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Abstract

Human-robotinteractionis becominganincreasinglyimpor-
tant researcharea. In this paper, we presentour work on
designinga human-robotsystemwith adjustableautonomy
anddescribenotonly theprototypeinterfacebut alsothecor-
respondingrobot behaviors. In our approach,we grant the
humanmeta-level control over the level of robot autonomy,
but we allow the robot a varying amountof self-direction
with eachlevel. Within this framework of adjustableauton-
omy, we explore appropriateinterfaceconceptsfor control-
ling multiple robotsfrom multiple platforms.

Intr oduction
The purposeof this researchis to develop human-centered
robot designconceptsthatapply in multiple robot settings.
More specifically, we have beenexploring the notion of
adjustableautonomyandareconstructinga prototypesys-
tem.Thisprototypesystemallowsahumanuserto interface
with a remoterobotat variouslevelsof autonomy:fully au-
tonomous,autonomouswith goalbiases,waypointmethods,
intelligentteleoperation,anddormant.Theobjectiveis to al-
low asinglehumanoperatorto interactwith multiple robots
anddo sowhile maintainingreasonableworkloadandteam
efficiency. This objective is influencedby the desireto ex-
tend this work to allow multiple usersto managemultiple
robotsfrom multiple interfaceplatforms.

RelatedLiteratur e
Relevantresearchin human-robotinteractioncanbeloosely
classifiedunderfive topics: autonomousrobots,teleopera-
tion, adjustableautonomy, mixed initiatives,andadvanced
interfaces. Of thesetopics, researchin teleoperationis
most mature; we refer to Sheridan’s work for an excel-
lent overview of thesetopics(Sheridan1992). Perhapsthe
mostdifficult obstacleto effectiveteleoperationoccurswhen
therearecommunicationdelaysbetweenthehumanandthe
robot. The standardapproachfor dealingwith theseissues
is to usesupervisorycontrol. Work on teleautonomy(Con-
way, Volz, & Walker 1990)andbehavior-basedteleopera-
tion (Stein 1994) are extensionsto traditional supervisory
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controlthataredesignedspecificallyto accountfor timede-
lays.

Alternativeapproachesto teleautonomythatfocuson the
operatorincludetheuseof predictivedisplays(Lane,Carig-
nan,& Akin 2000)and the useof intelligent interfaceas-
sistants(Murphy & Rogers1996). Approachesthat fo-
cusmoreon the human-robotinteractionasa whole rather
than isolation include safeguardedteleoperation(Krotkov
et al. 1996; Fong, Thorpe, & Baur 2001), mixed initia-
tive systems(Fong, Thorpe,& Baur 1999),andadjustable
autonomy-basedmethods(Doraiset al. 1998).

In addition to dealing with communicationdelays,ad-
justableautonomyhasalsobeenappliedto problemswhere
humanworkloadandsafetyareconsiderations.Theconcept
hasbeenapplied in both software (Pollack, Tsamardinos,
& Horty 1999;Scerri,Pynadath,& Tambe2001)andhard-
wareagents(Perzanowskietal. 1999).Althoughpromising,
challengesin creatingsystemsthat effectively employ ad-
justableautonomyincludeissuesin mixedinitiatives(Fergu-
son,Allen, & Miller 1996;Perzanowski et al. 1999),inter-
vention,responsibility, andtrust(Inagaki& Itoh 1996). Re-
searchersfrom aviation andotherhuman-factorsareaspro-
vide meaningfulinsightsinto the applicationof adjustable
autonomyin the human-robotinteractiondomain(Inagaki
1995).

For many of the applicationsfor which adjustableau-
tonomy and mixed initiatives are appropriate,it is desir-
able to allow the humanto interactwith the robot as nat-
urally as possible. This leadsto researchin advancedin-
terfaces,suchasgesturerecognition(Kortenkamp,Huber,
& Bonasso1996; Voyles & Khosla 1995), emotive com-
puting (Breazeal1998), natural language-basedinterfaces,
virtual reality-baseddisplays (Steele,Thomas,& Black-
mon 1998),andso on. Additionally, this also leadsto re-
searchin robotslearningfrom humanoperators(Boyles &
Khosla2001),andresearchin designingintelligentinterface
agents(Murphy& Rogers1996).

In subsequentdiscussions,weelaborateonthedifferences
betweenautonomous/semi-autonomous robots and mixed
initiative human-robotsystems.The key elementin mixed
initiativesystemsis theon-runningdialoguebetweenhuman
androbotin whichbothpartiesshareresponsibilityfor mis-
sion safetyand success. This work is well characterized
by (Fong, Thorpe,& Baur 1999),who emphasizea robot-



centeredview to human-robotinteraction.Relatedconcepts
arealso� presentin someapproachesto sharedcontrol(Röfer
& Lankenau1999)aswell asin situation-adaptiveautonomy
in aviation automation(Inagaki1995).

Autonomousrobotcontrolandvehicledesignhasanex-
tensive history. A completereview of the literatureis be-
yond the scopeof this paper, but we do note the semi-
nal work of Brooks with behavior-basedrobotics(Brooks
1986). We further notethe excellenttextbookson the sub-
ject by Murphy (Murphy2000)andby Arkin (Arkin 1998).
Therearemany approachesto behavior-basedrobotics,but
in this paperwe focus on approachesbasedon utilitarian
voting schemes(Rosenblatt1995) as well as artificial po-
tential fields (Chuang& Ahuga1998;Frixione,Vercelli, &
Zaccaria1998; Volpe 1994); the last of thesepapershas
an excellent overview of pre-1994work in the context of
telemanipulation. Hierarchicalapproaches,which are the
othermajorapproachto designingautonomousvehicles,are
characterizedby the NIST RCS architecture(Albus 2000;
1991).

A relatedbut relatively unexplored topic is that of col-
laborative teleoperationwhereinmultiple userscontrol one
robot (Goldberg et al. 2000). This work is importantbe-
causeit provides a foundationfor multiple user/multiple
robotinteractions.

Autonomy Modesand Justification
Thepurposeof thissectionis to describethelevelsof auton-
omy thatarebeingincludedin our human-robotinteraction
system.Additionally, we presenta justificationfor eachof
theautonomymodesweinclude.In thesystemwedescribe,
theoperatormustswitchbetweeneachautonomymodebut
within eachmodetherobotshave someauthorityover their
behaviors.

Time Delaysand Neglect
In designinganarchitecturethatallowsmultipleusersto in-
terfacewith multiple robots,it is desirableto equiprobots
with enoughautonomyto allow asingleuserto servicemul-
tiple robots.To capturethemappingbetweenuserattention
androbotautonomy, we introducetheneglectgraphin Fig-
ure 1. The ideaof the neglect graphis simple. RobotA’s
likely effectiveness,which measureshow well therobotac-
complishesits assignedtask and how compatiblethe cur-
renttaskis with thehuman-robotteam’s mission,decreases
whenthe operatorturnsattentionfrom robot A to robot B;
whenrobotA is neglectedit becomeslesseffective.

A commonproblemthat arisesin muchof the literature
on operatinga remoterobotis time delays.Time delaysbe-
tweenearthandMarsarearound45 minutes,betweenearth
andthemoonarearound5 seconds,andbetweenour laptop
andour robot around0.5 seconds.Sinceneglect is analo-
gousto timedelay, wecanusetechniquesdesignedto handle
time delaysto developa systemwith adjustableautonomy.
For example,whentheoperatorturnsattentionfrom robotA
to robotB, theoperatorintroducesatimedelay, albeitavol-
untary one, into the interactionloop betweenthe operator
androbotA. Dependingonhow many robotstheoperatoris
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Figure 1: The neglect curve. The x-axis representsthe
amountof neglectthata robotreceives,which canbeloosely
translatedinto howlongsincetheoperator hasservicedthe
robot. They-axisrepresentsthe subjectiveeffectivenessof
therobot.Asneglectincreases,effectivenessdecreases.The
nearlyvertical curverepresentsa teleoperatedrobotwhich
includesthepotentialfor greateffectivenessbut which fails
if theoperator neglectstherobot.Thehorizontalline repre-
sentsa fully autonomousrobotwhich includeslesspotential
for effectivenessbut which maintainsthis level regardlessof
operator input. Thedashedcurve representsintermediate
typesof semi-autonomousrobots,such asa robot that uses
waypoints,for which effectivenessdecreasesas neglect in-
creases.

managinganddependingon themissionspecifications,it is
desirableto adjusthow mucha robot is neglected.Adjust-
ing neglectcorrespondsto switchingbetweentechniquesfor
handlingtimedelaysin human-robotinteraction.

As thelevel of neglectchanges,anautonomymodemust
bechosenthatcompensatesfor suchneglect.In theliterature
review, several schemeswerebriefly discussedfor dealing
with time delays. Schemesdevised for large time delays
areappropriatefor conditionsof high neglect,andschemes
devisedfor small time delaysareappropriatefor conditions
of low neglect. At the lowestneglect level, sharedcontrol
canbe usedfor either instantaneouscontrol or interaction
underminimal time delays;at the highestneglect level, a
fully autonomousrobotis required.

We arenow in a position to make two observationsthat
appearimportantfor designingrobotsandinterfaceagents.
First, thefollowing rule of thumbseemsto apply: asauton-
omy level increases,the breadthof tasksthat can be han-
dledby a robotdecreases. Anotherway of statingthis rule
of thumbis thatasefficiency increasestoleranceto neglect
decreases.Second,theobjective of a goodrobotandinter-
faceagentdesignis to move the kneeof the neglect curve
asfar to theright aspossible;a well designedinterfaceand
robotcantoleratemuchmoreneglectthanapoorlydesigned
interfaceandrobot.

Autonomy Modes
We have constructed(a) a setof robotbehaviors and(b) an
interfacesystemthat allows an interfaceagentrunningon



a laptopcomputerto interactwith two NomadSuperScout
robotsvia a 11Mb/swirelessethernet.A humancanexplic-
itly controlthelevelof autonomybyselectinganappropriate
modefrom theinterface,but oncethismodeis selectedthen
the humancanonly influencethe robot’s behavior by issu-
ing commandsvia themediatinginterfaceagent.This inter-

Figure2: A screencaptureof thehumaninterface.

face,shown in theFigure2, includes(a) a graphicaldepic-
tion of robotbehaviorsandlocationsusinga 2-D, god’s-eye
perspective,(b) a graphicaldepictionof sonar, compassand
videodata,and(c) icons,pull-down menus,andothertools
for selectingrobots,assigningtasks,andchangingmodes.
Five levels of autonomyaresupported:fully autonomous,
goal-biasedautonomy, waypointsandheuristics,intelligent
teleoperation,anddormant.In this section,we discusseach
of theselevels(exceptdormant)in detail.Morespecifically,
for eachautonomylevel, we (a) discussthe robot design
technique(plus modifications)usedto implementeachau-
tonomylevel and(b) describethe expectedneglectcharac-
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 (Rosenblatt1995), is designedto allow the robot to
be situatedin the environmentand to initiate its own re-
sponsesbasedon its perceptions.Our prototypesystemis
built onabehavior-basedschemewith abehavior arbiterre-
sponsiblefor selectingactuatorsettingsvia avotingmethod.
Thissystemusesvetoesandhijacksto constrainundesirable
emergentbehaviors that arisefrom the voting implementa-
tion while permittingdesirableemergentbehaviors to pass
unhindered.

At this fully autonomouslevel, the robot’s missionis to
initiateresponsesto environmentalstimuli andnohumanin-
put is allowedto influencerobotbehavior. Thepurposeof a
fully autonomousrobot is to let the robot do what it needs
to do andintervenewhennecessary. Underour implemen-

tation, the only fully autonomousbehavior is for the robot
to wanderaboutandcreatea local mapof its environment.
Thus,it haslow efficiency (althoughmapsarehelpful) but
cantoleratea high level of neglect.

Goal-BiasedAutonomy In thevoting methodthatwe are
using,it is possiblefor a humanto specifya region of inter-
est(by dragging-and-dropping a goal icon in the interface)
or a region of risk (by dragging-and-dropping a threaticon
in the interface).Furthermore,in thenearfuturewe expect
to be ableto tell the robot to wanderin a particulardirec-
tion until it findsa particulargoal. In our design,thesegoal
andrisk regionsdo not directly control the robot’s selected
action,but they canbetreatedasany otherbehavior (where
we usethis term in the behavior-basedrobotic sense)and
their voteis includedin theaction-selectionmechanismen-
codedin thearbiter. Thisconcept,which is compatiblewith
Rosenblatt’swork, is still in preliminarydesignstage.

Following the maxim, “an ounceof direction is worth
a ton of intervention,” it is desirableto allow a humanto
bias the autonomousbehavior of the robot. By introduc-
ing goal/riskiconsor by assigninga goal-seekingtask,the
usercanguidetherobotto aparticulargoalandthusachieve
moreuser-specifiedtasksthenthefully autonomoussystem.
This increasein efficiency is accompaniedby a decreasein
the level of acceptableneglectsinceoncetherobot reaches
thegoalit will stopwanderingandthereforestopgenerating
localmaps.

Waypoints and Heuristics Included in the interface is
the ability to specify not only goals/risks,but alsoheuris-
tic directionswhereinthehumandrags-and-dropsiconic ar-
rowsin theinterfaceto heuristicallyinfluencerobotactions.
Ratherthanimplementingthislevel usingthevotingmethod
of actionselection,we usea potential-field-basedapproach
whereinwaypointsrepresentattractive potentials(that dis-
appearwhentherobotreachesthem),obstaclesrepresentre-
pulsivepotentials,andheuristicsrepresentconstraintsonthe
potentialfield (causingthe resultingpotentialto be aligned
alongthe directionof the heuristic). Theseconstraintsare
tantamountto (hardandsoft) waypoints,but arecurrently
restrictedto navigation-typetasks.Becauseof theproblem
with local minima in potentialfield approaches,we mod-
ify theconventionalapproachesby usingsatisficingdecision
theoryto createlocal decisionpotentials.Essentially, these
decisionpotentialsalwayshave a local attractive pull, nor-
malizedbetweenzeroandone,anda local repulsive push,
alsonormalizedbetweenzeroandone. Any decisionsfor
which theattractive pull exceedstherepulsive pusharesat-
isficing,andany satisficingactioncanbechosen.

Introducingwaypointsandheuristicsimprovestherobot’s
ability to do a human-specifiedtask whenceefficiency in-
creases. However, introducing waypoints and heuristics
requiresa more involved humanwhencethe robot’s level
of autonomyis decreasedand its tolerancefor neglect de-
creases. This level of autonomyis, in essence,a task-
automationapproach,andcanbe coupledwith a waypoint
sequencethatallowsarobotto completeamorecomplicated
taskthanpossibleusingonly potentialfields.



Intelligent Teleoperation At the teleoperationlevel, the
human� controlsthe robot via a Microsoft Sidewinder force
feedbackjoystick while the interfacedisplaysvideo feed-
backandotherrobot information. Because(a) time delays
exist betweenwhena commandis issuedandwhenits ef-
fects are observed and (b) it is difficult to efficiently con-
vey perfectsituationawarenessto a remotehumanopera-
tor, therobot treatshumaninputs(from the joystick) asde-
sireddirections,but therobotcounter-balancesthis inputby
a robot-determinedassessmentof risks. Again, we usesat-
isficing decisionpotentialsto identify actionsthataregood
enoughin thesensethatchoicesaredirectedby thehuman
but modulatedby the robot’s senseof what is safe. This
systemis in thespirit of sharedcontrol (Röfer & Lankenau
1999),andincludessafe-guardingwhichpreventstheopera-
tor from runninginto obstacles(unlesstheoperatorpersists
long enoughto causetherobotto acquiesceandexecutethe
operator’scommand).

Although preliminaryexperimentsdemonstratethat this
sharedcontrol systemappearseasyto useand appearsto
requirelesscognitive work from the operatorthanconven-
tional master-slave teleoperation,the systemcan tolerate
only minimal neglect from the humanoperator. Conse-
quently, it’sefficiency is high but neglecttoleranceis low.

Summary In Figure 3, we plot each of the autonomy
modesdiscussedin thissection.Thetrendasautonomylevel
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Figure 3: Autonomymodesas a function of neglect. The
teleoperation and fully autonomouslevelsare shownas in
Figure 1. Thewaypointslevel permitmore usercontrol and
higherefficiency, but whenthewaypointsareexhaustedthen
the efficiencydropsoff. Thegoal-biasedautonomyallows
lessusercontrol thenwaypoints,but can includesomeca-
pability to build local mapsevenif neglected.

is increasedis towardflat curvessituatedin themiddleof the
efficiency axis. As operatorcontrol is increased,thecurves
reachhigheron theefficiency axisbut fall off morequickly
asneglectincreases.

Multi-Platf orm Interfaces
Our current interface runs on a laptop computerwith a
mouseand joystick as input devices. For systemswith

many robotsandmultiple users,this interfacemaybe inef-
ficient. In parallelwith thedevelopmentof interface-based
adjustableautonomy, we have developedinterfacesthat in-
cludenovel input-outputmodeswhichareplatformindepen-
dent.In this section,we discusstheseinterfacesandtheun-
derlyingdesignframework.

Interface for Multiple Robotsand a SingleHuman
Oneof thereasonsto give a humanmeta-level controlover
the level of autonomyis to decreasehumanworkload in
human-robotinteractiontasks.If workloadis decreasedsig-
nificantly, a singlehumancaninteractwith multiple robots
provided that the interfacefacilitatessuchinteraction. Al-
thoughmuchwork needsto bedonebeforeour interfaceis
complete,wedohaveanoperationalinterfacethatallowsus
to controla teamof two robots.This interfacecurrentlyin-
cludesaprimitiveability to displayinformation,placedona
servicequeue,aboutwhich robot needsservicing. Extend-
ing sucha queueto multiple robotsrequiresthe ability for
theinterfaceagentto detectrobotsthathavecompletedtheir
assignedtasks(in thespirit of taskautomation),robotsthat
have initiated behaviors that may needto be monitored(in
thespirit of responseautomation),robotsthataredormant,
androbotsthatmay be stuck. The interfaceagentwill pri-
oritize this queue,androbotsbeingservicedwill broadcast
sensorinformationto helpthehumanobtainanaccuratesit-
uationawareness.

Theinterfacewill beextendedto allow anoperatorto in-
terruptarobot’sbehaviorsfor atimeandthenallow therobot
to returnto its previoustask. Furthermore,we will addthe
ability for theoperatorto specifyasequenceof tasksfor the
robot to accomplish. We intendto usethe ideaof a goal-
stack(Perzanowski et al. 1999) in our preliminary imple-
mentation.

X-WebFramework
XWebis anarchitecturefor collaborative interfacesthatuse
many interactive modalities. Interactionis definedas the
manipulationof somesharedsetof information. XWebuses
XML anda changelanguageto representthe sharedinfor-
mationandits modification. Multiple clientscansubscribe
to the informationandmodify it. We have developeda ro-
bust algorithm for resolvingasynchronousconflicts in the
informationsothatall clientsmaintainaconsistentview.

In thecontext of human-robotteams,thissharedinforma-
tion includesnot only human-createdgoalsandthreatsbut
also the robot status,position and information that robots
have discovered.Robotsbehave asclientsin receiving and
updatingthesharedinformation.

WehavecreatedXView, whichis anabstractlanguagefor
representinginteractiveuserinterfaces.Theheartof XView
is adescriptionof whichdataelementsareto bepresentedas
well ashow they arelabeledandorganized.This represen-
tation is independentof any particularinteractive modality.
Wehavebuilt anddemonstratedcompleteXView clientsthat
use a normal screen/keyboard/mouse,speechrecognition
andsynthesis,pen-basedinteractionon a wall, laser-pointer
interactionfor shareduseof a wall display, andglove-based
interaction. Any of thesemodalitiescan collaboratewith



any otherandwith any of thesharedpiecesof information.
This allows the interactionwith robotic control to adaptto
any physicalsituation.

Validation: Experiments and Measurements
An importantingredientof human-centeredrobotdesignis
validatinghow well the systemworks. In this section,we
outline our proposedapproachfor validatingthe designof
our robotsandour interfaceagent.

The key conceptin our approachto designinga system
with adjustableautonomyis the relationshipbetweenne-
glectandtime-delay. It is desirableto capturehow muchne-
glecta particularrobot/interfacecantolerate.Our approach
is to conducta seriesof experimentswhereina humansub-
ject managesa single robot. The subjectwill be asked to
make therobotperforma seriesof tasks.In additionto ac-
complishingthis goal, the subjectwill be assignedan ad-
ditional taskwhich is unrelatedto controlling the robotbut
which requirescognitiveresources.Thesecondarytaskwill
motivate the subjectto neglect the robot, and the amount
of neglectwill be recordedby measuringhow muchof the
secondarytaskthesubjectperforms.We will thenmeasure
how well thesubjectoperatesthe robotasa functionof the
level of robot autonomygivena particularlevel of neglect.
Thefirst experimentwe areplanningis onein which a hu-
manoperatorwill usethe teleoperationmodeto guide the
robotaroundthetopfloor of ourbuilding. Theoperatorwill
performthis taskwhile beingasked to performa cognitive
task(iteratively subtractthenumbersevenfrom thenumber
3653)while controllingtherobot.This testwill berepeated
for two robotteleoperationtechniques:conventionalmaster-
slave teleoperationandintelligentteleoperation.

Another importantmeasurementis the amountof work-
load a humanexperienceswhenoperatinga robot. Behav-
ioral entropy, a conceptfor measuringhumanworkload in
real time (Boer et al. 2001),is a likely candidatefor mea-
suringthis workload. We arecurrentlyresearchingwaysto
measuretheworkloadrequiredto teleoperatetherobot,add
waypointsand goals,and managethe autonomylevel. A
secondphaseof this researchdirection is measuringhow
workloadchangesasa functionof interfaceplatform.

A Perspective on Mixed-Initiati vesand
Adjustable Autonomy

Whenhumansandmachinesshareresponsibilityfor achiev-
ing a specifictask,responsibilitycanbethoughtof asshift-
ing betweenhumanandrobotaccordingto thetimelinedia-
grammedin Figure4. Initiation andterminationof automa-
tion arefunctionsof humandesiresandcapabilities,andma-
chinedesignandcapabilities.An automatedsystemmustfa-
cilitatenotonly seamlesstransitionsbetweenautomatedand
humanskills, but alsounambiguousassignmentof authority
to switchbetweentheseskills.

In this section,we discussauthorityin thecontext of ini-
tiating andterminatingautomation.Within this context, we
giveanoperationalcharacterizationof whatit meansto bea
mixed initiative system. Throughoutthis section,it seems
reasonableto view human-robotsystemsas composedof

Operator Automation Operator

initiation termination

Figure4: Timelineof transitionsbetweenhumanoperator
and automationcontrol (robot). (Time increasesfrom left
to right.) Thetimelineindicateswhois givenresponsibility
for performinga particular task. Automationresponsibility
beginsat an initiation event,andendsat a terminationevent.

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

Authority to Initiate
Sheridan identifies ten levels of automation in human-
computerdecision-makingwhich rangeon a responsibility
spectrumfrom theoperatordecidingonataskandassigning
it to the computer, to the computerdecidingon a taskand
performingthe task without input from the operator(Har
1988).Basedon thesetwo extremes,automationthatshares
responsibilitywith a humanoperatorcanbebroadlyclassi-
fied into two maincategories(with examplesfrom our sys-
tem):

Task automation systems: The operatorchoosesto dele-
gatea taskto theautomationto relieve somephysicalor
mentalburden.Settingwaypointsis anexampleof sucha
system.

Responseautomation systems: The automationpreempts
humandecisionmakingandcontrolandinitiatesa taskto
facilitatesafetyor efficiency. An interfaceagentthatau-
tomaticallychangestherobot’sautonomylevel to relieve
humanworkloadis anexampleof suchasystem

The essentialdistinction betweenthesetwo categories is
how the automationis initiated and, more precisely, who
hasauthority to invoke a behavior. In the first, the human
operatorinitiatestheautomationwhereasin thesecond,au-
tomationinitiatesitself.

Authority is a usefulconceptfor identifying a mixedini-
tiative system.Onecharacteristicof a mixedinitiative sys-
tem is that it grants a machine the authority to initiate a
task; the robot or interfaceagenthasauthority to initiate a
behavior without waiting for humaninstruction.

Evenwhena human-robotsystemis mixedinitiative, the
operatormay be required to switch levels of autonomy.
Controllinglevelsof autonomyis tantamountto controlling
boundson the robot’s authority. This meta-controltaskof
controlling the autonomylevel can itself be mixed initia-
tive,aswhenaninterfaceagentdeterminesthatthecognitive
workload for the operatoris outsideof a predefinedrange
andinitiatesachangein therobot’sautonomylevel.

Authority to Terminate
Automationwill terminateif theassignedtaskis completed
or if the humanoperatorintervenes. Sincecompletionand



interventioncanbothoccur, it is importantto designhuman-
robotsystemsthathelpoperatorsdetectandrespondto the
limits of theautomation.This observationleadsto a second
division amongautomationtypes.This division is exempli-
fiedby Sarter’sautomationpolicies(Sarter1998):

Managementby exception: Whenoperatorscaneasilyde-
tectandrespondto the limits of automation,thentheau-
tomation,onceinitiated,is responsiblefor systembehav-
ior unlessand until the operatoror interfacedetectsan
exceptionto nominalsystembehavior andterminatesthe
automation.Examplesof this terminationpolicy include
whena robotwandersandbuilds mapsuntil theoperator
stopsit.

Managementby consent: When the limits of automated
behaviorsarenot easilyidentifiableby operatorsor when
the operatoris neglecting the automation,then the au-
tomation, once initiated, must convey its limits to the
operatoror interfaceand clearly indicate when it self-
terminates. This allows the operatorto develop accu-
rateandreliableexpectationsof automationtermination
by consentingto a limited scopeof automatedbehavior.
Examplesof thisterminationpolicy includetimeddevices
andsystemsthatperformataskwith aclearlyidentifiable
stateof completion(e.g. find goal � , sleepfor five min-
utes,etc.).

The essentialdistinctionbetweenthesetwo classesis how
theautomationis terminatedand,moreprecisely, whoturns
off the automation. In the first (automationby exception),
peopleterminatetheautomationwhereasin thesecond(au-
tomationbyconsent)theautomationterminatesitself. A sec-
ondcharacteristicof a mixedinitiative systemis thatthesys-
temcan terminatea behavior, even if the operatorinitiated
thebehavior.

Conclusions
Adjustableautonomyis animportantconceptin thehuman-
robot-interactioncommunity. By combining techniques
from behavior-basedroboticswith human-centeredautoma-
tion, a usableinterfacethat facilitatesadjustableautonomy
canbe developedandappliedto multi-human,multi-robot
interaction.
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