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Abstract

We presentthe �rst demonstrationversionof the WITAS dia-
loguesystemfor multi-modalconversationswith autonomous
mobilerobots,andmotivateseveralinnovationscurrentlyin de-
velopmentfor versionII. The human-robotinteractionsetting
is argued to presentnew challengesfor dialoguesystemen-
gineers,in comparisonto previous work in dialoguesystems
underthe travel-planningparadigm,in that dialoguesmustbe
asynchronous,mixed-initiative, open-ended,andinvolve a dy-
namicenvironment.Weapproachedthesegeneralproblemsin a
dialogueinterfaceto theWITASrobothelicopter, or UAV (`Un-
mannedAerial Vehicle').1 Wepresentthissystemandthemod-
elling ideasbehindit, andthenmotivatechangesbeingmadefor
versionII of the system,involving morerichly structureddia-
loguestatesandthe useof automatedreasoningsystemsover
task,ability, andworld-statemodels.We arguethat thesesorts
of enhancementarevital to thefuturedevelopmentof conversa-
tional systems.

1. Dialogueswith mobile robots
Many dialoguesystemshave beenbuilt for use in contexts
whereconversationalinteractionsare predictableand can be
scripted,and where the operatingenvironment is static. For
example,a dialoguefor buying an airline �ight canbe speci-
�ed by way of �lling in certainparameters(cost,destination,
andsoon)andadatabasequery, report,andcon�rmation cycle.
This `travel-planning'paradigmhasbeenthefocusof dialogue
systemresearchfor severalyears.In suchcasesit suf�ces to de-
velop a transitionnetwork for pathsthroughdialoguestatesto
recognisablecompletionstates.Evenif thedatabasewhich the
systemaccessesis dynamic(i.e. theinformationrecordedthere
changes),thecomplexity of the interactionsneededto support
taskcompletionin suchaninterfaceis low in comparisonto that
requiredto interactwith a mobile agentwith its own percep-
tions,in achangingworld. Consideranoperator's conversation
with an autonomousmobile robot with perceptionsin a envi-
ronmentwhich is constantlychanging.Dialogueswith sucha
devicewill beverydifferent(seee.g.argumentsin [1]) to those
in the travel-planningparadigm. Therewill be no predictable
courseof eventsin thedialogues.Thedevice itself may`need'
to communicateurgently with its operator. Theremay not be
well-de�ned endpointsto conversations,and relevant objects
mayappearanddisappearfrom theoperatingenvironment. In
particular, different`threads'of a conversationmayneedto be

1Wallenberg laboratoryfor researchonInformationTechnologyand
AutonomousSystems(WITAS) UnmannedAerial Vehicle,undercon-
structionat Linköping University, Sweden.This researchwasfunded
undertheWITAS Projectby theWallenberg Foundation,Sweden.

initiated, setaside,and revisited, andoperatorand robot will
needto negotiatethe robot's abilities in any situation. Tasks
given to thedevice will alsoneedto bespeci�ed,ordered,and
their executionmonitored.

Thedialoguemodellingandmanagementtechniquesdevel-
opedunderthetravel-planningparadigmarenot rich enoughto
supportthesemorecomplex interactionscenarios,andwe have
foundthatdifferentstructuresandmethodsneedto beadopted.
We discussmodelling and implementationof structuressup-
porting thesemore complex conversationalcapabilitiesin in
Sections3 and4.

1.1. The WITAS UAV

The WITAS UAV is a small autonomoushelicopterwith on-
boardplanninganddeliberative systems,andvision capabili-
ties (for detailsseee.g. [2]). Mission goalsareprovided by a
humanoperator, andthe planningsystemthengeneratesa list
of suitablewaypointsfor theUAV to navigateby. An on-board
activevisionsysteminterpretsthesceneor focusbelow to inter-
pretongoingevents,which thedialoguesystemreports(via the
Semantic-Head-Driven NL generationcapabilityof GEMINI)
to theoperator.

2. DialogueSystemAr chitecture
UAV scenariosclearly presenta numberof challengesto de-
signersof a dialoguesystem. In particularthe dynamicoper-
ating environmentand the asynchronous,mixed-initiative na-
tureof thedialoguesrequirea particularly�e xible architecture
– onewhich cancoordinatemultiple asynchronouscommuni-
catingprocesses.For thesereasonswe currentlyusetheOpen
AgentArchitecture(OAA2) [3]. Thecoreof thearchitectureis
OAA's `facilitator' which managesmessagepassingbetweena
numberof softwareagentswhicharespecialistsin certaintasks,
for examplespeechrecognition,databasequeries,or graphical
display. In oursystemtherearesix mainagents2 eachresponsi-
ble for varioussubtasksin thedialoguesystem(seeFigure2):

� SpeechRecogniser: a wrapper to a Nuancespeech
recognitionserver3 usingalanguagemodelcompileddi-
rectly from our Geminigrammarfor UAV operatordia-
logues.

� NL (“natural language”):a wrapperto the SRI Gemini
parserandgenerator[4] usingour UAV grammar(ver-
sion1).

2All areimplementedin Java,but for theNL agent(Prolog).
3Nuance:www.nuance.com



Figure1: A demonstrationof dialoguesystemI
Multi-modal Utterances DialogueMoves
Operator(O): Where are thebuildings? Raisequestion
UAV (U): Here. [displaysbuildingsonGUI] Answerquestion
O: Go to this one. [click] Deictic command
O: Fly to Main Street. Command
O: No, I meantCircleRoad. Elliptical revision
U: Okay. [Routechanged] Con�rmation backchannel
O: Hide thebuildings. GUI Command
U: [buildingsdisappearfrom GUI].
O: Next, continueto thebridge andthenhere [click]. Complex commandwith deictic
O: Thenlook at theparkinglot, thehospital,andthebuilding. Ambiguouscommand
U: Where is theparkinglot? Presuppositioncheck,raisequestion
O: [click] Graphicalambiguityresolution
U: Okay. Con�rmation,updatedatabase
U: Which building doyoumean?[buildingshighlightedonmap] Presuppositioncheck,raisequestion
O: Theairport. Verbalambiguityresolution
U: Theairport. Con�rmation backchannel
O: Go to thegroundstation,hover here [click], andgoback to it. Anaphoricanddeicticcommand
O: Thenland at theparkinglot. Command,previously addedreferent
O: No,not theparkinglot, thewaypoint. Revision
U: Which waypointdo youmean?[waypointshighlightedonGUI] Presuppositioncheck,raisequestion
O: Thisone[click]. Clari�cation
U: Okay. [Routechanged] Con�rmation backchannel
O: Plan theroute. Command
U: PlanningRoute. Routeplanned.[RoutedisplayedonGUI] Con�rmation backchannel
O: Roger. Proceed. Command
U: Executingroute. Con�rmation backchannel
U: Way-pointtwo reached. UAV report
U: Truck 8 is turning left ontoCircleRoad. UAV reportgeneration
U: Thetruck is passingthewarehouse. UAV reportgeneration
O: Follow it. Anaphoricreferenceto UAV' sNP

� TTS (“text-to-speech”):a wrapperto the Festival 1.4.1
speechsynthesiser4

� GUI: amapdisplayof thecurrentoperatingenvironment
whichdisplaysrouteplans,waypoints,locationsof vehi-
clesincluding theUAV, andallows gestureinput by the
operator, seeFigure3.

� Dialogue Manager (version 1): responsiblefor co-
ordinatingmulti-modalinputsfrom theuser, interpreting
dialoguemovesmadeby theoperatorandUAV, updating
andmaintainingthedialoguecontext, handlingUAV re-
portsand questions,and sendingspeechand graphical
outputsto theoperator(seeSection3).

� RobotControlandReport: thesoftwareresponsiblefor
translatingcommandsandqueriesfrom thedialoguein-
terfaceinto commandsandqueriesto theUAV, andvice-
versafor reportsandqueriesreceivedfrom theUAV. We
currentlyinterfaceto asimulatedversionof theUAV, us-
ing a real-timeCORBA communicationlayer.

Theoperator's speechis recognizedby Nuanceandparsed
into logical forms by Gemini. If theseforms do not already
indicatethe speechact of the user, the dialoguemanagerin-
spectsthe currentdialogueInformation State(seeSection3)
to determinehow best to incorporatethe utteranceinto the
dialogue. BecauseGemini offers a completemappingfrom
sentencesto logical forms, logical forms may alsobe usedin

4EdinburghUniversity, Centrefor SpeechTechnologyResearch
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Figure2: Dialoguesystemarchitecture

Semantic-Head-DrivenGenerationof Englishsentencesfor the
UAV' s queriesandreports. Reportsarepassedto Gemini via
theRobotControllerandon to Festival, which synthesizesthe
UAV' s speech.The dialoguesegmentsshown in Figure 1 il-
lustratemany of the capabilitiesof the multi-modal dialogue
interface.They canbecarriedout in continuoussequenceusing
spoken voice input andmouseclicks on a mapscreen.Videos
of suchinteractionscanbefoundat www-csli.stanford.



edu/semlab/witas/demo1/ .
Variantsof someof thesecomponentshave beenusedin

other dialoguesystems,notablySRI's CommandTalk [5], the
NASA PersonalSatelliteAssistant[6], andSRI's [7]. However,
oursystemstandsapartfrom thesein its particularcombination
of complex dialoguecapabilities(including NaturalLanguage
generation)with multimodalityover a dynamicoperatingenvi-
ronment.Thecoreof our system,andits mostinnovative fea-
ture,is thedialoguemanager, describedin moredetailbelow.

Figure3: Partof theGraphicalUserInterface

3. The DialogueManager, version I
Ourdialoguemanagerembodiesseveralrecenttheoreticalideas
in dialoguemodelling.Essentiallyit createsandupdatesanIn-
formationState(IS) correspondingto a notionof dialoguecon-
text. Dialoguemoveshave the effect of updatinginformation
states,andmovescanbe initiatedby both theoperatorandthe
robot.A dialoguemovemightcauseanupdateto theGUI, send
an immediatecommandto the UAV, elicit a spoken report,or
prompta clarifying questionfrom the UAV. Subdialoguescan
bearbitrarily nested.

Centralpartsof theseinformationstatesareanIR stack – a
stackof publicunresolvedissuesraisedin thedialoguethusfar,
anda UAV Agenda– a privatelist of issueswhich theUAV has
yet to raisein theconversation.Undercertainconditions,items
from theUAV Agendaaremadepublicby anutterancefrom the
UAV (e.g.“Which building do you mean?”),moving the issue
ontotheIR Stack.Suchanoperationis aDialogueMove(in this
caseby theUAV). Thedialoguemanagercontainsa collection
of ruleswhich interpret(multi-modal)input from bothoperator
andUAV asdialoguemoveswith respectto the currentinfor-
mationstate,andupdatethestateaccordingly. Similarly, there
areruleswhich processUAV responses,reports,or questions,

againupdatingthecontext accordingly.
Logical-formoutputsfrom theparsingprocessareoftenal-

readyinterpretedasspeechactsof variouskinds(e.g.“Fly to the
hospital” is parsedasa COMMAND). Certainutterancesdo not
have a speci�c illocutionary force, andthesearesimply spec-
i�ed as DECLARATIONs. The dialoguemanagerthendecides,
on thebasisof thecurrentIS, whatspeechactsuchutterances
constitute.This is akin to therobustparsingstrategy described
in [8].

Anotherimportantpartof theinformationstateis aSalience
List consistingof theobjectsreferencedin thedialoguethusfar,
orderedby recency (seee.g.[9]). This list alsokeepstrack of
howthereferencewasmade(i.e. by which modality)sincethis
is importantfor resolvingandgeneratinganaphoricanddeictic
expressionsin thedialogues.

A relatedstructure,the Modality Buffer, keepstrack of
mousegesturesuntil they are either boundto deictic expres-
sionsin thespoken input or, if nonesuchexists,arerecognised
aspurelygesturalexpressions.Thereareotheraspectsof updat-
ing thedialoguecontext whicharedatabasemaintenancetasks.

To recap,in versionI of thesystemour InformationStates
consistof:

� IssuesRaised(IR) stack
� UAV agenda
� Saliencelist
� Modality buffer
� Databases:dynamicobjects,plannedroutes,geographi-

cal information,names.

Note that dialoguecapabilitiescanbe addedin a modular
way, dueto thestructureof dialogueInformationStates.

4. Version II: DialogueMoveTrees,Task
Trees,and AutomatedReasoning

Many aspectsof humanconversationalskill aremissingfrom
state-of-the-artdialoguesystems,even thosewhich do not im-
plementsimplestate-transitionnetworks(c.f. [1]). While some
progresshasbeenmadein capturingstructuralaspectsof human
conversationalskill, muchfurtherresearchanddevelopmentis
neededto understandthestructures,knowledge,andalgorithms
neededto supportconversation.

Oneof our �rst observationshasbeenthat theadoptionof
stack structuresto drivedialoguemoveprocessing(seee.g.Sec-
tion 3) is too restrictive in general. In particularit hasmade
navigationbackandforth betweendifferentsub-dialoguesand
topics impossible(sincesomeinformationis lost whenissues
arepoppedoff the IR stack). VersionII of our systemusesa
treestructureof dialoguestates(a dialoguemove tree) , where
edgesare dialoguemoves, and branchesrepresentconversa-
tional threads.This structureallows for morerobust dialogue
management.

Anotherdevelopmentavenueis to provide richer domain
knowledge and inferencemethodsfor the dialoguemanager.
For instance,wehaveimplementedadynamichierarchicaltask-
tree(c.f. [10]), which grows aspartof thedevelopingdialogue
context, andrepresentstasksandsub-tasksdescribedby theop-
eratorand their temporalordering. This structureallows re-
orderingandreferenceto tasks(c.f. the saliencelist described
above). For example“Go to the tower. Show mecar1. Actu-
ally, do that�rst. ”

Wehavealsoimplementedaninference-basedmodelof the
robot's changingabilities, dependingon dynamicinformation



abouttheworld andtherobot's internalstateandlocation.(See
[11] for a survey of the usesof automatedtheoremproving in
computationalsemantics.)This, again, is part of the context
which thedialoguemanagerhasaccessto. Theimplementation
usesthe KIF knowledgerepresentationscheme,andinference
stepsare carrriedout using the Java TheoremProver5. This
module enablesdialoguesof the following kind (there is an
inferencerule stating that the UAV is not allowed to �y to
buildingsthatareon �re):
O: “Wherecanyou �y to?”
U: “I can�y to thetower, thetemple,andthehospital.”
O: “The tower is on �re. Fly there”
U: “I cannot�y to the tower. I cango to the templeand the
hospital”

A similar reasoningand representationmodule handles
information aboutdefault operatingconditionsand operating
modes(e.g.“Fly in safemodeat high altitude”). Theseinfer-
encemodulesareobviously speci�c to a particularapplication,
but they allow all domain-speci�cinformation to be removed
from thedialoguemanager's knowledgeaboutdialoguemoves
andstructures.Thus,useof theserepresentationand reason-
ing modulesallows the developmentof a domain-independent
dialoguemanager(seealso[10]).

More suchmodulesareplannedfor versionII, to trackand
maintain consistency of conversationalcommon-ground(the
factsasestablishedin thedialogue)andasusermodels.

5. Conclusion
Wearguedthatdialoguesystemsfor robotsrequireaqualitative
leap in the complexity of dialoguemodelsand managersfor
dialoguesystems.We thendescribedversionI of the WITAS
dialogueinterface,which addressessomeof theseissues,and
describedfuther innovationsin developmentfor versionII of
thesystem.

Dialoguessupportedby the current interface are mixed-
initiative, open-ended,andmulti-modal,over a dynamicoper-
atingenvironment. A generalpoint of distinctionbetweenour
systemandmany othersis that it is not restrictedto plan-based
dialogues. In other words, pathsthroughdialoguesneednot
bespeci�ed in advance,asis necessaryin many othersystems.
Our approachbasedon updatesover IS allows us to be much
more�e xible in thewaywe processdialogues.

To reiterate,our currentsystemhasthefollowing features:
� successfullyinterfacedto real-timeUAV simulator
� commands,questions,revisions,reports,overadynamic

environment
� asynchronous,real-time,multi-modal,mixed-initiative,

open-endeddialogues
� SemanticHead-DrivenGenerationof robotreports
� employs a dynamicinformationstatemodelof dialogue
� Solarisor Windows NT/2000implementationsavailable

TheWITAS multi-modaldialogueinterfaceinterpretsspo-
kenlanguageandmap-gestureinputsascommands,queries,re-
sponses,anddeclarationsto theUAV, andgeneratessynthesized
speechandgraphicaloutput to expressthe robot's responses,
questions,and reports. Currentdialoguecapabilitiesinclude
ambiguity resolution,presuppositionchecking,processingof
anaphoricand deictic expressions,commandrevision, report

5JTP:http://ksl.stanford.edu/software/jtp/

generation,and a con�rmation backchannel.Our central in-
novation is a general-purposedialoguemanagerwhich imple-
mentsa dynamicinformationstatemodelof dialogue.

Videosof demonstrationsof versionI of thesystem(laptop
version)are availableat http://www- csli.stanford.
edu/semlab/witas/demo1/

Innovations in versionII of the systemconcerndialogue
move trees, task trees, and the use of automatedreasoning
modulesto handleapplication-speci�caspectsof negotiationof
tasks,resources,andabilitiesin conversations.
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