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ABSTRACT

In this paperwe describeour effortsin designingandbuild-

ing the multimodalBell LabsCommunicatoisystem.Ser-

eralinnovationsare necessaryor generalizingthe speech-
only userinterfaceandthe semantic/pragmatialgorithms
to handle both speechand visual modalities, including

changesto the parser semanticand pragmatic modules
to betterintegratethe userinput from differentmodalities
within and acrossdialogueturns, aswell asextendingthe

concepibof e-formsto includethe visualmodality. The sec-
ond partof the paperdescribeshe designof a natural,con-

sistentand efficient multimodal userinterface. We intro-

ducethe conceptof the “dominantmodality”: the system
adaptvely tracksthe most probableinteractionmode and
suggestghat modality to the user Modality trackingpro-

videsan elegantsolutionto the “turn-taking” issuein mul-

timodalspokendialoguesystems.

1. INTRODUCTION

Mobile terminalspresentnew interfacedesignchallenges
thatcanbeaddresselly acombinatiorof speectandvisual
modalitieg2, 10]. Limited screerrealestatetheabsencef
akeyboard,andtheusageof terminalsin unpredictableno-
bile ervironments,setnew constraints. Thus, multimodal
interfaceshave emegedthat supportspeechnput andout-
put, aswell asvisualinput andoutput.

The main goal of the Bell Labs Communicatorpro-
gram is to designa domain-independenand modality-
independenplatformthatcanbe usedto quickly prototype
state-of-the-arspolendialoguesystemdor alargerangeof
applicationghatincludeform-filling, databaseueriesand
navigation of queryresults[12, 1, 6]. In thiswork, we test
thevalidity of theseclaimsby extendingthe Communicator
platformto includethe visual modality. We shov how the
semanticrepresentationsemantic/pragmaticnodulesand
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interaction/dialoguenanageiof the Communicatorcanbe
directly portedto a nev modality. The mainfeaturesof the
Communicatoplatformthatmake porting easyincludethe
hierarchicalrepresentatioof the domainontology, the se-
mantic/pragmati@algorithmsusedfor memging information
from varioussourcesthe efficientambiguityrepresentation
andresolutionmechanism&andthe dynamice-formrepre-
sentationin the dialoguemanager

A secondimportant contritution of this paperis 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 eachpointin the human-machinén-
teraction,andsuggestst to the user The proposednodal-
ity trackingalgorithmmemesthe “open-mike” and*“click-
to-talk” interactionmodestypically found in multimodal
spolken dialoguesystems. Adaptive modality tracking can
significantly enhancehe userexperiencecomparedo tra-
ditional multimodalinterfacesby providing more freedom
to the userandbetteradaptingto the userexpectationand
needs.

2. COMMUNICATOR DIALOGUE SYSTEM

The Communicatorsystemconsistsof four basic natural
languagemodulesand sub-modulesa) the semantiomod-
ule that parses,interpretsand extractsthe attribute-value
candidatedor eachuserutterancep) the pragmaticmod-
ule that performsthe context tracking, domainact classifi-
cation,pragmaticanalysisand pragmaticscoringc) the di-
aloguemanagermndinitiative tracking module,andd) the
natural languagegenerationmodule. In this section,we
will briefly describethesemodules;details can be found
in [1]. The descriptionof the speechrecognizey text-to-
speectsystemandi/o platformarealsobeyondthescopeof
this paper(se€g[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

Threerelatedhierarchicaldatastructuresare usedfor rep-
resentingand instantiatingdomainsemantics.The proto-

type tree encodeghe domainontology as a setof is-a or

has-arelationshipge.g., aflight hasoneor moresegments
or legs). This providesthe skeletonfor the notepad tree,

which holdsall raw valueselicited or inferredfrom userin-

put. Dataaredefinedin termsof the pathfrom thetreeroot
to aleaf(theattribute),andtheassociategtalue(alsoknown

asan attribute-value(AV) pair). AV pairscanbe ambigu-
ousdueto naturallanguageambiguity speechrecognition
errorsor conflicting informationin userinput. We model
two typesof ambiguitiesin the system:valueambiguities

wherethe systemis unsureof the valuefor a particularat-

tribute, andpositionambiguities wherethe attribute corre-
spondingto a particularvalueis ambiguousFigurel illus-

tratesbothtypesof ambiguities.

Sinceraw datacanbe incompleteor inconsistentthe
semanticmodule (describedbelow) derives candidateAV
pairs, which are held in a third structure,the application
tree. Candidateselectionis performedby scoringAV pairs
basedon supportingevidencefor or againstthe candidate.
This evidenceis providedby raw data,by pragmaticanaly-
sisandby matchinga hypothesigo the currentcontext.

In orderto fill the notepadiree, raw data(eitherfrom
typed natural languageinput or spolen input) is parsed
using a recursve finite-stateparser [13], andthentrans-
formedby a setof application-dependeniter preter rou-
tines, yielding a canonicalform the notepadcanuse. For
example,in the travel domain, cities are transformednto
airportcodesgdatestrings(e.g.,“Tuesday”)arecornvertedto
therelevantdate,andphrasedik e “first class”arechanged
into correspondindarecodes.

Processedlataare placedin the notepadree,andnew

candidatevalues,if ary, are derived and placedin the ap-
plication tree. Thesetreesare alsoupdatedby the context
trackingandpragmaticscoringalgorithmsdescribedelow.

2.2. Pragmatic Module

Thesystenmaintainsanexpectedcontext for every userre-
sponseexpressedas a pathr» from the root to somenode
of the prototypetree. Valuesextractedfrom a userutter
anceare associatedvith a partial attribute, i.e., a partial
pathl. Thecontext tracking algorithm (see[1]) matches
the contet r to the partial attribute [ to form a com-
plete patha. For example,in the simplestcaseof exact
match, given the context r “.trip.flight.legl” anda datum
with partial attribute ! “.departure.city”,the completepath
“.trip.flight.leg1.departure.cityis derived.

Any communicatve act madeby the useris classified
by thepragmatianoduleasoneof anumberof domainacts
which can manipulatethe notepadand applicationtrees.
Thedefaultactionis a“fill request, which attemptgo cre-
atecandidatevaluesfrom the userinput. The context track-
ing module can be directedvia “focus changerequests”
(e.g., “Let’'s make a car resenation” while in the middle
of making a flight resenation). Error correctionscan be
madevia “changerequests’or “clear requests” which ei-
ther modify or eliminatedatain thetree,respectiely. The
pragmaticmodulehandlesthis domainactby effectingthe
appropriatechangen the semanticsystem.

The pragmaticanalysismodule examinesthe userin-
put and determinedf a userexplicitly answereda yes/no
question,or provided expected,unexpected,or unrelated
AV pairsin responseto the systemprompt. The prag-
matic scoring moduleusesthe resultsfrom this userutter
anceclassificationandthe confidenceassociatedvith raw
attribute-value pairsto updatethe pragmaticscoreof each
of thecorrespondingandidatevalues.For example,a“nei-
ther” responseo an explicit value ambiguity disambigua-
tion question,(e.g.,"Are you leaving from Atlantaor from
New York?") is taken asstrongevidenceagainstboth val-
ues. This is critical for handlingambiguityin the userin-
put. Given multiple candidategor a givenattribute, we up-
datethe pragmaticconfidencescorefor eachcandidateus-
ing MYCIN styleformulas[8, 1]. The MYCIN algorithms
for combiningevidencefor or againsta candidateresultin
confidencefactorss thatrange[-1, 1] for every candidate
andaretunableto reflecthow dramaticthe changeof confi-
dencewill bein the presencef new evidence.

ITheMYCIN algorithmfor combiningevidencewaspreferredto more
modernstatisticaimethodge.g.,graphicalmodels)dueto its simplicity. A
full-blown Bayesiamapproachwould have requiredestimatef prior dis-
tributionsover all of the attributes. Furthermorethe non-independencef
attributesin ary given systemwould have requiredmary joint (or condi-
tional) probability distributions. Sincethetraining dataof systeminterac-
tions are very sparseijt is infeasibleto calculatetheseprobability distri-



2.3. Dialogue Manager

The main functionality of the dialoguemanageits to elicit
attribute-valuepairsfrom the user to resole valueandpo-
sition ambiguity, to inform the useraboutupdatesn the ap-
plicationtree,to performdatabasgueriesandcommunicate
resultsto theuser andto helptheusemavigatethedatabase
results. The main component®f the dialoguemanageiare
the electronicform, the agendaand the adaptve initiative
moduleg.

The electronicform (e-form) consistsof a set of at-
tributesthat are neededo form a databasejuery (similar
to a traditional e-form), and scoresassociatedvith those
attributes,e.g.,aflight leg is ane-formconsistingof depar
ture/arrval city, time, and date attributes. A scorein the
range[0,1], indicatingtheimportanceof filling a particular
attribute,is attachedo eachattributein theapplicationtree
andis dynamicallyupdatedat eachdialogueturn. For ex-
ample,for a flight query cities and datesare morecritical
thantime or airline carrierinformation. Conditionalimpor-
tanceof attributesis alsocapturedn thee-form,e.g.,when
the arrival dateis specifiedthe importanceof specifyinga
departuredateis reduced.

The agendaconsistsof a sequencef e-formsanddo-
mainacts. Examplesof e-formsareflight legs, hotelreser
vations,andcarrentals.Typical applicationactionsinclude
summarizatiorof flight information,confirmationof e-form
values,anddatabaseguery A focusor context is associated
with eachentry in the agendag.qg., first flight leg’ canbe
the focusof ane-formagendeentry. Thereis alsomachin-
ery to add/deletgpartsof theagendaasperuserrequests.

2.4. Natural Language Generation

Spolenresponseto theuserarehandledby thenaturallan-
guagegeneratiormodule. Typically, the systemdecideson
anumberof dialogueactionsthatneedto be communicated
(e.g.,implicit valueconfirmation,explicit questionsor dis-
ambiguatiordialogues)which causeheselectiorof oneor
moretemplateghatarefilled with valuesfrom the applica-
tion tree. For example,“confirm city” and“requesttime”
might selectthe template“What time do you wantto leave
city?” The actualforms of the templates,as well asthe
requestedictionsare determinedoy the adaptie initiative
module.

butionsdirectly from data. The proposedalgorithmhasthe adwantageof
beingableto integrateary kind of evidence(for or against).In addition,
therearefew parameterso train (andthusfew training dataarerequired)
andthe resultingconfidencescoresdo not dependon the orderin which
evidenceis considered.

2The adaptve initiative trackingalgorithmusedin the Communicator
is describedn [4].

3. MULTIMODAL COMMUNICATOR

The Communicatorspolen dialoguesystemhasbeende-
signedto be domainandmodality-independentaddingthe
visualmodalitythusrequiredonly a few enhancementhat
proved easyto designand implement. We describenext

how the semanticand pragmaticmoduleswhere updated
andhow the graphicaluserinterface(GUI) washbuilt. The
visual modality consistsof penand grafiti input (or key-

boardandmouseinputin a desktopervironment),andtext

andgraphicsasoutput.

3.1. Semantic Module

The semanticrepresentatiorusedfor both the visual and
speechinterfacess thesame.The semantic®f theapplica-
tion, theprototypetree,areunchangedincethevisualinter-
facehasthe samefunctionality asthe voice interface. The
notepadiree and applicationtree now encodethe instanti-
atedjoined semanticof thevisualandvoice modalities.

The GUI parseris the recursve finite-stateparserused
in the unimodalCommunicatomwith an augmentedyram-
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, domain act classificationand prag-
matic analysisalgorithmsdevelopedfor the speechmodal-
ity arealsousedfor GUI input, although,in practice,only
a smallsubsebf their functionalityis exercised.The prag-
matic scoringalgorithmis alsounchangedIt hasbeende-
signedto allow integrationof evidencefor or againstcan-
didate valuesand thus provides a very useful framavork
for memging oftenconflictinginformationcollectedfrom the
two input modalities:givenmultiple candidategor a given
attribute,we updatethepragmaticconfidencescorefor each
candidatausingMYCIN styleformulaeasbefore. Theonly
differenceis thatnow the initial confidencescoresfor val-
uesenteredvia the GUI aremuchhigherthancorrespond-
ing valuesprovidedfrom therecognizer Similarly, theam-
biguity detection representatioand resolutionalgorithms
arethe samefor the both the unimodalandthe multimodal
Communicatar As originally intended the Communicator
pragmatianoduledesignprovedto beanaturalandefficient
way of combininginformationfrom differentinput modali-
ties.

3.3. Graphical User Interface

The GUI formsaregenerated@utomaticallyfrom the proto-
typetree,the e-formdefinitionandthe agendan the Com-
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Fig. 2. GraphicalUserInterfaceafter the following input sequencéa) Speechnput: “I wantto fly from Bostonto New
York city on Septembesixth”, (b) GUI input: “morning”, “united” in the correspondindields, (c) GUI input: ‘leg2’ button
pressed(d) Speechinput: “round-trip” (e) Exampleof graphicalrepresentationf positionambiguitythat hasarisenfrom
thespeechnterface;it is unclearf Bostonis thearrival or departurecity for thisleg. (f) Exampleof graphicalrepresentation
of valueambiguity;it is unclearif Bostonor Atlantais thedeparturecity for thesecondeg.

municatordialoguemanagerThee-formthatgenerateshe
GUI form showvnin Fig. 2 is:

travel .flight.legl. departure.city 0
travel .flight.legl. departure.date 9
travel .flight.legl.departure.time 7

travel . flight.legl.arrival.city 1.
travel .flight.legl.arrival.date O.
travel . flight.legl.arrival.tinme O.
travel .flight.legl.airline 0.6

nwooor

Notethatthefieldsin the GUI areorderedaccordingto
the e-form scorethat encodeghe necessityof an attribute
for successfullycompletingthe query?. The buttonsat the
bottom of the GUI represengll the possiblee-formsthat
areaccessiblgo the user This informationis extractedand
dynamicallyupdatedirom the agenda.Value ambiguityis
shavn asa pull-down box with alist of choicesandhigh-

31t is arguableif thegroupingshouldbe doneby e-formscoreor by se-
manticcoherenceg.g.,all ‘departure’fields groupediogetherfollowed by
all ‘arrival’ fields. Clearly insertingthe ‘airline’ field between'departure
time’ and‘arrival time’ fieldsseemsawkward.

lightedin red; positionambiguityanderrormessageasrep-
resentedn the GUI aspop-upwindows. Fieldsandbuttons
thatbecomeanaccessiblén the courseof theinteractionare
“grayedout”. Finally, the context (or focus)of theinterac-
tion is highlightedin yellow. More informationaboutthe
designof the multimodaluserinterfacecanbefoundin the
next section.

4. MULTIMODAL USER INTERFACE

A fundamentaissuewhen designingmultimodal systems
is the choice,integrationand appropriatemix of input and
outputmodesin the userinterface[9, 11]. Few guidelines
exist for selectingthe appropriateamix of modalities[2, 3],
however, it is clearthata spolen languagenterfaceis not
alwaysthe bestchoice. This is especiallytrue for system
output, where speechplays a secondaryrole to visual in-
put (with the exceptionof hands-freeapplications). It is
often the casewhendesigningmultimodal userinterfaces,
thatthe developeris biasedeithertowardsthe voice or the



visual modalities. Our goal is to follow an approachthat
respectsdoth modalities,creatingan interfacethat is both
natural andefficient Thefirst steptowardsthe seamlesi-
tegrationof the input and outputmodalitiesis a consistent
userinterface:the GUI representsystenstateandpossible
actions(including stateand actionsthat are specificto the
voice-modality). A secondimportantsteptowardsa truly
multimodalexperienceis creatinga userinterfacethat uti-
lizesthe synegiesbetweertheinputandoutputmodalities,
e.g., usingvisual feedbackfrom the recognizer(including
possibleambiguities).

Consisteng is maintainedvia the common semantic
representatiorthe useof e-formsasthe building block for
the applicationmanageifor both modalities,andthe multi-
modalpragmaticscoringalgorithmasdescribedn the pre-
vious section. In addition, the samesystemfunctionality
canbe accessetby the usereithervia the speector the vi-
sualmodalities.More importantly themodalitieshave been
integratedin a balancedandsynegistic way thatallows the
userthefreedomto pick andchoosethe modality of prefer
ence.A shortlist of synepgiesbetweerthespeectandvisual
modalitiesas manifestedn the multimodalCommunicator
follows: a) the systemsemanticstateis representedisu-
ally, b) speectpromptsarethussignificantlyshortermostly
usedto emphasizeisualinformation,c) speechrecognition
errorsareeasilycorrectedsia theGUI, d) positionandvalue
ambiguitiesare displayedvisually and are easily resohed
via the GUI (seeFig. 2(e),(f)), e) the focus (or context)
of the dialogueis high-lightedvisually and can easily be
changediiatheGUI, f) GUI takesfull advantageof speech-
interface“intelligence”,g) conflictingGUI andspeechinput
are seamlesslyintegratedvia the pragmaticscoring algo-
rithm. Examplesof theseamlesitegrationbetweerthevi-
sualandspeechmodalitiesareshovnin 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),andthe focus of the
next dialogueturn, i.e., “departuretime”, is highlighted.In
Fig. 2(b),similar behaior canbeseerbut thistime theGUI
is usedfor input. In Fig. 2(c), the valuesfor the departure
city for the secondeg of thetrip andthe preferredairline
arededucedasedn thefirst leg information. In Fig. 2(d),
theuserinformsthesystemthatthisis around-trip:the“ar-
rival city” is deducedandthe “leg3” buttonis disabled.In
Fig. 2(e) and (f), the useris promptedto resohe position
and value ambiguity respectiely. The ambiguity hasap-
pearedn the speechinput, however, the systemrepresents
ambiguitygraphicallyandsuggest@eninputto the useras
themoreefficientandnaturalmodality.

4.1. Dominant Modality and Modality Tracking

Turn-takingin a multimodal userinterface can easily be-
come a headache. The dynamicsof turn-taking and the
lateng of the interfacesare very differentfor the speech
andvisualmodalities. Theseproblemsarecommonlytack-
led eitherby adoptinga “click-to-talk” approachwherethe
userhasto pressa “speech-actiation” button (oftentied to
specificapplicationsemanticsjo activatethe speechrecog-
nizer[7], or by an“openmike” approactwherethe speech
modality is always available [9]. In a “click-to-talk” sce-
nario, the visual modality is often dominant,while in an
“open-mike” scenariothe speechmodality dominatesthe
interaction. In practice,“click-to-talk” is more commonly
usedboth becausst is easierto implement andbecause
the visual interfaceis more efficient (especiallyin desktop
applications).

In the multimodal Communicatorwe introducean in-
terfacedesignthatis a mixture betweenrthe “click-to-talk”
and “open-mike” approaches.At eachpointin the inter
actionthe systemdetermineghe dominant modality be it
speeclhor visual. Thedominantmodalityis computedrom
two sourcef information:the statusof theinteraction(di-
alogueact and expecteduserinput) and pastuserbehar-
ior. For example whenthesystemexpectstheuserto select
informationfrom a pull-down menuthe visual modality is
more prominent(and thusthe userhasto “click-to-talk”),
while for enteringfree text the speechmodality is more
probableto be used(“open-mike”). Pastuserbehaior also
conditionsthe modality tracking algorithm; for usersthat
have shovn preferencaowardsGUI input (andthus have
overriddentheselectionof the modalitytrackingalgorithm)
the visual modality will be chosenmoreoften asthe dom-
inantone. Supposehat the systemexpectsinput (type) ;
themodalityof choicern for useru is givenby theBayesian
formulation®

P(m|u)
P(m)

@)

m = argmax P(m|i,u) = argmax P(m/i)
m m

where P(mi) is the probability of a stereotypicaliserse-
lecting modality m for input type ¢, P(m|u) is the prob-
ability that useru will selectmodality m, and P(m) is
the a priori probability that a stereotypicaluserwill select
modality m. In the above formula, P(mwlbu) is a dialogue-
independenterm and expresseghe bias that useru has
towards modality m comparedto the averageuser while
P(m|7) is adialogue-dependem¢rmthatcomputeghe ex-
pectedmodality basedon the type of input the systemis

4In an “open-mile” scenariothe lateny of the speechinterface may
causethe systemto fall out-of-turnwith the user To resole this problem
“blocking” isimplementedthevisualinterfaceis inactive while thespeech
inputis beingprocessetby the systemandvice versa.

5To arrive to Eq. (1) we assumehatu andi areindependentariables.



expecting.In our system; encodeghe linguistic comple-
ity (akaperpleity) of theexpectednput, e.g.,if theuseris
expectedto specifythe departurecity the perplexity is (ap-

proximately)equalto thenumberof airportsin thedatabase.

Thehigherthe perpleity of the expectednputs the higher
P(m = speech) is. Maximumlikelihoodestimate®f the
distributions P(m), P(m|u), P(m|i) canbe easily com-
putedfrom (automaticallyannotatednultimodal dialogue
data.

Basedon the adapte modality tracking algorithmthe
multimodal spolen dialogueinterfacedisplaysthe follow-
ing behaior;: when the speechmodality is dominantthe
systemwill play a speechpromptand wait for input; the
user can override the modality selectedby the systemby
usingthe GUI (in which casepromptplaybackstops;GUI
“barge-in"). Whenthevisualmodalityis dominantthe sys-
temdoesnot play a speectpromptandwaitsfor GUI input;
the usermay againoverridethe systemchoiceby pressing
on the speechnput activation button. The adaptve modal-
ity tracking algorithmtries to predictthe users preferred
modality at eachpointin the interactionbasedon interface
efficiengy considerationsinduserpreferencesWe believe
that this novel interfacedesignbasedon adaptve tracking
of thedominantmodality significantlyimprovesthe quality
of theinterfaceby increasinghe naturalnessindflexibility
of the interaction. More researchandformal evaluationis
neededo verify theseclaims.

5. DISCUSSION

Informal evaluationof a multimodal prototypetravel reser
vation applicationprovided positive feedbackfor the inter-
facedesignandsystenfunctionality. Usersappreciatedhe
naturalnessindflexibility of the interfaceandwereableto
completetheinteractionmoreefficiently thanwith the uni-
modalsystem.Formal evaluationof the prototyperemains
to be done. Furtherresearchs neededo tunethe adaptve
modality selectionalgorithmto maximizeusersatisfction.
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