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Abstract

Human-robointeractionis becominganincreasinglyimpor-

tant researcharea. In this paper we presentour work on

designinga human-robotsystemwith adjustableautonomy
anddescribenotonly theprototypeinterfacebut alsothe cor-

respondingrobot behaiors. In our approachwe grantthe
humanmeta-leel control over the level of robot autonomy
but we allow the robot a varying amountof self-direction
with eachlevel. Within this framewvork of adjustableauton-
omy, we explore appropriateinterface conceptsor control-
ling multiple robotsfrom multiple platforms.

Intr oduction

The purposeof this researchs to develop human-centered
robot designconceptghatapply in multiple robot settings.
More specifically we have beenexploring the notion of
adjustableautonomyand are constructinga prototypesys-
tem. This prototypesystemallows a humanuserto interface
with aremoterobotat variouslevelsof autonomy:fully au-
tonomousautonomousvith goalbiaseswaypointmethods,
intelligentteleoperationanddormant.Theobjectiveisto al-
low a singlehumanoperatotto interactwith multiple robots
anddo sowhile maintainingreasonablevorkloadandteam
efficiency. This objective is influencedby the desireto ex-
tend this work to allow multiple usersto managemultiple
robotsfrom multiple interfaceplatforms.

RelatedLiteratur e

Relevantresearchn human-robotnteractioncanbeloosely
classifiedunderfive topics: autonomousobots,teleopera-
tion, adjustableautonomy mixed initiatives,andadvanced
interfaces. Of thesetopics, researchin teleoperationis
most mature; we refer to Sheridans work for an excel-
lent overview of thesetopics(Sheridan1992). Perhapghe
mostdifficult obstacldo effectiveteleoperatiomccursvhen
therearecommunicatiordelaysbetweerthe humanandthe
robot. The standardapproachor dealingwith theseissues
is to usesupervisorycontrol. Work on teleautonomyCon-
way, Volz, & Walker 1990) and behavior-basedteleopera-
tion (Stein 1994) are extensionsto traditional supervisory
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controlthataredesignedspecificallyto accountfor time de-
lays.

Alternative approacheto teleautonomythatfocuson the
operatolincludethe useof predictive displays(Lane,Carig-
nan,& Akin 2000)andthe useof intelligentinterfaceas-
sistants(Murphy & Rogers1996). Approachesthat fo-
cusmoreon the human-robointeractionasa whole rather
than isolation include safgguardedteleoperation(Krotkov
et al. 1996; Fong, Thorpe, & Baur 2001), mixed initia-
tive systemgFong, Thorpe,& Baur 1999), and adjustable
autonomy-basethethodgDoraisetal. 1998).

In addition to dealingwith communicationdelays, ad-
justableautonomyhasalsobeenappliedto problemswhere
humanworkloadandsafetyareconsiderationsThe concept
hasbeenappliedin both software (Pollack, Tsamardinos,
& Horty 1999; Scerri,Pynadath& Tambe2001)andhard-
wareagentgPerzanavskietal. 1999). Althoughpromising,
challengesn creatingsystemshat effectively employ ad-
justableautonomyincludeissuesn mixedinitiatives(Feigu-
son,Allen, & Miller 1996;Perzanaski etal. 1999),inter-
vention,responsibility andtrust(Inagaki& Itoh 1996). Re-
searchergérom aviation and otherhuman-fctorsareaspro-
vide meaningfulinsightsinto the applicationof adjustable
autonomyin the human-robotinteractiondomain (Inagaki
1995).

For mary of the applicationsfor which adjustableau-
tonomy and mixed initiatives are appropriate,it is desir
ableto allow the humanto interactwith the robot as nat-
urally as possible. This leadsto researchin advancedin-
terfaces,suchas gesturerecognition(Kortenkamp,Huber,
& Bonass01996; Voyles & Khosla 1995), emotive com-
puting (Breazeal1998), naturallanguage-baseuhterfaces,
virtual reality-baseddisplays (Steele, Thomas, & Black-
mon 1998), and so on. Additionally, this alsoleadsto re-
searchin robotslearningfrom humanoperatorgBoyles &
Khosla2001),andresearchn designingntelligentinterface
agent{Murphy & Rogersl1996).

In subsequerdiscussionsye elaboratenthedifferences
betweenautonomous/semi-autonom® robots and mixed
initiative human-robosystems.The key elementin mixed
initiative systemgs theon-runningdialoguebetweerhuman
androbotin which both partiesshareresponsibilityfor mis-
sion safety and success. This work is well characterized
by (Fong, Thorpe,& Baur 1999),who emphasize robot-



centeredriew to human-robotnteraction.Relatedconcepts
arealsopresenin someapproache® sharedcontrol (Rofer
& Lankenaul999)aswell asin situation-adaptieautonomy
in aviation automation(Inagaki1995).

Autonomousrobot control andvehicledesignhasan ex-
tensie history. A completereview of the literatureis be-
yond the scopeof this paper but we do note the semi-
nal work of Brooks with behaior-basedrobotics (Brooks
1986). We further notethe excellenttextbookson the sub-
jectby Murphy (Murphy 2000)andby Arkin (Arkin 1998).
Therearemary approacheso behaior-basedobotics,but
in this paperwe focus on approachedasedon utilitarian
voting schemegRosenblatt1995) as well as artificial po-
tential fields (Chuang& Ahuga1998;Frixione, Vercelli, &
Zaccarial998; Volpe 1994); the last of thesepapershas
an excellent overview of pre-1994work in the context of
telemanipulation. Hierarchicalapproacheswhich are the
othermajorapproacho designingautonomousehiclesare
characterizedy the NIST RCS architecture(Albus 2000;
1991).

A relatedbut relatively unexploredtopic is that of col-
laboratie teleoperatiorwhereinmultiple userscontrol one
robot (Goldbeg et al. 2000). This work is importantbe-
causeit provides a foundationfor multiple user/multiple
robotinteractions.

Autonomy Modesand Justification

Thepurposeof this sectionis to describehelevelsof auton-
omy thatarebeingincludedin our human-robotinteraction
system. Additionally, we presenta justificationfor eachof
theautonomymodesweinclude.In the systemwe describe,
the operatomustswitch betweereachautonomymodebut
within eachmodethe robotshave someauthorityover their
behaiors.

Time Delaysand Neglect

In designinganarchitectureghatallows multiple usergo in-
terfacewith multiple robots, it is desirableto equiprobots
with enoughautonomyto allow a singleuserto servicemul-
tiple robots. To capturethe mappingbetweernuserattention
androbotautonomywe introducethe neglectgraphin Fig-
ure 1. Theideaof the neglectgraphis simple. RobotA’'s
likely effectivenesswhich measurefiow well therobotac-
complishesits assignedask and how compatiblethe cur-
renttaskis with the human-roboteams mission,decreases
whenthe operatorturns attentionfrom robot A to robot B;
whenrobotA is neglectedit becomedesseffective.

A commonproblemthat arisesin muchof the literature
on operatinga remoterobotis time delays.Time delaysbe-
tweenearthandMarsarearound45 minutes betweenrearth
andthemoonarearound5 secondsandbetweerour laptop
and our robot around0.5 seconds.Sincenegglectis analo-
gousto time delay we canusetechniquesiesignedo handle
time delaysto develop a systemwith adjustableautonomy
For example whentheoperatotturnsattentionfrom robotA
to robotB, the operatoiintroducesatime delay albeitavol-
untary one, into the interactionloop betweenthe operator
androbotA. Dependingon how mary robotsthe operatoris

Robot Effectiveness

t\ /
/ Neglect

Teleoperation  Fully Autonomous

Figure 1: The neglect curve The x-axis representsthe
amounbfneylectthatarobotreceivesywhich canbeloosely
translatednto howlong sincethe operator hasservicedthe
robot. They-axisrepresentghe subjectiveeffectivenessf
therobot. AsngglectincreaseseffectivenessleceasesThe
nearly vertical curverepresentsa teleopeatedrobotwhich
includesthe potentialfor greateffectivenessut which fails
if the operator ngglectstherobot. Thehorizontalline repre-
sentsa fully autonomousobotwhich includeslesspotential
for effectivenessut which maintainsthis level regardlessof
operator input. The dashedcurve representantermediate
typesof semi-autonomouobots,suc as a robotthat uses
waypoints,for which effectivenesslecieasesas ngylectin-
creases.

managinganddependingn the missionspecificationsit is
desirableto adjusthow mucha robotis neglected. Adjust-
ing neglectcorrespondso switchingbetweertechniquesor
handlingtime delaysin human-robotnteraction.

As thelevel of ngglectchangesanautonomymodemust
bechoserthatcompensate®r suchngglect. In theliterature
review, several schemesvere briefly discussedor dealing
with time delays. Schemedevised for large time delays
areappropriatefor conditionsof high neglect,andschemes
devisedfor smalltime delaysareappropriatdor conditions
of low negglect. At the lowestneglectlevel, sharedcontrol
canbe usedfor eitherinstantaneousontrol or interaction
underminimal time delays; at the highestneglect level, a
fully autonomousobotis required.

We arenow in a positionto make two obsenationsthat
appeatimportantfor designingrobotsandinterfaceagents.
First, thefollowing rule of thumbseemso apply: asauton-
omylevel increasesthe breadthof tasksthat can be han-
dled by a robotdecreases Anotherway of statingthis rule
of thumbis thatasefficiengy increasesoleranceto neglect
decreasesSecondthe objective of a goodrobotandinter-
faceagentdesignis to move the kneeof the neglectcurve
asfarto theright aspossible;a well designednterfaceand
robotcantoleratemuchmoreneglectthanapoorly designed
interfaceandrobot.

Autonomy Modes

We have constructeda) a setof robotbehaiors and(b) an
interface systemthat allows an interfaceagentrunning on



a laptop computerto interactwith two Nomad SuperScout
robotsvia a 11Mb/swirelessethernet A humancanexplic-
itly controlthelevel of autonomyby selectinganappropriate
modefrom theinterface but oncethis modeis selectedhen
the humancanonly influencethe robot’s behavior by issu-
ing commandwia the mediatinginterfaceagent.This inter-
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Figure2: A screencapture of the humaninterface

face,shawn in the Figure 2, includes(a) a graphicaldepic-
tion of robotbehaviors andlocationsusinga 2-D, god's-eye
perspectie, (b) a graphicaldepictionof sonar compassand
videodata,and(c) icons, pull-down menusandothertools
for selectingrobots,assigningtasks,and changingmodes.
Five levels of autonomyare supported:fully autonomous,
goal-biasedautonomywaypointsandheuristics,intelligent
teleoperationanddormant.In this section,we discusseach
of thesdevels (exceptdormant)in detail. More specifically
for eachautonomylevel, we (a) discussthe robot design
technique(plus modifications)usedto implementeachau-
tonomylevel and(b) describethe expectedneglect charac-
teristicsof this design.We discusshow we planto validate
thedesignshortly.

Full Autonomy The systemwe have developed, which
is basedon a utilitarian-voting schemesimilar to Rosen-
blatt's (Rosenblattl 995),is designedo allow the robot to
be situatedin the ervironmentand to initiate its own re-
sponsesdasedon its perceptions.Our prototypesystemis
built onabehaior-basedschemeawith abehaior arbiterre-
sponsibldor selectingactuatorsettingsvia avotingmethod.
This systemusesvetoesandhijacksto constrainundesirable
emegentbehaiors that arisefrom the voting implementa-
tion while permitting desirableemegentbehaiors to pass
unhindered.

At this fully autonomousdevel, the robot’s missionis to
initiate responseto ervironmentalktimuli andno humanin-
putis allowedto influencerobotbehaior. The purposeof a
fully autonomousobotis to let the robotdo whatit needs
to do andintervenewhennecessaryUnderour implemen-

tation, the only fully autonomousehavior is for the robot
to wanderaboutandcreatea local mapof its ervironment.
Thus, it haslow efficiengy (althoughmapsare helpful) but
cantoleratea high level of neglect.

Goal-BiasedAutonomy In thevoting methodthatwe are
using,it is possiblefor ahumanto specifyaregion of inter-
est(by dragging-and-drpping a goalicon in the interface)
or aregion of risk (by dragging-and-droppg a threaticon
in the interface). Furthermorejn the nearfuture we expect
to be ableto tell the robotto wanderin a particulardirec-
tion until it findsa particulargoal. In our design thesegoal
andrisk regionsdo not directly control the robot’s selected
action,but they canbetreatedasary otherbehaior (where
we usethis term in the behaior-basedrobotic sense)and
their voteis includedin the action-selectiomechanisnen-
codedin thearbiter This conceptwhichis compatiblewith
Rosenblats work, is still in preliminarydesignstage.

Following the maxim, “an ounceof direction is worth
a ton of intervention’ it is desirableto allow a humanto
bias the autonomoushehaior of the robot. By introduc-
ing goal/riskiconsor by assigninga goal-seekingask, the
usercanguidetherobotto aparticulargoalandthusachiese
moreuserspecifiedasksthenthefully autonomousystem.
This increasdn efficiengy is accompaniedby a decreasén
thelevel of acceptableeglect sinceoncethe robotreaches
thegoalit will stopwanderingandthereforestopgenerating
local maps.

Waypoints and Heuristics Includedin the interface is
the ability to specify not only goals/risks,but also heuris-
tic directionswhereinthe humandrags-and-dropionic ar
rowsin theinterfaceto heuristicallyinfluencerobotactions.
Ratherthanimplementinghislevel usingthevotingmethod
of actionselectionwe usea potential-field-basedpproach
whereinwaypointsrepresentttractive potentials(that dis-
appeawhentherobotreacheshem),obstaclesepresente-
pulsive potentialsandheuristicsrepresentonstraint®onthe
potentialfield (causingthe resultingpotentialto be aligned
alongthe direction of the heuristic). Theseconstraintsare
tantamounto (hard and soft) waypoints,but are currently
restrictedto navigation-typetasks. Becauseof the problem
with local minima in potentialfield approachesywe mod-
ify thecorventionalapproacheby usingsatisficingdecision
theoryto createlocal decisionpotentials.Essentiallythese
decisionpotentialsalways have a local attractive pull, nor-
malizedbetweenzeroandone,anda local repulsve push,
alsonormalizedbetweenzeroand one. Any decisionsfor
which the attractive pull exceedgherepulsive pusharesat-
isficing, andary satisficingactioncanbe chosen.
Introducingwaypointsandheuristicimprovestherobot’s
ability to do a human-specifiedask whenceefficiengy in-
creases. However, introducing waypoints and heuristics
requiresa more involved humanwhencethe robot’s level
of autonomyis decrease@ndits tolerancefor neglect de-
creases. This level of autonomyis, in essencea task-
automationapproachand canbe coupledwith a waypoint
sequencéhatallowsarobotto completeamorecomplicated
taskthanpossibleusingonly potentialfields.



Intelligent Teleoperation At the teleoperatiorievel, the
humancontrolsthe robot via a Microsoft Sidevinder force
feedbackjoystick while the interface displaysvideo feed-
backandotherrobotinformation. Becausdga) time delays
exist betweenwhena commandis issuedandwhenits ef-
fectsare obsened and (b) it is difficult to efficiently con-
vey perfectsituationawarenesgo a remotehumanopera-
tor, therobottreatshumaninputs(from the joystick) asde-
sireddirections but therobotcounterbalanceshis inputby
arobot-determinedssessmentf risks. Again, we usesat-
isficing decisionpotentialsto identify actionsthataregood
enoughin the sensahat choicesaredirectedby the human
but modulatedby the robot’s senseof what is safe. This
systemis in the spirit of sharedcontrol (Rofer & Lankenau
1999),andincludessafe-guardingvhich preventstheopera-
tor from runninginto obstaclegunlessthe operatompersists
long enoughto causeherobotto acquiescandexecutethe
operators command).

Although preliminary experimentsdemonstratéhat this
sharedcontrol systemappearseasyto useand appearso
requirelesscognitive work from the operatorthancorven-
tional masterslave teleoperationthe systemcan tolerate
only minimal neglect from the humanoperator Conse-
quently it's efficiency is high but neglecttolerances low.

Summary In Figure 3, we plot each of the autonomy
modediscussedh thissection.Thetrendasautonomylevel
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Figure 3: Autonomymodesas a function of ngglect. The
teleopeation and fully autonomoudevelsare shownas in
Figure 1. Thewaypointdevel permitmore usercontrol and
higherefficiency but whenthewaypointsare exhaustedhen
the efficiencydropsoff. The goal-biasedautonomyallows
lessusercontmol thenwaypoints,but caninclude someca-
pability to build local mapsevenif neglected.

is increaseds towardflat curvessituatedn themiddleof the
efficiency axis. As operatorcontrolis increasedthe curves
reachhigheron the efficiency axisbut fall off morequickly
ashegylectincreases.

Multi-Platf orm Interfaces

Our current interface runs on a laptop computerwith a
mouseand joystick as input devices. For systemswith

mary robotsand multiple users this interfacemay be inef-
ficient. In parallelwith the developmentof interface-based
adjustableautonomywe have developedinterfacesthatin-
cludenovelinput-outputmodesvhich areplatformindepen-
dent.In this sectionwe discusgheseinterfacesandthe un-
derlyingdesignframework.

Interface for Multiple Robotsand a SingleHuman

Oneof thereasongo give a humanmeta-level control over
the level of autonomyis to decreasehumanworkload in
human-robointeractiontasks.If workloadis decreasedig-
nificantly, a single humancaninteractwith multiple robots
provided that the interfacefacilitatessuchinteraction. Al-
thoughmuchwork needgto be donebeforeour interfaceis
completewe do have anoperationalnterfacethatallows us
to controla teamof two robots. This interfacecurrentlyin-
cludesaprimitive ability to displayinformation,placedona
servicequeue,aboutwhich robot needsservicing. Extend-
ing sucha queueto multiple robotsrequiresthe ability for
theinterfaceagentto detectrobotsthathave completedheir
assignedasks(in the spirit of taskautomation)robotsthat
have initiated behaiors that may needto be monitored(in
the spirit of responseutomation) robotsthat aredormant,
androbotsthat may be stuck. The interfaceagentwill pri-
oritize this queue,androbotsbeingservicedwill broadcast
sensolinformationto helpthe humanobtainanaccuratesit-
uationawareness.

Theinterfacewill be extendedto allow anoperatorto in-
terruptarobot’'sbehaiorsfor atime andthenallow therobot
to returnto its previoustask. Furthermorewe will addthe
ability for the operatorto specifya sequencef tasksfor the
robot to accomplish. We intendto usethe ideaof a goal-
stack(Perzanwski et al. 1999)in our preliminaryimple-
mentation.

X-Web Framework

XWebis anarchitecturdor collaboratve interfaceshatuse
mary interactve modalities. Interactionis definedas the
manipulationof somesharedsetof information XWebuses
XML anda changelanguageto representhe sharednfor-
mationandits modification. Multiple clientscansubscribe
to the informationandmodify it. We have developeda ro-
bust algorithm for resolvingasynchronougonflictsin the
informationsothatall clientsmaintaina consistentiew.

In thecontet of human-roboteamsthis sharednforma-
tion includesnot only human-createdoalsand threatsbut
also the robot status,position and information that robots
have discovered. Robotshehae asclientsin receving and
updatingthe sharednformation.

We have createdXView, whichis anabstractanguagdor
representingnteractve userinterfaces.The heartof XView
is adescriptiorof which dataelementsreto bepresenteds
well ashow they arelabeledandorganized.This represen-
tationis independenbf ary particularinteractve modality.
We havebuilt anddemonstratedompleteXView clientsthat
use a hormal screen/kyboard/mouse speechrecognition
andsynthesispen-basedhteractionon awall, laserpointer
interactionfor shareduseof awall display andglove-based
interaction. Any of thesemodalitiescan collaboratewith



ary otherandwith ary of the sharecbiecesof information.
This allows the interactionwith robotic control to adaptto
ary physicalsituation.

Validation: Experiments and Measurements

An importantingredientof human-centeredbbot designis
validatinghow well the systemworks. In this section,we
outline our proposedapproachfor validatingthe designof
ourrobotsandour interfaceagent.

The key conceptin our approachto designinga system
with adjustableautonomyis the relationshipbetweenne-
glectandtime-delay It is desirableo capturehow muchne-
glecta particularrobot/interficecantolerate.Our approach
is to conducta seriesof experimentsvhereina humansub-
ject manages singlerobot. The subjectwill be asked to
male the robot performa seriesof tasks.In additionto ac-
complishingthis goal, the subjectwill be assignedan ad-
ditional taskwhich is unrelatedo controlling the robot but
whichrequirescognitive resourcesThe secondaryaskwill
motivate the subjectto neglect the robot, and the amount
of neglectwill be recordedoy measurinchow muchof the
secondaryaskthe subjectperforms.We will thenmeasure
how well the subjectoperateghe robotasa function of the
level of robotautonomygiven a particularlevel of neglect.
Thefirst experimentwe are planningis onein which a hu-
manoperatorwill usethe teleoperatiormodeto guidethe
robotaroundthetop floor of our building. The operatomwill
performthis taskwhile beingasled to performa cognitive
task(iteratively subtracthe numbersesenfrom the number
3653)while controllingtherobot. This testwill berepeated
for two robotteleoperationechniguescorventionalmaster
slave teleoperatiorandintelligentteleoperation.

Anotherimportantmeasuremenis the amountof work-
load a humanexperiencesvhen operatinga robot. Behas-
ioral entropy, a conceptfor measuringhumanworkloadin
realtime (Boeretal. 2001),is a likely candidatefor mea-
suringthis workload. We arecurrentlyresearchingvaysto
measuraghe workloadrequiredto teleoperatehe robot,add
waypointsand goals, and managethe autonomylevel. A
secondphaseof this researchdirectionis measuringhow
workloadchangessa function of interfaceplatform.

A Perspectie on Mixed-Initiati vesand
Adjustable Autonomy

Whenhumansandmachineshareresponsibilityfor achies-
ing a specifictask,responsibilitycanbe thoughtof asshift-
ing betweerhumanandrobotaccordingto thetimelinedia-
grammedn Figure4. Initiation andterminationof automa-
tion arefunctionsof humandesiresandcapabilitiesandma-
chinedesignandcapabilities An automatedystenmustfa-
cilitate notonly seamlestransitionsbetweerautomatednd
humanskills, but alsounambiguousissignmenof authority
to switchbetweertheseskills.

In this section,we discussauthorityin the context of ini-
tiating andterminatingautomation.Within this context, we
give anoperationatharacterizationf whatit meango bea
mixed initiative system. Throughoutthis section,it seems
reasonabldo view human-robotsystemsas composedof

Operator Automation Operator

initiation termination

Figure 4. Timeline of transitionsbetweerhumanopertor
and automationcontmol (robot). (Time increasesfrom left
to right.) Thetimelineindicateswhois givenresponsibility
for performinga particular task. Automationresponsibility
begginsat aninitiation event,andendsat aterminationevent.

threeagents: a humanoperator an interfaceagent,and a
robotagent. The operatorcansetboundswithin which the
robot hasauthority to initiate behaiors, and the interface
agentcaninitiate switchesin thesebounds.

Authority to Initiate

Sheridanidentifies ten levels of automationin human-
computerdecision-makingvhich rangeon a responsibility
spectrunfrom theoperatordecidingon ataskandassigning
it to the computer to the computerdecidingon a taskand

performingthe task without input from the operator(Har

1988).Basedon thesetwo extremesautomatiorthatshares
responsibilitywith a humanoperatorcanbe broadlyclassi-

fied into two main catgyories(with examplesfrom our sys-

tem):

Task automation systems: The operatorchoosego dele-
gateataskto the automationto relieve somephysicalor
mentalburden.Settingwaypointsis anexampleof sucha
system.

Responseautomation systems: The automationpreempts
humandecisionmakingandcontrolandinitiatesataskto
facilitate safetyor efficiency. An interfaceagentthatau-
tomaticallychangegherobot's autonomylevel to relieve
humanworkloadis anexampleof sucha system

The essentialdistinction betweenthesetwo categoriesis
how the automationis initiated and, more precisely who
hasauthority to invoke a behavior In the first, the human
operatoiinitiatesthe automationwhereasn the secondau-
tomationinitiatesitself.

Authority is a usefulconcepftfor identifying a mixedini-
tiative system.Onecharacteristicof a mixedinitiative sys-
temis that it grants a madine the authority to initiate a
task the robot or interfaceagenthasauthorityto initiate a
behavior withoutwaiting for humaninstruction.

Evenwhena human-robosystemis mixed initiative, the
operatormay be requiredto switch levels of autonomy
Controlling levels of autonomyis tantamounto controlling
boundson the robot’s authority This meta-controltask of
controlling the autonomylevel can itself be mixed initia-
tive,aswhenaninterfaceagentdetermineshatthecognitive
workloadfor the operatoris outsideof a predefinedrange
andinitiatesa changdn therobot’'s autonomylevel.

Authority to Terminate

Automationwill terminateif the assignedaskis completed
or if the humanoperatorintervenes Sincecompletionand



interventioncanbothoccur, it is importantto designhuman-
robot systemghat help operatorsdetectandrespondo the

limits of theautomation.This obsenationleadsto a second
division amongautomatiortypes. This division is exempli-

fied by Sarters automatiorpolicies(Sarter1998):

Managementby exception: Whenoperatorganeasilyde-
tectandrespondo the limits of automationthenthe au-
tomation,onceinitiated, is responsibldor systembeha-
ior unlessand until the operatoror interface detectsan
exceptionto nominalsystembehaior andterminateghe
automation.Examplesof this terminationpolicy include
whena robotwandersandbuilds mapsuntil the operator
stopsit.

Managementby consent: When the limits of automated
behaiors arenot easilyidentifiableby operatoror when
the operatoris neglecting the automation,then the au-
tomation, once initiated, must corvey its limits to the
operatoror interface and clearly indicate when it self-
terminates. This allows the operatorto develop accu-
rate andreliable expectationsof automationtermination
by consentingo a limited scopeof automatecehaior.
Examplef thisterminationpolicy includetimeddevices
andsystemghatperformataskwith a clearlyidentifiable
stateof completion(e.g. find goal z, sleepfor five min-
utes,etc.).

The essentiabistinction betweenthesetwo classeds how
theautomationis terminatedand,morepreciselywhoturns
off the automation In the first (automationby exception),
peopleterminatethe automationwhereasn the secondau-
tomationby consentfheautomatiorterminatestself. Asec-
ondcharacteristicof a mixedinitiative systenis thatthesys-
temcanterminatea behavior evenif the operatorinitiated
thebehaior.

Conclusions

Adjustableautonomyis animportantconceptin the human-
robot-interactioncommunity By combining techniques
from behaior-basedoboticswith human-centeredutoma-
tion, a usableinterfacethat facilitatesadjustableautonomy
canbe developedand appliedto multi-human,multi-robot

interaction.
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