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ABSTRACT
TÆMS, Design-to-Criteriaagentscheduling,and the Java Agent
Framework are importantaspectsof our researchin generalized
agentcomponents.Thesetechnologieshave beenusedin over a
dozendifferentresearchefforts, resultingin someinsight into the
prosandconsof generalizedcontrolandproviding someanecdotal
evidencethatmaybeusefulto otherresearchers.

1. INTRODUCTION
Onemajorfacetof our work is theattemptto creategeneralized

domain independentcontrol componentsfor autonomousintelli-
gentagents.Wehave beenpursuingthis line of researchfor nearly
tenyearsandthecomponentsthatwe have constructedhave been
usedonapproximatelyadozendifferentresearchprojects.Themo-
tivationbehinddomainindependenceis that it enablesus to reuse
thecontrol componentson differentapplicationswith few modifi-
cations,thoughthis hasbeensuccessfulto varyingdegrees.In the
following sectionswe describethe componentsanddiscusstheir
strengthsandweaknesses,and issuesthat have arisenduring the
courseof our research.

It is importantto emphasizethat this researchpertainsto com-
plex problemsolving agents,e.g, the BIG InformationGathering
Agent[20] and[15,4, 14],wheretheagentsaresituatedin anenvi-
ronment,ableto senseandeffect,andhaveexplicit representations
of candidatetasksandexplicit representationsof differentwaysto
go aboutperformingthe tasks. Additionally, tasksarequantified
or have differentperformancecharacteristicsand,following in the
threadof complex problemsolving [10, 8, 22] therearerelation-
shipsbetweenthe tasks.This meansthat thereis a high degreeof
interconnectivity in agentproblemsolvingandthatreasoningabout
what theagentshouldbedoing,with whomto coordinate,etc., is
alwaysa non-trivial process.

In our work we achieve domain independenceby abstracting
away from the detailsof a particulardomainandreasoningabout
it via a modelof the agent’s problemsolving process.The mod-
eling framework we use is called TÆMS [6, 18]. TÆMS task
structuresresemblecomplex and/orgraphsor HTNs, i.e., TÆMS
is a hierarchicaldecompositionframework. Notable featuresof
TÆMSmodelsincludetheexplicit representationof alternativedif-

Permissionto make digital or hardcopiesof all or part of this work for
personalor classroomuseis grantedwithout fee provided that copiesare
not madeor distributedfor profit or commercialadvantageandthatcopies
bearthisnoticeandthefull citationon thefirst page.To copy otherwise,to
republish,to postonserversor to redistributeto lists,requiresprior specific
permissionand/ora fee.
Copyright 2000ACM 0-89791-88-6/97/05..$5.00

ferentwaysto performtasks,theexplicit representationandquan-
tification of task interactions,and the characterizationof primi-
tive actionsin termsof their quality, cost, duration, and uncer-
tainty. A sampleTÆMS taskstructureis shown in Figure2 (the
figure is discussedin greaterdetail later). Once an agent’s op-
tionsaremodeledin TÆMS,ourdomainindependentcontrolprob-
lem solvingcomponentscandecidewhich actionsanagentshould
take, what resourcesto use,which tasksto coordinatewith other
agents,and how the agentcan meet real-timedeadlinesand re-
sourceconstraints.Thecoreof thisability is theDesign-to-Criteria
[29, 27, 26, 23] agentscheduler– it is theTÆMSanalysisexpert.
Whenmulti-agentsystemsareconstructed,a coordinationmodule
is addedto theagentandoftenthemoduleis GPGP[7, 17] or one
of its descendents[25]. Thoughwe have usedproprietarycompo-
nentsfor this aswell [16, 11].

A naturalquestionis wheredo theTÆMS modelscomefrom?
In our work TÆMS taskstructuresareoften handcraftedthough
thegeneralideais thatadomainexpert,e.g.,ablackboardproblem
solveror aplanner, shouldtranslateitsproblemsolvingoptionsinto
TÆMS.This modelwasusedsuccessfullyin theBIG information
gatheringagent[20]. In somerecentprojects,e.g., the TripBot
[30], thedomainexpertplansdirectly in TÆMS.Thearchitecture
of theTripBot is shown in Figure1. In theTripBot, a queryenters
thesystem,is expanded/ enhancedusingWordNet[3] andpassed
to a TÆMS informationgatheringplanner(calledthe ”capability
assessor”for a varietyof reasons),which is a new TÆMSartifact.
Theagent’soptionsarethenpassedto theDesign-to-Criteria(DTC)
scheduleralongwith aspecificationof theagent’scurrentobjective
function, e.g., deadlines,solution characteristics,etc. DTC then
evaluatesthe agent’s options,in light of its objectives,anddeter-
minesa courseof actionfor the agent. The resultingscheduleis
thenexecutedandthe agentreschedulesandreplanson failureas
necessary. This is how TÆMS andDTC aregenerallyusedin an
agent.

Whena coordinationor communicationmoduleis addedDTC
serves as the oracle for the coordinationmodule– enablingthe
module to understandthe implicationsof forming commitments
with otheragents.For example,if agent� shouldcommitto agent�

to performtask ��� by time ��� , � needsto beableto evaluatethe
costof offering thatcommitmentto

�
in termsof � ’s localproblem

solving.
This domain-independencecoupledwith a component(“plug-

and-play”)approachto agentconstructionhasproved its merit by
enablingus to reusethe technologyin many differentapplication
domains,e.g., the BIG informationgatheringagent[21, 20], the
Intelligent Home project (IHome) [16], the DARPA ANTS real-
timeagentsensornetwork for vehicletracking[11, 14], distributed
hospitalpatientscheduling[6], distributedcollaborativedesign[9],
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Figure1: One Instantiation: The TripBot Agent Ar chitecture

processcontrol[31], theTripBot [30], agentdiagnosis[1, 13], and
others.However, in many of theseprojectsmodificationsto thear-
tifactswererequiredandwe becameawareof certaindesigndeci-
sionsthataffectedourability to move to a new application,change
the control flow within the agent,or to expand the TÆMS task
modelinglanguage.

A componentheretounmentionedis theJava AgentFramework
[12], or JAF, which is a fairly recentcomerto thescenebut which
hasprovided the glue by which the componentsareintegratedon
projectslike theIHome[16] andtheANTS real-timeagentsensor
network for vehicletracking[11, 14]. Like Decker’s DECAF [5],
thegoalof JAF is to provide theframework that integratesthedif-
ferentcontrol componentsandsupportstheir interaction.Another
relatedcomponentusedin both IHome and ANTS is the multi-
agentsystemsimulator[24] that enablesdifferent JAF agentsto
“execute”TÆMSprimitive actionsin a controlledenvironment.1

In this paperwe focuson TÆMS,theDesign-to-Criteriasched-
uler, andthe Java Agent Framework andthe experienceswe have
gainedfrom workingwith thesetechnologies.Therationalefor this
emphasisis thatTÆMSandDTC areamongthecomponentsthat
havebeenin servicethelongestandusedin thewidestrangeof ap-
plicationsettings.By thesametoken,thelessonslearnedfrom the
java agentframework arewidely applicableto theagentscommu-
nity becauseatsomelevel,weareall facedwith theproblemof how
to integrateourcomponentsto supportflexibility andfunctionality.

It isalsoworthnotingthatthesetechnologieshavebeenavailable
onlinefor distribution in thepastandwe arecurrentlyplanningon
releasingtheminto thepublicagainin thenearterm.

2. TÆMS TASK MODELS

2.1 What TÆMS Is
TÆMS(TaskAnalysis,EnvironmentModeling,andSimulation)

is adomainindependenttaskmodelingframework usedto describe
andreasonaboutcomplex problemsolvingprocesses.TÆMSmod-
els arehierarchicalabstractionsof problemsolvingprocessesthat
� Obviously for projectslike theTripBot thatoperatein a realdo-
mainthesimulationenvironmentis notrequired,thoughit couldbe
usedfor debuggingTÆMSrelatedcontrolactivities.

describealternativewaysof accomplishingadesiredgoal;they rep-
resentmajortasksandmajordecisionpoints,interactionsbetween
tasks,andresourceconstraintsbut they donotdescribetheintimate
detailsof eachprimitive action. All primitive actionsin TÆMS,
called methods, are statisticallycharacterizedvia discreteproba-
bility distributionsin threedimensions:quality, costandduration.
Quality is a deliberatelyabstractdomain-independentconceptthat
describesthecontribution of a particularactionto overall problem
solving.Durationdescribestheamountof timethattheactionmod-
eledby the methodwill take to executeandcostdescribesthe fi-
nancialor opportunitycostinherentin performingtheaction. Un-
certaintyin eachof thesedimensionsis implicit in theperformance
characterization– thusagentscanreasonaboutthecertaintyof par-
ticularactionsaswell astheirquality, cost,anddurationtrade-offs.
The uncertaintyrepresentationis alsoappliedto taskinteractions
like enablement,facilitationandhinderingeffects,2 e.g.,“10% of
the time facilitation will increasethe quality by 5% and 90% of
the time it will increasethequality by 8%.” Thequantificationof
methodsandinteractionsin TÆMSis notregardedasaperfectsci-
ence.Taskstructureprogrammersor problemsolver generatorses-
timatetheperformancecharacteristicsof primitive actions.These
estimatescanberefinedover time throughlearningandreasoners
typically replanandreschedulewhenunexpectedeventsoccur.

To illustrate,considerFigure2,which is aconceptual,simplified
sub-graphof a taskstructureemittedby theBIG [19] information
gatheringagent;it describesa portionof theinformationgathering
process.Thetop-level taskis to constructproductmodelsof retail
PC systems.It hastwo subtasks,Get-BasicandGather-Reviews,
bothof which aredecomposedinto methods,thataredescribedin
termsof theirexpectedquality, cost,andduration.Theenablesarc
betweenGet-BasicandGatheris anon-local-effect (nle)or taskin-
teraction;it modelsthefactthatthereview gatheringmethodsneed
the namesof productsin orderto gatherreviews for them. Other
taskinteractionsmodeledin TÆMS include: facilitation, hinder-

I
Facilitation and hinderingtask interactionsmodel soft relation-

shipsin which a resultproducedby sometaskmay be beneficial
or harmfulto anothertask.In thecaseof facilitation,theexistence
of the result,andthe activation of the nle generallyincreasesthe
qualityof therecipienttaskor reducesits costor duration.
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Figure2: Simplified Subsetof an Inf ormation Gathering TaskStructur e

ing, boundedfacilitation, sigmoid, and disablement. Task inter-
actionsareof particularinterestto coordinationresearchbecause
they identify instancesin which tasksassignedto differentagents
are interdependent– they model, in effect, implicit joint goalsor
joint problemsolving activity. Coordinationis motivatedby the
existenceof theseinteractions.

Returningto the example,Get-Basichastwo methods,joined
underthesum()quality-accumulation-function(qaf), whichdefines
how performingthe subtasksrelateto performingtheparenttask.
In thiscase,eithermethodor bothmaybeemployedto achieveGet-
Basic. Thesameis truefor Gather-Reviews. Theqaf for Build-PC-
Product-Objectsis a seqsum()which indicatesthat the two sub-
tasksmustbeperformed,in order, andthattheir resultantqualities
aresummedto determinethequality of theparenttask;thusthere
areninealternativewaysto achievethetop-level goalin thispartic-
ular sub-structure.In general,a TÆMStaskstructurerepresentsa
family of plans,ratherthana singleplan,wherethedifferentpaths
throughthe network exhibit differentstatisticalcharacteristicsor
trade-offs.

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

Oneof themajorstrengthsof TÆMSis that it is generallyvery
expressive. TÆMSwasdesignedto modeltheproblemsolvingac-
tivities of complex cooperative blackboardproblemsolversandit
is very goodat modelingtasksandinterrelationships.However, as
always, thereis a trade-off betweenrepresentationalstrengthand
tractability. Certainfeaturesof TÆMS,e.g.,soft taskinteractions
that enablethe performanceof one task to affect the durationof
another, make reasoning/schedulingTÆMS task structuresvery
difficult. In our opinion, onequestionto askwhendeveloping a
modelingor representationalstructureis how tractablethe result-
ing modelwill be. If amodelis expressive but intractable,research
is limited eitherto toy sizedproblemspacesor somecomplex (and
usuallyapproximate)artifact like theDesign-to-Criteriascheduler
is required. If the researchinterestdoesnot pertainto scheduling
or complex analysis,thenthisshouldbeavoidedif possible.

Documentationwith TÆMShasprovento beanotherissuethat
shouldhave beenaddressedsooner. Prior to the TÆMS whitepa-
per [18], graduatestudentswerehandeda dissertationor a small
stackof researchpapersandforcedto generatethecurrentintellec-
tual modelof TÆMSin a bottom-upfashion.A naturalquestionis
why? The answeris that researchis sometimesa rapidly moving
targetandthat,asall basicresearchersknow, therearetimesthatre-
sourcesarescarce.Thelackof suchdocumentationdid notbecome

anissueuntil thenumberof new researchersworkingin TÆMS(or
attemptingtodoso)grew aboveacertainthreshold.Thereisclearly
a time at which it is importantto “sure up” one’s footing andget
everyoneon thesamepage– possiblyto thedetrimentof thepace
at which the basicresearchprogresses.This documentation,and
relatedtutorial-esquediscussionsbetweenmembersof the group,
have clearlypaiddividendsasthenumberof researchersnow able
to discussproblemsolving via TÆMS hasgrown significantly–
spreadingto at least four universitiesand encompassingat least
five faculty membersandtwenty graduatestudents.While this is
attributableto otherconcurrenthappenings,e.g.,developmentand
sharingof infrastructurelikeDTC andJAF, theexistenceof tutorial
styledocumentationhelpedsignificantly.

Thedevelopmenta of usableandsharableTÆMSmodelingim-
plementationhasalsopaidsignificantdividends.Onor about1994
therewasa lisp versionof TÆMSthatwasintegratedwith a sim-
ulationenvironmentandonly its original creatorswereableto get
it to turn over. A new implementationin C++ for usewith the
DTC schedulerwasthefirst implementationin which TÆMSwas
a standaloneartifact. However, by the time thenext TÆMS arti-
factsweredeveloped,around1996,java hadbecomethelanguage
of choicefor this classof developmentanda new implementation
wasneeded.While the C++ andlisp versionsof TÆMS arestill
in use(theC++ versionis tied to DTC andthususedin nearlyall
projects)thebulk of theresearchersat UMASS rely on a common
implementationof TÆMSin java. Supporttools for TÆMShave
alsopaidrealdividendsandtheseare,in asense,combinedwith the
java versionof TÆMS.Simplewaysto create,manipulate,view,
andstoretaskstructuresarerequiredfor widespreaduse. Again,
this conceptis obvious to anyonemakingan artifact intendedfor
generaluse,but, in basicresearchthereis generallysomegive and
take betweenimplementationaccoutermentsand progresson the
researchfront.

Is thereanything wrong with TÆMS?Yes. In part becausethe
way it is beingusedhasevolvedandin part becausefor somere-
searchit is necessaryto getcloserto thedetails,TÆMShassome
odditiesand inconsistencies.One notableexampleis the differ-
encebetweentheresourcemodelssupportedin thejava implemen-
tationof TÆMSandthosesupportedby theC++/DTCimplemen-
tation. DTC adheresto thebasicpropertyof TÆMSthatmethods
areblack boxesandthereis no correlationbetween,for example,
quality anddurationor resourceconsumptionandduration.There
aresituations,however, whereit is moreintuitive to correlatetime
andresourceconsumption(thoughtherearecaseswhereit is not,
also). Becauseof this and the particularapplicationsfor which



the java sidewasbeingused,we now have multiple different re-
sourcee modelsthatareonly looselycompatible.Anotherexample
of inconsistenciescanbe found in the TÆMS quality accumula-
tion functions– someqafsimposeorderingon thesubtasks,some
do not, andsomespecifywhetheror not particularsubtasksmust
beperformed,andsomedo not. Theoriginal conceptualizationof
TÆMSdid notspecifyorderingsbut for severaldomainswe found
the modelingstructureinsufficient and it wasextended. What is
the moral of the story? Thereis valuein applicationbut even the
bestconceived artifact is likely to bepulledandstretchedwhenit
is actuallyused.

Otherproblemsor reservationswith TÆMSexist. For example,
by beingabstract,it needsto becoupledwith detailedinformation
to be usedin agentsoperatingin real environments,e.g., the de-
pendency specificationusedin theTripBot [30]. Anotherissueis
thewayquality propagatesthroughthenetwork andthelimitation,
someof which is implementational,to reasoningonly in termsof
quality, cost,duration,anduncertaintyin eachof thesedimensions
(in contrastto our new fhg framework [28]). However, mostof
theseissuesfall into category of basicresearchquestions.

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

3.1 What DTC Is
TheDesign-to-Criteria(DTC) scheduleris theagent’s local ex-

pert on makingcontrol decisions.The scheduler’s role is to con-
siderthepossibledomainactionsenumeratedby thedomainprob-
lemsolverandchooseacourseof actionthatbestaddresses:1) the
local agent’s objectivesor goalcriteria (its preferencesfor certain
typesof solutions),2) the local agent’s resourceconstraintsand
environmentalcircumstances,and3) the non-localconsiderations
expressedby theagent’s (optional)coordinationmodule.Thegen-
eral ideais to evaluatetheoptionsin light of constraintsandpref-
erencesfrom many differentsourcesandto find a way to achieve
theselectedtasksthatbestaddressesall of these.

The schedulerunderstandsthe agent’s situationandobjectives
via TÆMStaskstructuresandreasonsaboutdifferentpossiblecourses
of actionsvia TÆMS.Schedulingproblemsolvingactivities mod-
eled in the TÆMS languagehasfour major requirements:1) to
find a setof actionsto achieve thehigh-level task,2) to sequence
theactions,3) to find andsequencetheactionsin soft real-time,4)
to producea schedulethatmeetsdynamicobjective criteriaof the
agent.Thereasonwerequiresoft real-timeis thatDTC is designed
for openenvironmentswhereunpredictedchangeis commonplace.
Whenchangeoccurs,theagentreinvokesDTC to decideonanap-
propriatecourseof action.

TÆMS modelsmultiple approachesfor achieving tasksalong
with thequality, cost,anddurationcharacteristicsof theprimitive
actions,specificallyto give agent’s flexibility in problemsolving.
This is how TÆMSagentscanrespondto new situationsandhow
they cancustomtailor theirproblemsolvingfor differentsituations.
A classicexamplebeingto trade-off solutionqualityfor shorterdu-
rationwhentime is limited. DTC is theagent’s trade-off andcon-
trol expert. In contrastto classicschedulingproblems,theTÆMS
schedulingobjective is not to sequencea setof unorderedactions
but to findandsequenceasetof actionsthatbestsuitsa theagent’s
currentobjectives.

Design-to-Criteriaschedulingrequiresa sophisticatedheuristic
approachbecauseof the schedulingtask’s inherentcomputational
complexity ( ikjmlonqp and rsj�tunvp ) it is not possibleto useexhaustive
searchtechniquesfor finding optimalschedules.Furthermore,the

deadlineand resourceconstraintson tasks,plus the existenceof
complex taskinterrelationships,prevent theuseof a singleheuris-
tic for producingoptimal or even “good” schedules.Design-to-
Criteriacopeswith theseexplosivecombinatoricsthroughapproxi-
mation,criteria-directedfocusing(goal-directedproblemsolving),
heuristicdecisionmaking,andheuristicerror correction. The al-
gorithmandtechniquesaredocumentedmorefully in [29, 27, 26,
23].

3.2 The Good, the Bad, and the Ugly
DTCisanextremelycomplex artifactencompassingaround50,000

linesof C++ code.It is fastfor whatit does– schedulinglargetask
structures(having fifty primitive actions)in lessthan10 seconds
andperforminghundredsof thousandsof probability distribution
combinationoperationsin that time (on a basicPIII-600 classma-
chine running linux). However, thereare applicationsfor which
DTC running in exhaustive schedulingmodewill run in half the
timeasDTC runningin its normalmodewhich is designedto cope
with high order combinatoricsfrom many different sources. In
somecases,for sometaskstructures,doingit thebrutestrengthway
is actuallyfasterandmoreeffective. Relatedly, for applicationsthat
have particularregularproperties,e.g.,usinga singleTÆMStask
structurewith differentbindingson the leaves,customscheduling
solutionscanbedevelopedthatwill outperformDTC bothin terms
of time andsolutionquality. The thoughthereis that domainin-
dependencein control is a hardproblemandtherearealwaysper-
formancetrade-offs involved.Generality, by definition,meansthat
artifactshave to addressthehardestclassof problemspossiblefor
a givenprobleminstance.

Relatedly, DTC waswritten to befastandsomeof theoptimiza-
tionshaveprovenobstacleswhenTÆMSwasmodifiedor changed
in very particularways.For example,theadditionof thesigmoid()
qualityaccumulationfunctionmeantthattheschedulerhadto track
new anddifferent information. Similarly, the additionof TÆMS
qafs that imposeorderingsrequiredsomeimplementationalacro-
batics. If theschedulerhadbeendesignedlessfor speedfrom the
beginningit would have beenmoreeasilyextended.It is unclearif
theschedulershouldhave beendesigneddifferently, asit hasthus
far beenextendableto meetmostof our needs,but, in our opin-
ion, codeoptimizationshouldonly be appliedto matureresearch
technologiesunlesstheartifactposessignificantbottlenecks.

Oneof themajorwins in DTC hasbeenits encapsulation.DTC
is statelessandobtainsall of its informationvia inputfilesandpro-
duceseverythingtheclient needsvia outputfiles. Written in C++,
this statelessapproachmeansthat it is literally a stand-aloneexe-
cutablethatclientsinvoke whenneeded.Theonecaveatwith this
model is that it requiresthe process-starting-overheadof the OS
andcannotbe invoked via native function calls from Java or lisp.
Prior to DTC our schedulingtechnologywastightly coupledwith
theexecutionsubsystemandassumedthat it would have the abil-
ity to monitortaskperformancedirectly. In general,theseparation
of DTC andthemovementof theagent’s problemsolvingstateto
DTC’s input haspaid greatdividends. Evidenceof this includes
the variety of ways that it hasbeenusedin our research,includ-
ing otherschedulerenhancementsthat build on top of DTC asan
externalclients,e.g,work in schedulecachingandpartial-ordering
[11].

Relatedto DTC’s encapsulationwas the constructionof a hu-
manreadabletextual I/O format for DTC. Referredto ast-TÆMS
by projectmembers,theinput to DTC is a textual representationof
a TÆMStaskstructureplusa textual representationof theagent’s
objective function andconstraintslike deadlines,resourcelimita-
tions,etc. Giventhe input, DTC schedulesandproducesmultiple



differentoutputfiles. Oneof which is a detailedt-TÆMSschedule
file thatw containsarankedsetof detailedschedulesfor theagentthat
includesDTC’s expectationsabouttaskperformanceandthestate
of problemsolvingastasksareexecuted.Thisinformationcanthen
beusedto determinewhenit is necessaryto reinvoke DTC andre-
plan/reschedule.DTC alsoproducesamorehumanfriendly sched-
ule representationanda simplescheduledescriptionfile for clients
that do not which to implementt-TÆMS schedulerparsers.The
lessonlearnedhereis that, obviously, good interfacesare impor-
tant, but, alsothat textual representationsoften provide important
for versatilityandfor humandebugging.

Simplicity to the client hasbeenanotherreal designpay-off in
DTC. While DTC is highly configurablein termsof the typesof
pruningandfocusingit does,thetypesof analysisit does,theway
it approachesresources,scheduling,analysis,andtheway it eval-
uatesprobability distributionsanduncertainty, mostclientsnever
needto customizethesefeatures. Thus, while most of them are
accessibleeithervia commandline argumentsor via the t-TÆMS
input file, DTC doesnot requiretheclient to specifyanything him
or herself.InsteadDTC is configuredwith a setof default options
that,in general,yieldgoodperformance.It isworthnotingthatit an
idealworld DTC wouldclassifyprobleminstancesandsetdefaults
on a learnedbasis,but, right now it doesnot have this function-
ality. The importantconcepthereis that no matterhow complex
one’s artifactmaybe,mostusersor clientshave little or no interest
in having to understanda largesetof researchquestionsto usethe
artifact. If reuseis agoal,gooddefaultsandaverysimpleinterface
is a clearwin.

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
supportissueslikehaving to modify thetechnologyor to explain in
detailwhy theartifactperformsin certainways. Quite oftenwith
researchtechnologiestheseexplanationsarenon-trivial becauseof
the issuesto which they relate. Supportoutsideof a researchlab
is an obvious result of distribution, however, the supportburden
within a lab of a memberwhosetechnologyis widely usedshould
berecognizedandexplicitly addressed.

4. JAVA AGENT FRAMEW ORK
Theunderlyingtechnologyof our Java AgentFramework (JAF)

usescomponent-basedtechnologydesignedto promotereuseand
extension.Developerscanuseits plugandplayinterfaceto quickly
build agentsusingexisting genericcomponents,or to developnew
ones. The JAF architectureconsistsof two parts,a setof design
conventionsandanumberof genericcomponents.Thedesigncon-
ventionsprovide guidanceto the developer, which attemptto fa-
cilitate thecreation,integrationandreuseof newly written compo-
nents. The genericcomponentsform a stablebasefor the agent,
which the developercan useor extend as needed. For instance,
a developermayrequireplanning,schedulingandcommunication
servicesin theiragent.In thiscase,genericschedulingandcommu-
nicationcomponentsexist, but a domain-dependentplanningcom-
ponentis needed.Additionally, the characteristicsof the generic
schedulingcomponentdonotsatisfyall thedeveloper’sneeds.The
JAF designconventionsprovidethedeveloperwith guidanceto cre-
atea new planningcomponentcapableof interactingwith existing
componentswithout unduly limiting its design. A new schedul-
ing componentcanbederived from thegenericoneto implement
thespecializedneedsof their technology, while thecommunication
componentcanbeuseddirectly. All threecaneasilyinteractwith
oneanotheraswell asothercomponentsin theagent,maximizing

codereuseandspeedingup thedevelopmentprocess.
JAF buildsuponSun’sJavaBeansmodelby supplyinganumber

of facilities designedto make componentdevelopmentandagent
constructionsimplerandmoreconsistent.A schematicdiagramfor
a typicalJAF componentcanbeseenin figure3. As in JavaBeans,
eventsandstatedataplay animportantrole in sometypesof inter-
actionsamongcomponents.Additional mechanismsareprovided
in JAF to specifyandresolvebothdataandinter-componentdepen-
dencies.Thesemethodsallow acomponent,for instance,to specify
thatit canmakeuseof acertainkind of dataif it is available,or that
it is dependenton the presenceof oneor moreothercomponents
in theagentto work correctly. A communicationscomponent,for
example,might specifythat it requiresa local network port num-
berto bind to, andthatit requiresa loggingcomponentto function
correctly. Thesemechanismswereaddedto organizetheassump-
tionsmadeby componentdevelopers- without suchspecifications
it wouldbedifficult for thedesignerto know whichservicesagiven
componentneedsto beavailableto functioncorrectly. Morestruc-
turehasalsobeenaddedto theexecutionof componentsby break-
ing runtime into distinct intervals (e.g. initialization, execution,
etc.),implementedasa commonAPI amongcomponents,with as-
sociatedbehavioral conventionsduring theseintervals. Individual
componentswill of coursehave their own, specializedAPI, and
“class” APIs will exist for familiesof components.For instancea
family of communicationcomponentsmight exist, eachproviding
differenttypesof service,while conformingto a singleclassAPI
thatallows themto easilyreplaceoneanother.

JAF hasbeenusedsuccessfullyin severaldomains.It wasorigi-
nally conceivedanddevelopedto evaluatemulti-agentsystemsur-
vivability within theMASSsimulator[24]. Later, additionalagents
weredevelopedin JAF within theIHomeproject[16], whichlooked
athow multi-agentsystemscouldplayarole in anintelligenthome
environment. JAF agentswere also augmentedwith a diagnosis
componentin IHome [13], anda Producer-Consumer-Transporter
domain[2], to study the role diagnosiscan play in dynamically
adaptingorganizationaldesignin responsetoenvironmentalchange.
Most recently, JAF hasdeployed in a distributedsensornetwork
environment[14] whereagentsmustorganizeto gatherthesensor
datarequiredto track moving targets. In this last project, these
sameagentswerealsosuccessfullymigratedfrom a simulateden-
vironmentto anactualphysicalsystemusingDopplerradarsensors
andmoving targets.Over thecourseof theseprojects,roughly30
differentJAF componentshave beendeveloped.

We have found the JAF framework relatively easyto use,once
an initial learningcurve is passed.In eachof the projectsmen-
tioned above, roughly two-thirds to three-quartersof eachagent
werecomprisedof existing, reusedcode. In the caseswhereex-
isting componentscould not operatein the given environment,as
whenagentsaremoved to a differentsimulatoror into a physical
system,only relatively minorextensionswererequiredto low-level
components(e.g. communicationor execution),while the higher
level componentsworkedunchanged.Theevent-basedinteraction
systempermitscomponentsto beeasilyaddedandremoved,while
retainingtheability to reactto actionsperformedby othercompo-
nents. State-basedinteractiontakesthis onestepfurther, ascom-
ponentscanreactto changesin local data,without knowledgeof
which othercomponentsoriginally performedthechange.For in-
stance,our coordinationcomponentmay generatea new TÆMS
structuredescribinga goal it hasagreedto perform. This TÆMS
structureis addedto the agent’s staterepository(provided by yet
anothercomponent),whichservesasacommondatarepositoryfor
the components.Theschedulingcomponentwill reactto this ad-
dition by producinga schedulefor thetaskstructure,which is also
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Figure3: Abstract view of a typical JAF component.

placedin the staterepository. This scheduleis then usedby the
executioncomponentto performthe desiredactions. Finally, the
successof a particularactionwill causethe coordinationcompo-
nent to sendbackthe appropriateresults. In eachof thesesteps,
the actor or originatorcould be seamlesslyreplaced,without the
modificationof othercomponentsin thesequence.

Thereareseveral drawbacksto this framework. The most im-
portantis theabsenceof a well-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 waterconsiderably, sinceactivity in onecom-
ponentcandirectly causea reactionin another. This can leadto
long andcomplicatedexecutionstacks,aswell asthepotentialfor
cyclesor oscillations.Becausecomponentsaredesignedby differ-
ent developers,onecannotpredicta priori exactly how they may
interact.This processis furthercomplicatedby thefact thatevent
distribution is unordered,so one cannotassumethat a particular
componenthasprocessedit beforeanother, andit is difficult to in-
sertnew activitiesbetweeneventgenerationandreaction.A related
drawbackarisesfrom the inability to preempta component’s exe-
cutionwithin thesinglethreadof control. Again, becausecompo-
nentsmaybedevelopedindependently, theactivity in onemayin-
advertentlycausethefailureof anotherin time-or resource-critical
situations.Considerthecaseabove, wherecoordinationgenerated
a new goal for theagent.If theschedulingprocesstakestoo long
to find anappropriateschedule,or if anunrelatedprocesswereto
startshortly thereafter, it maybecomeimpossiblefor thedeadline
agreeduponto bemet.

5. CONCLUSION
We have describedsomeof our researchin generalizedagent

technologyand pointedout someof the issueswe have encoun-
tered. Drawing away from the specificsof eachcomponent,we
wouldliketo leavereaderswith thethoughtthatdevelopingreusable
agenttechnologyisahardproblem.Becauseunderstandingsevolve,
aswith all research,technologiesmuststretchandevolve too. We,
of the agent’s community, might have a slightly harderproblem
than researchersin other areasbecauseboth the applicationdo-
mainsandtheagentconstructiontechnologiesareevolving concur-
rently. Whataretheinfrastructurerequirementsof a complex, per-
sistent,autonomouspersonalassistantthat migrateswith us from
machineto machine,readsour news, filters our mail, andcoordi-
natesour activities with peers,family, and friends? We have an
ideaat this time,but, thelandscapeis far from beingwell defined.
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