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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 are conductingan exploratory study of the behaior of an agentar
chitecturein responsdo varioustypesof testpro les. In this casethe explorationis
to discover how the systemwill behare underparticularconditions.Onereasorto do
this is to provide a meansfor comparingcompetingsystemsWhile raw performance
measurement@revaluable their realvaluelies in the evidencethey provide thatleads
to explanationdor the performancalifferencesThis papemwill provide bothmeasure-
mentsandexplanationghatwill leadto betterschedulingalgorithms.
Speci ¢ goalsfor theseexperimentsare:
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— Provide abasisfor the comparisorof architectures.

— Determinehe effectivenes®of thethreadedlesignof our architecture.

— Determinehow thearchitecturewill performunderheavy loads.

— Determinehow the distributed natureof an agenttask hierarchyaffects perfor
mance.

— Compareseveraltaskschedulingalgorithms® andthenexaminethe resultsto de-
terminewhy they workedtheway they did.

The experimentshereareconductedisingthe DECAF [5] agentarchitectureThe
basicarchitecturds describedfollowedby theexperimentaketupandthenthe experi-
mentalresults.

2 Overview of DECAF Architecture

DECAF (Distributed, Environment-Centeredgent Framevork) is a toolkit which al-
lows a well-de ned software engineeringapproachto building multi-agentsystems.
The toolkit providesa stableplatformto design,rapidly develop, and executeintelli-
gentagentsto achieve solutionsin complex software systems DECAF providesthe
necessararchitecturakervicef alarge-grainedntelligentagent 3, 8]: communica-
tion, planning,schedulinggxecutionmonitoring,coordinationandeventuallylearning
andself-diagnosi$6]. Thisis essentialljtheinternal“operatingsystem”of a software
agentto which applicationprogrammer$ave strictly limited access.

The control or programmingof DECAF agentsis provided via a GUI calledthe
Plan-Editor. In the Plan-Editor executableactionsaretreatedasbasicbuilding blocks
which canbe chainedogethetto achieve alargermorecomplex goalin the styleof an
HTN (hierarchicatasknetwork). This providesa softwarecomponent-styl@rogram-
ming interfacewith desirablepropertiessuchas componentreuse(eventually auto-
matedvia the plannerlandsomedesign-timeerrorchecking.The chainingof actiities
caninvolve traditionallooping andif-then-elseconstructsThis partof DECAF is an
extensionof theRETSINA and TAMStaskstructureframevorks[10,2].

The goalsof the architectureare to develop a modularplatform suitablefor our
researclactuities, allow for rapid developmenif third-partydomainagentsandpro-
vide a meansto quickly develop completemulti-agentsolutionsusing combinations
of domain-speci cagentsandstandardniddle-agent$l] andto take advantageof the
objectoriented-featuresf the JAVA programmindanguage.

The modularnatureof the architecturewill be utilized in severalwaysduringthe
courseof the experimentsFirst, eachmodule of the architecture(the boxesin Fig-
ure 1 areestablisheds separateéhreadsin the Java languageconstructsFurther the
executionmoduleestablishes separatéhreadfor eachexecutableactionthat is not
dependenbnanotheractionfor thetask.It is anticipatedhatthis highly paralleldesign
will leadto largegainsin computatiorspeedThis speedf courseis usedmeet‘soft”
realtime goalsanddeadlines.

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
moduleto compareaesults.Theschedulingcanbetestedn isolationfrom theremainder
of thearchitectureLastly, the Dispatchemodulewill betestedby settingup a highly
distributedandvery network intensve test.Againthe parallelnatureof thecodeshould
reveal thatan I/O intensve operationsuchas network communicationsan be done
with little impacton the computatiorproblems.

DECAF distinguishestself from mary otheragenttoolkits by shifting the focus
away from the underlyingcomponentsf agentbuilding suchassoclet creation,mes-
sagdormatting,andthedetailsof agenttommunicationln thissensedECAF provides
anew programmingaradigminsteadof writing linesof codethatincludesystencalls
to a native operatingsystem(suchasread() or sodet()) DECAF providesan erviron-
mentthatallows the basicbuilding block of agentprogrammingo be anagentaction.
Conceptuallywe think of DECAF asan agentoperatingsystem Codewithin thatac-
tion canmale callsto the DECAFframework to sendmessagesearchor otheragents
or implementa formally speci ed coordinationprotocol. This interfaceto the frame-
work is a strictly limited setof utilities that remove asmuch as possiblethe needto
understandhe underlyingstructuresThus, the programmerdoesnot needto under
standJAVA network programmingo senda messagdearnJAVA databaséunctionsto
attachto theinternalknowledgebaseof the framework, or implementstandaratoordi-
nationmechanisms.



3 The Experimental Study

3.1 De ning Scheduling

For agiventask,therewill potentiallybemary differentmethodgor accomplishinghe
task.Theschedulindgproblem” is the selectiorfrom a setof possibleexecutionpaths,
onepaththataccomplishetheagentgoalwith ideaof a“best” executionpath.If, how-
ever, we canattachto eachexecutionpathsomekind of estimationof the performance
of thatpath,AND theusercanprovide anideaof whatthe performancebjectvesare;
thenthe agentarchitecturecan reasonaboutthe conceptof a “best” executionpath.
Oneof the goalsof the experimentsdescribechereis to determinewhat parameters
might be usedfor reasoningaboutschedulingln orderto do that,the modulardesign
of DECAF allows for theimplementatiorandtestingof any numberof schedulingal-
gorithms.Sincethe inputsand outputto the schedulingmodulearewell de ned it is
relatively simplematterto changealgorithmsandrun experiments.

DECAF operatedy readinga plan le which containsa list of tasksthatthis in-
stantiationof the architecturas capableof performing.A plan le is an ASCII repre-
sentatiorof a HierarchicalTaskNetwork (HTN) thatdetailsthe actionsandsequences
to completeatask.

The DECAF Plan-Editorannotategachactionwith noteson performanceinduse
which arethenusedinternally by DECAF to provide real-timelocal task scheduling
services.

— A performancepro le is avectorof characteristics

—
Cc= <CI;C2)"'7C’H>

assignedo DECAF actions Thesecharacteristicselateto the performancef the
actionitself andnot to the resultproducedoy the action.Examplesof characteric-
tics maybe cost,quality andduration.

DECAF will selecta setof actionsto be executedthat will accomplishthe goal.
For agivenplan le, therewill be mary suchsets.Eachsetof actionsis evaluatedand
assignea valueasfollows.

— Eachtask usesa Characteristic Accumulation Function (CAF) which deter
mineshow the vector of performancecharacteristicselatedto the achiezement
of ataskis relatedto the achiezementof the componensubtaskgor actions).The
CAF takesasinputalist of characteristizectors andproducesavectorof charac-
teristicsfor thetask.

— —

S
CAF (01702, .. .,Cn) —)CCAF

— An objective utility function (/) is anassignmenby the userof someideaof
“goodness’of theactionsthatmake up thetask.l/ takesasinputthecharacteristic
vectorproducedby CAF andproduces valuethatquanti esthe“goodness’df the
overalltask.



Theresultis a setof valuesassignedo setsof actions.The setof actionswith the
bestl{ is thesetthatwill bechoserto beexecutedThereuseof commonagentbeha-
iorsis thusincreasedecauseheexecutionof thesebehaiorsdoesnotdependnly on
the speci ¢ constructionof the task network but alsoon the dynamicervironmentin
whichtheagentis operating For example a particularagents allowedto searchuntil a
resultis achievedin oneapplicationinstancewhile the sameagentexecutingthe same
behaior will usewhatever resultis availableafteracertaintime in anotherapplication
instanceThis constructioralsoallowsfor a certainlevel of non-determinisnn theuse
of theagentactionbuilding blocks.

Thereis a considerablemountof computationatomplexity involvedin determin-
ing the “best” executionpath.In the event of a sub-taskailure, that compleity must
berepeatedn orderto determinethe next courseof action.Our plan of attackhastwo
components:

— Provide fasterserviceby makingthetaskmodelsimpler
— Provide betterreliability by selectingsereral setsof actionsisto avoid the compu-
tationaloverheady

Thefocusof theexperimentakesultsdonehereareon the Schedulingnodule.The
purposeof the Schedulelis to determinewhich actionscan be executednow, which
shouldbe executednow, andin whatorder This determinationis currentlybasedon
whetherall of the provisionsfor a particularagentactionare available. Someprovi-
sionscomefrom theincomingmessagandsomeprovisionscomeasa resultof other
actionsbeingcompletedThis meanghe TasksQueueStructuresarechecledary time
aprovisionbecomeswvailableto seewhich actionscanbe executedhow.

Initially, this moduleof DECAF is basedon the design-to-time(DTTanddesign-
to-criteria(DTC)schedulingvork at the University of Massachusettgl, 9]. For com-
parisonpurposestherewill betwo other(non-reasoninghodulescomparedo DTC.

3.2 Experimental Goalsand Setup

DECAF operatedy readingaplan le which containsalist of tasksthatthisinstantia-
tion of thearchitecturas capableof performing.A plan le is anASCII representation
of a HierarchicalTaskNetwork (HTN) that detailsthe actionsandsequenceto com-
plete a task. The actualsyntaxof the plan le is an extensionof the RETSINA and
T/AEMSstructuredetailedin [10,2]. In broadterms,aplan le istree’. Theplande nes
executionpathsalongthe variousbranchesof the tree and the critical measurement
of compleity of the planis the numberof actions(represente@streeleaves)to be
executed.

The testscenariowill be a setof plan les anda setof schedulingmodules.The
following sectiondescribehe setupfor eachof areasf exploration.

2 “Tree” is not quite a totally accurate term for an HTN plan, but for purposes here it will serve
well.



Testing Scheduling A DECAF agentis programmedvia a plan le. Eachplan le
will have a de ned Compleity Rating CR. The CR is a quanti cation of the inherent
dif culty analyzinga plan andcomingup with preferredschedulesln generalthere
is no corvenientway to characterizeCR, meaningthereis no simple mathematical
formulain termsof breadthanddepthof thetree.This is because branchof thetree
may be taken or not taken basedon the CAF de ned earlier Algorithmically, the CR
is determinedy arecursve traversalof theHTN which countsthe thetotal numberof
possiblepathsthatcanbetakento accomplishatasktakinginto accounthe CAF.

The premiseof this testis thatthe modelof ataskde ned by DECAFis lesscom-
plex thana TAEMS model. This meansfor the sametasktherewill be fewer pathsto
explorefor possibleschedulesOneobjectie of theschedulingestwill beto determine
arelationbetweerandexecutiontime. Clearlythe pathsto beanalyzedhe moretimeiit
will take.In comparingDTC to the DECAF schedulerthereis not a one-to-onecorre-
spondenceThereasornis that TAEMS Quality AccumulationFunction(QAF) (roughly
the equivalentof the DECAF CAF) allows for moretypesof semanticshanDECAF
andwhile DECAFhasonly onetypeof enablingrelationshipl £MShasapproximately
ten.It shouldbenotedthatall construct®f TAEMSareachiezablein DECAFviamacros
or functionmapping.In this senseDECAF is amoreRISC architecturavhile TEMS
followsa CISCarchitecture.

The basictestthenis to comparethe time to computethe schedulegor DTC and
DECAF plan les that have the sameCR. At this time we do not have suchresults.
Theproblemis thatoneplan le in DECAF will have amuchlower CR thanthesame
plan le appliedto DTC. We arecurrentlyin the procesof developingplansthathave
similar CR andthenmeasuringhetime to computea schedule.

As an example,we measuredhe CR for BIG (Boundedinformation Gathering)
[7]. BIG wasrunthroughDTC andthroughDECAF BIG is asophisticatedyeb-based
information gatheringagentthat recommendsoftware packagesBIG plans,locates
andprocessefree-formatWWW documentwyia naturallanguageprocessingndother
text extractiontechniquesBIG consistsof 26 methodsin TAEMS (DTC), this results
in greaterthan 67 million paths.To evaluatethe pathsandcomeup with the best15
schedulesook DTC 6 secondsThe sameplanrunthoughDECAF wasevaluatedn 2
secondandthe bestplanhadthe sameoverall utility asthe DTC evaluation.

Testing Scalability TestingScalabilityis a matterof observingresultswhenthe un-
derlyingarchitecturgsuchasnumberof CPU's) is variedor the softwarearchitecture
(threadedss. non-threaded}y changedFor thesaestsheCR is notsomuchanissueas
thetotal numberof actionsinvolvedin the system.Thereshouldbe arelationbetween
thenumberof agentsaandthe executiontime.

Additionally, An alternatve executionmodulewastested By default, DECAF will
parallelizeandthreadas muchexecutionaspossible.This requiresa large amountof
synchronizatiorbetweenmethods.The time for the synchronizatiorshouldbe com-
putationallyinsigni cant whencomparedo a non-threaded/ersionof the execution
module.This will give a measureof the bene t of a threadedarchitectureThe bene-

ts of threadingvary greatlydependingpn the type actionbeingperformedl/O bound



actwities shov muchgreateibene t (evenon singleprocessomachinesjhancompute
boundactions.

4 Experimental Results

4.1 Multi ProcessorsrersusSingleProcessor

In orderto scalea comple taskit is essentiaimake surethe Java Virtual Machine
(JVM) makes useof threadsand multiple processorsn the obvious fashion.To test
this, we wrotea computationallycomplex agentaction.If theactionis run mary times
in theaccomplishmerf thetask,we would expectto seedirectbene t fromthreading
andmultiple processordrigure2 shavs thatin theabsencef threadinghe numberof

processorss of little bene t. As thenumberof processorss increasedthereseemso

belittle time improvement.
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Fig. 2. Non-Threaded Execution Results



4.2 ThreadedversusNon-threadedExecution

The testto verify threadedexecutionbehaior in the JVM is the sametestas above
but with a threadedversionof DECAF In this caseeachactionspavn a new thread.
Figure3 you canseethatif thereis only oneprocessaqtthereis nothingto begainedby
multi-threading.The differencebetweerthe valuesshowvn in Figure2 andFigure3 is
theresultof threadingandshavs thatthe JVM worksin the expectedmanner

120
110
100 —
90
80
70
60 —
50
40 —
30
20
10

Total Time

0 2 4 6 8 10 12 14 16
Number of tasks

Fig. 3. Threaded Execution Results

In termsof our ultimategoal of runningseveralexecutionscheduleén parallelthis
is signi cant. Theideais to improve reliability throughredundang. Thesetestsshav
that spareCPU cycleswill be availablefor suchredundang only if an actionis not
100%computeboundastheseaskswere.At thistime we aredevelopingtestthatshav
suchincreasedeliability canbeachieved.

4.3 Feasibility

The basicpremiseof the mannerthat DECAF will provide increasedeliability is that
unusedCPU cyclescanbe usedto run backupplansin the caseof the failure of the



primary scheduleselection.This of coursecannotwork if the actionsto be computed
arecomputebound.A testwasrun to verify that actionsthatare 1/O boundwill run

in parallelevenon a single processorThe following graphshav the time to execute
tenactions.The mix of thetenactionsvariesfrom 100%computeboundtasks(imply-

ing 0% I/O boundactions)to 100%1/0O boundactions(implying 0% computebound
actions)Eachl/O boundtaskrunsfor 5 second®n its own andeachcomputebound
taskrunsfor about2 secondsn its own. If thingswork aswe needthemto, 10 I/O

boundtasksshouldrunin 5 secondplus someoverheador the context switchingand
architectureTen computeboundtasksshouldtake around20 secondsWhenthetype
of tasksaremixedthereshouldbe a straightline correlationbetweertime andthe mix

of jobsto be done.Figure4 shaws the time to executeagainstthe percentagef I/O

boundtasks.This mapsto theformula:

1.5xC+5xG(I)+1.23

whereC isthenumberf computeboundtasks1.5(secondsy theapproximateunning
time og the computeboundtask,G(l) is a functionbasedon the numberof 1/0O bound

task,
1ifI>1
GI) = {0 otherwise

5 secondss thetime for thel/O boundtaskand1.23is the architectureand JVM
overhead.

4.4 Network Intensive Executionand Agent Scalability

Virtual Food Court (VFC) is a smallarti cial economyVFC modelsdiners,workers,
andentrepreneurd.heseeconomicentitiesarecaricaturesf theparticipantsn transac-
tionsthattake placewithin asimpli ed shoppingmall food court.Althoughcaricatures,
theentitiesexhibit behaiors, choserfrom arepertoireof self-interestethehaiors, suf-
cient to allow VFC to containalabormarket, marketsfor food serviceequipmentand
marketsfor food productsVFC is aMAS andconsistof sevenbasicagentplussome
numberof dineragentsandrestauranagents RunningVFC is interestingthe context
of ourtestingherebecausé canbescaledo 100's of dinersandspreacbut over mary
targetmachingto measurdoothscalabilityandnetwork overhead.

The basictaskunit for VFC is a meal. A diner entersthe restaurantnegotiatesa
mealwith a waiter Therestaurantnakesdecisionson whetherto preparethe mealor
buy it. To eatonemealrequiresaboutlOOKQML messagéo beexchangedvith various
agencieslt is alsoa very memoryintensie application.Eachagentmustcheckson
availability of employees food andotherresourcesThetestrun variedthe numberof
mealsfrom two to one hundred.Testswere donewhereall of the VFC agentran on
onemachineandthe sametestweredonewherethe VFC agentwerelocatedon seven
separatésingleprocessorjnachineon alocal areanetwork.

Thetime to sene eachmealincreasedhsdemandncreasedjust asit would take
longerto geta mealin a crovdedrestauranversusa not crovdedrestaurantFor ex-
ample,the time to geta mealwith two diner was approximatelyé secondgper meal
while thetime permealfor twentydinerswasapproximatel\25 secondgermeal.This
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meanghatthenumberof messagesentto accomplistservingthemealsalsoincreased
but the differencebetweenthe local executionandthe distributed executionwas con-

stantat about%?2. A further testwould be to run the agentson completelydifferent

networks,but thatis notfeasiblein ourdomain.

5 Conclusionsand futur e work

DECAF was rst presentedat ATAL-99. At this time, DECAF is a muchmore ma-

ture productand several complex agentsystemshave beendevelopedusingDECAF

Two academiclassehave usedit for classvork, the Virtual Food Courtis beingused

to model economicbehaior, a proxy agentfor interfacewith browsers,a web page

learningagentanda PARKA databasagenthave beendevelopedusingDECAFE
Themajorgoalsof ourtestingwereto:

— Provide abasisfor the comparisorof architectures.

— Determinghe effectivenes®of thethreadediesignof our architecture.

— Determinehow thearchitecturewill performunderheavy loads.

— Determinehow the distributed natureof an agenttask hierarchyaffects perfor

mance.
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— Compareseveraltaskschedulingalgorithms.

Theobviousimprovementin performancelueto threadings clear However, some
improvementin the internalmechanism®f DECAF may be neededo fully take ad-
vantageof amultiprocessosystem Also thechangesn networkedagentscomparedo
locally executedagentsystemsieeddo be examined.

Onemajor goal of the testingwasto develop a platformfor the typesof testsand
measurementthat needto be usedin evaluatingagentperformanceln the courseof
thistestingatestgeneratowasdevelopedwhich provedinvaluablefor creatingvarious
typesof tests Thetestgeneratoallows for agentaskstructure®f differentcompleity
to be evaluated Futurework will focuson the developmentof a more completesetof
benchmarksor evaluationof DECAF aswell asotheragentarchitectures.

Anothergoalof thetestingwasto establisha baselindor comparisorof scheduling
algorithmsThishasbeenachiezedandin theprocessve have establishethevalidity of
thestructureof the DECAF model.lt provedto be arelatively simpletaskto exchange
schedulingalgorithmssincetheinterfaceto themoduleis well de ned.
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