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Abstract

TÆMS agentsintegrateplanning,scheduling,andcoordina-
tion componentsin a reusableagentconstructionframework.
TÆMSagentcomponentshave beenusedin over a dozenre-
searchprojectsandcontinueto provideanincreasinglyre�ned
foundationfor rapid constructionof multiagentcontrol sys-
temsfor researchandcommercialprototypeapplications.This
paperrecountsa setof generalizationissuesthatwe have en-
counteredin striving to build genericmultiagentcontrolcom-
ponents,andhow theseissueseffect the useof TÆMS tech-
nologybothin researchandcommercialapplications.

Intr oduction
In this paperwe discusstheprosandconsof generalized,reusable,
agentcontroltechnologiesandtheexperiencesgainedfrom employ-
ing thesetechnologiesin several researchprojectsin academiaand
industry.

A major thrustof TÆMSrelatedwork to dateis the attemptto
creategeneralizeddomainindependentcontrolcomponentsfor au-
tonomousintelligent agents.Thesecomponentsincludetechnolo-
giesfor planning,scheduling,coordination,a framework for agent
construction,anda simulationenvironment. We have beenpursu-
ing this line of researchfor over tenyearsandthecomponentsthat
we have constructedhave beenusedon morethana dozenresearch
projects.The technologyis alsocurrentlybeingusedfor commer-
cial prototypeapplications. The motivation behinddomaininde-
pendenceis that it enablesus to reusethe control componentson
differentapplicationswith few modi�cations. In thefollowing sec-
tions we brie�y describeselectedcomponentsof a TÆMS agent,
discusstheir strengthsandweaknesses,anddiscussissuesthathave
arisenduringtheir useacrossdifferentresearchprojects.

The target of our reuseconcernsare the hardcontrol problems
associatedwith agentslike the BIG InformationGatheringAgent
[13] and[9; 3], whereagentsaresituatedin an environment,able
to senseandeffect,andarerequiredto solve controlproblemswith
many alternative coursesof action,andwheretheoutcomesof any
oneactionarenot certainbeforeruntime.Theway thatuncertainty
in control is accountedfor in TÆMS is throughstatisticallychar-
acterizedperformancecharacteristicsandrelationshipsbetweenthe
tasks.

The approachto domain independencein TÆMS is achieved
by abstractingaway the detailsof a particulardomainandreason-
ing about it via a model of the agent's problemsolving process.
Themodelingframework we useis calledTÆMS [5; 12]. TÆMS
taskstructuresarehierarchicaltasknetworks,with additionalgraph
structurescalled �������
	�	���
�������������������� . Notablefeaturesof TÆMS
modelsinclude the explicit representationof taskalternatives, the
representationandquanti�cationof taskinteractions,andthechar-
acterizationof primitive actionsin term of quality, cost, duration
outcomeprobabilitydistributions. A sampleTÆMS taskstructure
is shown in Figure1. Taskstructuresaregeneratedfrom domain

theories;domaintheoriesencodewaysfrom moving theagentfrom
oneworldstateto another, ideally moving the agentcloserto one
or morependinggoals. In somecases,thedomaintheoriesareen-
codedin a programminglanguage.In the Tripbot domain,we be-
gunwork on a domain-independentcomponentto assessanagent's
candidateplansin thecontext of asetof goals[22].TheDesign-To-
Schedule(DTS) plannermoduleacceptsdomaintheoriesencoded
in a planninglanguage,and, given a problemspeci�cation, com-
putationduration limit, and a TÆMS analysiscriteria de�nition,
generatesTÆMStaskstructuresthatsolve thegoalsacrossmethod
performancepossibilitiesthroughasetof plans.

Onceanagent's alternativesareencodedin TÆMS,theDesign-
to-Criteriaschedulercreatesa setof scheduleswhich aretheresult
of criteria-directeddecisionsaboutwhich tasksanagentshouldex-
ecute,whatresourcesit shoulduse,whichtasksit shouldcoordinate
over with otheragents,andhow theagentcanmeetreal-timedead-
linesandresourceconstraints[21; 18;17;15].

Whenmulti-agentsystemsareconstructed,a coordinationmod-
ule, suchasGPGP[6; 11] or oneof its descendants[19], or a more
customcomponent[10; 16], is addedto theagent.Thearchitecture
of a typicalTÆMSagentis shown in Figure2.

Theproblemsolver canalsobesimulated.This is thecasein the
aircraft readinessapplicationin which agentscoordinatesimulated
aircraftserviceteams.Becausetheagentsdo notactuallyrepairthe
aircraft,themethodsaresimulatedandTÆMSmodelsof therepair
processesaregeneratedof�ine.

In the repairapplication,aircraft land at unpredictedtimesand
areassessedfor repairandserviceneeds.The aircraft have dead-
linesby which they mustbereadyfor their next missionanddiffer-
ent aircraft have differentdeadlines.TÆMS agentscoordinatethe
distributedschedulingof the repair teamsto ensurethat the maxi-
mum numberof aircraft areservicedandreadyto launchby their
respective deadlines. The problemis madedif�cult by the inter-
actionsbetweenthe activities of different serviceteams,e.g., the
enginescannotbeservicedwhile missilesarebeingreloaded.Con-
trol in this applicationis decomposedinto two typesof activities:
1) communicationbasedcoordinationand2) local agentschedul-
ing. As with mostTÆMS applicationsthe coordinationtechnolo-
gieshandlethecommunicationof partialtaskstructuresandthefor-
mationof commitmentsbetweenagentsaboutwhich agentwill do
what task and consumewhich resourcesand when. Thesecom-
mitmentsarethenpassedto thelocalDTC scheduleralongwith the
agent'sotherproblemsolvingoptionsandits currentobjectivefunc-
tion, e.g.,maximizesolutionquality or trade-off solutiontime with
resourceconsumptions,and the schedulerdecidedon a courseof
actionfor theagent.

TÆMSagentscanbeconstructedincrementally. A domainprob-
lem solver with TÆMSandtheDTC scheduleris anagentcapable
of meetingreal-timedeadlinesandperformingperformancetrade-
offs. Whena GPGPmoduleis added,the agentcaninteractwith
otheragentsto performcooperative or joint problemsolving.Other
modulescanbe addedto supportorganizationalcontrol, learning,



Figure1: Simpli�ed Civilian Emergency First-ResponderTaskStructure

and/orotherstylesof coordination.Thisdomain-independencecou-
pledwith acomponentapproachto agentconstructionhasprovedits
merit by enablingus to reusethe technologyin many differentap-
plication domains,e.g., the BIG informationgatheringagent[14;
13], theIntelligentHomeproject(IHome)[10], theDARPA ANTS
real-timeagentsensornetwork for vehicletracking[16], distributed
hospitalpatientscheduling[5], distributedcollaborative design[7],
processcontrol[23], theTripBot [22], agentdiagnosis[1], andoth-
ers.However, in many of theseprojectsmodi�cationsto theartifacts
wererequiredandwebecameawareof certaindesigndecisionsthat
affectedthe ability to move to a new application,changethe con-
trol �o w within theagent,or to expandtheTÆMStaskmodelling
language.

The Java Agent Framework (JAF) [8] is the agent compo-
nent framework, or ”glue” by which the domain-independentand
domain-dependentcomponentsare integratedon projectslike the
IHome [10] andthe ANTS real-timeagentsensornetwork for ve-
hicle tracking[16]. Like Decker's DECAF [4], the goal of JAF is
to provide the framework that integratesthedifferentcontrol com-
ponentsandsupportstheir interaction.Anotherrelatedcomponent
usedin both IHome andANTS is the multi-agentsystemsimula-
tor thatenablesdifferentJAF agentsto “execute”TÆMSprimitive
actionsin a controlledenvironment.�

TÆMS TaskModels
What TÆMS Is
TÆMS(TaskAnalysis,EnvironmentModeling,andSimulation)is
a domainindependenttask modelingframework usedto describe
andreasonaboutcomplex problemsolvingprocesses.TÆMSmod-
els arehierarchicalabstractionsof problemsolving processesthat

� For projectslike the TripBot thatoperatein a real domainthe
simulationenvironmentis not required,thoughit couldbeusedfor
debuggingTÆMSrelatedcontrolactivities.

Figure2: TÆMSAgentArchitecture

describealternativewaysof accomplishingadesiredgoal;they rep-
resentmajor tasksandmajordecisionpoints,interactionsbetween
tasks,andresourceconstraintsbut they donotdescribetheintimate
detailsof eachprimitive action. All primitive actionsin TÆMS,
called methods, are statistically characterizedvia discreteproba-
bility distributionsin threedimensions:quality, costandduration.
Quality is a deliberatelyabstractdomain-independentconceptthat
describesthecontribution of a particularactionto overall problem
solving.Durationdescribestheamountof time thattheactionmod-
elled by the methodwill take to executeandcostdescribesthe �-
nancialor opportunitycostinherentin performingthe action. Un-
certaintyin eachof thesedimensionsis implicit in theperformance
characterization– thusagentscanreasonaboutthecertaintyof par-
ticular actionsaswell astheir quality, cost,anddurationtrade-offs.



The uncertaintyrepresentationis also appliedto task interactions
like enablement,facilitationandhinderingeffects,

�

e.g.,“10% of
the time facilitation will increasethe quality by 5% and 90% of
the time it will increasethe quality by 8%.” The quanti�cation of
methodsandinteractionsin TÆMSis not regardedasa perfectsci-
ence.Taskstructureprogrammersor problemsolver generatorses-
timatethe performancecharacteristicsof primitive actions. These
estimatescanbe re�ned over time throughlearningandreasoners
typically replanandreschedulewhenunexpectedeventsoccur.

To illustrate, considerFigure1, which is a conceptual,simpli-
�ed sub-graphof a taskstructureusedin a civilian �rst-responder
applicationthat we are currently developing. It describesa por-
tion of the building �re responseprocess.The top-level taskis to
Respondto Building Fire. It hastwo subtasks,Control Fire and
ProtectOccupants, bothof which aredecomposedinto subtasksor
methods.Themethodsarethatarestatisticallydescribedin termsof
their expectedquality, cost,andduration.Theenablesarcbetween
RaiseLadderandSuppressWindow Fire is a non-local-effect (nle)
or taskinteraction;it modelsthe fact that the act of suppressinga
givenwindow �re requiresraisinga�re laddertruck's ladder. Other
taskinteractionsmodelledin TÆMS include: facilitation, hinder-
ing, boundedfacilitation, sigmoid, anddisablement. Taskinterac-
tionsareof particularinterestto coordinationresearchbecausethey
identify instancesin which tasksassignedto different agentsare
interdependent– they model,in effect, implicit joint goalsor joint
problemsolvingactivity. Coordinationis motivatedby theexistence
of theseinteractions.

Returningto the example,ProtectOccupantshastwo subtasks,
joined under the seqsum() quality-accumulation-function(qaf),
whichde�neshow performingthesubtasksrelateto performingthe
parenttask. In this case,bothmethodsmustbeperformedin order
for thereto beutility in theparenttask,andwheretheparenttask's
utility if thisconstraintis notviolatedis thesumof its subtasks.The
sumqafgovernstheSearchandRescuein FireAreatask,indicating
thateithermethodin eitherordermaybeexecutedto generateutility.
In general,a TÆMStaskstructurerepresentsa family of plansand
schedules,ratherthana singleplanor schedule,wherethedifferent
pathsthroughthenetwork exhibit differentstatisticalcharacteristics
thatmustbecomparedto �nd thebestalternative.

Pros,Cons,and What WeWould Do Differently
One of the major strengthsof TÆMS is that it is generallyvery
expressive. TÆMSwasdesignedto modeltheproblemsolvingac-
tivities of complex cooperative blackboardproblemsolversand it
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 reasoningwith or schedulingTÆMStaskstructures
very dif�cult. In our opinion,onequestionto askwhendeveloping
a modelingor representationalstructureis how tractabletheresult-
ing modelwill be. If a modelis expressive but intractable,research
is limited eitherto toy sizedproblemspacesor somecomplex (and
usuallyapproximate)artifact like the Design-to-Criteriascheduler
is required.If theresearchinterestdoesnotpertainto schedulingor
complex analysis,thenthis shouldbeavoidedif possible.

Documentationwith TÆMS hasproven to beanotherissuethat
shouldhave beenaddressedsooner. Prior to theTÆMSwhitepaper

�

Facilitationandhinderingtaskinteractionsmodelsoft relation-
shipsin which a result producedby sometask may be bene�cial
or harmful to anothertask. In thecaseof facilitation,theexistence
of the result, and the activation of the nle generallyincreasesthe
qualityof therecipienttaskor reducesits costor duration.

[12], graduatestudentswerehandedadissertationor asmallstackof
researchpapersandforcedto generatethecurrentintellectualmodel
of TÆMSin a bottom-upfashion.A naturalquestionis why? The
answeris that researchis sometimesa rapidly moving target and
that,asall basicresearchersknow, therearetimesthatresourcesare
scarce.Thelackof suchdocumentationdid notbecomeanissueun-
til thenumberof new researchersworking in TÆMS(or attempting
to do so)grew above a certainthreshold.Thereis clearlya time at
which it is importantto “sureup” one's footingandgeteveryoneon
thesamepage– possiblyto thedetrimentof thepaceat which the
basicresearchprogresses.Thisdocumentation,andrelatedtutorial-
esquediscussionsbetweenmembersof thegroup,have clearlypaid
dividendsas the numberof researchersnow able to discussprob-
lem solving via TÆMS hasgrown signi�cantly – spreadingto at
leastfour universitiesandencompassingat least� ve faculty mem-
bersandtwentygraduatestudents.While this is attributableto other
concurrenthappenings,e.g.,developmentandsharingof infrastruc-
ture like theDTC schedulerandJAF, theexistenceof tutorial style
documentationhelpedsigni�cantly.

Thedevelopmenta of usableandsharableTÆMSmodellingim-
plementationhasalsopaidsigni�cant dividends.On or about1994
therewasa lisp versionof TÆMSthatwasintegratedwith a simu-
lation environmentandonly its original creatorswereable to get
it to turn over. A new implementationin C++ for use with the
DTC schedulerwasthe �rst implementationin which TÆMS was
a standaloneartifact. However, by the time the next TÆMS arti-
factsweredeveloped,around1996,Java hadbecomethe language
of choicefor this classof developmentanda new implementation
was needed.While the C++ and lisp versionsof TÆMS arestill
in use(theC++ versionis tied to theDTC schedulerandthusused
in nearlyall projects)the bulk of the researchersat UMASS rely
on a commonimplementationof TÆMSin Java. Supporttools for
TÆMShavealsopaidrealdividendsandtheseare,in asense,com-
binedwith theJava versionof TÆMS.Simplewaysto create,ma-
nipulate,view, andstoretaskstructuresarerequiredfor widespread
use.Again, this conceptis obviousto anyonemakinganartifactin-
tendedfor generaluse,but, in basicresearchthereis generallysome
give andtake betweenimplementationaccoutermentsandprogress
on theresearchfront.

Is thereanything wrong with TÆMS?Yes. In part becausethe
way it is beingusedhasevolved andin part becausefor somere-
searchit is necessaryto getcloserto thedetails,TÆMS hassome
odditiesandinconsistencies.Onenotableexampleis thedifference
betweentheresourcemodelssupportedin theJava implementation
of TÆMS and thosesupportedby the C++/DTC implementation.
The DTC scheduleradheresto the basicpropertyof TÆMS that
methodsareblackboxesandthereis nocorrelationbetween,for ex-
ample,quality anddurationor resourceconsumptionandduration.
Therearesituations,however, whereit is more intuitive to corre-
late time andresourceconsumption(thoughtherearecaseswhere
it is not, also). Becauseof this andthe particularapplicationsfor
which theJavasidewasbeingused,wenow havemultiple different
resourcemodelsthatareonly looselycompatible.Anotherexample
of inconsistenciescan be found in the TÆMS quality accumula-
tion functions– someqafsimposeorderingon the subtasks,some
do not, andsomespecifywhetheror not particularsubtasksmust
be performed,andsomedo not. The original conceptualizationof
TÆMSdid not specifyorderingsbut for severaldomainswe found
the modellingstructureinsuf�cient and it wasextended. What is
the moral of the story? Thereis value in applicationbut even the
bestconceivedartifactis likely to bepulledandstretchedwhenit is
actuallyused.

Otherproblemsor reservationswith TÆMSexist. For example,
by beingabstract,it needsto be coupledwith detailedinformation
to be usedin agentsoperatingin real environments,e.g., the de-



pendency speci�cationusedin the TripBot [22]. Another issueis
theway quality propagatesthroughthenetwork andthe limitation,
someof which is implementational,to reasoningonly in termsof
quality, cost,duration,anduncertaintyin eachof thesedimensions
(in contrastto our new

���

framework [20]). However, mostof
theseissuesfall into category of basicresearchquestions.

Design-to-Criteria Scheduling
TheDesign-to-Criteria(DTC) scheduleris theagent's local expert
on making schedulingcontrol decisions. The scheduler's role is
to considerthepossibledomainactionsenumeratedby thedomain
problemsolver andchoosea courseof actionthat bestaddresses:
1) the local agent's objectives or goal criteria (its preferencesfor
certaintypesof solutions),2) thelocal agent's resourceconstraints
andenvironmentalcircumstances,and3) the non-localconsidera-
tionsexpressedby theagent's (optional)coordinationmodule.The
generalideais toevaluatetheoptionsin light of constraintsandpref-
erencesfrom many differentsourcesandto �nd awayto achievethe
selectedtasksthatbestaddressesall of these.

Theschedulerunderstandstheagent'ssituationandobjectivesvia
TÆMStaskstructuresandreasonsaboutdifferentpossiblecourses
of actionsvia TÆMS.Schedulingproblemsolving activities mod-
elled in the TÆMS languagehasfour major requirements:1) to
�nd a setof actionsto achieve the high-level task,2) to sequence
theactions,3) to �nd andsequencetheactionsin soft real-time,4)
to producea schedulethat meetsdynamicobjective criteria of the
agent.Thereasonwe requiresoft real-timeis that theDTC sched-
uler is designedfor openenvironmentswhereunpredictedchangeis
commonplace.Whenchangeoccurs,theagentreinvokestheDTC
schedulerto decideonanappropriatecourseof action.

TÆMS modelsmultiple approachesfor achieving tasksalong
with the quality, cost,anddurationcharacteristicsof the primitive
actions,speci�cally to give agent's �e xibility in problemsolving.
This is how TÆMS agentscanrespondto new situationsandhow
they cancustomtailor theirproblemsolvingfor differentsituations.
A classicexamplebeing to trade-off solution quality for shorter
durationwhentime is limited. The DTC scheduleris the agent's
schedulingtrade-off andcontrolexpert.TheTÆMSschedulingob-
jectiveis notto sequenceasetof unorderedactionsbut to �nd within
a generatedtaskstructurea setandthena sequenceof actionsthat
bestsuitsa the agent's currentobjectives; that is to saythat there
may be mutually exclusive setsof partially orderedsetsof actions
thatmustbesequenced.

Design-to-Criteriaschedulingrequiresa sophisticatedheuristic
approachbecauseof the schedulingtask's inherentcomputational
complexity ( �����	��
 and ��� �
��
 ) it is not possibleto useexhaustive
searchtechniquesfor �nding optimal schedules.Furthermore,the
deadlineand resourceconstraintson tasks,plus the existenceof
complex taskinterrelationships,preventtheuseof asingleheuristic
for producingoptimalor even“good” schedules.Design-to-Criteria
copeswith theseexplosive combinatoricsthroughapproximation,
criteria-directedfocusing, heuristic decisionmaking, and heuris-
tic errorcorrection.Thealgorithmandtechniquesaredocumented
morefully in [21; 18;17;15].

The Good, the Bad, and the Ugly
The DTC scheduleris an extremely complex artifact encompass-
ing around50,000lines of C++ code. It is fast for what it does–
schedulinglarge task structures(having �fty primitive actions)in
lessthan8 secondsandperforminghundredsof thousandsof prob-
ability distribution combinationoperationsin that time (on a basic
PIII-600classmachinerunningLinux). However, thereareapplica-
tions for which the DTC schedulerrunningin exhaustive schedul-
ing modewill run in lesstime thanif runningin its normalheuristic

modewhichis designedto copewith highordercombinatoricsfrom
many differentsources.In somecases,for sometaskstructures,do-
ing an exhaustive searchis actuallyfasterandmoreeffective. Re-
latedly, for applicationsthathave particularregularproperties,e.g.,
usinga singleTÆMS taskstructurewith differentbindingson the
leaves,customschedulingsolutionscanbedevelopedthatwill out-
performtheDTC scheduler. Thethoughthereis thatdomaininde-
pendencein control is a hardproblemandtherearealwaysperfor-
mancetrade-offs involved. Striving for generalitymeansto have to
addressthehardestclassof problemspossiblefor a givenproblem
instance.

TheDTC schedulerwasalsowritten to be fast andsomeof the
optimizationshave provenobstacleswhenTÆMSwasmodi�ed or
changedin very particularways. For example,the additionof the
sigmoid()quality accumulationfunction meantthat the scheduler
hadto tracknew anddifferentinformation. Similarly, theaddition
of TÆMS qafs that imposeorderingsrequiredsomeimplementa-
tional acrobatics.If theschedulerhadbeendesignedlessfor speed
from thebeginning it would have beenmoreeasilyextended.It is
unclearif the schedulershouldhave beendesigneddifferently, as
it hasthus far beenextensibleto meetmostof our needs,but, in
ouropinion,codeoptimizationshouldonly beappliedto maturere-
searchtechnologiesunlesstheartifactposessigni�cant bottlenecks.

Oneof themajorwinsin theDTCschedulerhasbeenitsencapsu-
lation. TheDTC scheduleris statelessandobtainsall of its informa-
tion via input �les andproduceseverythingtheclientneedsvia out-
put �les. Written in C++, thisstatelessapproachmeansthatit is lit-
erallyastand-aloneexecutablethatclientsinvokewhenneeded.The
onecaveatwith this model is that it requiresthe process-starting-
overheadof theOSandcannotbeinvokedvia native functioncalls
from Java or lisp. Prior to theDTC scheduler, our schedulingtech-
nology was tightly coupledwith the executionsubsystemandas-
sumedthat it would have the ability to monitor taskperformance
directly. In general,theseparationof concernshaspaidgreatdivi-
dends.Evidenceof this includesthevarietyof waysthat theDTC
schedulerhas beenusedin our research,including other sched-
uler enhancementsthatbuild on top of theschedulerasanexternal
clients,e.g,work in schedulecachingandpartial-ordering[16].

Relatedto theDTC scheduler's encapsulationwastheconstruc-
tion of ahumanreadabletextual I/O formatfor DTC. Referredto as
t-TÆMS, theinput to theDTC scheduleris a textual representation
of aTÆMStaskstructureplusatextualrepresentationof theagent's
objective function and constraintslike deadlines,resourcelimita-
tions, etc. Given the input, the schedulerschedulesandproduces
multiple differentoutput �les. Oneof which is a t-TÆMS sched-
ule �le thatcontainsa rankedsetof detailedschedulesfor theagent
that includesexpectationsabouttaskperformanceandthe stateof
problemsolving as tasksareexecuted. This informationcanthen
be usedto determinewhenit is necessaryto replanor reschedule.
TheDTC scheduleralsoproducesa morehumanfriendly schedule
representationanda simplescheduledescription�le for clientsthat
do not which to implementt-TÆMSschedulerparsers.Thelesson
learnedhereis that, obviously, goodinterfacesareimportant,but,
alsothat textual representationsoften provide importantfor versa-
tility andfor humandebugging.

Simplicity to theclienthasbeenanotherrealdesignpay-off in the
DTC scheduler. While thescheduleris highly con�gurablein terms
of the typesof pruningandfocusingit does,the typesof analysis
it does,the way it approachesresources,scheduling,analysis,and
the way it evaluatesprobabilitydistributionsanduncertainty, most
clientsnever needto customizethesefeatures.Thus,while mostof
themareaccessibleeithervia commandline argumentsor via the
t-TÆMS input �le, the DTC schedulerdoesnot requirethe client
to specify anything him or herself. Insteadit is con�gured with
a set of default optionsthat, in general,yield good performance.
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Figure3: Abstractview of a typical JAF component.

It is worth noting that it an ideal world it would classifyproblem
instancesandsetdefaultson a learnedbasis,but, right now it does
not have this functionality. The importantconcepthereis that no
matterhow complex one'sartifactmaybe,mostusersor clientshave
little or no interestin having to understanda large setof research
questionsto usetheartifact. If reuseis a goal,gooddefaultsanda
verysimpleinterfaceis a clearwin.

Oneof thecaveatsof reusehasalsocometo light in developing
the DTC scheduler. Reuserequiressupportto evolve reusablear-
tifacts. As artifactsareappliedto new projects,they arealsoused
in differentwaysandin differentenvironments.This canhighlight
simplebugsbut alsoleadto largersupportissueslikehaving to mod-
ify the technologyor to explain in detailwhy theartifactperforms
in certainways. Quite often with researchtechnologiestheseex-
planationsarenon-trivial becauseof theissuesto which they relate.
Supportoutsideof aresearchlab is anobviousresultof distribution,
however, the supportburdenof infrastructuresharingwithin a lab
shouldalsoberecognizedandexplicitly addressed.

Java Agent Framework
Theunderlyingtechnologyof ourJavaAgentFramework (JAF) uses
component-basedtechnologydesignedto promotereuseandexten-
sion.Developerscanuseits plugandplay interfaceto quickly build
agentsusingexisting genericcomponents,or to developnew ones.
TheJAF architectureconsistsof two parts,a setof designconven-
tionsandanumberof genericcomponents.Thedesignconventions
provide guidanceto the developer, which attemptto facilitate the
creation,integrationandreuseof newly written components.The
genericcomponentsform a stablebasefor theagent,which thede-
velopercanuseor extendasneeded.For instance,a developermay
requireplanning,schedulingandcommunicationservicesin their
agent.In this case,genericschedulingandcommunicationcompo-
nentsexist, but adomain-dependentplanningcomponentis needed.
Additionally, the characteristicsof the genericschedulingcompo-
nentdo not satisfyall thedeveloper's needs.TheJAF designcon-
ventionsprovide thedeveloperwith guidanceto createa new plan-
ning componentcapableof interactingwith existing components
without unduly limiting its design. A new schedulingcomponent
canbe derived from the genericoneto implementthe specialized
needsof their technology, while thecommunicationcomponentcan
be useddirectly. All threecaneasily interactwith oneanotheras
well asothercomponentsin theagent,maximizingcodereuseand
speedingup thedevelopmentprocess.

JAF buildsuponSun's Java Beansmodelby supplyinga number
of facilities designedto make componentdevelopmentand agent
constructionsimplerandmoreconsistent.A schematicdiagramfor
a typical JAF componentcanbeseenin �gure 3. As in Java Beans,
eventsandstatedataplay an importantrole in sometypesof inter-
actionsamongcomponents.Additional mechanismsareprovided
in JAF to specifyandresolve bothdataandinter-componentdepen-
dencies.Thesemethodsallow a component,for instance,to spec-

ify that it canmake useof a certainkind of dataif it is available,
or that it is dependenton the presenceof oneor moreothercom-
ponentsin the agentto work correctly. A communicationscom-
ponent,for example,might specifythat it requiresa local network
port numberto bind to, andthat it requiresa loggingcomponentto
function correctly. Thesemechanismswereaddedto organizethe
assumptionsmadeby componentdevelopers- withoutsuchspeci�-
cationsit wouldbedif�cult for thedesignerto know whichservices
agivencomponentneedsto beavailableto functioncorrectly. More
structurehasalso beenaddedto the executionof componentsby
breakingruntime into distinct intervals (e.g. initialization, execu-
tion, etc.),implementedasacommonAPI amongcomponents,with
associatedbehavioral conventionsduring theseintervals. Individ-
ual componentswill of coursehave their own, specializedAPI, and
“class” APIs will exist for familiesof components.For instancea
family of communicationcomponentsmight exist, eachproviding
different typesof service,while conformingto a singleclassAPI
thatallows themto easilyreplaceoneanother.

JAF hasbeenusedsuccessfullyin several domains.It wasorig-
inally conceivedanddevelopedto evaluatemulti-agentsystemsur-
vivability within theMASS simulator[24]. Later, additionalagents
weredevelopedin JAF within the IHomeproject, which lookedat
how multi-agentsystemscouldplayarolein anintelligenthomeen-
vironment.JAF agentswerealsoaugmentedwith a diagnosiscom-
ponentin IHome , anda Producer-Consumer-Transporterdomain
[2], to study the role diagnosiscan play in dynamicallyadapting
organizationaldesignin responseto environmentalchange. Most
recently, JAF hasdeployedin a distributedsensornetwork environ-
mentwhere, agentsmustorganizeto gatherthesensordatarequired
to trackmoving targets.In this lastproject,thesesameagentswere
alsosuccessfullymigratedfrom a simulatedenvironmentto anac-
tual physicalsystemusingDopplerradarsensorsandmoving tar-
gets. Over the courseof theseprojects,roughly 30 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
were comprisedof existing, reusedcode. In the caseswhereex-
isting componentscould not operatein the given environment,as
whenagentsaremoved to a differentsimulatoror into a physical
system,only relatively minor extensionswererequiredto low-level
components(e.g. communicationor execution),while the higher
level componentsworked unchanged.The event-basedinteraction
systempermitscomponentsto beeasilyaddedandremoved,while
retainingtheability to reactto actionsperformedby othercompo-
nents. State-basedinteractiontakes this onestepfurther, ascom-
ponentscan reactto changesin local data,without knowledgeof
which othercomponentsoriginally performedthe change.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),which servesasa commondatarepositoryfor
the components.The schedulingcomponentwill reactto this ad-
dition by producinga schedulefor the taskstructure,which is also
placedin thestaterepository. This scheduleis thenusedby theex-
ecutioncomponentto performthedesiredactions.Finally, thesuc-
cessof a particularactionwill causethecoordinationcomponentto
sendbacktheappropriateresults.In eachof thesesteps,theactoror
originatorcouldbeseamlesslyreplaced,without themodi�cation of
othercomponentsin thesequence.

Thereareseveraldrawbacksto this framework. Themostimpor-
tant is the absenceof a well-de�ned threadof control. The con-
trol architecturedoesprovide for differentiatedexecution phases
(e.g. construction,initialization, execution),anda periodicexecu-
tion pulsefor eachcomponentat runtime. Theeventsystem,how-



ever, cloudsthiswaterconsiderably, sinceactivity in onecomponent
candirectly causea reactionin another. This canleadto long and
complicatedexecutionstacks,aswell asthepotentialfor cyclesor
oscillations.Becausecomponentsaredesignedby differentdevel-
opers,one cannotpredict a priori exactly how they may interact.
This processis further complicatedby the fact that event distribu-
tion is unordered,soonecannotassumethataparticularcomponent
hasprocessedit beforeanother, andit is dif�cult to insertnew ac-
tivities betweeneventgenerationandreaction.A relateddrawback
arisesfrom theinability to preempta component's executionwithin
thesinglethreadof control.Again,becausecomponentsmaybede-
velopedindependently, theactivity in onemay inadvertentlycause
the failure of anotherin time- or resource-criticalsituations.Con-
siderthecaseabove, wherecoordinationgenerateda new goal for
the agent. If the schedulingprocesstakes too long to �nd an ap-
propriateschedule,or if an unrelatedprocesswereto startshortly
thereafter, it may becomeimpossiblefor the deadlineagreedupon
to bemet.

Conclusion
We have describedsomeof our researchin generalizedagenttech-
nology and pointedout someof the issueswe have encountered.
Drawing away from the speci�cs of eachcomponent,we would
like to leavereaderswith thethoughtthatdevelopingreusableagent
technologyis a hardproblem. Becauseunderstandingsevolve, as
with all research,technologiesmust stretchand evolve too. We,
of the agent's community, might have a slightly harderproblem
thanresearchersin otherareasbecauseboththeapplicationdomains
andthe agentconstructiontechnologiesareevolving concurrently.
What are the infrastructurerequirementsof a complex, persistent,
autonomouspersonalassistantthatmigrateswith us from machine
to machine,readsournews, �lters ourmail, andcoordinatesourac-
tivitieswith peers,family, andfriends?Wehaveanideaatthis time,
but, thelandscapeis far from beingwell de�ned.
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