to failure. Consequently, each agent has a negotiation capability; the agent’s IMM.

To copewith the variety of negotiationsituationsin which anagentmayfind itself, theIMM needsa humberof
differentnegotiatiorstrategiesndtactics.Thesevary theagent’sbehavioufrom competitive throughaccommo-
dative,to conciliatory[38]. Sucha rangeof behaviouris necessarpecauseaegotiatingwith a peerdiffers from
negotiatingwith a subsidiaryagent,negotiatingwith anagentfrom anexternalorganisatiordiffers from negotia-
tion with anagentfrom thesameorganisationpegotiatiorthatrequiresarapidagreemendiffers from negotiation
in which time is plentiful, andso on. In more detail, a numberof requirementgor service-orientechegotiation
emerged from the business process applications studied in A?I?)EPB]’:

A givenservicecanbe providedby morethanoneagent.Theavailableserviceamaybeidenticalin theirchar-
acteristics or they may vary along several dimensions (e.g. quality, price, availability, etc.).

« Individual agents can be both clients and servers for different services in different negotiation contexts.

» Negotiationscanrangeoveranumberof quantitative(e.g. price,duration,andcost)andqualitative(e.g.type
of reportingpolicy, andnatureof the contractissuesEachsuccessfuhegotiatiorrequiresarangeof suchissues
to beresolvedo the satisfactiorof both parties Agentsmay berequiredto maketrade-offsbetweerissuege.g.
faster completion time for lower quality) in order to come to an agreement.

» Thesocialcontextandinter-relationship®f the participantdnfluencesheway agentsegotiate Somenego-

L Althoughdrawnfrom the businesgrocesslomain,subsequentork in networkmanagemeris] hasled usto
believe that they are applicable for service-oriented negotiation in general.
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tiationsinvolve entitieswithin thesameorganisatioror within thesamedepartmenandaregenerallycooperative
in nature Othernegotiationsareinter-organisationaBndhencemorecompetitive. Somegroupsof agentoften
negotiate with one another for the same service, whereas other negotiations are more infrequent.

» Asagentsareautonomousthefactorsthatinfluencetheir negotiatiorstanceandbehaviourareprivateandnot
availableto their opponentgespeciallyin inter-organisationasettings).Thusagentsdo not know whatutilities
their opponentglaceon variousoutcomesthey do not know whatreasoningnodelsthey employ,they do not
know their opponent'sonstraintsaandtheydo notevenknow whetheranagreemenis possibleat the outset(i.e.
the participants may have non-intersecting ranges of acceptability).

« Thecommunicatiorcthannebetweeranytwo negotiatingagentss private.Henceagentsompetingo provide
the same services cannot check the behaviour of their opponents.

» Time is animportantconsiderationn negotiation.Timingsareimportanton two distinctlevels:(i) thetime it
takesto reachanagreementustbereasonableand(ii) thetime by whenthenegotiategervicemustbeexecuted
is importantin mostcasesndcrucialin others.Theformermeanghattheagentshouldnotbecomenvolvedin
unnecessarilgomplexandtime consumingnegotiationgthe time spentnegotiatingshouldbe reasonablavith
respecto thevalueof theserviceagreement)Thelattermeanghattheagentsometimefaveharddeadlinedy
whenagreementsnustbein place(this occursmainly whenmultiple servicesneedto be combinedor closely
coordinated).

In orderto satisfytheserequirementsa numberof constituentomponentseedto be designedandspecified:(i)
aprotocolindicatingwhenwhatmessagesanbe sentduringthe negotiation(section3.3.1);(ii) astructurerepre-
sentingtheissuesaboutwhich negotiationcantakeplace(section3.3.2);and(iii) areasoningnodelto determine
the agent’s behaviour in its negotiations (section 3.3.3).

3.3.1 The Negotiation Protocol

All agentsnustadherdo ADEPT’s negotiatiorprotocol(figure 8) duringserviceprovisioning.Thestatetransition
arcsrepresenthe participants’utterances.- <pri m t i ve> arethoseof theserversand<pri ni ti ve>- are
thoseof the clients. Negotiationis initiated whena client utterscando (statel to state2). The servercanthen
eitherindicatethatit is capablgstate? to 3) or thatit is not (state? to failure). If the serverhasacknowledgedts
capabilityor if theclientknowsit is capablebecaus@®f informationcontainedn its AM, theclientmay sendout
aproposalstate3 to 4). Theservercantheneitherrejectthe proposalstate4 to failure), acceptheproposalstate
4 to 5) or counterproposéstate4 to 6). If the serveracceptsthe client may eitherdenythe contractto the server
(state5 to failure) or elseconfirm the contract(state5 to success)Otherwise|f the serverhascounterproposed
(state4 to 6) thenthe client may eitheracceptthe new contract(state6 to 7), rejectit (state6 to failure) or else
counterproposa new contract(state6 to 4). Theremay be severaltransitionsbetweerstates4 and®. If it is the
clientwho eventuallyacceptghe contract(state6 to 7), thenthe servemrmaydecideto eitherawardthe contractto
the client (state 7 to success) or else deny it to that client (state 7 to failure).

<INSERT FIGURE 8 HERE>
3.3.2 The Negotiation Issues

SLAsarethestructuresaboutwhich theagentsegotiatgfigure 9). Theyrepresenthe bid onthetableduringne-
gotiationandthefinal contractattheendof a successfuhegotiationThe SLA structureis derivedfrom thetypes
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of legalcontractthatareoftenusedto regulatecurrentbusinessransactionsThevaluescontainedn theslotsrep-
resentheconditionsfor providingandconsumingaserviceby a serveranda clientagentrespectivelyAgentscan
negotiate over multiple issues (values in different slots) at any one time.

<INSERT FIGURE 9 HERE>

In moredetail,ser vi ce_nane is the serviceto which the agreementefersands| a_i d is the SLA’s unique
identifier (coveringthe casewherethereare multiple agreementsor the sameservice).Ser ver _agent and
cl i ent _agent representheagentghatarepartyto theagreementDel i very_t ype identifiesthe way the
serviceis to be provisioned(section3.1.2). The SLA’s schedulingnformationis usedby the SAM andthe SEM

for serviceexecutiorandmanagemer{seesection3.4)—dur at i on representthemaximumtimetheservercan
taketo finish the service,andst art _ti me andend_t i me representhetime during which the agreemenis

valid. In this case the agreemenspecifiesthatagentCHL caninvoke agentNDD to costanddesigna network
wheneveitt is requiredbetweer09:00and18:00andeachserviceexecutiorshouldtakeno morethan320minutes.
Theagreemenalsocontainameta-servicénformationsuchasthevolumeof invocationgpermissiblebetweerthe
start and end times, the price paid per invocation, and the penalty the serverincurs for every violation?.

d i ent _i nf o specifiestheinformationthe client mustprovideto the serverat serviceinvocation(in this case
CHL mustprovidethe customerprofile) andr epor t i ng_pol i cy specifiestheinformationthe serverreturns
upon completion.

3.3.3 The Negotiation Reasoning Model

Thereasoningnodeldetermineshe agent’sbehaviouiin a givennegotiationcontext.lt is responsibldor: initiat-

ing negotiatiorto obtainadesiredservicerespondindo proposalsrom otheragentsgeterminingvhenproposals
shouldbeacceptedr rejectedanddeterminingvhencounter-offershouldbe madeandwhatthesecounteroffers
should be. All this reasoning is undertaken within the IMM (figure 10).

<INSERT FIGURE 10 HERE>

In moredetail,theIMM hasthreereasoninggomponent¢see[43] for aformal specificationthataresupportedy

informationmaintainedn theagentmodelsandtheagent’sworkingmemory(section3.3.3.1). Theevaluatiorrea-
soner(section3.3.3.2)takesproposalor counter-proposalsomingin from otheragentsanddeterminesvhether
they shouldbe acceptedrejectedor whethera counter-proposathouldbe generatedlf a counter-proposas ap-

propriate controlis handedo the strategicandtacticalreasoner$o producearesponseThestrategiaeasonede-

cides,at a coarsdevel of granularity,how the agentshouldapproactthe particularnegotiation(section3.3.3.3).
Forexamplewhetherit shouldbe cooperativeor competitive whethertime or resourcess the primary consider-
ation,etc.Finally, thetacticalreasonefills in theslotsof the SLA in awaythatenactshechoserstrategy(section
3.3.3.4).

3.3.3.1 Information Used in Netiation

Thereasoningomponentfiavetwo mainrepositoriegor information—theworking memoryandtheagentmod-
els. Theformerrepresentsransitoryinformationrelatedto ongoingnegotiationswhile the latter representper-
sistent storage of more stable information.

12 The legal enforcement and the actual payment of penalties is not handled by the ADEPT system at this time.
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Informationstoredin theworking memoryis structuredaroundthe notionof a negotiation thread. A threadis es-
sentiallyarecordor historyof utteranceselatedto a particularnegotiatiomeed(i.e. finding a serverfor a partic-

ular service).lt includesall the messagethe agenthassent,all the messagethe otheragentshavesent,which

strategiesndtacticstheagenthasdeployedthe currentstatusof all negotiationthreadqin casesvheretheagent
is managingmultiple threadsof negotiationfor the sameservice),andthe service’searlieststartandlatestend
times.

In thecontextof supportinghegotiationtheagentmodelsrepresentheagent’s(private)beliefsaboutitself andits
environmentTheAM includes:agencyagents—uniqguaamef individualmember®f theagent'sagencyagen-

cy typology—the agent’s relationships(peer, subsidiary agent, etc.) with other community members(see
section2.3); agencystatus—whictagentsarein the sameorganisatiorandwhich areexternal;agencycapacity—

which agentsanprovideserviceghe agentneedsthe negotiationprotocol(figure 8); andinteractionhistories—
persistentecordsof negotiatiorthreadsThe SM includes:servicedescriptiondor the servicegsheagentcanper-

form itself, togethemwith anindicationof the numberof concurreninvocationsthatarepermissiblethe commit-
mentstheagenthasalreadymadethroughits SLAS; theagent'sreservatiorvaluesfor theservicest consumesind
provides; and the agent’s preferences for the various issues under negotiation (expressed as a scoring function).

3.3.3.2 The Ealuation Reasoner

Theevaluatiorreasonebecomesctivewhenanagenteceivesaproposabr counter-proposdtom anotheragent.
Uponreceiptof suchamessageheagenttomputesheutility it attainsfor theproposallt usesanadditivescoring
function[39] overeachslotin the SLA, whereeachslotis assigned weightrepresentingherelativeimportance
of thatissueto thatagent.For example considerthe casedepictedn figure 10 wherethe NDD agentreceiveghe
SLA proposalal001.NDD goesthrougheachslotin the proposalandassignsa measureof desirability (a utility
rating[15] betweerD and1) to thevaluecontainedherein. Theraw utility valuesarethenmultiplied by aweight-
ing factor (thatindicatestheir relativeimportance)andthensummedover all the slots. This procesgproducesa
singleutility valuefor the proposedSLA. In parallel,the agentsendshe offer that hasjust beenreceivedto the
tacticalreasoneto seewhatoffer theagentwould producenextusingits currentstrategiesandtactics.Oncecom-
puted,this offer is returnedto the evaluationreasoneandratedusingthe aforementionedcoringfunction.If the
utility of the offer the agentwould havesentis lessthanor equalto the utility of the offer just receivedthe offer
is acceptedprovidedit meetsthe schedulingconstraintcomingfrom SAM). Acceptancenvolvesa conditional
commitmenby theserverthatit will executahespecifiedserviceundertheSLA'’s termsandconditions Thecom-
mitmentis conditionalin thatthe client still hasto confirm or denythe contract(figure 8). Assumingthe client
confirmsthecontractjt thenterminatesll othernegotiatiorthreadgor thesameserviceinstanceThesecondut-
comeof the SLA’s evaluations thatthe proposals rejected This occurseitherwhenthedeadlinefor reachingan
agreemenhasbeenreachedr whenanotheragenthasbeenselectedo performthe service. Thefinal evaluation
outcome is that the offer is neither accepted nor rejected. In this case, the agent generates a counter offer.

If a counteroffer is to be made the evaluationreasonenlsomakesan assessmertf the opponent’snegotiation
behaviouiin the currentthread.Thus,evaluationis notonly confinedto the currentoffer instancejt alsoincorpo-
ratestherelationshipof thatoffer to previousonesin thethread.n particular theagentclassifieshe behaviourof
its opponentnto oneof threemutuallyexclusivestatesi) CONCEDI NG—theutility to therecipientof thelastoffer
is greateithanthe previousoffer receivedrom thatagent;i) EXPLO Tl NG—theuutility to therecipientof thelast
offer is lessthanthepreviousoffer receivedrom thatagentoriii) STALEMATE—theutility to therecipientof the
lastoffer is the sameasthe previousoffer receivedfrom thatagent.As well asthe directionof changethe agent
usesthe negotiatiorthreadhistoryto determineherateof changeof thatstate. Thusthe agentcalculatesvhether
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thisconceding/exploitings | NTENSI FYI NG, LESSENI NG, or CONSTANT. Thesewo piecesof informationare
thenpassedntothestrategiaeasonewhich useshemto determinevhetherits presenstrategyis beingsuccess-
ful or whether a change is needed.

3.3.3.3 The Stratic Reasoner

The strategiaeasoners invokedby the evaluationreasonem the caseof anongoingnegotiationor by the SAM
for newnegotiationslin eithercasethe purposeof thereasoningatthislevelis to setbroadguidelinesabouthow
theagentshouldbehavein a particularnegotiationcontext.In the currentimplementationtheseguidelinesrelate
to determiningherelativeimportanceof thethreeclasse®f behaviouthattaketime, resourcesandanopponent’s
behaviouasthe primarybasisfor computinganoffer. Timeis importantwhenthenegotiatiorhasadeadline Re-
sourcesneedto be consideredso that the agentexpendsan amountappropriateto the value of the contract.The
opponent’dehaviouiis consideredo ensurgheagents notexploitedduringthe negotiationTherelativeimpor-
tance of these three classes is expressed by assigning a series of weights to the alternatives.

For new negotiationsthe agentreceivesnformationfrom the SAM aboutwhenthe serviceis required(HAVE-
TI ME, NOW, usesAM informationaboutthe numberof knownsuppliersof theservice(ONE, MANY), andusesAM
informationabouttheagent’srelationshipwith the potentialserviceprovider(SAME- ORGANI SATI ON, EXTER-
NAL- ORGANI SATI ON) to set the strategy.

Thefirst strategicdecisionrelatesto the logisticsof the negotiation:.who to negotiatewith; whetherto negotiate
with morethanoneagent;andif morethanoneagents to be negotiatedvith, thenshouldthe negotiatiorproceed
sequentiallyor in parallel.If thereis only oneserviceproviderthenthe agenthasno real choiceto makeat this

level. Howeverwhenthereareseveralproviders the agentusesthe following heuristicsto managehis aspecof

the process (figure 11).

<INSERT FIGURE 11 HERE>

Having decideduponthe logistics, the agentmustdeterminehow it is to behave Examplerulesfor settingan
agent’sstrategy alongwith their justification,areshownin figure 12. In additionto settingthe strategythe agent
recordsits expectatiorof how the negotiationshoulddevelopin termsof the speedat which it will convergeand
thelikely responsef theopponentThisinformationis thenusedto monitorthe progresof the ongoingnegotia-
tion.

<INSERT FIGURE 12 HERE>

For ongoingnegotiationsthe role of the strategicreasoneis to determinewhetherthe currentstrategyis being
successfufin termsof theagent'spredictionsaboutits developmenandin termsof theutility theagentis obtain-
ing from thedeal)in fulfilling theagent’'snegotiationobjectives Suchmonitoringis neededecauseheworld in
which the agentis operatingis subjectto change(e.g.the agentmay requirethe servicesooner/latethanit esti-
matedor anewproviderfor theservicemaybediscoveredandalsobecauseperatingafixed, unchangingtrategy
meanghe agentis moreopento exploitationby its opponentgsinceits behaviouris easierto predict). Strategy
modificationis triggeredby two typesof event:(i) whetherthereis a changein the agent’sinternal state(e.g.
whetherthetime by which anagreemenshouldbein placeis becomingeritical); and(ii) howtheopponents be-
having(e.g.CONCEDI NG, EXPLO TI NG, STALEMATE, | NTENSI FYI NG, LESSENI NG, CONSTANT). Exam-
ple rules illustrating such strategy monitoring and modification are given in figﬂﬁ’e 13

<INSERT FIGURE 13 HERE>

13 Note whenever the weights are changed, the agent re-normalises their values.
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3.3.3.4 The actical Reasoner

Therole of thetacticalreasoners to enacthehigh-levelbehavioursetby thestrategiaeasonerTheoutputof this

levelisaSLA whichhasvaluesin eachof its slots. Thusatacticis afunctionwhichactsin line with thesetstrategy,
to seta valuefor eachSLA slot. For quantitativeslot parametersacticshaveto selecta valuein betweerthe al-

lowableminimumandmaximumvaluefor thatissue For qualitativevalues thetacticshaveto choosdrom a dis-

creterangeof alternatives—arocessachievedby mappingthe qualitativevaluesonto the quantitativescoring
function [3].

Thewayin whichtacticsdiffer is in howtheygo aboutcomputingaslotvalue.Therearethreemainwaysof com-
ing to a value (moredetailsof the operationandvariety of tacticscanbe foundin [43] andin section4.3 of the
companion paper):

« Time-dependent tactics: This family of tacticsbasetheir behaviouron thetime remaininguntil anagreement
mustbein place.At their negotiationdeadlineall thesetacticsput forward their reservatiorvalues.However
theway in which they concedeo reachthesevaluesdiffers. Therearetwo broadpatternsof concession(i)
boulware [39]: maintainthe offer until thetime is almostexhauste@ndthenbeginto concedeup to thereser-
vation value; and (iixonceder: move rapidly to the reservation value.

« Resour ce-dependent tactics: Thisfamily of tacticsbasetheir behaviourontheamountof agivenresourcee-

maining.The propertyof thesetacticsis thatthey modelthe urgencyof the dealas:i) the resourcedbecome
scarcerji) thewillingnessof otherpartiesin negotiationdecreasemeasureadsanincreasan the lengthof

thenegotiatiorthread)andiii) thecomputationaloadontheagentincreasesTheactualrelationships thatthe

guantityof time left in negotiationis proportionalto the numberof agentsn the negotiatiorandinverselypro-

portionalto thelengthof thenegotiatiorthread . Thus,themoreagentavho arepotentiallyavailableto perform
theservice thelongertheagentcanaffordto negotiateBut thelongerthedurationof thenegotiationthemore
urgent the need for an agreement becomes.

« Behaviour-dependent tactics: Thisfamily of tacticsbasetheir behaviouron howtheir opponenbehavesiur-

ing theongoingnegotiationthread[1]. Thetacticswithin this family differ in which aspecof their opponent’s
behavioutheyimitate,andto what degree. Therearethreewaysin whichbehaviourcanbeimitated:i) Relative
Tit-For-Tat; ii) AbsoluteTit-for-Tat; andiii) AveragedTit-For-Tat, whereother'sbehaviouris, respectively,
imitated proportionally, absolutely and in an averaged fashion.

Eachof the families computesa valuefor eachof the negotiationissueshasedupontheir particularperspective
(figure 14). Thethreevaluesfor eachissuearethencombinedaccordingo therelativeweightingssetby the stra-
tegic reasoner, to provide a single value which is the one put forward for that issue.

<INSERT FIGURE 14 HERE>
3.4 Service Management

Havingmadeanagreemento provideaservice anagentmustthenattempto honourit. Thisprocessnvolvestwo
principalactivities:(i) schedulingheservice(andits constituensub-parts)n accordanceavith thetermsandcon-
ditions of the SLA; and (ii) executing the service.
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Whenanagentagreego providea serviceto anacquaintancendera specificSLA, the SAM performsfine grain

schedulingseesection3.1.3)to determinevheneachof the service’sconstituentomponentshouldbe executed
andwhich problemsolvingresourceshouldbedeployed?. The SAM useswo techniqueso proactivelyschedule
tasksandservicesbeforetheyarerequired:) sequential schedulingandii) look-ahead schedulingTheformeris

usedin associatiorwith on-demangrovisioning.Eachon-demandaskor sub-serviceassociatedavith anagreed
serviceis scheduleaccordingo theservicedescriptionbeforethe serviceis executedor thefirst time. Thelatter

is associateavith the schedulingof componenpartsof one-offservicesAs ataskor serviceis beingexecutedhe

nextcomponendf the procesds proactivelyscheduledor execution(i.e. the SDL is parsedonestepaheadand

the next step is scheduled while the previous one is being executed).

Forbothsequentiabndlook-aheadschedulingthe SAM setsup reservationshatareusedby the SEM for theac-
tual executionof a serviceor task.A reservatiorprincipally associatea particulartaskinstanceor servicewith a
uniqueSLA. The SAM setsupreservationso providesufficientresourceso complywith thisagreement;onsid-
eringcomponentsuchastheagreedsolumeof invocationsandthepermissibledegreeof concurrencyEachagent
may haveits own schedulingnethodologyandcould belinked to a generallyavailableor legacyschedulerThe
reservationsre processedn two waysaccordingto whetherthe serviceis one-off or on-demandin the former
casethe SEMinvokesthe resourcehathasbeensetasidein thefine grainschedulingphaseandon completion
informsthe SAM of theservice’sendresult. The SAM thenremoveghereservatiorandfreesup theresourceln
thelattercase anumberof reservationgbasedn theagreedsolumeof invocations)areinitially setup andnoted
asearmarkedThisimpliesthattheresourcesanbeusedwith priority givento theassociate&LA. WhentheSEM
usesoneof theseresourcesthereservations setto committed thusbarringany otherprocessnstancerom using
it. Oncompletionthereservations reseto earmarkedeadyfor re-use Only whentheassociatedn-deman®&LA
is completed is the SAM informed and the reservations removed and the resources freed.

Dueto the dynamicnatureof the domain,exception®ftenariseduring serviceexecution.The SEM monitorsthe

executionof tasksanddetectsvhensomethinghasgonewrong. If theexceptioncanbe handledby the SEM (sec-
tion 3.1.4)thenit is. Otherwisethe SEM informsthe SAM of the problem.Theseexceptionsanbe of two types:
(i) functionalor (ii) resourceelated A functionalexceptionindicateshatthe particularactivity beingperformed
by aresourcehasgoneinto a stateof error.In this casethe SAM caneitherattemptto re-scheduléhe sametask
instanceor re-resourceéhetaskby schedulinganothelinstanceof the sametasktype.Both optionsareusuallycon-

sideredandthe SAM decidesawvhichis likely to bethe mosteffectivein agivensituation.Forexamplefe-resourc-
ing is quickerif thereare spareresourcesmmediatelyavailable,whereasre-schedulingdoesnot require new

resourceso be consideredA resourceelatedexceptionindicatesthata failure hasoccurredwith the underlying
resourceof a task.Whenthis occurs,the taskinstanceneedsto be de-allocatedandall the tasksthathavebeen
provisionedto thatinstanceneedto be re-resourcedWhenthe failed taskinstancecomesbackon-line,the SEM

informsthe SAM thatthenre-allocateshetaskinstancesomakingthemavailablefor subsequergchedulingac-

tivities. If the SAM cannothandletheexceptiorwithin the SLA’s agreedimes,it instructstheIMM to seeif it can

re-negotiatehe SLA. If anewagreementanbereachedthenarevisedversionof the SLA isinstantiatedlf anew

agreementannotbereachedhenthe servicefails. In this case the serverhasto pay any penaltyspecifiedin the

SLA.

4. within anagentthe problemsolvingresourcesiredynamicallydeterminedThus,whenanagents initialised,
it hasno knowledgeof its resourcesWhen tasksare initiated, the SAM forms a resourcelist containingthe
instancenamesassociatedvith a certaintasktype.Only thencanspecifictaskinstancede provisionedIf atask
instancefails, it is removedfrom the taskresourcdist and not provisionedin any future agreementsf a task
becomesavailableduring the running of the businesgprocessthe SAM initiates a searchfor any incomplete
agreementand,if possibleuseshisresourcelf not, it is addedo theappropriateesourcdist in anticipationof
future use
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4 RELATED WORK

Therearea numberof researctareaghatimpactupon,andarerelatedto, the work describedn this paper Here
we focusonthethreethataremostcloselyrelatedto ADEPT's key componentsnamely:(i) extantworkflow sys-
tems(section4.1); (i) automatechegotiationby autonomousgentgsection4.2); and(iii) techniquegor allow-
ing agentswith heterogeneousformationmodelsto interoperatésectiord.3). Theseareasaredealtwith in turn.

4.1 Extant Wrkflow Systems

At thetime of writing, thereareno commerciakystemghatsupportbusinesgprocessnanagementsinga mean-
ingful notion of agenthoodExistingworkflow managemergystemsffer limited supportandminimal flexibility
duringprocesenactmentln situationswherea businesgrocesss fully resourceddimensionedandevery con-
ceivableoutcomecanbe considerecndcontrolled thenconventionaldistributedcomputingtechniquesndtradi-
tional workflow systemsareadequatelf, however, the systemhasto copewith undefinederrorsor failures,and
there is a need for dynamic re-configuration of resources, then the ADEPT approach isxibteafid rolist.

The corefunctionality of atraditionalworkflow systemis to automatehe executionof asequencef tasksin sup-
portof a businesgprocessTypically, workflow systemsonsistof anenginethatexecuteshusinesdasksin apre-
definedorder(asspecifiedn ascript[13]). The ADEPT systemsubsumeshis functionalityin its SDL andin the
SEM's executionof theseservicedescriptionsHowever, unlike workflov managemensystems ADEPT also
performs both resource management and sophisticategtéeon handling:

« ADEPT agentshave the ability to perform explicit resourcemanagementthey control and reason
aboutthe systemsgdatabasesquipmentandpeoplethat make up an organisation.Traditionally business
processmanagemensystemsdo not provide aninbuilt capability for suchdirect resourcemanagement.
Insteadprocessehave to beresourcedanddimensionedgrior to enactmentThe ADEPT approachmeans
the system can barf more respongt to un@pected or unusual patterns of resoungslability.

« Presentlyin workflow systemsegxceptionhandlingis managedy explicitly representingnalternatve
paththroughthe businesgprocessin ADEPT, agentsdynamicallyattemptto reneyotiateandre-resource
theprocesgaskin orderto resol\e exceptions.This approactallows agentgo reactin a context dependent
mannerto circumstancesherethetype of correctve actionmightvary dependingiponthe availability of
resources and the taslcriticality within the process.

Thefinal differentiatoris thatworkflow managemergystemgendto operatewith a centralworkflow enginethat
monitorsall the eventsin the system.This type of architecturds limiting whena businesprocesspansa large
enterpriseADEPT takesadistributed,andhencemorerobustandscalableapproachwherethedisparatecompo-
nentsof a businesgprocessareeachrepresentethy anagent. Agentscanbe distributedeitherlogically or physi-
cally throughout an geanisation.

Given the limitations of currentgenerationworkflow systemsa numberof researchersave consideredising
multi-agentsystemdor variousaspect®f businesgprocessnanagementiall andShahmehrj11] useagenttech-
nology to enableboth expert (e.g.a manageror businesgprocessengineer)and non-epert usersinvolved in a
businesgprocesgo influencethedesignandmodificationof thatprocessA languages presentedor thedescrip-
tion of processeandtasksto enableautomaticreasoningaboutthe operationof the businesgprocessandhence
facilitatethereuseof existing processesA taskis representefly arole thatindicateswho shouldexecutethetask,
a setof preconditionsataskdescription,anda setof stopconditions.This is similar to the structureof a service
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descriptionin the ADEPT model:the mandatoryinputsto the serviceare preconditiongfor the executionof the

service,a descriptionof the processesvolvedin executingthatserviceis providedin the body, andthe comple-
tion conditionshave a similar role to stopconditions.Sucha rigorousdescriptionof processeandtasksprovides

anagent-basebtusinesgprocesamanagemergystemwith the potentialto modify the businesgprocesqpossibly
with referencdo anexpert)in responséo changingcircumstancesl hereforethe useof agenttechnologyto ena-
ble modificationof a businessprocessis complimentaryto agent-basethusinessprocessmanagemensystems
such as ADEPT

A federation-typearchitecturd?, 44, 46] providesan alternatve methodfor organisingmulti-agentsystemdor
themanagementf businesgprocessesAgentsareorganisednto groups,eachgroupbeingassociatedvith a sin-
gle “facilitator"'® to which an agentsurrenders degreeof autonomyA facilitator senesto identify agentsthat
join or leave the systemandmanageslirectcommunicatiorbetweerparticipatingagentsfunctionsthataresimi-
lar to thoseprovided by the DAIS ORB [2]. In addition,the facilitator providesanorymouscommunicatior(i.e.
agentsareinformedof eventsin which they have registeredan interestwithout referenceo the original sender),
translationof messageontentbetweerdifferentinformationmodels,problemdecompositioranddistribution of
sub-problemdo agentsunspecifiecby the original senderanddelayedcommunicationsn the eventof anagent
being temporarily off-line. This architectureenablesagentsto communicatewithout concernfor the particular
syntacticand semantiaequirement®f the recipient.An agentmay alsosenda messagavithout specifyingthe
recipient;the content-basedbuting of thesemessagebeingperformedby its facilitator During negotiation,par-
ticipatingagentsequiresecurecommunicationbut this directcommunicatioris enabledandmanagedy oneor
morefacilitators.Thesefacilitatorsrepresenthe interestsof mary differentagentsThereforea facilitatorthatis
managingdirectcommunicatiorbetweemegotiatingagentamustbetrustedto actin theinterestsof theseagents
evenif this conflictswith otherinterestsit is representingAt presentthe federationarchitecturenasbeenused
predominantlyfor the interoperationof purely cooperatre agentsat the team level of an organisation(e.g.
SHADE andPACT [46]). Suchsecurityissuesmustbeaddressed this architecturas to beemployedin business
procesananagementvheremorethanone organisationis involved. An additionaldifficulty with the federation
architecturas thatit doesnot supportthe encapsulatiowf servicesThe ability to modelboth peerandhierarchi-
cal structuresn ADEPT is foundedon organisationaimodelswherean enterprisds logically divided into a col-
lection of services.The agent-agencconceptin ADEPT draws on this principle to group serviceswithin the
system where it ma&s pragmatic sense; axilaility that is not &ailable in the federation architecture.

Mobile agentdhave alsobeenproposedsanapproacho themanagemertf workflow in businesgrocessesvierz

etal.[30] aguethattheuseof thistechnologymeanghatonly thoseorganisationghatrequireservicegrom others
arerequiredto implementmobile agents Other organisationsneedonly acceptthe arrival of mobile agentsand
handletheirrequestsi.e. anorganisatiormayparticipatdn eitherapassve or anactve mannerEachmobileagent
is anencapsulatedyutonomousinit, andthereforecanparticipaten functionssuchasnegotiationwithoutrelying

on a facilitatortype agent(an advantageover the federationarchitecture) A further advantageof mobile agents
thatis oftenclaimedis thatthey reducecommunicatioroverheadput thisis yetto beshavn in practice;areason-
ably sophisticatednobile agentmaytake a considerabldime to transmitover a network. Onepotentiallyserious
problemwith mobile agenttechnologyin the managementf businesgprocessess thelack of security To partic-

ipatein a mobile agentbasedbusinesamanagemensystem,an organisationmustallow sophisticategrograms
from anotheypossiblycompetingprganisationto executeon theirlocalmachinesThereforefor mobileagentdo

be a good implementation choice in this case, these security issues must be addressed.

15 Takedaet al. [44] refer to a “facilitator”, “mediator” and “ontology server”in their architecture Together,
thesethreeunits performthe samefunctionasa facilitator in the federationarchitecturelescribedy Genesereth
and Ketchpel [7]
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4.2 Automated Negotiation

In this context, we areinterestedn designingandbuilding well-engineeredoordinationtechniqueghatincrease
theefficienoy andflexibility of taskallocation.To this end,our approacthasbeento adoptand,wherenecessary
adapt tools and techniques frominge theory and from the social sciences.

Thecentralaim of gametheoryis the specificatiorof rationalequilibriumbehaiours(or stratgies)whenmultiple
agentsnteract{12, 40]. Thus,gametheoretionodelsareanobvioussourceof inspirationfor ourwork. Thesemod-
elsarenotonly analyticallyuseful, but they alsohave severaldesirablgropertiesFor example Rubensteirs mod-
el of Alternative Offers[41] takesthe passag®f time into considerationtespect®ur negotiationprotocol,andit
canbeshowvn thatin suchgamesagentshave asimpleandstablenegotiationstratgyy thatresultsin efficientagree-
mentswithout delays[23]. Sowhy don't we usegametheoretictechniqueglirectly?To answerthis questionwe
first considerthe basicassumptionshat mostgametheoreticmodelsmalke andthenconsiderwhatwould bein-
volvedin applyingthesetechniquesn the ADEPT context. Most gametheorymodelsrestontheassumptionghat
the negotiatingagentsare:self interestedutility maximisers)computationallyandcommunicatrely unbounded,
andrational.Moreover, the agentsareassumedo have a setof alternatvesthatarefixedandknown to all agents
andeachagentsrisk attitudeandutility functionarefixedandknown to all theagentghatareinvolvedin thede-
cisionmaking.Thusin orderto applythesemodelsa designemust[24]: (i) choosea stratgic baigaining model;
(i) maptheapplicationproblemto the chosermodel’'s nomenclatureiii) identify equilibriumstrateyies;(iv) de-
velopsimplesearchtechniquedor appropriatestratgies;and(v) provide utility functions.Whilst choosinga stra-
tegic baigaining modelandmappingit to anapplicationmay not be too difficult for someoneproficientin game
theorytechniquesit is notclearhow to designandimplementequilibriumstratgjiesin ADEPT whentherecanbe
infinitely mary possibleagreementgRecallgametheoryrequiresall theagreementto beknown in advancebe-
fore equilibrium stratgiescanbe proven.) The aforementione@ssumptionsisomeanthat mostgametheoretic
modelsdo not considerthe computationahnd communicatiorcompleities thataresoimportantin practicalap-
plications.Furthermorein our context, eachagents utility function,setof alternatves,andrisk attitudeareprivate
information (especiallyin inter-organisationalsettings)and even if suchinformationwas publicly available it
would soon become intractable fordargames.

The ADEPT negotiationmodelhasalsobeeninfluencedby socialsciencamodelsof negotiation. Thesemodelsdo

notmalke therestrictve assumptionsf gametheoryandthey attempto identify anddescribe behaioursthatmay
achieve satishctoryoutcomed6, 22, 38, 42] (ratherthanprescribe behaiour like the gametheorymodels).For

example,the competitive,accommodativand conciliatory negotiationbehaioursin ADEPT areheuristicsthat
agentauseassearchoperatordo prunetheir setof possibleactions.However, althoughsuchmodelsareinspired
by successfuhumannegotiationbehaiour, they suffer from thefactthatthe systems$ behaiour cannoteasilybe

predictedThus,considerableffort is required throughsimulationandempiricalevaluation,beforea negotiation
mechanismdesignleadsto a stableand predictablesystem.In our case,this experimentationshaved that the

ADEPT negotiationmodelcorvergedin the majority of circumstanceandthatthe communicatiorandcomputa-
tionaloverheadsvereacceptabléor this application[3]. Furthermoresubsequertheoreticabnalysishasdemon-
strated the alidity of these results for a subset of the ADEPT scenarios [47].

In summarywe have usedelementf gametheoreticnegotiation(suchasutility functionsandrationalchoice)as
thebasisfor theIMM’ s decisionmaking.Thesefunctionshave thenbeenaugmentedby work emanatingrom the
socialmodelsthat hasprovided negotiationheuristicsto guidethe IMM in its procesf settingup negotiation,
generating dérs and counteoffers, and in monitoring and modifying its stigyeover time.
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4.3 Information Interchange

In commonwith a numberof relatedenterprisaéntegrationprojects[7, 44, 46], ADEPT agentsshareinformation
thatis expresseth acommoninformationmodel(oftenreferredto asanontology[9]). Thedevelopmenbf ontol-
ogiesfor reuseis animportantresearctareain distributedsystemdevelopmentlt is generallyaccepted14, 34]
thatadomainontologyshouldnotbewrittenfrom scratchjt shouldbeafusionof existing ontologicalinformation.
A numberof ontologieshave beendevelopedbothwithin the domainof enterprisentegration[4] andspecifically
relatedto actiities suchasplanning[33]. Theseontologiesareintendedor reusein othersystemg25]. Thiswork,
andtoolssuchasthe StanfordKSL OntologyEditorle, shouldsene to reducethetime consumedn the develop-
mentof anontologyfor a specificapplication.With the reductionof this overheadthe useof explicit ontological
representationsf informationwithin a systemasopposedo hand-codedchemaranslationshbecomesnoreat-
tractive.

Motivatedby theadvantageanddisadvantagesutlinedin section3.2,anumberof methodsor building schema
translationsvereinvestigatedanda simpleinitial mechanisnemployed.Thehybrid approactadvocatederehas
the potentialto benefitfrom the advantagesf schemdranslationsandthe formationof novel schemavhenre-
quired.However,furtherresearchnto thesetechniquess required.Within the Carnotproject[14], the Cyc [10]
globalontologyalongwith databasschemaareusedasinputsto the semi-automaticuserdriven Model Integra-
tion SoftwareTool (MIST), thatproducesarticulationaxioms(aka.schemaranslations)Articulation axiomsmap
local schemao Cyc; the Cyc global ontologythenfunctionsasa sharednformationmodel. Within the morere-
stricteddomainof a businesgprocesstotally automatingthe formationof schemaranslationdrom ontological
representationis morefeasible An agentthatis ableto communicatg¢andinterpret)informationfor whichit has
noexisting schemdranslatiomprovidesgreateflexibility; e.g.theagentmaybeableto take advantageof new serv-
ices(with slightly differentinformationrequirements)hatareofferedin the systemThus,with thereuseof exist-
ing ontologies,and the use of theseontologiesto automatically(or with somereferenceto a domainexpert)
generatschemdranslationsthedisadwantage®f usingexplicit ontologicalrepresentationarereducedandmore
flexible interaction between agents is possible.

5 CONCLUSIONS

This paperdescribedhe conceptualisatioandimplementatiorof anagent-basedystenfor managingcorporate-
widebusinesprocesseslhe ADEPT philosophyis foundedupontwo key notions:(i) devolvingresponsibilityfor
provisioningandmanaginghe businessand(ii) makingthe problemsolvingcomponentseactiveandproactive
sotheycanrespondo unexpectedituations.To this end,this work canbe viewedon threedifferentlevels,each

of which represents increasing support for the realisation of business process management software systems:

(i) ADEPT asa design technology:ADEPT proposesa methodof approachfor structuringthe designand
developmentof businesgprocessmanagemensystemslt identifiesthe key conceptsdn this view asautono-
mousagentsnegotiation,serviceprovision, servicelevel agreementgesourcananagemengndinformation
sharing.This view can be readily appliedto other businessprocessapplicationswithout beingtied to the
details of hav they were realised in ADERT

16. The Stanfordk SL OntologyEditor is a tool thatsupportsdistributed,collaboratve editing, brovsingandcre-
ationof ontologiesrepresenteth Ontolingua[9], alanguagedesignedor therepresentationf ontologieshttp://
www-ksl-svc.stanford.edu:5915/FRAME-EDITOR/&sid=ANONYMOUS&user-id=ALIEN
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(i) ADEPT as an implementation technology:As well asidentifying a conceptuaframeavork, the ADEPT
systemprovides concomitantalgorithms, interfaces,languagedefinitions, and implementationstructures.
Thesedefinitionscanbe re-implementedn other programmingervironmentsto develop ADEPT-like agent
systems for bisiness process management.

(iif) ADEPT asa solution technology The ADEPT programmingervironmentcanbere-usedn otherbusiness
managemendpplicationsIn this case the ADEPT designmethodologyis usedto structurethe application
and the ADEPT softere is used to implement it.

As we have indicated,devolving responsibilityto autonomousagentsoffers mary adwantagesover traditional
workflow approaches-owever therearetwo potentialdravbacksof this approaci{asmentionedn section2.2).
Firstly, it is moredifficult to attaina coherentview of the entirebusinesgprocess—sincés stateis now distrib-
uted.To combatthis, significantefforts wereexpendedon a suiteof visualisationtoolsthatenabledhe business
processmanagerto view andre-constructhe systems statefrom its constituentcomponentgsee[19] andthe
companionpaperfor moredetails).Secondly given the autonomousatureof the problemsolving components,
thereis a greaterchancethat the businesgprocesawill fail to meetary overarchingconstraintplaceduponits
operationThisis because¢hebusinesgprocesss constructedhroughdynamic,on-the-flyagreementsatherthan
throughpresetroutes.To minimise suchdifficulties, the negotiation stratgies and tactics of the organisations
agentsneedto be carefully engineeredso they maximisethe chanceof making agreementsEmpirical work on
analysingthe propertiesandrelative merits of differentcombinationsof stratgiesandtacticsis reportedin [3]
and theoretical ok on a subset of these scenarios is reported in [47].

Thetwo majortechnicaladvancesachiezedby ADEPT relateto thetechniqueslevelopedfor automatedegotia-
tion andthe techniquedor information sharingbetweenagentswith heterogeneoumformationmodels.In the
former case pour approachallows agentgo exhibit arangeof negotiationbehaiours dependinguponthe context
in which they find themseles.In thelatter casea pragmatic hybrid solutionthatcombineghe speedf schema
mappings with the flability of working with ontologies as adopted.

As alreadyindicated ADEPT canbe usedasa solutiontechnologyfor realworld applicationsIn particular it has
beenappliedto aBT businesgproces®f providing a quoteto install acustomers network. Detailsof this applica-
tion are given in the companionpaper That papersenes two main purposes{i) it illustratesthe concepts
described herein; and (i) itfefs insights into he the ADEPT approach can be applied in practical situations.
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Business process
(what is intended to happen)

—Process definition Business process management system
(representation of what (Controls automated aspects of
% isintended to happen) the business process)
Q .
g_ composed of ¢ via
?g used to create & manage

Process instances

Activitles (representation of what is
actually happening)

which may include one or more

during execution are

Automated P-Activity Instances

Manual represented by
which include
Work items Invoked applications
(tasks allocated to (computer tools/applications
business process used to support an activity)
participants)

Figure 1 : Constituent Components of a Business Process (adapted from [13]).
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Service Descriptions

Service Level Agreement Templates
Application Level Reservation Values

Information Model

ADEPT System

Negotiating, service providing agents
Management Level (allocation, scheduling and execution
of services)

? Service Provisioning and Management

% Convergence Layer Platform neutral interface
I3
o
'@ DAIS Orbix OLE Distributed Computing Platforms
S
= .
£ | Unix INT Operating Systems
—
@ ‘ ‘ ‘ Machines
<
Current
Implementation
Figure 4 : The ADEPT implementation system.
(service
name Prepare_Table
inputs (Home_Guests guests cli man
Home_TableAndChairs accommodation ser man
Home_Cutlery cutlery any man
Home_Crokery crockery any man
Home_Glasses glasses any opt)
outputs (Home_Seat_Allocation)
guard “( <= guests.number accommodation.number )”
body (... )

Figure 5: Exemplar Service Description: Prepare_Table

sequence :meal{
must-para:organise {
cond:have_friends “(not (empty-set service::friends))”,
Plan_Menu(restrictions = service::friends),
Plan_GuestList( candidates = service::friends),

}

-> (and have_friends Plan_Menu Plan_GuestList)

can-para:prepare {
Prepare_Food(food = Plan_Menu::menu),
Prepare_Table(guests = Plan_GuestList::choice)

}

-> (and Prepare_Food Prepare_Table),

Eat_Meal(<unspecified>),
can-para:clean_up {
Wash_Up(<unspecified>), Dry_Up(<unspecified>)

}

-> (and Wash_Up Dry_Up)

} -> (and organise prepare Eat_Meal clean_up)

Figure 6: Exemplar Service Description: Meal
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Figure 7: Functional architecture of an ADEPT agent.
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counterpropose —

Cand0—> - Capable propose_> —, counterpropose
@ (2 (3 prop (6

- not-capable - reject

@

Figure8: ADEPT’s negotiatiorprotocol. Numberedbvalsrepresenstatesduring the negotiatiorprocessaindnon-
numberedvalsrepresenstatesassociatedvith the outcome of negotiation Shadedvalsrepresentinsuccess-
ful negotiationstatesarrivedat by the edgeqprimitives)not - capabl e, r ej ect ordeny andfilled ovals
represensuccessfuhegotiationstatearrivedat by the by the primitive conf i r m Referto table1 for details
of the individual primitives.

Sl ot Nane Instanti ated Val ues
SERVI CE_NAME: cost _& desi gn_network
SLA | D: a1001
SERVER_AGENT: NDD
CLI ENT_AGENT: CHL
SLA DELI VERY_TYPE: on- demand
DURATI ON:  (mi nut es) 320
START_TI ME: 9: 00
END_TI ME: 18: 00
VOLUMVE: 35
PRI CE: (per costing) 35
PENALTY: 30
CLI ENT_I NFO custoner_profile
REPORTI NG_PQLI CY: cust ormer _quot e

Figure 9: Sample service level agreement
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Tactical
AM and SM Reasoner [ CM and SAM |
P select tactic g
agency_agent’s instantiate SLA |C0mmunicati0n |
agency-topology *
AM | agency-status Strategic
agency-capacity Reasoner Memory
negotiation-protoco[ @I _select strategy KB <a@—Tthread of uttered offers
) i o assess strategy KB - thread of received offers
interaction-histories meta strategy KB - |ist of stra.tegies used
- list of tactics used
service-descriptions * ) ls'f’;rct’ftmgcgﬁ'gﬂi tt?rtr:Jg
agreed-SLAs - of service
SM g . Evaluation
reservation-values Reasoner
scoring-function | assess utility <
T assess behaviour

Figure 10: Internal architecture of IMM.

i f MANY( SERVERS) & HAVE- PREFERENCE- OVER( SERVERS)
t hen
NEGOT| ATE( SERI AL, MOST- PREFERRED- FI RST)

[If there are multiple providers of agiven service and the agent has devel oped a preference ordering over these
serversfor this service then negotiate with them one at atime in decreasing order of preference. This approach
is adopted to minimise the amount of resource consumed since it is likely that the agent will end up choosing
its most preferred acquaintance.]

i f MANY( SERVERS) & NO H STORY( SERVERS)
t hen
NEGOT| ATE( PARALLEL)

[If there are multiple providers of agiven service and the agent has not negotiated with any of its acquaintances
for the service, then it should negotiate with them in parallel in order to build up a picture of the potential
providers of this service]

i f MANY( SERVERS) & NOW
t hen
NEGOTI| ATE( PARALLEL)

[If there are multiple providers of agiven service and the agent does not have much time to reach an agreement,
then it should negotiate in parallel in order to maximise its chance of providing a server willing to take on the
service]

Figure 11: Negotiation Logistics Rules
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i f HAVE- TI ME & DI FFERENT- ORGANI SATI ON( OPPONENT)
t hen
STRATEGY( TI ME=0, RESOURCE=0, BEHAVI OUR=1)
CONVERGENCE_SPEED( SLOW
LI KELY_RESPONSE( COVPETI Tl VE)

[If thereis plentyof time availablefor negotiationandthe opponenis from anexternalorganisationthenthe
dominant(sole)criteriafor determiningthe negotiationstanceshouldbe the opponent’sbehaviour.This will
minimisethe scopefor beingexploited,but will allow cooperativenegotiationto be reciprocatedlt is likely
thatthe opponenwill adoptafairly competitivestancesincethe negotiationis inter-organisationalTherefore
it is also likely that the negotiation will take a long time to reach a conclusion.]

i f HAVE- TI ME & SAME- ORGANI SATI ON( OPPONENT) & MANY( SERVERS)
t hen
STRATEGY( TI ME=0. 2, RESOURCE=0. 8, BEHAVI OUR=0)
CONVERGENCE_SPEED( FAST)
LI KELY_RESPONSE( COOPERATI VE)

[If thereis plenty of time for negotiationandtherearemultiple potentialsuppliersof the service(all of whom
areinternalto the organisation)}then the importantcriteria is that resourceusageshould be minimised. A
secondanyonsiderations thatthe negotiationshouldnot taketoo long. Given this mixed strategyit is likely
thatanagreemenwvill bereachedairly quickly andthatthelikely responsef the negotiationopponentswill
be cooperative since they are all from the same organisation.]

i f NOW & SAME- ORGANI SATI ON( OPPONENT) & ONE( SERVER)
t hen
STRATEGY( TI ME=1, RESOURCE=0, BEHAVI OUR=0)
CONVERGENCE_SPEED( FAST)
LI KELY_RESPONSE( COOPERATI VE)

[If thereis verylittle time in whichto reachanagreemenandthereis only onepotentialserviceprovider(who

happengo bein thesameorganisationjhenthedominant(sole)criteriafor determininghowto behaves based
ontheamountof time remaining.This stances likely to resultin anagreemenbeingreachedjuickly andthe

opponent should be cooperative since it is within the same organisation.

i f HAVE- TI ME & SAME- ORGANI SATI ON( OPPONENT) & MANY( NEGOTI ATl ON- THREADS)
t hen

STRATEGY( TI ME=0, RESOURCE=0.6, BEHAVI OUR=0. 4)

CONVERGENCE_SPEED( FAST)

LI KELY_ RESPONSE( COOPERATI VE)

[If thereis plentyof time in which to reachanagreementor provisioninganin-houseserviceandthe agentis

engagedn multiple concurrentnegotiationsthen the agentshould ensureit takesthe amountof resource
consumednto account(so thatit is not spendingall its time negotiating)as well asthe behaviourof the

opponent(to reciprocatethe opponent’sconcessions)This stanceis likely to resultin an agreemenbeing
reached quickly and the opponent should be cooperative since it is within the same organisation.]

Figure 12: Setting the Negotiation Strategy
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i f TIME- RUNNI NG LOW & CONVERGENCE SPEED( SLOW &
Dl FFERENT- ORGANI SATI ON( OPPONENT)
t hen
STRATEGY( TI ME=TI ME+0. 2, RESOURCE=0, BEHAVI OQUR=BEHAVI OUR- 0. 2)
CONVERGENCE_ SPEED( UNCERTAI N)
LI KELY_RESPONSE( UNCERTAI N)

[If thetime by whena dealmustbereacheds fastapproachingthe currentspeedof convergencés slow and
theopponentis from anexternalorganisationthenchangehe strategyto onewhich makesime remainingthe
dominantcriterion. But pay someattentionto the opponent’sbehaviourto ensurethatthe agentis not overly
exploited.In this case,it is not possibleto predicthow the opponenwill react—itmaytry to stick firm and
exploit the agent’s concessions or it may reciprocate the concessions in order to reach an ggreement.

if HAVE-TIME & LI KELY_ RESPONSE( COOPERATI VE) & EXPLO TI NG( OPPONENT) &
I NTENSI FYI NG( EXPLO TATI ON)
t hen
STRATEGY( TI ME=TI ME- 0. 3, RESOURCE=0, BEHAVI OQUR=BEHAVI OUR+0. 3)
CONVERCENCE_ SPEED( LOVER)
LI KELY_RESPONSE( COVPETI TATI VE)

[If thereis still plenty of time to reachanagreemenandthe currentstrategyshouldhaveeliciteda cooperative
responsehutthe opponents attemptingto exploitthe agent(and,moreoverthis tendencyis increasing)then
adopta tougherstance Basethe negotiationbehaviourmainly on how the opponents behavingbut alsopay
someattentionto the amountof time remaining.This changes likely to makethe negotiationconvergemore
slowly and may result in a more competitive stance from the opponent.]

if HAVE- TI ME & LI KELY_RESPONSE( COVPETI TATI VE) & CONCEDI NG{ OPPONENT) &
DI FFERENT- ORGANI SATI ON( OPPQONENT)
t hen
STRATEGY( TI ME=1, RESOURCE=0, BEHAVI OUR=0)
CONVERGENCE_SPEED( LOVER)
LI KELY_RESPONSE( UNCERTAI N)

[If thereis still plenty of time to reachanagreemenandthe currentstanceshouldhaveelicited a competitive
responsérom theopponen{whois from anexternalorganisation)buttheopponents concedinghenbecome
firm (basebehaviouron time to reachanagreementjn orderto attainmaximumutility. This changes likely

to prolong the negotiation and it is not possible to predict how the opponent will r¢spond.

Figure 13: Monitoring and Modifying the Negotiation Strategy
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i f HAVE- TI ME & DI FFERENT- ORGANI SATI ON( OPPONENT) & MANY( SERVERS) &
STRATEGY( ?Tl ME, ?RESOURCE, ?BEHAVI OUR)
t hen
OFFER_TI ME=HI GH(| NI TI AL- OFFER), CONCEDE( SLOALY)
OFFER_RESOURCE=HI GH(| NI TI AL- OFFER) ,
CONCEDE( BASED- ON- SERVER- NUMBERS)
OFFER _BEHAVI QUR=HI GH( | NI TI AL- OFFER) ,
CONCEDE( BASED- ON- LAST- OFFER, LESS- THAN- OPPONENT)
OFFER=AVERAGE( ( OFFER_TI ME * ?TI ME),
( OFFER_RESOURCE * 7?RESOURCE)
( OFFER_BEHAVI OUR * ?BEHAVI OUR) )

[If thereis plentyof time in which to reachanagreemenandtherearemanypotentialsuppliersof the service
(all of whomareexternalto the organisation}hen: (i) thetime basedactic shouldsuggest high initial offer
andconcedsslowly (sincethereis plentyof time available) (i) theresourcelependentacticshouldsuggesta
highinitial offer (sinceit is acompetitivenegotiationyandconcedeébasedn the numberof potentialsuppliers
who areleft in the negotiationthread;and(iii) the behaviourdependentactic shouldmakea high initial offer
(sinceall the opponentsare externalto the organisationjandit shouldconcedeslightly lessreadily thanthe
opponent (to reflect its strong market position).]

i f HAVE- TI ME & SAME- ORGANI SATI ON( OPPONENT) & ONE( SERVER) &
STRATEGY( ?TI ME, ?RESOURCE, ?BEHAVI QUR)
t hen
OFFER_TI ME=HI GH(| NI Tl AL- OFFER), CONCEDE( SLOALY)
OFFER_RESOURCE=LOW | NI TI AL- OFFER)
CONCEDE( BASED- ON- NUM- MESSAGES)
OFFER_BEHAVI QUR=MEDI UM | NI TI AL- OFFER) ,
CONCEDE( BASED- ON- LAST- OFFER, MORE- THAN- OPPONENT)
OFFER=AVERAGE( ( OFFER _TI ME * ?TI ME),
( OFFER_RESOURCE * 7?RESOURCE)
( OFFER_BEHAVI OUR * ?BEHAVI OUR) )

[If thereis plenty of time in which to reachan agreemenandthereis one potentialproviderwho is from the
sameorganisatiorthen:(i) thetime basedactic shouldsuggest high initial offer andconcedeslowly (since
thereis plentyof time); (ii) theresourcadependentacticshouldmakea low initial offer andconcedébasecbn
thenumberof messagesentin the negotiationthread(sothe organisation’sesourcesrenot undulywasted);
and(iii) thebehaviourdependentactic shouldmakea reasonablénitial offer (sincethe opponenis from the
sameorganisationandit shouldconcedsslightly morethanits opponen(in orderto try andbringaboutaquick
agreement)
Figure 14: Negotiation Tactic Rules
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Action Content Meaning Contet
cando Empty Sendeix asksif therecipienty is, in princi- | Messagecan be sent by any
(x,y,s) ple, able to preide service s. agent at any time.
not - capabl e Empty x informsy thatit is incapableof perform- | Usedby x only in responséo a
(x,y,s) ing s. cando action.
capabl e Empty. x informsy that, in principle,it is capable| Usedby x only in responséo a
(x,y,s) of performing s. cando action.
propose A single SLA infor- | x proposedo y thaty performss underthe | x mustbelieve thaty is capable

(x,y,s,sla)

mation object.

conditions specified in sla.

of performing s.

count er pr opose

A nonempty list of

X proposeso y thatthe serviceprovider (it

Usedonly in responsdo either

(x,y,s,F) | SLAfields, F may be eitherx or y) performss underthe | an action of type pr opose or
conditionsdescribedn the SLA thatis on | count er pr opose.
the table modified with the list of fields F
accept Empty. X acceptsand commits to performing s | Used in responseto a pro-
(x,y,s) under the SLA that is on the table. pose oracount er pr opose
rej ect Empty. x rejectsthe SLA onthetableoutright,and | Usedonly in responseo either
(x,y,s) wishes to terminate the geatiation. an action of type pr opose or
count er pr opose.
confirm Empty. x commits to the SLA on the table. Used only in responseto an
(x,y,s) actionaccept .
deny Empty. x withdraws its proposaffrom thetable.(In | Used only in responseto an
(x,y,s) certaincircumstanceshis actionmay have | accept action.

consequencesagentx may have to pay
some penalty to.y

renegotiate

A communicatre act

X intendsthatthe communicatie action,c,

A SLA must already exist

(x,y,¢) | of type: propose, | should be interpretedas the negotiation | between x and.y
accept, reject, | messagé representshutin the context of
confirm deny or | the agentrengyotiating an existing agree-
count er propose | ment.
r equest An instructionto the | x requestghat underthe agreemen(indi- | The SLA to which this message
(x,y,a) | serviceprovider; this | catedin the corversationidentifier field of | refers must exist, and the
may be to start pro- | the message),y perform action a with | instruction must be acceptable
viding the service,| respect to that service. within the scopeof that agree-
suspendit, terminate ment.
the service, etc.
report A reporton the state | x reportsto y that the stateof the service | The SLA to which this message
(x,y,1) | ofaservicebeingper- | execution is r refers must exist, and an
formed by x for y instanceof the servicemustbe
being executed by x.
inform Oneor moreinforma- | x providesy with informationrelevantto | The SLA to which this message|
(x,y,i) | tion objects. the executionof the indicatedservice.lf x | refersmustexist, andthe infor-

is theconsumeri will be someinput, andif
x is the preider, i will be some output.

mation must be relevant to the
execution of that service.

Table 1: ADEPT's Agent Communication Language
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