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ABSTRACT

TAMS, Design-to-Criteriaagentscheduling,and the Java Agent
Framavork are importantaspectsof our researchin generalized
agentcomponents.Thesetechnologieshave beenusedin over a
dozendifferentresearchefforts, resultingin someinsightinto the
prosandconsof generalizeadontrolandproviding someanecdotal
evidencethatmaybeusefulto otherresearchers.

1. INTRODUCTION

Onemajorfacetof ourwork is the attemptto creategeneralized
domainindependentontrol componentdor autonomousntelli-
gentagentsWe have beenpursuingthisline of researctor nearly
tenyearsandthe componentshat we have constructechave been
usedonapproximatelyadozendifferentresearctprojects.Themo-
tivation behinddomainindependences thatit enablesusto reuse
the control component®n differentapplicationswith few modifi-
cations,thoughthis hasbeensuccessfuto varying degrees.In the
following sectionswe describethe componentsaand discusstheir
strengthsand weaknessesand issuesthat have arisenduring the
courseof ourresearch.

It is importantto emphasizehat this researctpertainsto com-
plex problemsolving agents.e.g, the BIG Information Gathering
Agent[20] and[15, 4, 14], wheretheagentsaresituatedn anenvi-
ronmentableto senseandeffect, andhave explicit representations
of candidataasksandexplicit representationsf differentwaysto
go aboutperformingthe tasks. Additionally, tasksare quantified
or have differentperformanceharacteristicand,following in the
threadof complex problemsolving [10, 8, 22] therearerelation-
shipsbetweerthe tasks. This meansthatthereis a high degreeof
interconnectiity in agentproblemsolvingandthatreasoningabout
whatthe agentshouldbe doing, with whomto coordinategetc.,is
alwaysanon-triial process.

In our work we achieve domainindependencéy abstracting
away from the detailsof a particulardomainandreasoningabout
it via a modelof the agents problemsolving process.The mod-
eling framework we useis called TEMS [6, 18]. TAMS task
structuresesemblecomplex and/orgraphsor HTNs, i.e., TEMS
is a hierarchicaldecompositiorframenork. Notable featuresof
TAMSmodelsncludetheexplicit representationf alternatve dif-
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ferentwaysto performtasks,the explicit representatioandquan-
tification of task interactions,and the characterizatiorof primi-
tive actionsin termsof their quality, cost, duration, and uncer
tainty. A sampleTZAMS taskstructureis shavn in Figure2 (the
figure is discussedn greaterdetail later). Once an agents op-
tionsaremodeledn TAMS,ourdomainindependentontrolprob-
lem solvingcomponentgandecidewhich actionsanagentshould
take, what resourcedo use,which tasksto coordinatewith other
agents,and how the agentcan meetreal-time deadlinesand re-
sourceconstraintsThe coreof this ability is the Design-to-Criteria
[29, 27, 26, 23] agentscheduler- it is the TAEMS analysisexpert.
Whenmulti-agentsystemsareconstructeda coordinationmodule
is addedto the agentandoftenthe moduleis GPGP[7, 17] or one
of its descendentf25]. Thoughwe have usedproprietarycompo-
nentsfor this aswell [16, 11].

A naturalquestionis wheredo the TAEMS modelscomefrom?
In our work TAEMS taskstructuresare often handcraftedthough
thegeneraldeais thatadomainexpert,e.g.,ablackboardoroblem
solveror aplanneyshouldtranslatats problemsolvingoptionsinto
TAMS. This modelwasusedsuccessfullyin the BIG information
gatheringagent[20]. In somerecentprojects,e.g., the TripBot
[30], the domainexpertplansdirectly in TAEMS. The architecture
of the TripBot is shawn in Figurel. In the TripBot, a queryenters
the systemjis expanded enhancedisingWordNet[3] andpassed
to a TAEMS information gatheringplanner(called the "capability
assessorfor avariety of reasons)whichis anevw TAEMS artifact.
Theagentsoptionsarethenpassedo theDesign-to-CriterigDTC)
schedulerlongwith a specificatiorof theagents currentobjective
function, e.g., deadlines solution characteristicsetc. DTC then
evaluatesthe agents options,in light of its objectves,and deter
minesa courseof actionfor the agent. The resultingschedulds
thenexecutedandthe agentreschedulesind replanson failure as
necessaryThisis how TEMS andDTC aregenerallyusedin an
agent.

Whena coordinationor communicatiormoduleis addedDTC
senes as the oraclefor the coordinationmodule — enablingthe
moduleto understandhe implications of forming commitments
with otheragentsFor example,if agenta shouldcommitto agent
[ to performtaskT} by time 10, a needgo beableto evaluatethe
costof offeringthatcommitmento 3 in termsof a’slocal problem
solving.

This domain-independenceoupledwith a component(“plug-
and-play”)approacho agentconstructiorhasproved its merit by
enablingus to reusethe technologyin mary differentapplication
domains,e.g.,the BIG information gatheringagent[21, 20], the
Intelligent Home project (IHome) [16], the DARPA ANTS real-
time agentsensonetwork for vehicletracking[11, 14], distributed
hospitalpatientschedulind6], distributedcollaboratve design[9],
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Figure 1: One Instantiation: The TripBot Agent Ar chitecture

processcontrol[31], the TripBot [30], agentdiagnosiq1, 13], and
others.However, in mary of theseprojectsmodificationgto thear

tifactswererequiredandwe becameawareof certaindesigndeci-
sionsthataffectedour ability to move to a new applicationchange
the control flow within the agent,or to expandthe TAEMS task
modelinglanguage.

A componenheretounmentioneds the Java Agent Framevork
[12], or JAF, whichis afairly recentcomerto the scenebut which
hasprovided the glue by which the componentsare integratedon
projectslike the IHome [16] andthe ANTS real-timeagentsensor
network for vehicletracking[11, 14]. Like Declker's DECAF [5],
thegoal of JAF is to provide theframework thatintegratesthe dif-
ferentcontrol componentandsupportstheir interaction. Another
relatedcomponentusedin both IHome and ANTS is the multi-
agentsystemsimulator[24] that enablesdifferent JAF agentsto
“execute” TAMS primitive actionsin a controlledervironment!

In this paperwe focuson TZAEMS, the Design-to-Criterissched-
uler, andthe Java Agent Framevork andthe experiencesve have
gainedfrom working with thesetechnologiesTherationalefor this
emphasiss that T/EMS andDTC areamongthe componentshat
have beenin servicethelongestandusedin thewidestrangeof ap-
plicationsettings.By the sametoken, thelessondearnedfrom the
java agentframevork arewidely applicableto the agentscommu-
nity becausatsomelevel, weareall facedwith theproblemof how
to integrateour components$o supportflexibility andfunctionality

It isalsoworth notingthattheseechnologiefiave beenavailable
onlinefor distribution in the pastandwe arecurrentlyplanningon
releasingheminto the public againin the nearterm.

2. TAEMS TASK MODELS

2.1 What TEMS Is

TAEMS (TaskAnalysis,EnvironmentModeling,andSimulation)
is adomainindependentaskmodelingframeavork usedto describe
andreasoraboutcomple problemsolvingprocessesT £AMSmod-
elsarehierarchicalabstraction®f problemsolving processeshat

1 Obviously for projectslike the TripBot that operatein a real do-
mainthe simulationervironmentis notrequired thoughit couldbe
usedfor deluggingTAMSrelatedcontrolactiities.

describeaalternatve waysof accomplishingadesiredyoal;they rep-
resentmajortasksandmajor decisionpoints,interactionsbetween
tasksandresourceonstraintdut they donotdescribeheintimate
detailsof eachprimitive action. All primitive actionsin TAEMS,
called methods are statistically characterizedria discreteproba-
bility distributionsin threedimensions:quality, costandduration.
Quality is a deliberatelyabstracdomain-independermoncepthat
describeghe contrikution of a particularactionto overall problem
solving. Durationdescribesheamountof timethattheactionmod-
eledby the methodwill take to executeand costdescribeghe fi-
nancialor opportunitycostinherentin performingthe action. Un-
certaintyin eachof thesedimensionss implicit in theperformance
characterizatior thusagentscanreasoraboutthecertaintyof par
ticular actionsaswell astheir quality, cost,anddurationtrade-ofs.
The uncertaintyrepresentatioris also appliedto taskinteractions
like enablementfacilitation and hinderingeffects,2 e.g.,“10% of
the time facilitation will increasethe quality by 5% and 90% of
thetime it will increasethe quality by 8% The quantificationof
methodsandinteractionsn TAEMSis notregardedasa perfectsci-
ence.Taskstructureprogrammersr problemsolver generatorgs-
timatethe performancecharacteristicef primitive actions. These
estimatesanbe refinedover time throughlearningandreasoners
typically replanandreschedulsvhenunexpectedeventsoccur
Toillustrate,considerFigure2, whichis aconceptualsimplified
sub-graphof a taskstructureemittedby the BIG [19] information
gatheringagent;it describes portionof theinformationgathering
process.Thetop-level taskis to constructproductmodelsof retail
PC systems.It hastwo subtasksGet-Basicand GatherReviews,
both of which aredecomposeihto methodsthataredescribedn
termsof their expectedquality, cost,andduration.Theenablesarc
betweenGet-BasiandGathelis anon-local-efect (nle) or taskin-
teraction;it modelsthefactthatthereview gatheringmethodseed
the namesof productsin orderto gatherreviews for them. Other
taskinteractionsmodeledin TAEMS include: facilitation, hinder

2Facilitation and hinderingtask interactionsmodel soft relation-
shipsin which a resultproducedby sometask may be beneficial
or harmfulto anothertask. In the caseof facilitation, the existence
of the result,andthe activation of the nle generallyincreaseshe
quality of therecipienttaskor reducests costor duration.
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ing, boundedfacilitation, sigmoid and disablement Task inter
actionsare of particularinterestto coordinationresearctbecause
they identify instancesn which tasksassignedo differentagents
areinterdependent they model, in effect, implicit joint goalsor
joint problemsolving activity. Coordinationis motivated by the
existenceof theseinteractions.

Returningto the example, Get-Basichastwo methods,joined
underthesum()quality-accumulation-functiofgaf), which defines
how performingthe subtaskgelateto performingthe parenttask.
In thiscase eithermethodor bothmaybeemplo/edto achieve Get-
Basic Thesameis truefor GatherReviews. Theqaffor Build-PC-
Product-Objectss a seqsum()which indicatesthat the two sub-
tasksmustbe performedjn order andthattheir resultantgualities
aresummedo determinethe quality of the parenttask;thusthere
areninealternatie waysto achieve thetop-level goalin this partic-
ular sub-structureln generala TAEMS taskstructurerepresents.
family of plans,ratherthana singleplan,wherethe differentpaths
throughthe network exhibit different statisticalcharacteristicor
trade-ofs.

2.2 Pros, Cons,and What We Would Do Dif-
ferently

Oneof the major strengthof TAEMSis thatit is generallyvery
expressie. TAEMSwasdesignedo modeltheproblemsolvingac-
tivities of complex cooperatie blackboardproblemsolversandit
is very goodat modelingtasksandinterrelationshipsHowever, as
always, thereis a trade-of betweenrepresentationatrengthand
tractability Certainfeaturesof TAEMS, e.g.,soft taskinteractions
that enablethe performanceof onetaskto affect the durationof
another make reasoning/schedulin@ £MS task structuresvery
difficult. In our opinion, one questionto askwhendeveloping a
modelingor representationatructureis how tractablethe result-
ing modelwill be. If amodelis expressie but intractableresearch
is limited eitherto toy sizedproblemspace®r somecomple (and
usuallyapproximatepartifactlik e the Design-to-Criterisscheduler
is required. If the researchinterestdoesnot pertainto scheduling
or comple analysisthenthis shouldbe avoidedif possible.

Documentatiorwith TAEMS hasprovento be anotherissuethat
shouldhave beenaddressedooner Prior to the TAEMS whitepa-
per [18], graduatestudentswvere handeda dissertationor a small
stackof researctpapersandforcedto generatehe currentintellec-
tualmodelof TEEMSin a bottom-upfashion.A naturalquestionis
why? The answeris that researchis sometimesa rapidly moving
targetandthat,asall basicresearcherknow, therearetimesthatre-
sourcesrescarce Thelack of suchdocumentatiomlid notbecome

anissueuntil thenumberof new researchergrorkingin TAEMS (or
attemptingo doso)grewv above acertainthreshold.Thereis clearly
atime at which it is importantto “sure up” ones footing and get
everyoneon the samepage-— possiblyto the detrimentof the pace
at which the basicresearctprogresses.This documentationand
relatedtutorial-esquediscussiondetweenmembersof the group,
have clearly paid dividendsasthe numberof researcheraow able
to discussproblemsolving via TAEMS hasgrown significantly —
spreadingto at leastfour universitiesand encompassingt least
five faculty membersandtwenty graduatestudents.While this is
attributableto otherconcurrenhappeningse.g.,developmentand
sharingof infrastructurdike DTC andJAF, theexistenceof tutorial
styledocumentatiomelpedsignificantly

The developmenta of usableandsharableT £AMS modelingim-
plementatiorhasalsopaidsignificantdividends.On or about1994
therewasa lisp versionof TAMS thatwasintegratedwith a sim-
ulation ervironmentandonly its original creatorsvereableto get
it to turn over. A new implementationin C++ for usewith the
DTC schedulemwasthefirst implementatiorin which TEMS was
a standaloneartifact. However, by thetime the next TAEMS arti-
factsweredeveloped,around1996,java hadbecomethelanguage
of choicefor this classof developmentanda new implementation
was needed.While the C++ andlisp versionsof TAEMS are still
in use(the C++ versionis tied to DTC andthususedin nearlyall
projects)thebulk of theresearcherat UMASS rely onacommon
implementatiorof TEMS in java. Supporttools for TAEMS have
alsopaidrealdividendsandtheseare,in asensecombinedwith the
java versionof TAEMS. Simplewaysto create,manipulate view,
and storetask structuresare requiredfor widespreadise. Again,
this conceptis obvious to anyone making an artifactintendedfor
generaluse,but, in basicresearchhereis generallysomegive and
take betweenimplementationaccoutermentsnd progresson the
researchront.

Is therearything wrong with TEEMS?Yes. In partbecausehe
way it is beingusedhasevolved andin partbecausdor somere-
searchit is necessaryo getcloserto the details, TAEMS hassome
odditiesand inconsistencies.One notableexampleis the differ-
encebetweertheresourcanodelssupportedn thejavaimplemen-
tation of TAEMS andthosesupportedy the C++/DTCimplemen-
tation. DTC adheredo the basicpropertyof T/EMSthatmethods
areblack boxesandthereis no correlationbetween for example,
quality anddurationor resourceconsumptiorandduration. There
aresituations however, whereit is moreintuitive to correlatetime
andresourceconsumptionthoughthereare caseswhereit is not,
also). Becauseof this and the particularapplicationsfor which



the java sidewas beingused,we now have multiple differentre-
sourcemodelsthatareonly looselycompatible.Anotherexample
of inconsistenciegan be found in the TAEMS quality accumula-
tion functions— someqafsimposeorderingon the subtaskssome
do not, and somespecifywhetheror not particularsubtasksmust
be performed,andsomedo not. The original conceptualizatiomf
TAMSdid notspecifyorderingsbut for severaldomainswe found
the modelingstructureinsufiicient andit was extended. What is
the moral of the story? Thereis valuein applicationbut eventhe
bestconceved artifactis likely to be pulled andstretchedvhenit
is actuallyused.

Otherproblemsor resenationswith TAEMS exist. For example,
by beingabstractjt needso be coupledwith detailedinformation
to be usedin agentsoperatingin real ervironments,e.g.,the de-
pendeng specificationusedin the TripBot [30]. Anotherissueis
theway quality propagateshroughthe network andthe limitation,
someof which is implementationalto reasoningonly in termsof
quality, cost,duration,anduncertaintyin eachof thesedimensions
(in contrastto our nev M @Q framework [28]). However, mostof
theseissuedall into category of basicresearctguestions.

3. DESIGN-TO-CRITERIA SCHEDULING:
LOCAL AGENT CONTROL

3.1 What DTC Is

The Design-to-Criterigd DTC) scheduleiis the agents local ex-
perton making control decisions. The schedules role is to con-
siderthe possibledomainactionsenumeratetby the domainprob-
lem solverandchoosea courseof actionthatbestaddressest) the
local agents objectivesor goal criteria (its preferencegor certain
typesof solutions),2) the local agents resourceconstraintsand
ervironmentalcircumstancesand 3) the non-localconsiderations
expressedy theagents (optional)coordinationrmodule. Thegen-
eralideais to evaluatethe optionsin light of constraintsandpref-
erencedrom mary differentsourcesandto find a way to achieve
the selectedasksthatbestaddresseall of these.

The schedulerunderstandshe agents situationand objectives

via TAEMStaskstructureandreasonaboutdifferentpossiblecourses

of actionsvia TEMS. Schedulingproblemsolvingactiities mod-
eledin the TAEMS languagehasfour major requirements:1) to
find a setof actionsto achieve the high-level task, 2) to sequence
theactions,3) to find andsequencéhe actionsin softreal-time,4)
to producea scheduleghat meetsdynamicobjectie criteriaof the
agent.Thereasorwe requiresoftreal-timeis thatDTC is designed
for openervironmentswvhereunpredictecchangds commonplace.
Whenchangeoccurs theagentreirvokesDTC to decideonanap-
propriatecourseof action.

TAMS modelsmultiple approachedor achieving tasksalong
with the quality, cost,anddurationcharacteristicef the primitive
actions,specificallyto give agents flexibility in problemsolving.
Thisis hov TAEMS agentscanrespondo new situationsandhow
they cancustontailor their problemsolvingfor differentsituations.
A classicexamplebeingto trade-of solutionquality for shorterdu-
rationwhentime is limited. DTC is the agents trade-of andcon-
trol expert. In contrastto classicschedulingproblemsthe TAEMS
schedulingobjective is not to sequence setof unorderedactions
but to find andsequenca setof actionsthatbestsuitsatheagents
currentobjecties.

Design-to-Criteriaschedulingrequiresa sophisticatecheuristic
approachbecausef the schedulingtask’s inherentcomputational
compleity (w(2™) ando(n™)) it is not possibleto useexhaustie
searchtechniquedor finding optimal schedulesFurthermorethe

deadlineand resourceconstraintson tasks, plus the existenceof
comple taskinterrelationshipspreventthe useof a singleheuris-
tic for producingoptimal or even “good” schedules.Design-to-
Criteriacopeswith theseexplosive combinatoricgthroughapproxi-
mation,criteria-directedocusing(goal-directegroblemsolving),
heuristicdecisionmaking, and heuristicerror correction. The al-
gorithm andtechniquesredocumentednorefully in [29, 27, 26,
23].

3.2 The Good,the Bad, and the Ugly

DTCis anextremelycomple artifactencompassingrounds0,000
linesof C++ code.lt is fastfor whatit does- schedulindargetask
structureghaving fifty primitive actions)in lessthan 10 seconds
and performinghundredsof thousandf probability distribution
combinationoperationsn thattime (on a basicPIII-600 classma-
chinerunninglinux). However, thereare applicationsfor which
DTC runningin exhaustve schedulingmodewill run in half the
time asDTC runningin its normalmodewhichis designedo cope
with high order combinatoricsfrom mary different sources. In
somecasesfor sometaskstructuresgoingit thebrutestrengthwvay
is actuallyfasterandmoreeffective. Relatedlyfor applicationghat
have particularregular propertiesg.g.,usinga single TAEMS task
structurewith differentbindingson the leaves, customscheduling
solutionscanbedevelopedthatwill outperformDTC bothin terms
of time andsolutionquality. Thethoughthereis thatdomainin-
dependencen controlis a hardproblemandtherearealwaysper
formancetrade-ofs involved. Generality by definition,meanshat
artifactshave to addresghe hardestlassof problemspossiblefor
agivenprobleminstance.

Relatedly DTC waswritten to befastandsomeof the optimiza-
tionshave provenobstaclesvhenT £EMSwasmodifiedor changed
in very particularways. For example the additionof the sigmoid()
quality accumulatiorfunctionmeanthattheschedulehadto track
new anddifferentinformation. Similarly, the additionof TAEMS
gafsthatimposeorderingsrequiredsomeimplementationahcro-
batics. If the schedulehadbeendesignedessfor speedrom the
beginningit would have beenmoreeasilyextended.lt is unclearif
the schedulesshouldhave beendesignedifferently, asit hasthus
far beenextendableto meetmostof our needs,but, in our opin-
ion, codeoptimizationshouldonly be appliedto matureresearch
technologiesinlessthe artifactposessignificantbottlenecks.

Oneof themajorwinsin DTC hasbeenits encapsulationDTC
is statelesandobtainsall of its informationvia inputfiles andpro-
duceseverythingthe client needsvia outputfiles. Writtenin C++,
this stateles@pproachmeanghatit is literally a stand-alonexe-
cutablethat clientsinvoke whenneeded.The onecaveatwith this
modelis thatit requiresthe process-startingwerheadof the OS
and cannotbe invoked via native function calls from Java or lisp.
Prior to DTC our schedulingtechnologywastightly coupledwith
the executionsubsystenmand assumedhatit would have the abil-
ity to monitortaskperformancelirectly. In generalthe separation
of DTC andthe mavementof the agents problemsolving stateto
DTC's input haspaid greatdividends. Evidenceof this includes
the variety of waysthatit hasbeenusedin our researchjnclud-
ing otherschedulelenhancementhat build on top of DTC asan
externalclients,e.g,work in schedulecachingandpartial-ordering
[11].

Relatedto DTC's encapsulatiorwas the constructionof a hu-
manreadablaextual I/O formatfor DTC. Referredto ast-TAEMS
by projectmemberstheinputto DTC is atextual representatioof
a TAEMS taskstructureplus a textual representationf the agents
objective function and constraintdike deadlinesresourcdimita-
tions, etc. Giventhe input, DTC schedulesindproducesmultiple



differentoutputfiles. Oneof whichis a detailedt-TEMS schedule
file thatcontainsarankedsetof detailedschedule$or theagentthat
includesDTC's expectationsabouttaskperformanceandthe state
of problemsolvingastasksareexecuted.Thisinformationcanthen
be usedto determinewhenit is necessaryo reinvoke DTC andre-
plan/rescheduleDTC alsoproducesamorehumanfriendly sched-
ule representatioanda simplescheduledescriptiorfile for clients
that do not which to implementt-TAMS schedulemparsers. The
lessonlearnedhereis that, obviously, goodinterfacesare impor-
tant, but, alsothat textual representationsften provide important
for versatilityandfor humandehugging.

Simplicity to the client hasbeenanotherreal designpay-of in
DTC. While DTC is highly configurablein termsof the typesof
pruningandfocusingit does thetypesof analysisit doestheway
it approachesesourcesschedulinganalysis,andtheway it eval-
uatesprobability distributions and uncertainty mostclients never
needto customizethesefeatures. Thus, while mostof them are
accessibleithervia commandine argumentsor via thet-TAEAMS
inputfile, DTC doesnot requiretheclientto specifyarnything him
or herself.InsteadDTC is configuredwith a setof default options
that,in generalyield goodperformancelt is worthnotingthatit an
idealworld DTC would classifyprobleminstancesndsetdefaults
on a learnedbasis,but, right now it doesnot have this function-
ality. The importantconcepthereis that no matterhov comple
ones artifactmaybe, mostusersor clientshave little or nointerest
in having to understand large setof researchyjuestiongo usethe
artifact. If reuseis agoal,gooddefaultsandavery simpleinterface
is aclearwin.

One of the caveatsof reusehasalso cometo light with DTC.
Reuserequiressupport. Period. As artifactsare appliedto new
projects,they arealsousedin differentwaysandin differenten-
vironments.This canhighlight simplebugsbut alsoleadto larger
supportissuedik e having to modify thetechnologyor to explainin
detailwhy the artifact performsin certainways. Quite often with
researchiechnologiesheseexplanationsarenon-trivial becausef
the issuesto which they relate. Supportoutsideof a researchab
is an obvious result of distribution, however, the supportburden
within alab of amembemwhosetechnologyis widely usedshould
berecognizedandexplicitly addressed.

4. JAVA AGENT FRAMEW ORK

Theunderlyingtechnologyof our Java Agent Framavork (JAF)
usescomponent-basetéchnologydesignedo promotereuseand
extension.Developerscanuseits plug andplayinterfaceto quickly
build agentsusingexisting genericcomponentsor to develop new
ones. The JAF architectureconsistsof two parts,a setof design
corventionsandanumberof genericcomponentsThedesigncon-
ventionsprovide guidanceto the developer which attemptto fa-
cilitate the creation integrationandreuseof newly written compo-
nents. The genericcomponentdorm a stablebasefor the agent,
which the developer can use or extend as needed. For instance,
a developermay requireplanning,schedulingandcommunication
servicedn theiragent.In thiscasegenericschedulingagndcommu-
nicationcomponentxist, but adomain-dependemianningcom-
ponentis needed.Additionally, the characteristic®f the generic
schedulingcomponentlo notsatisfyall thedevelopers needs.The
JAF designconventionsprovide thedeveloperwith guidanceo cre-
atea new planningcomponentapableof interactingwith existing
componentswithout unduly limiting its design. A new schedul-
ing componentanbe derived from the genericoneto implement
thespecializecheedsf theirtechnologywhile thecommunication
componentanbe useddirectly. All threecaneasilyinteractwith
oneanotheraswell asothercomponents$n the agent,maximizing

codereuseandspeedingup thedevelopmentprocess.

JAF builds uponSun’s Java Beansmodelby supplyinganumber
of facilities designedo make componentdevelopmentand agent
constructiorsimplerandmoreconsistentA schematidiagramfor
atypical JAF componentanbeseenn figure3. As in JavaBeans,
eventsandstatedataplay animportantrole in sometypesof inter-
actionsamongcomponents Additional mechanismsre provided
in JAF to specifyandresole bothdataandinter-componentiepen-
denciesThesemethodsallow acomponentfor instanceto specify
thatit canmake useof acertainkind of dataif it is available,or that
it is dependenbn the presencef oneor more othercomponents
in the agentto work correctly A communicationg€omponentfor
example,might specifythatit requiresa local network port num-
berto bind to, andthatit requiresaloggingcomponento function
correctly Thesemechanismsvereaddedto organizethe assump-
tions madeby componentlevelopers- without suchspecifications
it would bedifficult for thedesigneto know which servicesagiven
componenneedso beavailableto functioncorrectly More struc-
turehasalsobeenaddedto the executionof componentdy break-
ing runtime into distinct intervals (e.g. initialization, execution,
etc.),implementechsa commonAPI amongcomponentswith as-
sociatedbehaioral conventionsduring theseintenals. Individual
componentswill of coursehave their own, specializedAPI, and
“class” APIs will exist for familiesof componentsFor instancea
family of communicatiorcomponentsnight exist, eachproviding
differenttypesof service,while conformingto a single classAPI
thatallows themto easilyreplaceoneanother

JAF hasbeenusedsuccessfullyin severaldomains.It wasorigi-
nally conceved anddevelopedto evaluatemulti-agentsystemsur
vivability within theMASS simulator{24]. Later, additionalagents
weredevelopedin JAF within thelHomeproject[16], whichlooked
athowv multi-agentsystemscouldplay arolein anintelligenthome
ervironment. JAF agentswere also augmentedvith a diagnosis
componenin IHome [13], and a ProducerConsumeiTransporter
domain[2], to study the role diagnosiscan play in dynamically
adaptingorganizationatlesignin responséo environmentakchange.
Most recently JAF hasdeplgred in a distributed sensometwork
ervironment[14] whereagentsmustorganizeto gatherthe sensor
datarequiredto track moving tamets. In this last project, these
sameagentswerealsosuccessfullymigratedfrom a simulateden-
vironmentto anactualphysicalsystermusingDopplerradarsensors
andmoving tamgets. Over the courseof theseprojects,roughly 30
differentJAF componenthiave beendeveloped.

We have found the JAF framevork relatively easyto use,once
aninitial learningcurwe is passed.In eachof the projectsmen-
tioned above, roughly two-thirds to three-quarter®f eachagent
were comprisedof existing, reusedcode. In the caseswhereex-
isting componentgould not operatein the given ervironment,as
whenagentsaremoved to a differentsimulatoror into a physical
systemopnly relatively minor extensionsvererequirecto low-level
componentge.g. communicatioror execution),while the higher
level componentsvorked unchangedThe event-basednteraction
systempermitscomponents$o be easilyaddedandremoved, while
retainingthe ability to reactto actionsperformedby othercompo-
nents. State-basethteractiontakesthis one stepfurther, ascom-
ponentscanreactto changesn local data,without knovledge of
which othercomponent®riginally performedthe change.For in-
stance,our coordinationcomponentmay generatea nev TAEMS
structuredescribinga goal it hasagreedo perform. This TEMS
structureis addedto the agents staterepository(provided by yet
anothercomponent)which senesasa commondatarepositoryfor
the components.The schedulingcomponentill reactto this ad-
dition by producinga scheduldor thetaskstructurewhichis also
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Figure 3: Abstract view of a typical JAF component.

placedin the staterepository This scheduleis thenusedby the
executioncomponento performthe desiredactions. Finally, the
succes®f a particularactionwill causethe coordinationcompo-
nentto sendbackthe appropriateresults. In eachof thesesteps,
the actor or originator could be seamlesslyeplacedwithout the
modificationof othercomponentsn the sequence.

Thereare several dravbacksto this frameavork. The mostim-
portantis theabsencef awell-definedthreadof control. Thecon-
trol architecturedoesprovide for differentiatedexecutionphases
(e.g. construction,initialization, execution), and a periodic exe-
cution pulsefor eachcomponentat runtime. The event system,
however, cloudsthis waterconsiderablysinceactivity in onecom-
ponentcandirectly causea reactionin another This canleadto
long andcomplicatedexecutionstacks aswell asthe potentialfor
cyclesor oscillations.Becauseomponentsiredesignedy differ-
ent developers,one cannotpredicta priori exactly how they may
interact. This processs furthercomplicatedby the factthatevent
distribution is unordered,so one cannotassumethat a particular
componenhasprocessed beforeanotheyandit is difficult to in-
sertnaw actiities betweereventgeneratiorandreaction.A related
dravbackarisesfrom the inability to preempta componens exe-
cutionwithin the singlethreadof control. Again, becauseompo-
nentsmay be developedindependentlythe activity in onemayin-
adwertentlycausehefailure of anothetin time- or resource-critical
situations.Considerthe caseabore, wherecoordinationgenerated
anew goalfor the agent.If the schedulingorocesgakestoo long
to find anappropriateschedulepr if anunrelatedorocessvereto
startshortly thereafterit may becomeimpossiblefor the deadline
agreeduponto bemet.

5. CONCLUSION

We have describedsomeof our researchin generalizedagent
technologyand pointed out someof the issueswe have encoun-
tered. Drawing away from the specificsof eachcomponentwe
wouldliketo leave readersvith thethoughtthatdevelopingreusable
agentechnologyis ahardproblem.Becauseinderstandingsvolve,
aswith all researchtechnologiesnuststretchandevolve too. We,
of the agents community might have a slightly harderproblem
thanresearcherén other areasbhecauseboth the applicationdo-
mainsandtheagentconstructiortechnologiesreevolving concur
rently. Whataretheinfrastructurerequirement®f a comple, per
sistent,autonomousgpersonalassistanthat migrateswith us from
machineto machine,readsour news, filters our mail, and coordi-
natesour actiities with peers,family, andfriends? We have an
ideaatthistime, but, thelandscapés far from beingwell defined.
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