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Syntheticagentswith varying degreesof intelligenceandautonomyarebeingdesigned
in mary researchaboratoriesThe motivationsincludemilitary training simulationsgames
andentertainmentsgducationabkoftware, digital personalssistantssoftware agentsman-
aginglnternettransactionsr purelyscientificcuriosity.

Differentapproachearebeingexplored,including, at one extreme,researcton the in-
teractiondbetweeragentsandatthe otherextremeresearcton processewithin agents.

Thefirst approachHocuseson formsof communicationrequirements$or consistentol-
laboration planningof coordinateehaioursto achieve collaboratve goals,extensiongo
logicsof actionandbelieffor multiple agentsandtypesof emegentphenomenavhenmary
agentdnteract,for instanceakingroutingdecisionon a telecommunicationsetwork.

The secondapproachocuseson the internal architectureof individual agentsrequired
for social interaction, collaboratve behaiours, complex decisionmaking, learning, and
emepgentphenomenavithin complex agents.Agentswith comple internalstructuremay,
for example,combineperception,motive generation planning, plan execution,execution
monitoring,andevenemotionalreactions.

We expectthe secondapproacho becomencreasinglyimportantfor large multi-agent
systemgdeplgyedin networked ervironments,asthe level of intelligencerequiredof indi-
vidualagentsncreasesThisis particularlyrelevantto work on agentsavhich mustcooperate
to performtasksrequiringplanning,problemsolving,learning,opportunisticedirectionof
plans,andfine judgementin apartially unpredictablenvironment.In suchcontets,impor-
tantnew informationaboutsomethingotherthanthe currentgoal canarrive at unexpected
timesor be found in unexpectedcontexts, andthereis ofteninsufficient time for delibera-
tion. This requiresreactve mechanismsHowever sometasksinvolve achiezing new types
of goalsor actingin novel contets, which may requiredeliberatve mechanisms.Deal-
ing with conflicting goals,or adaptingto changingopportunitiesand culturesmay require
sophisticatednotivationalmechanisms.

Motivationsfor suchresearchnclude: aninterestin modellinghumanmentalfunction-
ing (e.g.,emotions),a desirefor moreinterestingsyntheticagents(‘believable agents’)in
gamesandcomputerentertainmentsgndthe needfor intelligentagentscapableof perform-
ing morecomple tasksthanhitherto.



Many researcherareinvestigatingrelatvely simpleagentsperformingrestrictedtasks,
suchassortinga manages incomingemail, or giving a novice userinformationabouta
software system. Somebelieve that, in future, a managelin a large compary might be
replacedy ateamof softwareagentssomeattemptingo obtainandsummariseénformation
aboutothercompaniessomemonitoringandevaluatingactwities in subsidiarycompanies,
andotherstakingstrateyic decisions.

We believe that cognitively rich internal mechanismsand structuresare necessaryo
modelcomplex communicatiorand planningwith (and between)agents. However, these
may have unexpectedside-efects. It hasbeenargued([10]) thatintelligentrobotswill need
mechanisms$or copingwith resourcdimits andthatinteractionswithin thesemechanisms
will sometimegroduceemotionalstatesinvolving partial loss of control of attention,as
alreadyhappensn humans.

Motivationaland emotionalprocessesnay also be involved in attemptsto persuadea
characterin an interactve story to adopta particularbelief, or in discussingthe relative
importanceof varioustaskswith a personalassistantigent. Similar mechanismsnay be
involvedwhencommunicatioroperatest several differentlevels, for example,whenit in-
volveshumour irony or metaphorRelatedclaimsaboutmotivationalandemotionakequire-
mentsfor intelligencecanbefoundin [4, 7].

Differ ent kinds of architectures

The internalarchitectureof an agentcantake differentforms, with varying degreesof in-
telligibility andmodularity At oneextremetheremay be very large numbersof low level
componentge.g.neuronshll interactingn suchawaythatusefulglobalbehaiour emeges,
withoutary explicitly programmednterveningstructureto accountor thebehaiour or ary
architecturewe can comprehend.At anotherextremeagentsmay have a clearly defined
modulararchitecturevith ahierarchicadlecompositionnto separableomponentperform-
ing differenttasks,usingdifferentthoughstronglyinteractingmechanismso performthose
tasks.In betweenarearchitecturesvith varying degreesof functionaldecomposabilityand
intelligibility .

Anotherdimensionof variationconcernghe extentto which the internalarchitecturas
purely ‘reactve’, wheredetectionof internalor externalconditionsimmediatelygenerates
new internalor externalresponsesyhichin turn couldtriggernew reactiongseeFigurel).
Theinternalandexternalfeedbackoopsandchange®f statewhich altera reactve agents
responseto new sensoryinputscancombineto achieve quite sophisticatedbehaiour. Ex-
amplescouldincludesoftwareagentsnonitoringandreactingto sensoreadingsn achemi-
calplant,andcontrollingcomple< andvariedprocessesMore sophisticatedeactve systems
mayrequireprocessin@tdifferentlevelsof abstractionn thesensoryandmotorsubsystems,
e.g.detectingnotonly low level signalsbut alsomoreabstracpatternsn the data,andtrig-
geringcomplex behaioursinvolving co-ordinationof several effectors. However, this may
prove inadequatén somecontets.

Deliberatve architecturesachieve even greaterflexibility by allowing setsof possible
actionsto be assemble@ndevaluatedwithout necessarilypbeingselectedor execution. A
deliberatve architecturgwhich might be implementedisinginternalreactve mechanisms)
requiresalarge amountof storedknowledge,includingexplicit knowledgeaboutwhich ac-
tions are possibleand relevant in variouscircumstancesand what the effects of various
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Figurel: Thereactve layer

actionsarein thosecircumstancedt alsorequiresare-usableshorttermmemoryfor build-
ing structuresepresentingossibleactionsequence orderto evaluatetheirconsequences.
Thereuseof memory theinability of thelongtermstoreto answemary questionsn paral-
lel, andthe sequentiahatureof planconstructiorwill typically make a deliberatve system
muchslower thanareactve one. Theseresourcdimits might necessitatan attentionfilter
to suppresdow priority interruptions. New levels of abstractionn the perceptuabndac-
tion subsystemsnay be requiredto matchthe moreabstraciprocessingn the deliberatve
system.

Suchadeliberatve architecturenight berequiredfor a personahssistanor aplantcon-
trol mechanisnableto copein novel circumstancesvhereroutinereactionsaresometimes
inappropriateandwheretrial anderrorbehaiour is too dangerousr too time consuming.

Any externallyobsenablebehaiour thatcanbe producedoy a deliberatve architecture
can,in principle, be producedby a purely reactve architecture aslong as an exhaustve
collectionof condition-actiorruleshasbeenassembledh advanceby a designeior perhaps
by anevolutionaryprocessProducingacomprehense setof reactve behaioursin advance
maytake aninordinatelylong time andmayrequireexcessve amountsf storage.

In decidingbetweenreactve and deliberatve architecturesn an environmentwith a
high degreeof compleity andvariability, thereare complex trade-ofs involving the time
and effort requiredto pre-compileall the potentially relevant rules, the spacerequiredto
storethem, andthe mechanismsequiredfor efficiently finding and selectingbetweenpo-
tential contendersat run time. Our conjectures that evolution hassolved this problemin
naturalsystemswith a hybrid architecture involving closelyintegratedconcurrentlyactive
deliberatve andreactve sub-architectureseeFigure?).

Suchahybrid architecturanayalsoincludemechanismsor transferringsomeof there-
sultsof thedeliberatve layerto thereactve layer(e.g.,responsew stereotypicasituations)
to improve speedof performanceor releasehe deliberatve layerto attendto otherthings.
Marny learnthumanskills arelik e this, andsimilar typesof skill acquisitionmaybe needed
in softwareagentsandrobots.
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Figure2: Reactve anddeliberatve layers.

Self monitoring

Work on multi-agentsystemsoften assumeshatinteractingagentsare perfectlyrationalor
have a fixed collection of motives(i.e., goals, preferencesand standards)requiring only
simple cognitive mechanismsuchas payof matricesor utility functions. While this may
be appropriatefor systemsconsistingof simple agentswith ant-like cooperationjt is in-
adequatdor societiesof intelligent human-like software agentsor autonomousobots. In
suchsituationsthe setof motivesis not fixed,asnew motivescanbe generatedn new con-
texts, for instancethe goal of helping a friend who is in trouble, or having to dealwith
unexpectedconflicts betweerhigh level objectvesandstandardor preferencesRealistic
multi-agentsystemawill have to take accounof thesanternalwithin-agentconflictsaswell
as between-agentonflicts and negotiations. For example,a plant managemensoftware
teammay encounteconflictsbetweersafetyof humanworkersandeconomyof plantoper
ation. Simulatedbattlefieldcommander®r simulatedanti-terroriststratgists may have to
detectandhandleconflictsbetweerprotectingcivilians andcapturingopponents.

In thesecontexts an agentmay benefitfrom an additionalarchitecturalayer, with the
ability to monitor, evaluate,and possibly modify internal processe®f variouskinds (see
Figure3). This could be basedon a mixture of internalreactve anddeliberatve processes
directedat theagents internalsensonybuffers,its goalsandpreferencegjeliberatve strate-
gies, recordsof recentdecisions,andthe like. Sucha systemmight discover conflicts of
motivationanddeviseastratgy for dealingwith them.Or it maynoticethatcertainproblem
solving processesre taking too long, so that a lesscautiousbut more speedystrateyy is
required.

We expectthatsomesyntheticagentsincludingagentsvorking in groupsor teamswill
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Figure3: Themeta-managemefldyer.

requirea similar variety of internalprocessing.For instancemeta-managemerg required
to decidewhento stoptrying to solve a problemandinsteadaskfor help.

In humanghis ‘meta-managementapabilityseemdo be usedfor avarietyof purposes
includingsocialcontrolvia inculcationof ethicalandotherstandardsf self-assessmerand
alsosomekinds of learningin which deliberatve processesire evaluated,found wanting
andimproved. It alsoseemdo be impairedduring timesof stressor in certainemotional
disturbances.

Someof theinternal processesncluding both deliberatve processeandreactve pro-
cessesvherechainsof of associationsireneededo solve a problem,may be too slow for
an ervironmentwhere opportunitiesand dangersrequiring immediateaction can turn up
unexpectedly A globalalarm systenusingfastpattern-recognitiomechanismableto trig-
ger stereotypednternaland externalresponsesould help in dealingwith suchsituations.
The needfor rapid reactionscould make sucha mechanisnsometimegroduceerroneous
responsesThistrade-of betweerspeedandintelligencecanbefoundin somehumanemo-
tions and may also turn up syntheticagents. A trainablealarm systemmight reducethe
frequeng of mistales.



Multi-pr ocessingwithin agents

The previousdiscussiorieadsto the conclusionthatsophisticatedgentswill includemary
concurrenprocesseperformingvariouskindsof taskssuchas:

e analysisandinterpretatiorof sensorydataat differentlevelsof abstraction,

e monitoringfor ‘alarm’ conditionssometimegproducingrapid global re-directionof
processing,

e generatiorof nevw motives,
e assessmeraf motivesanddecidingwhetherto adoptthem,

e constructiorof plansfor achiezing motives(eitherafterdecidingto adoptthemor as
partof theprocesf decidingwhetherto),

e decidingwhich currently adoptedplansshouldbe executednow, which postponed,
which abandonedktc.,

e |learningnew patternsandcateyories,evaluatingpastperformance,
e attemptingo interprettheobsenedbehaiour of otheragents,
e understandingxplicit (andimplicit) communication$rom others,

e decidingwhatto sayto othersandhow to sayit,

andmuchbesides.

In additionto relatively high level processesa robotwith a complex physicalbody; like
ananimal,mayalsorequirealarge numberof reactve processemonitoringandcontrolling
variousaspectf bodily function, posture,gait, fine control of movementof hands,etc.
Softwareagentgdealingwith highvolumeinformationstreamsequiringfastdecisionamay
alsoneedawell-trainedreactve layer.

Multiple programming paradigms: the siM_AGENT toolkit

For someyearsthe Cognitionand Affect projectat the University of Birminghamhasbeen
exploring the problemssketchedabove [2, 9]. To supportthis researchwe designedand
implementeda softwaretoolkit, SIM_AGENT, to allow explorationof ideasthroughimple-
mentationusing rapid prototyping[8, 11]. We found it necessaryo provide supportfor a
variety of programmingparadigmsin additionto widely usedobjectorientedtechniques.

For instance the needfor flexible reactve internal mechanismswithin agentsis sup-
portedby a rule-basedgrogrammingstyle, wherediversemechanismsvithin an agentare
implementedn differentcondition-actiorrulesets.

To allow a wide rangeof conditionsto triggerinternalprocesseandin orderto support
sophisticatedhternalreasoningalist-processingparadigms usedto implementheinternal
databaseandcommunicatiorchanneldetweerpartsof anagentandbetweermagents.

To supportsub-symbolic’processingherule-basesystemhasinterfaceso procedural
programsandbothconditionsandactionscanbelinkedto mechanismbk e neuralnetswhere
appropriate.



The needfor fastlow-level processess met by using compiledcode. More flexible
processesubjectto self-monitoringcanuseinterpretednternallanguagesThis alsoallows
usto vary therelative speed®f differentcomponentsto explore hypothesesboutresource
limited systems. The presenceof an incrementalcompilerallows rapid developmentand
testing,aswell assupportingeasyexperimentatiorby studentsn a teachingervironment.
Useof indirectreferencesllows rulesto beredefinedeasilyor procedureso berecompiled
during a pausein an experimentalrun of the system. Automatic store managemenand
garbagecollectionpreventsmemoryleaks.

The implementatiorlanguages Pop-11,a sophisticatedxtendablelisp-like language
with aPascal-lile syntax,in thePoplogernvironment.(Pop-11is alsoattheheartof Clemen-
tine,acommerciallysuccessfutlata-miningproduct.)

Thetoolkit allows constructiorof setsof agentsvhereeachagenthasa multi-component
architecture,in which different componentsoperatein parallel, using different kinds of
mechanismsThesecanincludeneuralnetsor otherreactve mechanismalongsideAl sym-
bol manipulatingmechanismsysedfor solving complex planningproblems,or for certain
meta-managemertasks. For example,a systemmay usea neuralnetto obtainevidenceof
fraudin credittransactiondasedon subtlecombinationsf data,togethemwith deliberatve
mechanismso analysesuspectasesn greaterdetail. A factoryautomationsystemcould
usea setof reactve procedures$o handleroutinemanagemeranda deliberatve plannerto
handlenovel problemssuchasthe productionof a new product.A meta-managemetayer
coulddecidewhetherto changehecriteriabeingusedby the planneyor whetherto suspend
planningandbegin actingbecaus@f shortageof time or becaus®f theneedto collectmore
informationby actingon a partial plan.

Many agentoolkitsarebasednacommitmento aparticulararchitecturee.g. SCAR [5].
BecausesiM_AGENT hasno suchcommitmenit hasprovedattractveto researcherandstu-
dentswishingto explorealternatve designsn avarietyof fields,includingsimplecomputer
gamespattlefieldsimulationsin training software (at DERA Malvern, UK), modellingas-
pectsof humancognitionandemotiong3, 12], agentglanningin adynamicdomain[6] and
telecommunicationsThe easeof developmentn an Al ervironmentmalesit particularly
usefulfor teachingusingsimpledemonstrations/hich studentcanmodify.

Plannedextensionsarisingout of our recentwork on meta-managemetssks,include
improved facilities for self-monitoringand self-modificationby agents. Recentwork on
requirements$or agenttoolkits is reportedn [1].

Conclusion

Thetrade-ofs betweerdifferenttypesof architecturegsrenotclearandmuchresearchs still
required.Althoughmoreefficienttoolkits dedicatedo particulartypesof agentarchitectures
will bemoreappropriaten taskswherethearchitecturatequirementarenarrawvly specified
in adwvance,we expectthatincreasinglytoolkits with the flexibility of sSiMm_AGENT will be
neededhsresearctiocusesnorestronglyonagentsvith moresophisticateanulti-functional
architecturesywhich raisemary of the hardesunsohedproblemsn Al. Currentlytheseare
ignoredin muchmulti-agentsystemsesearchbut thatcannotlast.



Further information and availability

Thetoolkit andadditionalinformationaboutit arefreely availablevia FTP and WWW. A
brief overview with someMPEG moviescanbefoundat:

http://www.cs.bham.ac.uk/"axs/ca@ffect/sim.agent.html

The CognitionandAffect FTPrepositoryof theoreticapaperss at
ftp://ftp.cs.bham.ac.uk/pub/gmoups/cogaffect/

The BirminghamPoplogdirectoryis at the following URL, wherethe README file lists
informationaboutsiM_AGENT andits supportindibraries.

ftp://ftp.cs.bham.ac.uk/pub/dist/poplog

SIM_AGENT requiresPoplog,availablefrom Integral SolutionsLtd.
http://www .isl.co.uk/
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