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ABSTRACT
In thispaper, wedescribeoureffortsin designingandbuild-
ing themultimodalBell LabsCommunicatorsystem.Sev-
eral innovationsarenecessaryfor generalizingthe speech-
only userinterfaceandthe semantic/pragmaticalgorithms
to handle both speechand visual modalities, including
changesto the parser, semanticand pragmaticmodules
to betterintegratethe userinput from differentmodalities
within andacrossdialogueturns,aswell asextendingthe
conceptof e-formsto includethevisualmodality. Thesec-
ondpartof thepaperdescribesthedesignof anatural,con-
sistentand efficient multimodal user interface. We intro-
ducethe conceptof the “dominantmodality”: the system
adaptively tracksthe most probableinteractionmodeand
suggeststhat modality to the user. Modality trackingpro-
videsanelegantsolutionto the “turn-taking” issuein mul-
timodalspokendialoguesystems.

1. INTRODUCTION

Mobile terminalspresentnew interfacedesignchallenges
thatcanbeaddressedby acombinationof speechandvisual
modalities[2, 10]. Limited screenrealestate,theabsenceof
akeyboard,andtheusageof terminalsin unpredictablemo-
bile environments,setnew constraints.Thus,multimodal
interfaceshave emergedthatsupportspeechinput andout-
put,aswell asvisualinput andoutput.

The main goal of the Bell Labs Communicatorpro-
gram is to design a domain-independentand modality-
independentplatformthatcanbeusedto quickly prototype
state-of-the-artspokendialoguesystemsfor a largerangeof
applicationsthat includeform-filling, databasequeriesand
navigationof queryresults[12, 1, 6]. In this work, we test
thevalidity of theseclaimsby extendingtheCommunicator
platform to includethe visual modality. We show how the
semanticrepresentation,semantic/pragmaticmodulesand�
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interaction/dialoguemanagerof the Communicatorcanbe
directly portedto a new modality. Themainfeaturesof the
Communicatorplatformthatmake portingeasyincludethe
hierarchicalrepresentationof the domainontology, the se-
mantic/pragmaticalgorithmsusedfor merging information
from varioussources,theefficientambiguityrepresentation
andresolutionmechanismsandthe dynamice-form repre-
sentationin thedialoguemanager.

A secondimportant contribution of this paper is the
designof the multimodal userinterface: an interfacethat
is consistent,efficient and balancedbetweenthe visual
and speechmodalities. We introducea dominantmodal-
ity trackingalgorithmthat predictsthe modality of choice
for eachuserandfor eachpoint in thehuman-machinein-
teraction,andsuggestsit to theuser. Theproposedmodal-
ity trackingalgorithmmergesthe “open-mike” and“click-
to-talk” interactionmodestypically found in multimodal
spoken dialoguesystems.Adaptive modality trackingcan
significantlyenhancethe userexperiencecomparedto tra-
ditional multimodal interfacesby providing morefreedom
to the userandbetteradaptingto the userexpectationand
needs.

2. COMMUNICATOR DIALOGUE SYSTEM

The Communicatorsystemconsistsof four basicnatural
languagemodulesandsub-modules:a) the semanticmod-
ule that parses,interpretsand extracts the attribute-value
candidatesfor eachuserutterance,b) the pragmaticmod-
ule thatperformsthe context tracking,domainact classifi-
cation,pragmaticanalysisandpragmaticscoringc) thedi-
aloguemanagerandinitiative trackingmodule,andd) the
natural languagegenerationmodule. In this section,we
will briefly describethesemodules;detailscan be found
in [1]. The descriptionof the speechrecognizer, text-to-
speechsystemandi/o platformarealsobeyondthescopeof
this paper(see[12, 15] for details).
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Fig. 1. Notepadtree illustrating value ambiguity (depar-
turecity Atlantaor New York) andpositionambiguity(New
York).

2.1. Semantic Module

Threerelatedhierarchicaldatastructuresareusedfor rep-
resentingandinstantiatingdomainsemantics.The proto-
type tree encodesthe domainontologyasa setof is-a or
has-arelationships(e.g., aflight hasoneor moresegments
or legs). This providesthe skeletonfor the notepad tree,
whichholdsall raw valueselicitedor inferredfrom userin-
put. Dataaredefinedin termsof thepathfrom thetreeroot
to aleaf(theattribute),andtheassociatedvalue(alsoknown
asan attribute-value(AV) pair). AV pairscanbe ambigu-
ousdueto naturallanguageambiguity, speechrecognition
errorsor conflicting information in userinput. We model
two typesof ambiguitiesin the system:valueambiguities,
wherethesystemis unsureof thevaluefor a particularat-
tribute,andpositionambiguities, wheretheattributecorre-
spondingto a particularvalueis ambiguous.Figure1 illus-
tratesbothtypesof ambiguities.

Sinceraw datacan be incompleteor inconsistent,the
semanticmodule(describedbelow) derivescandidateAV
pairs, which areheld in a third structure,the application
tree. Candidateselectionis performedby scoringAV pairs
basedon supportingevidencefor or againstthe candidate.
This evidenceis providedby raw data,by pragmaticanaly-
sisandby matchingahypothesisto thecurrentcontext.

In order to fill the notepadtree, raw data(either from
typed natural languageinput or spoken input) is parsed
using a recursive finite-stateparser [13], and then trans-
formedby a setof application-dependentinterpreter rou-
tines,yielding a canonicalform the notepadcanuse. For
example,in the travel domain,cities are transformedinto
airportcodes,datestrings(e.g.,“Tuesday”)areconvertedto
therelevantdate,andphraseslike “first class”arechanged
into correspondingfarecodes.

Processeddataareplacedin the notepadtree,andnew

candidatevalues,if any, arederived andplacedin the ap-
plication tree. Thesetreesarealsoupdatedby the context
trackingandpragmaticscoringalgorithmsdescribedbelow.

2.2. Pragmatic Module

Thesystemmaintainsanexpectedcontext for everyuserre-
sponseexpressedas a path � from the root to somenode
of the prototypetree. Valuesextractedfrom a userutter-
anceare associatedwith a partial attribute, i.e., a partial
path � . The context tracking algorithm(see[1]) matches
the context � to the partial attribute � to form a com-
plete path � . For example, in the simplestcaseof exact
match,given the context � “.trip.flight.leg1“ anda datum
with partial attribute � “.departure.city”,the completepath
“.trip.flight.leg1.departure.city” is derived.

Any communicative act madeby the useris classified
by thepragmaticmoduleasoneof anumberof domainacts
which can manipulatethe notepadand applicationtrees.
Thedefault actionis a “fill request,” which attemptsto cre-
atecandidatevaluesfrom theuserinput. Thecontext track-
ing module can be directedvia “focus changerequests”
(e.g., “Let’s make a car reservation” while in the middle
of making a flight reservation). Error correctionscan be
madevia “changerequests”or “clear requests”,which ei-
thermodify or eliminatedatain the tree,respectively. The
pragmaticmodulehandlesthis domainactby effectingthe
appropriatechangein thesemanticsystem.

The pragmaticanalysismoduleexaminesthe user in-
put and determinesif a userexplicitly answereda yes/no
question,or provided expected,unexpected,or unrelated
AV pairs in responseto the systemprompt. The prag-
matic scoring moduleusestheresultsfrom this userutter-
anceclassificationandthe confidenceassociatedwith raw
attribute-valuepairsto updatethe pragmaticscoreof each
of thecorrespondingcandidatevalues.For example,a“nei-
ther” responseto an explicit valueambiguitydisambigua-
tion question,(e.g.,“Are you leaving from Atlantaor from
New York?”) is takenasstrongevidenceagainstbothval-
ues. This is critical for handlingambiguityin the userin-
put. Givenmultiple candidatesfor a givenattribute,we up-
datethe pragmaticconfidencescorefor eachcandidateus-
ing MYCIN style formulas[8, 1]. TheMYCIN algorithms
for combiningevidencefor or againsta candidateresultin
confidencefactors � that range[-1, 1] for every candidate
andaretunableto reflecthow dramaticthechangeof confi-
dencewill bein thepresenceof new evidence� .

	
TheMYCIN algorithmfor combiningevidencewaspreferredto more

modernstatisticalmethods(e.g.,graphicalmodels)dueto its simplicity. A
full-blown Bayesianapproachwould have requiredestimatesof prior dis-
tributionsover all of theattributes.Furthermore,thenon-independenceof
attributesin any given systemwould have requiredmany joint (or condi-
tional) probabilitydistributions. Sincethetrainingdataof systeminterac-
tions arevery sparse,it is infeasibleto calculatetheseprobability distri-



2.3. Dialogue Manager

Themain functionalityof the dialoguemanageris to elicit
attribute-valuepairsfrom theuser, to resolve valueandpo-
sitionambiguity, to inform theuseraboutupdatesin theap-
plicationtree,to performdatabasequeriesandcommunicate
resultsto theuser, andto helptheusernavigatethedatabase
results.Themaincomponentsof thedialoguemanagerare
the electronicform, the agendaand the adaptive initiative
modules
 .

The electronic form (e-form) consistsof a set of at-
tributesthat are neededto form a databasequery (similar
to a traditional e-form), and scoresassociatedwith those
attributes,e.g.,a flight leg is ane-formconsistingof depar-
ture/arrival city, time, and dateattributes. A scorein the
range[0,1], indicatingtheimportanceof filling a particular
attribute,is attachedto eachattributein theapplicationtree
andis dynamicallyupdatedat eachdialogueturn. For ex-
ample,for a flight query, cities anddatesaremorecritical
thantime or airlinecarrierinformation.Conditionalimpor-
tanceof attributesis alsocapturedin thee-form,e.g.,when
thearrival dateis specified,the importanceof specifyinga
departuredateis reduced.

The agendaconsistsof a sequenceof e-formsanddo-
mainacts.Examplesof e-formsareflight legs,hotel reser-
vations,andcarrentals.Typical applicationactionsinclude
summarizationof flight information,confirmationof e-form
values,anddatabasequery. A focusor context is associated
with eachentry in the agenda,e.g.,‘first flight leg’ canbe
thefocusof ane-formagendaentry. Thereis alsomachin-
ery to add/deletepartsof theagendaasperuserrequests.

2.4. Natural Language Generation

Spokenresponsesto theuserarehandledby thenaturallan-
guagegenerationmodule.Typically, thesystemdecideson
anumberof dialogueactionsthatneedto becommunicated
(e.g.,implicit valueconfirmation,explicit questions,or dis-
ambiguationdialogues),whichcausetheselectionof oneor
moretemplatesthatarefilled with valuesfrom theapplica-
tion tree. For example,“confirm city” and“requesttime”
might selectthetemplate“What time do you want to leave
city?” The actual forms of the templates,as well as the
requestedactionsaredeterminedby the adaptive initiative
module.

butionsdirectly from data. The proposedalgorithmhasthe advantageof
beingableto integrateany kind of evidence(for or against).In addition,
therearefew parametersto train (andthusfew trainingdataarerequired)
andthe resultingconfidencescoresdo not dependon the order in which
evidenceis considered.�

Theadaptive initiative trackingalgorithmusedin the Communicator
is describedin [4].

3. MULTIMODAL COMMUNICATOR

The Communicatorspoken dialoguesystemhasbeende-
signedto bedomainandmodality-independent:addingthe
visualmodalitythusrequiredonly a few enhancementsthat
proved easyto designand implement. We describenext
how the semanticand pragmaticmoduleswhereupdated
andhow the graphicaluserinterface(GUI) wasbuilt. The
visual modality consistsof penandgraffiti input (or key-
boardandmouseinput in a desktopenvironment),andtext
andgraphicsasoutput.

3.1. Semantic Module

The semanticrepresentationusedfor both the visual and
speechinterfacesis thesame.Thesemanticsof theapplica-
tion, theprototypetree,areunchangedsincethevisualinter-
facehasthesamefunctionalityasthevoice interface. The
notepadtreeandapplicationtreenow encodethe instanti-
atedjoinedsemanticsof thevisualandvoicemodalities.

The GUI parseris the recursive finite-stateparserused
in the unimodalCommunicatorwith an augmentedgram-
mar. In addition, to spoken forms the GUI parserunder-
standsabbreviationssuchas“10/3/02” for dateor “15:00”
for time.

3.2. Pragmatic Module

The context tracking, domainact classificationand prag-
maticanalysisalgorithmsdevelopedfor thespeechmodal-
ity arealsousedfor GUI input, although,in practice,only
a smallsubsetof their functionalityis exercised.Theprag-
maticscoringalgorithmis alsounchanged.It hasbeende-
signedto allow integrationof evidencefor or againstcan-
didatevaluesand thus provides a very useful framework
for mergingoftenconflictinginformationcollectedfrom the
two input modalities:givenmultiple candidatesfor a given
attribute,weupdatethepragmaticconfidencescorefor each
candidateusingMYCIN styleformulaeasbefore.Theonly
differenceis thatnow the initial confidencescoresfor val-
uesenteredvia the GUI aremuchhigherthancorrespond-
ing valuesprovidedfrom therecognizer. Similarly, theam-
biguity detection,representationandresolutionalgorithms
arethesamefor theboththeunimodalandthemultimodal
Communicator. As originally intended,theCommunicator
pragmaticmoduledesignprovedto beanaturalandefficient
way of combininginformationfrom differentinput modali-
ties.

3.3. Graphical User Interface

TheGUI formsaregeneratedautomaticallyfrom theproto-
typetree,thee-formdefinitionandtheagendain theCom-
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Fig. 2. GraphicalUserInterfaceafter the following input sequence(a) Speechinput: “I want to fly from Bostonto New
York city on Septembersixth”, (b) GUI input: “morning”, “united” in thecorrespondingfields,(c) GUI input: ‘leg2’ button
pressed,(d) Speechinput: “round-trip” (e) Exampleof graphicalrepresentationof positionambiguitythathasarisenfrom
thespeechinterface;it is unclearif Bostonis thearrival or departurecity for this leg. (f) Exampleof graphicalrepresentation
of valueambiguity;it is unclearif Bostonor Atlantais thedeparturecity for thesecondleg.

municatordialoguemanager. Thee-formthatgeneratesthe
GUI form shown in Fig. 2 is:

travel.flight.leg1.departure.city 1.0
travel.flight.leg1.departure.date 0.9
travel.flight.leg1.departure.time 0.7
travel.flight.leg1.arrival.city 1.0
travel.flight.leg1.arrival.date 0.8
travel.flight.leg1.arrival.time 0.5
travel.flight.leg1.airline 0.6

Notethatthefieldsin theGUI areorderedaccordingto
the e-form scorethat encodesthe necessityof an attribute
for successfullycompletingthe query� . Thebuttonsat the
bottom of the GUI representall the possiblee-formsthat
areaccessibleto theuser. This informationis extractedand
dynamicallyupdatedfrom the agenda.Valueambiguityis
shown asa pull-down box with a list of choicesandhigh-



It is arguableif thegroupingshouldbedoneby e-formscoreor by se-

manticcoherence,e.g.,all ‘departure’fieldsgroupedtogetherfollowedby
all ‘arrival’ fields. Clearly insertingthe ‘airline’ field between‘departure
time’ and‘arrival time’ fieldsseemsawkward.

lightedin red;positionambiguityanderrormessagesasrep-
resentedin theGUI aspop-upwindows. Fieldsandbuttons
thatbecomeinaccessiblein thecourseof theinteractionare
“grayedout”. Finally, thecontext (or focus)of the interac-
tion is highlightedin yellow. More informationaboutthe
designof themultimodaluserinterfacecanbefoundin the
next section.

4. MULTIMODAL USER INTERFACE

A fundamentalissuewhendesigningmultimodal systems
is the choice,integrationandappropriatemix of input and
outputmodesin the userinterface[9, 11]. Few guidelines
exist for selectingtheappropriatemix of modalities[2, 3],
however, it is clearthat a spoken languageinterfaceis not
always the bestchoice. This is especiallytrue for system
output, wherespeechplays a secondaryrole to visual in-
put (with the exceptionof hands-freeapplications). It is
often the casewhendesigningmultimodaluserinterfaces,
that the developeris biasedeithertowardsthe voice or the



visual modalities. Our goal is to follow an approachthat
respectsboth modalities,creatingan interfacethat is both
natural andefficient. Thefirst steptowardstheseamlessin-
tegrationof the input andoutputmodalitiesis a consistent
userinterface:theGUI representssystemstateandpossible
actions(including stateandactionsthat arespecificto the
voice-modality). A secondimportantsteptowardsa truly
multimodalexperienceis creatinga userinterfacethatuti-
lizesthesynergiesbetweentheinputandoutputmodalities,
e.g.,usingvisual feedbackfrom the recognizer(including
possibleambiguities).

Consistency is maintainedvia the commonsemantic
representation,theuseof e-formsasthebuilding block for
theapplicationmanagerfor bothmodalities,andthemulti-
modalpragmaticscoringalgorithmasdescribedin thepre-
vious section. In addition, the samesystemfunctionality
canbeaccessedby theusereithervia thespeechor thevi-
sualmodalities.Moreimportantly, themodalitieshavebeen
integratedin a balancedandsynergisticway thatallows the
userthefreedomto pick andchoosethemodalityof prefer-
ence.A shortlist of synergiesbetweenthespeechandvisual
modalitiesasmanifestedin themultimodalCommunicator
follows: a) the systemsemanticstateis representedvisu-
ally, b) speechpromptsarethussignificantlyshorter;mostly
usedto emphasizevisualinformation,c) speechrecognition
errorsareeasilycorrectedvia theGUI, d) positionandvalue
ambiguitiesaredisplayedvisually andareeasily resolved
via the GUI (seeFig. 2(e),(f)), e) the focus (or context)
of the dialogueis high-lightedvisually and can easily be
changedvia theGUI, f) GUI takesfull advantageof speech-
interface“intelligence”,g) conflictingGUI andspeechinput
are seamlesslyintegratedvia the pragmaticscoringalgo-
rithm. Examplesof theseamlessintegrationbetweenthevi-
sualandspeechmodalitiesareshown in Fig. 2. In Fig. 2(a),
thesemanticstateis displayedvisually;attribute-valuepairs
(“departurecity”, “Boston”), (“arrival city”, “New York
City”) and(“departuredate”,“9/6/02”) arederivedfrom the
userinput. In addition, the “arrival date” field is disabled
sincethe“departuredate”is specifiedby theuser(usingthe
intelligenceof the speechinterface),and the focus of the
next dialogueturn, i.e., “departuretime”, is highlighted.In
Fig. 2(b),similarbehavior canbeseenbut this timetheGUI
is usedfor input. In Fig. 2(c), the valuesfor the departure
city for the secondleg of the trip andthe preferredairline
arededucedbasedon thefirst leg information.In Fig. 2(d),
theuserinformsthesystemthatthis is around-trip:the“ar-
rival city” is deducedandthe“leg3” button is disabled.In
Fig. 2(e) and(f), the useris promptedto resolve position
and value ambiguity respectively. The ambiguity hasap-
pearedin thespeechinput, however, thesystemrepresents
ambiguitygraphicallyandsuggestspeninput to theuseras
themoreefficientandnaturalmodality.

4.1. Dominant Modality and Modality Tracking

Turn-takingin a multimodal user interfacecan easily be-
come a headache. The dynamicsof turn-taking and the
latency of the interfacesare very different for the speech
andvisualmodalities.Theseproblemsarecommonlytack-
ledeitherby adoptinga “click-to-talk” approach,wherethe
userhasto pressa “speech-activation” button(oftentied to
specificapplicationsemantics)to activatethespeechrecog-
nizer [7], or by an“openmike” approachwherethespeech
modality is always available [9]. In a “click-to-talk” sce-
nario, the visual modality is often dominant,while in an
“open-mike” scenario,the speechmodality dominatesthe
interaction. In practice,“click-to-talk” is morecommonly
usedboth becauseit is easierto implement� andbecause
the visual interfaceis moreefficient (especiallyin desktop
applications).

In the multimodalCommunicator, we introducean in-
terfacedesignthat is a mixturebetweenthe“click-to-talk”
and “open-mike” approaches.At eachpoint in the inter-
actionthesystemdeterminesthedominant modality be it
speechor visual.Thedominantmodalityis computedfrom
two sourcesof information:thestatusof theinteraction(di-
alogueact and expecteduser input) and pastuserbehav-
ior. For example,whenthesystemexpectstheuserto select
informationfrom a pull-down menuthe visual modality is
moreprominent(and thus the userhasto “click-to-talk”),
while for enteringfree text the speechmodality is more
probableto beused(“open-mike”). Pastuserbehavior also
conditionsthe modality tracking algorithm; for usersthat
have shown preferencetowardsGUI input (and thushave
overriddentheselectionof themodalitytrackingalgorithm)
the visual modalitywill bechosenmoreoftenasthe dom-
inant one. Supposethat the systemexpectsinput (type) � ;
themodalityof choice �� for user� is givenby theBayesian
formulation �

�������������� �! "�# �%$ �'&(�*) �+�,�-�������! "�# �.$ �/)
"�# �.$ �*)"�# � ) (1)

where
"�# �.$ �0) is the probability of a stereotypicaluserse-

lecting modality � for input type � , "�# �%$ �1) is the prob-
ability that user � will selectmodality � , and

"�# � ) is
the a priori probability that a stereotypicaluserwill select
modality � . In the above formula, 243 !65 798

243 !:8 is a dialogue-
independentterm and expressesthe bias that user � has
towardsmodality � comparedto the averageuser, while"�# �.$ �/) is a dialogue-dependenttermthatcomputestheex-
pectedmodality basedon the type of input the systemis

;
In an “open-mike” scenariothe latency of the speechinterfacemay

causethesystemto fall out-of-turnwith theuser. To resolve this problem
“blocking” is implemented:thevisualinterfaceis inactivewhile thespeech
input is beingprocessedby thesystemandviceversa.<

To arrive to Eq.(1) weassumethat = and > areindependentvariables.



expecting.In our system,? encodesthelinguistic complex-
ity (akaperplexity) of theexpectedinput,e.g.,if theuseris
expectedto specifythedeparturecity theperplexity is (ap-
proximately)equalto thenumberof airportsin thedatabase.
Thehighertheperplexity of theexpectedinput ? thehigher@�ACBED

speechF ?/G is. Maximumlikelihoodestimatesof the
distributions

@�ACB G , @�ACB F H*G , @�AIB F ?0G can be easily com-
putedfrom (automaticallyannotated)multimodaldialogue
data.

Basedon the adaptive modality trackingalgorithmthe
multimodalspoken dialogueinterfacedisplaysthe follow-
ing behavior: when the speechmodality is dominantthe
systemwill play a speechprompt and wait for input; the
usercan override the modality selectedby the systemby
usingtheGUI (in which casepromptplaybackstops;GUI
“barge-in”). Whenthevisualmodality is dominantthesys-
temdoesnotplayaspeechpromptandwaitsfor GUI input;
the usermay againoverridethe systemchoiceby pressing
on thespeechinput activationbutton. Theadaptive modal-
ity tracking algorithm tries to predict the user’s preferred
modalityat eachpoint in the interactionbasedon interface
efficiency considerationsanduserpreferences.We believe
that this novel interfacedesignbasedon adaptive tracking
of thedominantmodalitysignificantlyimprovesthequality
of theinterfaceby increasingthenaturalnessandflexibility
of the interaction. More researchandformal evaluationis
neededto verify theseclaims.

5. DISCUSSION

Informal evaluationof a multimodalprototypetravel reser-
vationapplicationprovidedpositive feedbackfor the inter-
facedesignandsystemfunctionality. Usersappreciatedthe
naturalnessandflexibility of the interfaceandwereableto
completetheinteractionmoreefficiently thanwith theuni-
modalsystem.Formalevaluationof theprototyperemains
to bedone.Furtherresearchis neededto tunetheadaptive
modalityselectionalgorithmto maximizeusersatisfaction.
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