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Abstract. For a given agent goal or objective there will be many different pos-
sible task execution paths for achieving the goal. One method for achieving the
goal is to algorithmically determine the “best” execution path execute that path.
One question that arises with this strategy is what to do in the event a segment of
the selected path fails. Then the agent architecture must select a new execution
path and begin again. One potential solution to this problem is to start several ex-
ecution paths, thereby increasing the chances for success. Questions of how much
redundancy to use depend on factors such as the agent architecture, the amount
of excess resources, the number of task interdependencies, the underlying hard-
ware, and the network overhead. This paper will describe a methodology and
results for building and evaluating task execution schedules of agent actions. In
particular scalability, parallelism and the threaded nature of the individual agent
architecture; the complexity of the scheduling algorithm itself; and the overhead
of the architecture itself. Determining overhead is needed to be able to charac-
terize the types of time constraints the architecture can respond to. Experiments
using different task scheduling algorithms were utilized to develop an experimen-
tal platform for future research in agent task scheduling. The goals of the testing
were to determine some basic parameters that will be used to determine the suit-
ability of the architecture for certain types of work and to assist in development
of efficient soft real-time task scheduling algorithms.
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1 Intr oduction

In this paperwe areconductingan exploratorystudyof the behavior of an agentar-
chitecturein responseto varioustypesof testpro�les. In this casethe explorationis
to discover how thesystemwill behave underparticularconditions.Onereasonto do
this is to provide a meansfor comparingcompetingsystems.While raw performance
measurementsarevaluable,their realvaluelies in theevidencethey provide thatleads
to explanationsfor theperformancedifferences.Thispaperwill providebothmeasure-
mentsandexplanationsthatwill leadto betterschedulingalgorithms.

Speci�c goalsfor theseexperimentsare:
�
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– Providea basisfor thecomparisonof architectures.
– Determinetheeffectivenessof thethreadeddesignof ourarchitecture.
– Determinehow thearchitecturewill performunderheavy loads.
– Determinehow the distributed natureof an agenttask hierarchyaffects perfor-

mance.
– Compareseveral taskschedulingalgorithms1 andthenexaminetheresultsto de-

terminewhy they workedtheway they did.

TheexperimentshereareconductedusingtheDECAF [5] agentarchitecture.The
basicarchitectureis described,followedby theexperimentalsetupandthentheexperi-
mentalresults.

2 Overview of DECAF Architecture

DECAF (Distributed,Environment-CenteredAgentFramework) is a toolkit which al-
lows a well-de�ned software engineeringapproachto building multi-agentsystems.
The toolkit providesa stableplatform to design,rapidly develop,andexecuteintelli-
gent agentsto achieve solutionsin complex softwaresystems.DECAF providesthe
necessaryarchitecturalservicesof a large-grainedintelligentagent[3,8]: communica-
tion,planning,scheduling,executionmonitoring,coordination,andeventuallylearning
andself-diagnosis[6]. This is essentiallytheinternal“operatingsystem”of a software
agent,to whichapplicationprogrammershavestrictly limited access.

The control or programmingof DECAF agentsis provided via a GUI calledthe
Plan-Editor. In thePlan-Editor, executableactionsaretreatedasbasicbuilding blocks
whichcanbechainedtogetherto achievea largermorecomplex goalin thestyleof an
HTN (hierarchicaltasknetwork). This providesa softwarecomponent-styleprogram-
ming interfacewith desirablepropertiessuchas componentreuse(eventually, auto-
matedvia theplanner)andsomedesign-timeerror-checking.Thechainingof activities
caninvolve traditionalloopingandif-then-elseconstructs.This partof DECAF is an
extensionof theRETSINA andTÆMStaskstructureframeworks[10,2].

The goalsof the architectureare to develop a modularplatform suitablefor our
researchactivities,allow for rapiddevelopmentof third-partydomainagents,andpro-
vide a meansto quickly develop completemulti-agentsolutionsusingcombinations
of domain-speci�cagentsandstandardmiddle-agents[1] andto take advantageof the
objectoriented-featuresof theJAVA programminglanguage.

Themodularnatureof thearchitecturewill beutilized in severalwaysduring the
courseof the experiments.First, eachmoduleof the architecture(the boxes in Fig-
ure 1 areestablishedasseparatethreadsin the Java languageconstructs.Further, the
executionmoduleestablishesa separatethreadfor eachexecutableactionthat is not
dependentonanotheractionfor thetask.It is anticipatedthatthishighly paralleldesign
will leadto largegainsin computationspeed.Thisspeedof courseis usedmeet“soft”
realtimegoalsanddeadlines.

1 In this paper “task scheduling” refers to the act of allocation of processor resources to agent
actions and not to domain-level or distributed actions.
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Fig.1. DECAF Architecture Overview

Secondly, the schedulingmoduleitself will be replacedwith anotherscheduling
moduletocompareresults.Theschedulingcanbetestedin isolationfromtheremainder
of thearchitecture.Lastly, theDispatchermodulewill betestedby settingup a highly
distributedandverynetwork intensivetest.Againtheparallelnatureof thecodeshould
reveal that an I/O intensive operationsuchasnetwork communicationscanbe done
with little impacton thecomputationproblems.

DECAF distinguishesitself from many otheragenttoolkits by shifting the focus
away from theunderlyingcomponentsof agentbuilding suchassocket creation,mes-
sageformatting,andthedetailsof agentcommunication.In thissenseDECAFprovides
anew programmingparadigm:Insteadof writing linesof codethatincludesystemcalls
to a native operatingsystem(suchasread()or socket()) DECAF providesanenviron-
mentthatallows thebasicbuilding block of agentprogrammingto beanagentaction.
Conceptually, we think of DECAF asanagentoperatingsystem.Codewithin thatac-
tion canmakecallsto theDECAFframework to sendmessages,searchfor otheragents
or implementa formally speci�ed coordinationprotocol.This interfaceto the frame-
work is a strictly limited setof utilities that remove asmuchaspossiblethe needto
understandthe underlyingstructures.Thus,the programmerdoesnot needto under-
standJAVA network programmingto sendamessage,learnJAVA databasefunctionsto
attachto theinternalknowledgebaseof theframework, or implementstandardcoordi-
nationmechanisms.
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3 The Experimental Study

3.1 De�ning Scheduling

For agiventask,therewill potentiallybemany differentmethodsfor accomplishingthe
task.Thescheduling“problem” is theselectionfrom a setof possibleexecutionpaths,
onepaththataccomplishestheagentgoalwith ideaof a“best” executionpath.If, how-
ever, we canattachto eachexecutionpathsomekind of estimationof theperformance
of thatpath,AND theusercanprovideanideaof whattheperformanceobjectivesare;
then the agentarchitecturecanreasonaboutthe conceptof a “best” executionpath.
Oneof the goalsof the experimentsdescribedhereis to determinewhat parameters
might beusedfor reasoningaboutscheduling.In orderto do that,themodulardesign
of DECAF allows for theimplementationandtestingof any numberof schedulingal-
gorithms.Sincethe inputsandoutputto the schedulingmodulearewell de�ned it is
relatively simplematterto changealgorithmsandrunexperiments.

DECAF operatesby readinga plan �le which containsa list of tasksthat this in-
stantiationof thearchitectureis capableof performing.A plan�le is anASCII repre-
sentationof a HierarchicalTaskNetwork (HTN) thatdetailstheactionsandsequences
to completea task.

TheDECAF Plan-Editorannotateseachactionwith noteson performanceanduse
which arethenusedinternally by DECAF to provide real-timelocal taskscheduling
services.

– A performancepro�le is a vectorof characteristics
������ ���	�
���	��
�
�
��
�����

assignedto DECAFactions. Thesecharacteristicsrelateto theperformanceof the
actionitself andnot to theresultproducedby theaction.Examplesof characteric-
ticsmaybecost,qualityandduration.

DECAF will selecta setof actionsto be executedthat will accomplishthe goal.
For a givenplan�le, therewill bemany suchsets.Eachsetof actionsis evaluatedand
assignedavalueasfollows.

– Each task usesa Characteristic Accumulation Function (CAF) which deter-
mineshow the vector of performancecharacteristicsrelatedto the achievement
of a taskis relatedto theachievementof thecomponentsubtasks(or actions).The
CAF takesasinputa list of characteristicvectors,andproducesavectorof charac-
teristicsfor thetask. �

CAF �
����	� �������
�
�
�� �������� ��

CAF

– An objective utility function ( � ) is an assignmentby theuserof someideaof
“goodness”of theactionsthatmakeup thetask.� takesasinput thecharacteristic
vectorproducedby CAF andproducesavaluethatquanti�esthe“goodness”of the
overall task.
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Theresultis a setof valuesassignedto setsof actions.Thesetof actionswith the
best� is thesetthatwill bechosento beexecuted.Thereuseof commonagentbehav-
iors is thusincreasedbecausetheexecutionof thesebehaviorsdoesnotdependonly on
the speci�c constructionof the tasknetwork but alsoon the dynamicenvironmentin
whichtheagentis operating.For example,aparticularagentis allowedto searchuntil a
resultis achievedin oneapplicationinstance,while thesameagentexecutingthesame
behavior will usewhatever resultis availableafteracertaintime in anotherapplication
instance.Thisconstructionalsoallowsfor acertainlevel of non-determinismin theuse
of theagentactionbuilding blocks.

Thereis a considerableamountof computationalcomplexity involvedin determin-
ing the “best” executionpath.In theeventof a sub-taskfailure,that complexity must
berepeatedin orderto determinethenext courseof action.Our planof attackhastwo
components:

– Provide fasterserviceby makingthetaskmodelsimpler.
– Provide betterreliability by selectingseveralsetsof actionsisto avoid thecompu-

tationaloverheadby

Thefocusof theexperimentalresultsdonehereareon theSchedulingmodule.The
purposeof the Scheduleris to determinewhich actionscan be executednow, which
shouldbe executednow, andin what order. This determinationis currentlybasedon
whetherall of the provisionsfor a particularagentactionareavailable.Someprovi-
sionscomefrom theincomingmessageandsomeprovisionscomeasa resultof other
actionsbeingcompleted.ThismeanstheTasksQueueStructuresarecheckedany time
a provisionbecomesavailableto seewhichactionscanbeexecutednow.

Initially, this moduleof DECAF is basedon thedesign-to-time(DTT)anddesign-
to-criteria(DTC)schedulingwork at the Universityof Massachusetts[4,9]. For com-
parisonpurposes,therewill betwo other(non-reasoning)modulescomparedto DTC.

3.2 Experimental Goalsand Setup

DECAFoperatesby readinga plan �le whichcontainsa list of tasksthatthis instantia-
tion of thearchitectureis capableof performing.A plan�le is anASCII representation
of a HierarchicalTaskNetwork (HTN) thatdetailstheactionsandsequencesto com-
pletea task.The actualsyntaxof the plan �le is an extensionof the RETSINA and
TÆMSstructuredetailedin [10,2]. In broadterms,aplan�le is tree2. Theplande�nes
executionpathsalong the variousbranchesof the tree and the critical measurement
of complexity of the plan is the numberof actions(representedastree leaves) to be
executed.

The testscenariowill be a setof plan �les anda setof schedulingmodules.The
following sectionsdescribethesetupfor eachof areasof exploration.

2 “Tree” is not quite a totally accurate term for an HTN plan, but for purposes here it will serve
well.
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Testing Scheduling A DECAF agentis programmedvia a plan �le. Eachplan �le
will have a de�ned Complexity Rating, CR. TheCR is a quanti�cationof the inherent
dif�culty analyzinga plan andcomingup with preferredschedules.In general,there
is no convenientway to characterizeCR, meaningthereis no simple mathematical
formulain termsof breadthanddepthof thetree.This is becausea branchof thetree
maybe takenor not takenbasedon the CAF de�ned earlier. Algorithmically, theCR
is determinedby a recursive traversalof theHTN whichcountsthethetotalnumberof
possiblepathsthatcanbetakento accomplisha tasktakinginto accounttheCAF.

Thepremiseof this testis thatthemodelof a taskde�ned by DECAF is lesscom-
plex thana TÆMSmodel.This meansfor the sametasktherewill be fewer pathsto
explorefor possibleschedules.Oneobjectiveof theschedulingtestwill beto determine
arelationbetweenandexecutiontime.Clearlythepathsto beanalyzedthemoretimeit
will take. In comparingDTC to theDECAFscheduler, thereis not a one-to-onecorre-
spondence.Thereasonis thatTÆMSQualityAccumulationFunction(QAF) (roughly
theequivalentof the DECAF CAF) allows for moretypesof semanticsthanDECAF
andwhileDECAFhasonlyonetypeof enablingrelationshipTÆMShasapproximately
ten.It shouldbenotedthatall constructsof TÆMSareachievablein DECAFviamacros
or functionmapping.In this sense,DECAF is a moreRISCarchitecturewhile TÆMS
followsaCISCarchitecture.

Thebasictestthenis to comparethe time to computetheschedulesfor DTC and
DECAF plan �les that have the sameCR. At this time we do not have suchresults.
Theproblemis thatoneplan�le in DECAFwill have a muchlowerCR thanthesame
plan�le appliedto DTC. We arecurrentlyin theprocessof developingplansthathave
similarCRandthenmeasuringthetimeto computeaschedule.

As an example,we measuredthe CR for BIG (BoundedInformationGathering)
[7]. BIG wasrunthroughDTC andthroughDECAF. BIG is asophisticated,web-based
informationgatheringagentthat recommendssoftwarepackages.BIG plans,locates
andprocessesfree-formatWWW documentsvia naturallanguageprocessingandother
text extractiontechniques.BIG consistsof 26 methods.In TÆMS(DTC), this results
in greaterthan67 million paths.To evaluatethe pathsandcomeup with the best15
schedulestook DTC 6 seconds.Thesameplanrun thoughDECAF wasevaluatedin 2
secondsandthebestplanhadthesameoverallutility astheDTC evaluation.

Testing Scalability TestingScalabilityis a matterof observingresultswhenthe un-
derlyingarchitecture(suchasnumberof CPU's) is variedor thesoftwarearchitecture
(threadedvs.non-threaded)is changed.For theseteststhe

���
is notsomuchanissueas

thetotal numberof actionsinvolvedin thesystem.Thereshouldbea relationbetween
thenumberof agentsandtheexecutiontime.

Additionally, An alternativeexecutionmodulewastested.By default,DECAFwill
parallelizeandthreadasmuchexecutionaspossible.This requiresa largeamountof
synchronizationbetweenmethods.The time for the synchronizationshouldbe com-
putationallyinsigni�cant whencomparedto a non-threadedversionof the execution
module.This will give a measureof thebene�t of a threadedarchitecture.The bene-
�ts of threadingvarygreatlydependingon thetypeactionbeingperformed.I/O bound
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activitiesshow muchgreaterbene�t (evenonsingleprocessormachines)thancompute
boundactions.

4 Experimental Results

4.1 Multi ProcessorsversusSingleProcessor

In order to scalea complex task it is essentialmake surethe Java Virtual Machine
(JVM) makesuseof threadsandmultiple processorsin the obvious fashion.To test
this,we wrotea computationallycomplex agentaction.If theactionis runmany times
in theaccomplishmentof thetask,wewouldexpectto seedirectbene�t from threading
andmultipleprocessors.Figure2 showsthatin theabsenceof threadingthenumberof
processorsis of little bene�t. As thenumberof processorsis increased,thereseemsto
belittle time improvement.
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4.2 Thr eadedversusNon-threadedExecution

The test to verify threadedexecutionbehavior in the JVM is the sametestasabove
but with a threadedversionof DECAF. In this caseeachactionspawn a new thread.
Figure3 youcanseethatif thereis only oneprocessor, thereis nothingto begainedby
multi-threading.Thedifferencebetweenthevaluesshown in Figure2 andFigure3 is
theresultof threadingandshows thattheJVM worksin theexpectedmanner.
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Fig.3. Threaded Execution Results

In termsof ourultimategoalof runningseveralexecutionschedulesin parallelthis
is signi�cant. Theideais to improve reliability throughredundancy. Thesetestsshow
that spareCPU cycleswill be availablefor suchredundancy only if an actionis not
100%computeboundasthesetaskswere.At this timewearedevelopingtestthatshow
suchincreasedreliability canbeachieved.

4.3 Feasibility

Thebasicpremiseof themannerthatDECAF will provide increasedreliability is that
unusedCPU cyclescanbe usedto run backupplansin the caseof the failure of the
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primaryscheduleselection.This of coursecannotwork if theactionsto becomputed
arecomputebound.A testwasrun to verify that actionsthat areI/O boundwill run
in paralleleven on a singleprocessor. The following graphshow the time to execute
tenactions.Themix of thetenactionsvariesfrom 100%computeboundtasks(imply-
ing 0% I/O boundactions)to 100%I/O boundactions(implying 0% computebound
actions)EachI/O boundtaskrunsfor 5 secondson its own andeachcomputebound
taskrunsfor about2 secondson its own. If thingswork aswe needthemto, 10 I/O
boundtasksshouldrun in 5 secondsplussomeoverheadfor thecontext switchingand
architecture.Tencomputeboundtasksshouldtake around20 seconds.Whenthetype
of tasksaremixedthereshouldbea straightline correlationbetweentime andthemix
of jobs to be done.Figure4 shows the time to executeagainstthe percentageof I/O
boundtasks.Thismapsto theformula:� 
 ��� ��������� �
	 ��� � 

���
whereC is thenumberof computeboundtasks.1.5(seconds)is theapproximaterunning
time og thecomputeboundtask,G(I) is a functionbasedon thenumberof I/O bound
task, � �
	 � ��� � if 	�� ��

otherwise

5 secondsis the time for the I/O boundtaskand1.23is thearchitectureandJVM
overhead.

4.4 Network Intensive Executionand Agent Scalability

Virtual FoodCourt (VFC) is a smallarti�cial economy. VFC modelsdiners,workers,
andentrepreneurs.Theseeconomicentitiesarecaricaturesof theparticipantsin transac-
tionsthattakeplacewithin asimpli�ed shoppingmall foodcourt.Althoughcaricatures,
theentitiesexhibit behaviors,chosenfrom arepertoireof self-interestedbehaviors,suf-
�cient to allow VFC to containa labormarket,marketsfor foodserviceequipment,and
marketsfor foodproducts.VFC is aMAS andconsistsof sevenbasicagentsplussome
numberof dineragentsandrestaurantagents.RunningVFC is interestingthecontext
of our testingherebecauseit canbescaledto 100'sof dinersandspreadoutovermany
targetmachineto measurebothscalabilityandnetwork overhead.

The basictaskunit for VFC is a meal.A diner entersthe restaurant,negotiatesa
mealwith a waiter. Therestaurantmakesdecisionson whetherto preparethemealor
buy it. Toeatonemealrequiresabout100KQML messagetobeexchangedwith various
agencies.It is alsoa very memoryintensive application.Eachagentmustcheckson
availability of employees,food andotherresources.Thetestrun variedthenumberof
mealsfrom two to onehundred.Testsweredonewhereall of the VFC agentran on
onemachineandthesametestweredonewheretheVFC agentwerelocatedon seven
separate(singleprocessor)machinesona localareanetwork.

The time to serve eachmealincreasedasdemandincreased,just asit would take
longerto geta mealin a crowdedrestaurantversusa not crowdedrestaurant.For ex-
ample,the time to get a mealwith two diner wasapproximately6 secondsper meal
while thetimepermealfor twentydinerswasapproximately25secondspermeal.This
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meansthatthenumberof messagessentto accomplishservingthemealsalsoincreased
but the differencebetweenthe local executionandthe distributedexecutionwascon-
stantat about%2. A further testwould be to run the agentson completelydifferent
networks,but thatis not feasiblein ourdomain.

5 Conclusionsand futur e work

DECAF was �rst presentedat ATAL-99. At this time, DECAF is a muchmorema-
ture productandseveral complex agentsystemshave beendevelopedusingDECAF.
Two academicclasseshave usedit for classwork, theVirtual FoodCourt is beingused
to modeleconomicbehavior, a proxy agentfor interfacewith browsers,a web page
learningagentanda PARKA databaseagenthavebeendevelopedusingDECAF.

Themajorgoalsof our testingwereto:

– Providea basisfor thecomparisonof architectures.
– Determinetheeffectivenessof thethreadeddesignof ourarchitecture.
– Determinehow thearchitecturewill performunderheavy loads.
– Determinehow the distributed natureof an agenttask hierarchyaffects perfor-

mance.
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– Compareseveraltaskschedulingalgorithms.

Theobviousimprovementin performancedueto threadingis clear. However, some
improvementin the internalmechanismsof DECAF maybe neededto fully take ad-
vantageof amultiprocessorsystem.Also thechangesin networkedagentscomparedto
locally executedagentsystemsneedsto beexamined.

Onemajorgoalof the testingwasto developa platformfor the typesof testsand
measurementsthat needto be usedin evaluatingagentperformance.In the courseof
this testingatestgeneratorwasdevelopedwhichprovedinvaluablefor creatingvarious
typesof tests.Thetestgeneratorallowsfor agenttaskstructuresof differentcomplexity
to beevaluated.Futurework will focuson thedevelopmentof a morecompletesetof
benchmarksfor evaluationof DECAFaswell asotheragentarchitectures.

Anothergoalof thetestingwasto establishabaselinefor comparisonof scheduling
algorithms.Thishasbeenachievedandin theprocesswehaveestablishedthevalidity of
thestructureof theDECAFmodel.It provedto bea relatively simpletaskto exchange
schedulingalgorithmssincetheinterfaceto themoduleis well de�ned.
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