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Intelligentagentsare startingto assumemore responsibility
in morecritical tasks. Agentsdo not alwayswork asrequired,
however in somesystemsit is infeasibleto simply “stop” an
agentwhenits behaior is unsatisactory Insteadt is desirable
to reducethe agents autonomyandgive control of the unsatis-
factoryaspectof the agents taskto a more competenentity.
AdjustableAutonomy(AA) is arecentideathatmeanghatthe
autonomyof agentsandhumansin a systemcanvary dynam-
ically. In this paperwe look at the relationshipbetweenthe
designof agentsandthedesignof AA for anintelligentsystem.
We presenguidelinesto helpagentdesignersuild agentghat
areeasierto usein systemswith AA.

1 Intelligent Agents

Mary of the recent,exciting developmentsn artificial intelli-
gence(Al) have centeredaroundthe conceptof anagent An
agentis an autonomougntity that sensests ervironmentand
actsintelligently andpro-actvely towardsits goals[17;2]. An
importantcharacteristiof an agentis thatit hasthe ability to
take actionsthat affect its ervironment[7]. Someagentssense
andactin purely softwareenvironmentge.g.anoperatingsys-
tem monitoring agent[16]),while othershave a physicalem-
bodimentandinhabit a physicalernvironment(e.g. a museum
tour guiderobot[3]). Becausean agentcanact, it canbe as-
signedtasksthat can potentially be done more quickly, effi-
ciently, cheaplyor safely than a humancando them. Thus
humansarefreedfrom menial,dangerousind/orboring tasks.
Despitethelonglist of successfuagentapplicationsit is likely
we have only scratchedhe surfaceof the possibilitiesintelli-
gentagentshave to changetheway we live our lives[6;8]. In
thefuture,autonomouggentswill take on morecomplec tasks
andactmoreintelligently andmoredecisvely.

An intelligent systems one consistingof intelligentagents
and,possibly humansand/orothercorventionalsoftware.Gen-
erally in anintelligentsystemthe assignmenof responsibility
andauthority i.e. autonomyis eitherfixedor switchesbetween
asmallnumberof fixedconfigurationsin anintelligentsystem
with AA thesystencanflexibly configuretheassignmenof au-
tonomybetweerthe peopleandagentgo bestfit the situation.

As Al technologydevelops,the autonomyagentshave in-
creaseproportionallyi.e. morecapableagentsaaregivenmore
authority and more responsibility In most cases,once an
agents autonomyis determinedy a systemdesignethe agent
is left to fulfill its responsibilitiesaccordingto its specifica-
tion, within the boundsimposedby its authority and capabil-
ities. In comple ervironments,an agentwill be facedwith

a vastrangeof situationsand mustact satisfctorily in each.
However, it is unlikely thatany agenthasappropriategeasoning
mechanismssensorsand actuatorsto act appropriatelyin all
situationdt couldpotentiallyface[15]. Therewill besomesitu-
ationsin whichtheagentwill make unacceptabldecisionsand,
hencetake unacceptablactions-with potentiallyseriouscon-
sequencessSomesituationsaresounlikely thatagentdesigners
reasonablygnorethem,hencetheagents notdesignedo han-
dle themproperly Othersituationsmight commonlyoccurbut
to build softwareor robotichardwareto properlyhandlethesit-
uationmaybeconsideredooexpensveortime-consumingYet
othersituationswill beunacceptablhrandlecby anagentdueto
“bugs”in its software.Importantly the samereasonshatcause
an agentto fail to handlea situationsatisactorily, may cause
it to not evendetectthatit hasencountereé situationit is not
capableof handlingsatisfctorily. For example, anautonomous
robot that cannotdetecta wall it shouldgo around,may not
detectthatit hasbumpedinto thewall either

The more autonomyan agenthas, over more complex and
importanttasks,the morepotentiallyseriousthe consequences
arewhenits behaior is unacceptable However, becausehe
agentis autonomousndbecausdhe agentmay not detectits
own inadequayg, “killing” the agentmay be the only way of
preventingtheincorrectactions.Completelystoppinganagent
meansanotheentity needso take overtheagentsresponsibili-
ties,somethinghatmaybeunreasonabla a comple physical
system(e.g.a spacecraft) A moredesirablescenarids if only
incorrectpartsof theagentsactiity aretakenoverwhile other
partscontinueto functionnormally.

Thus,agentdevelopersarefacedwith achallengingdilemma.
For someapplicationsautonomousgentsanbeveryusefulin
very mary situations mostof thetime. But in a smallnumber
of situationsasmallpercentagef thetime, agentehaior will
be unacceptablandpotentiallyhave seriousconsequences.

2 Adjustable Autonomy

Adjustable Autonomy (AA) is a recentidea meaningto dy-

namicallychange the autonomyof the intelligententities,both
agentsandhumans,n a system. Insteadof the responsibility
and authority of entitiesbeingfixed at designtime, they can
be changedo bestconfigurethe systems autonomyto the cur-

rentsituation. Theideais to dynamicallyassignautonomyto

bestleveragethe constituenentities’ strengthsand avoid their
weaknessesThus,an AA systenis anintelligentsystemwhere
thedistribution of autonomys changeddynamicallyto optimize
overall systenperformance For example,if a humanpilot no-



theagentcannotdetectthe pilot mightlik e to slightly alterthe
aircraft's coursewithout taking over all the detailsof its func-
tioning. Flexible assignmenbf autonomymeansa systemcan
dealwith awiderrangeof situationamoreeffectively. Thus,AA
allows the intelligenceand autonomyof agentsto be fully ex-
ploitedwithoutbeingstuckwith theirinadequatelecisionmak-
ing whensituationsoccurthe agentscannothandle(or humans
couldhandlebetter).

3 Conceptual Model of AA
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Figure 1: The conceptuatelationshipbetweenAA andanin-
telligentsystem.

A systemwith AA candynamicallychangewhich entities
areresponsiblgor the achieementof which goalsby chang-
ing decisionmakingresponsibilityovertime. Further a system
with AA candynamicallychangethe authority constituenen-
tities have to take on particulargoals.AA mechanismsnanage
the changingautonomyby determiningappropriatechangesn
autonomyandimplementinghosechanges.

A key problemto be addressedwvhenbuilding AA is to de-
terminean appmopriate distribution of autonomyand provide
medanismgo realizethe autonomychanges.

Thedistribution of autonomyshouldchangeaccordingo the
currentsituationand sub-goalsyeconfiguringso asto bestor-
ganizethesystenresource$o achierethesystems goals.Con-
ceptuallythe task of changingautonomycan be broken into
threeparts:

¢ AA Information(AAl) : Collectionof theinformationrel-
evantto the AA decisionmaking.

¢ AA ReasoningdAAR) : Reasoningaboutwhatautonomy
changegouldor shouldbe made.

¢ AA Actuation(AAA) : Realizationof the decisionamade
by the AAR.

areshowvn in Figurel. AAIl providesinformationon prevailing
ervironmentalconditionsandthe currentsystemstateand po-
tential(referredto ascontetin [4]) asarerelevantto AAR. The
AA reasonedeterminesvhatchangesn the autonomydistri-
butionwill leadto bettersystemperformancavith respecto its
goals.AAR mightbedoneeitherby ahumanor in software.Fi-
nally, the AAA providesthe mechanism$or implementingthe
decisionof the AA reasoningi.e. it providesthe mechanisms
for realizingchangesn authorityor transferof responsibility

The AAl andAAA tightly constrainthe designandpotential
of AAR. Any informationnot suppliedby AAIl cannotbe used
in determinatiorof appropriateautonomyconfigurationsLik e-
wise, ary changethat cannotbe realizedby AAA shouldnot
bedecidedon by AAR. In turn AAl andAAA arebothtightly
constrainedy the servicegprovidedto themby the entitiesin
the system.Any informationthe entitiescannotprovide cannot
be suppliedby AAI to AAR. Similarly, any autonomychange
the entitiescannotacceptcould not be implementecby AAA.
Hencethe servicegprovidedby theentitiesare critically impor-
tant to the building of an AA systemObviously, we arelimited
to designingthe servicesthat software entitiesprovide (asthe
servicesof thehumanentitiesarefixed).

Considerananalogyto a managementonsultanttanorga-
nization. The consultant job consistsof collectinginforma-
tion, makingdecisionsaboutorganizationathangesandimple-
mentingthosechanges.No matterhow goodthe consultanis
at their job they rely on employeesin the organizationto in-
form them (eitherimplicitly or explicitly) of the currentrun-
ning, goals,etc. of the organizationn orderto make decisions.
If the employeessupplylimited, insufiicient, incorrector mis-
leadinginformationthe consultant job is significantlyharder
andtheir resultsarelik ely to be disappointing.Oncethe con-
sultantmakesa decisionit needgo beimplementedNo matter
how goodthe decision,if it is not acceptecand appropriately
implementedthe decisionis worthless.Implementatiorof AA
worksin thesameway— if theentitiesdonotsupplyappropriate
informationandproperlyimplementdecisionsthebestAAR is
useless.

4 Agent Design and AA

Agentdesigndiffer in the way thatinformationis represented
in theagentandhow easilyit canbeextractedn anunderstand-
able(to the AAR) manner Whetherthe AAI servicesaresim-
ple, just providing accesgo particularpartsof the agents rea-
soning,or very comple, needingcomplex algorithmsto extract
informationfrom theagent depend®n thedesignof theagent.
The AAI guidelinespresentedelov aim to guidedesignerdo
createagentavhereasmuchuseful,understandabl&formation
aspossiblecanbegatheredy inspectinghedatastructure®f a
runningagent.Theguidelinedry to avoid the needfor complex
algorithmsto extractinformationfrom arunningagent.

AA Actuation servicesimplementautonomychangesde-
cidedonby the AAR. Only thoseautonomychangeshatcanbe
realizedby AAA servicescanbe decidedon by AAR. Hence,
thelimitationsof the AAA servicesstrictly limit theusefulcon-



Further the moreelegantlyandsmoothlythe agentincorpo-
ratesary autonomychangedecidedon by AAR into its on-
going behaior, the betterthe behaior of the overall system.
For example,imaginea teamof (human)furniture removalists
carryinga pianoup a staircaself their foremanyells out from
anotheroomthatoneremovalistis beingre-assignetb another
job hewill not(hopefully)justlet go of thepianoandwalk off
(leaving his colleaguessquashedindera pianoat the bottom
of the stairs!) but will make the pianosafebeforemoving on.
Thus,the behaior of the overall “furniture removal” systemis
successfubecaus¢heworkerchangingasksswitcheshetween
tasksin a reasonablenanner The sameideaappliesto AA
wheresmoothautonomychangesneanbettersystembehaior.
If the agentcould exhibit similar “commonsense’behaior to
thefurnitureremovalistthe AAR’ staskis madesimplerbecause
changegsanbemadewithout(unnecessaryjonsideratiomgiven
to transitionsof theagents behaior.

5 Guiddines

We captureour designknowledge of agentsfor AA systems
gainedvia theimplementatiorof two completeAA systems[13;
10]in asetof guidelinesIf followedwhendesigningagentgor
AA systemsthe guidelinesshouldleadto agentswith features
thatmalesAA easyto implement.

Whendesigningintelligentagentsmary competingrequire-
mentsneedto be reconciled. Not all the requirementsrere-
latedsolelyto the obserablebehaior of the agent.For exam-
ple, theremay be particularverifiability, simplicity or compu-
tationalrequirement®n anagent[11].Designersimplicitly or
explicitly, follow guidelineswhenattemptingto meetsomere-
guirementvith adesign.A guidelineis “a statemenor otherin-
dicationof policy or proceduréby which to determinea course
of action”[1]. For example,a (simple)guidelineto minimize
computationalequirementgor an agentmight suggestvoid-
ing algorithmsinvolving significantamountsof search By fol-
lowing appropriatgguidelinesdesignerdhave a principled,jus-
tifiable reasonfor believing thattheir designwill meetit’s re-
quirements. For example,if a designavoids extensive useof
searchalgorithmsa designercanargue, with justification, that
onceimplementedhe designwill be computationallyefficient
(accordingo theabove guideline).

The guidelinescaptureour experienceslesigningagentsfor
AA systemsso that other designerscan leveragethat knowl-
edge. The guidelinesgivenhereshouldbe usedduringthe de-
signprocesswhenoneof therequirement®n thedevelopment
is thattheagentswill beusedin AA systems.

5.1 Designing Agentsfor AA Information

AA Information servicesprovide the raw information which
AAI will presento the AAR. Whatever information AAl ser
vicesdo not provide aboutthe stateandintentionsof the agent
cannotbe usedin the reasoning.Sincethe AAR is obviously
limited to reasoningaboutthingsit knows aboutthe AAl ser
viceslimit theAAR andhencethe AA in general. Thedetailsof
theprecisenformationneededor AAR (andhencetheprecise

Further theform thattheinformationneedgo bein dependn
whethera humanor softwareis doingthe AAR.

Agent designsdiffer in the way that information s repre-
sentedin the agentand how easily it can be extractedin an
understandabléo the AAR) manner Whetherthe AAI ser
vices are simple, just providing accessto particular parts of
the agents reasoning,or very comple, needingcomplex al-
gorithmsto extractinformationfrom the agentdepend®n the
designof the agent. The AAI guidelinespresentedelon aim
to guidedesignerdo createagentswhereas muchuseful,un-
derstandableformationaspossiblecanbegatheredy merely
inspectinghedatastructure®f arunningagent.Theguidelines
try to avoid theneedfor complec algorithmsto extractinforma-
tion from arunningagent.

Threeguidelinesprovide advicefor designingagentswhich
will leadto easyto build, high quality AAI:

o Explicit Information Guideline — Representhe agents
reasoningprocessand reasoningstateexplicitly andin a
formatcloseto theformatthatwill beusedby AAR.

¢ Softwae EngineeringGuideline — Following good soft-
wareengineeringpracticesn agentdesignmakesit easier
to build AA.

¢ DesignInformation Guideline — Represeninformation
above and beyond the informationneededby the reason-
ing processsuchthatit explainsdesigndecisionsamplicit
in thereasoningrocess.

5.2 Designing Agentsfor AA Actuation

Beingableto changehe agents internalstructure whetherin-
directly or directly, is the basicgoal of AAA asthis resultsin
changesn behaior. In theory if anagentallows sufficientac-
cessto it's internalstructurean outsideentity could forceit to
do arything thatthe agentis capableof. I.e.,if ary partof the
agentsinternalstructurecanbechangednlinethenthebeha-
ior of the agentcould be changedarbitrarily online. However,
the natureof the agents representationf it's behaior affects
the easewith which anoutsideentity candynamicallyalterthe
agents behaior. For example,imaginethe difficulty of “re-
programming”the antsbuilding an ant hill to build wide flat
hills insteadof tall andskinny ones.The new planwould need
to be mappedto individual antsand simple pheromonebased
rulesdesigned- possiblebut far from trivial. Note thatdistri-
bution of controlis only one elementthat affectswhetherthe
agents behaior is easyto change. The desirewhen building
AAA is to make the changegequiredto theinternalstructures
of the agentto effect a particularautonomychangeas simple
aspossiblethereforemakingthe AA aseasyto implementas
possible.

Theseguidelinessummarizedesignstratgies for building
agentsvhosebehaior canbe mostflexibly andeasilychanged
online:

e DeterministicExecutionGuideline — Make the reason-
ing processof the agentasdeterministic(and hencepre-
dictable)aspossible.



plicitly aspossibleandin a formatthatrequiresthe least
translation.

¢ Building Blodks Guideline — Divide overall behaior into
smallpieceghatarerelatedto eachotherin avery seman-
tically clearandsimpleway.

e No Extra MechanismsGuideline — The AAA shouldnot
usemechanismstherthanthe normalreasoningnecha-
nismsusedby theagents.

¢ Designfor Failure Guideline — The agentshouldbe de-
signedsothatif ary partof it failsatary time, its behaior
will degradegracefully

6 Discussion

Theseguidelineshave beenfollowedin the implementatiorof
two AA systems.Thefirst is a systemfor creatingagentsfor
interactve simulationscalledEASE[13;14]. In EASE,the AA
is usedto give a userruntimecontrolovertheagentsn asimu-
lation[12]. Two domainsarebeinginvestigatedaircraftcontrol
using Saabs air-combatsimulator TACSI[9], andfootball us-
ing the RoboCupsimulator[5].

The secondmplementedsystemis the E-Elveswhereintel-
ligentagentsareusedto help humanuserscarry out every day
tasksin a humanorganization[10]. The agentscanlook after
taskslik e reschedulingneetingavhena useris delayed prder
ing lunchandfinding presenterfor meetings.

We aimto evaluatetheguidelinesn thefollowing way. First,
we mapeachof the guidelineso agentfeaturesin thetwo sys-
temsthat comeaboutfrom following the guidelines. Thenwe
describetheimpactof eachof the featureson how easyit was
to implementAA. By shaving that agentfeaturesencouraged
by the guidelinesmadethe AA easyto implementwe shav the
utility of thoseguidelines.Preliminaryresultsshav thatfollow-
ing the guidelineswhendesigningagentsdoesmale AA easy
to implement. Ongoingwork is looking in more detail at the
relationshipdetweertheagentfeaturesandAA facilities.

Oneweaknesn this evaluationis thatwe askthatthereader
takeonfaiththatthe AA facilitiesthatwe shav areeasyto build
aregenuinelyuseful.Proving thatthefacilitiesthe systemsro-
vide are actually useful would require completeimplementa-
tions of AA (including completeHuman-Computeimterfaces
andAAR) andextensie testingin unstructurecervironments.
Without usein unstructuredreal-world ervironmentswe can-
not saythefacilities aregenuinelyuseful— arny experimentwe
createwill be “rigged” to the facilities we provide. However,
suchtestingis beyondthe scopeof thiswork. In fact, shaving
therealworld usefulnessf AA present&ninterestingoroblem
in general AA is fundamentallysedor doingthingsnotantic-
ipatedby thesoftware(i.e., thesoftwaredesigner) How canwe
(asdesignersilo useful,repeatablegontrolledexperimentson
theability of softwareto dothingswe (asdesignersjlid not ex-
pect!? Theonly really effective testsof AA will comethrough
extensie real-world useof the system. The bestwe cando is
pointoutthattheliteratureoffersmuchmotivationfor AA with

AA would begenuinelyusefulin therealworld.

In somecasesdueto otherdesignconstraintswe have vi-
olatedthe AA guidelineswhendesigningthe agents.In such
cases,we can look directly at the implications of violating
the designguideline on the implementationof AA. Prelimi-
nary evaluationshaws that in general,when we violated the
guidelinesfrom Section5, AA facilitiesweremoredifficult to
build on the resultingfeatures. By shaving that violating the
guidelinesmadeAA moredifficult to implementwe canfurther
strengtherihe casefor the utility of the guidelines.

Clearly, when designinga particularagentthere are mary
thingsto take into accounbtherthanmakingAA easyto imple-
ment.Mostohviously, theagentmustbeableto achiere the be-
haviour requiredof it. Otherdesignrequirementsik e theability
to formally verify theagents behaiour will alsobe madesim-
pler or moredifficult by thedesignof theagent.Guidelinesgi-
therexplicit orimplicit, will advisewaysto meetotherrequire-
mentsin a straightforvardmanner In the usualcaseit will not
be possibleo designanagentwhich makeseverythingstraight-
forward,i.e. it will not be possibleto follow the guidelinesfor
all therequiredagenteaturesWheneerthe AA guidelinesare
violated,dueto conflictswith guidelinesor otherrequirements,
AA will bemoredifficult toimplement.Such‘tradeofs” areno
differentthanthetradeofs betweensay efficienoy andflexibil-
ity, whereimproving onewill oftenbeto the detrimentof the
other Evenin ourimplementedsystemgwhereAA wasavery
high priority) AA guidelinesweresometimesiolatedso other
designrequirementgould be met. However, despitethe need
to violatethemoccasionallyguidelinesarestill usefulbecause
they allow thedesignerso make informedtradeofs aboutcom-
petingrequirements Hence,the guidelinesallow the designer
to understancearly in the designprocesghat a certaindesign
decisionis making AA moredifficult to implementwhich in
turn mightleadthemto exploreotheroptions.

It is importantto notethatthe agentdesigngor the two im-
plementedAA systemsare distinctly different. EASE agents
have areactve, behaiior basedstylearchitecturavhile E-Elves
agentsuse a model based,decisiontheoreticapproach. The
fact that thereis a distinct differenceis importantbecauset
shaws that the guidelinesare not too restrictve, in that they
permitavarietyof differentdesigngrovidedcertaincharacter
isticsarepresent.The guidelinesrequirecertainfeatuesof an
agentdesignbut do not overly constrairhowthosefeaturesare
achiered. Becausehe applicationsof AA systemsare going
to be very diverseit is critically importantthat the guidelines
do not overly restrictthe designers options. Considerananal-
ogy with a guidelinefor making comfortableshoeswhich ad-
visesusinga hard materialon the bottom(to protectthe foot)
and a soft one on the top (to give flexibility). This guideline
is metin ahugevarietyof differentshoedesignswith otherre-
guirementse.g. footballbootsdressshoesrunningshoeshik-
ing boots,etc. However, in somecasesotherrequirementsn
the shoes “performance”’may meanthe guidelineis violated,
e.g.,for astronauspacewalking boots. Whenthe guidelineis
followed comfortableshoesresultand when violated uncom-
fortable shoesresult. We believe that the AA guidelineswe



designsall with the propertythat AA is subsequentlgtraight-
forwardto implement.
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