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Abstract

WepresentDialogXML – amarkuplanguageapproachto specifyingandrealizingmixed-initiativewebdialogson
mobiledevices. By capturingthe functionalstructureof thedialog independentof themodalitiesusedto realize
it, DialogXML facilitatesthe implementationof web interfacesthat integratehyperlink and speechmodesof
interaction.It enablesthecreationof websitesthatadaptto theneedsof usersyetpermitsthedesigner�ne-grained
control over what interactionsto support.The framework usesan algorithmbasedon stagingtransformations–
anapproachthatrepresentsdialogsby programsandusesprogramtransformationsto simplify thembasedonuser
input. Designmethodology, implementationdetails,andtwo casestudiesarepresented.
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1 Intr oduction

Computingpower todayis increasinglymoving away from thedesktopcomputerto mobilecomputingdevicessuch
as PDAs, tabletPCs,and3G phones. While posingcapacitylimitations (e.g., screenreal estate,memory),such
devicesalsopresentpossibilitiesfor multimodalinteractionvia gestures,speech,andhandwritingrecognition.One
areathatis witnessingtremendousgrowth in multimodalinteractionis webbrowsingon mobiledevices.

Many factorshave contributed to the growing interestin multimodal web interaction. Chief amongthem is
the maturingof commercialspeechrecognitionengines[42] andtechnologiessuchasSALT (SpeechApplication
LanguageTags)andX+V (XHTML plusVoice) thathave usheredin webdocumentsthatcantalk andlistenrather
than passively display content. Second,speechpermitsnaturalways to perform certaintypesof tasksand help
compensatefor de�cienciesin traditionalhyperlinkaccess(whichcangetcumbersomeonsmallform-factordevices).
Moreimportantly, speech-enabledwebsiteshelpimproveaccessibilityfor themorethan40million visually impaired
peoplein theworld today. As aresult,usingspeechleadsto thepossibilityof aconversationaluserinterface[25] that
combinestheexpressive freedomof voicebackedby theinformationbandwidthof a traditionalbrowser.

Ourgoalin thispaperis to presentDialogXML ± amarkuplanguageto specifyandrealizeexpressivewebdialogs
on mobile devices(We usetheword `dialog' hereto meanthe turn taking thatoccursindependentof themodality
of interaction;thereforè dialog' shouldnot beconsideredsynonymouswith `voice'). We focuson database-driven
websites(i.e., siteswhereinteractionis derivedfrom a relationalnavigationschema)althoughthebasicelementsof
theapproachcanbeadaptedto lessstructuredformsof websites.As thenameindicates,DialogXML allows a user
interfacedesignerto specifytheunderlyingdialogof human-websiteinteractionindependentof themodalitiesused
to realizeit. Furthermore,DialogXML supportsmixed-initiative dialogswithoutanticipatingthepointsat which the
shift of initiative canhappen.Thisenablesusto think of multimodalinteractionnot justasawayto navigateexisting
site structurevia voice [15] but asa way to supporta �e xibility of informationaccessnot possiblewith clicking
hyperlinksalone.

The restof this paperis organizedasfollows. In Section2, we presentour view of multimodal interactionas
a �e xible mixed-initiative dialogbetweentheuserandthewebsite.We carefullyde�ne thetypeof mixed-initiative
interactionstudiedhereandthechallengesin realizingit in asoftwareframework. Section3 coversbackgroundwork
in dialog systems,payingspeci�c attentionto dialog processingalgorithmsandmarkuplanguages.Our speci�c
approachis given in Section4 which �rst de�nes an intermediaterepresentationfor dialogsand then detailsthe
DialogXML markuplanguagethatis designedaroundthis intermediaterepresentation.Algorithmsto simplydialogs
basedon userinput and implementationdetailsare also provided here. Section5 detailsevaluationstudiesand
Section6 providesasummarydiscussion.

2 Moti vating Example

Considerthefollowing dialogsbetweenaninformationseeker(Sallie)andanautomatedpolitical informationsystem.

Dialog 1
1 System: Welcome.Are you looking for aRepresentative or aSenator?
2 Sallie: Senator.
3 System: Democrator Republicanor anIndependent?
4 Sallie: Republican.
5 System: WhatState?
6 Sallie: Minnesota.
7 System: ThatwouldbeNormColeman.Firstelectedin 2002,Coleman...
(conversationcontinues)
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Dialog 2

1 System: Welcome.Are you looking for aRepresentative or aSenator?
2 Sallie: Senator.
3 System: Democrator Republicanor anIndependent?
4 Sallie: Not sure,but representsthestateof Indiana.
5 System: Well, thenit is eithera Democrator aRepublican,thereis no Independentfrom Indiana.
6 Sallie: I see.Who is theRepublicanSenator?
7 System: ThatwouldbeRichardG. Lugar. First electedin 1976,Lugar...
(conversationcontinues)

It is helpful to contrastthesedialogsfrom a conversationalinitiative standpoint.In the �rst dialog,Sallie responds
to the questionsin the order they are posedby the system. Sucha dialog is called a system-initiateddialog as
the initiative resideswith the systemat all times. The seconddialog is system-initiatedtill Line 4, whereSallie's
input becomesunresponsive andprovidessomeinformationthatwasnot solicited. We saythatSalliehastaken the
initiative of conversationfrom the system. Nevertheless,the conversationis not stalled,the systemregistersthat
Sallie answereda differentquestionthanwasasked, andrefocusesthe dialog in Line 5 to the issueof party (this
time, narrowing down theavailableoptionsfrom threeto two). Sallienow respondsto the initiative andthedialog
progressesto completethespeci�cationof a political of�cial. Sucha conversationwherethe two partiesexchange
initiative is calledamixed-initiativeinteraction[4].

Whatwould berequiredto supportsucha �e xibility of interactionat a website?It is clearthatsystem-initiated
modesof interactionareeasiestto supportandarethemostprevalentin webbrowsingtoday. For instance,awebpage
displayingachoiceof hyperlinkspresentssuchaview, sothatclicking onahyperlinkcorrespondsto Sallierespond-
ing to theinitiative. Thereadercanverify thatthe�rst dialogabovecanbesupportedby a three-level tree-structured
HTML sitepresentingoptionsfor branchof congress,party, andstate.But how canwe supporttheseconddialog,
allowing Sallieto take theinitiative at a website?This is wherespeechcomesin. If Salliecantalk into thebrowser,
shecanprovideunsolicitedinformationusingvoicewhensheis unableto makeachoiceamongthepresentedhyper-
links. In addition,if thesystemcanprocesssuchanout-of-turninput, it cancontinuetheprogressionof dialogand
tailor futurewebpagessothatthey accuratelyre�ect theinformationgatheredover thecourseof theinteraction.We
have designedmany suchmultimodalweb interfaces,oneexampleis shown in Fig. 1 andcorrespondsto Dialog 2
above.

Flexibility of turn management,i.e., out-of-turn interaction,as demonstratedabove is only a simple facetof
mixed-initiative interaction.Moresophisticatedformsof mixing initiativemight involve intentionrecognition, where
thesystemaimsto understandtheintentbehindtheuser's input,not thespeci�cs (sothatalternative optionscanbe
pursued),planning, wherethesystembreaksdown acomplex taskacrossasequenceof smallersubdialogsthathave
to becompletedin turn,andnegotiation, wherethesystemandusernegotiateaboutdialogcontinuationoptions.

Mixed-initiative interactionis easily realizablein multimodalcontexts, wherethe useris given different input
paradigmsfor interaction. For instance,in the mobile web browsing context, usershave a choiceof hyperlink
versusspeechinput. While hyperlinkaccessmust,by de�nition, beresponsive to a currentsolicitation,speechinput
caneitherprovide responsive or unsolicitedinformation. It is this potentiallyunsolicitednatureof vocal input that
effectively helpsusrealizemixed-initiative interaction.

Multimodal interfaceshave beentraditionallystudiedfor their role in resolvingambiguityandreducingrecogni-
tion errors[30] but we think of themhereaswaysto supportthemixing of initiative. Thekey requirementto support
thetakingof initiative (by theuser)is to allow thespeci�cationof unsolicitedinformation.

A conversationalenginesupportingstructured(hyperlink)aswell asunstructured(speech)input of all formsis
an ambitiousundertakingandbeyond the scopeof this paper. Here,we restrictour attentionto only caseswhere
speechis usedto specifyinformationthatwould have normallybeensolicitedfurtherin thedialog(e.g.,in Dialog 2
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(a)Sallieclickson`Senator'. (b) Salliesays̀ Indiana'.

(c) Sallieclickson`Republican'. (d) Thedialogis complete.

Figure1: A mixed-initiative interactionwith a multimodalwebinterface.Notethatafterstep(b), `Independents'is
removedasapossiblechoice,indicatingthatthereareno Independentpoliticiansin Indiana.

4



above, Salliesuppliesinformationaboutstatein Line 4, whereasit is normallyspeci�edafterparty). We arguethat
eventhis simple`out-of-turninteraction'capabilityhelpssupportpowerful interactionscenarios.We illustratehow
out-of-turnspeechinputcanseamlesslyco-exist with a directedform of interactionsuchashyperlinkaccess.

2.1 Out-of-tur n Interaction

Wede�ne out-of-turninteractionasany interactionwheretheusersuppliesinputnot requestedat thecurrentstateof
thedialog(or webpage)but whichwouldnormallyberequestedata laterpoint in thedialog.

Why is out-of-turn interaction relevant?

Contextual informationaccessanddelivery is critical to the userexperience,andhastypically beenstudiedalong
dimensionssuchaslocationawareness(e.g.,situatinginformationaccordingto geographicallocation),userpro�les
(e.g.,rememberingpersonaldetails),andpersonalization(e.g.,recommendingcontentbasedonprior behavior). Out-
of-turn interactionis anotherapproachto demonstratingcontext, becauseit exposesdependenciesandrelationships
in a way thatreconcilestheuser's mentalmodelof thetaskandthesystem's modelingof theproblem.For instance,
usingout-of-turninteractioncapability, theusernoticesthatchoiceof state(Indiana)affectsfuturechoicesof party. It
is henceimperative thatweaccommodatepartialinput from theuserin variousways,not just in somepre-designated
order.

How do usersknow what to say?

The questionof what can the usersayand reasonablyexpect it to be processedis a well-studiedissuein speech
interfaces. As Yanankelovich [45] points out, `the functionality of [voice based]applicationsis hidden,and the
boundariesof whatcanandcannotbe[said]areinvisible.' Thesemanticsof out-of-turninteractionaremorespeci�c
thanfree-formspeechinput, becauseit merelyallows a dialog's interactionsequenceto be realizedin a different
order. Therearevarioussolutionsto thisproblem,many of theminvolving thecarefuldesignof promptingstrategies.

How can wesupport out-of-turn interactions?

A typical approachto implementingmixed-initiative dialogsinvolvesanticipatingpointswheretheusermight take
theinitiative andhardwiringmechanismsto `trap' andprocessherutterances.Unfortunatelythis approachbecomes
cumbersomein task-orienteddialogs(e.g.,makinga �ight reservation)wheretherearesubdialogs wherethescope
of mixing initiative mustbe restrictedat variouslevels. What is neededis an approachwherewe canspecify the
structuralorganizationof thedialogindependentof how themixing of initiative is supposedto happen.

Can wespecifymixed-initiati vedialogsindependentof the modality of interaction?

In additionto separatingdialogstructurefrom how themixing of initiativecan/shouldhappen,wemustcontendwith
themultiple modalitiesof interactionpossible.Therecentpopularityof devicessuchasBlackberrysandtheavail-
ability of traditionalapplications(e.g. addressbook,email, calendar)on thesedeviceshave reinvigoratedresearch
on dialog notations,especiallywith an eye toward separatingUI detailsfrom dialog structure. In the multimodal
webcontext, a usefulgoal is to ensurethatthenotationis independentof theparticularmodality(e.g.,voiceversus
clicking) usedfor interaction.Is thispossible?And if so,have we learnedsomethingin theprocessthatmightapply
to therepresentationof dialogsindependentlyof presentation?Canweapplythesameprinciplesfor multi-platform
dialogrepresentations?
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3 Spoken SystemsResearch

A spokendialogsystemcanbede�ned asonein which computersandhumansinteracton a turn-by-turnbasis,and
in whichspokennaturallanguageplaysanimportantpartin thecommunication[25]. Althoughspeechis theprimary
(or only) meansof interactionin theprojectssurveyedhere,theseprojectsprovide usefulinsightinto how they have
tackledproblemssuchasdialogrepresentationanddialogmanagement.Thesurvey is necessarilybrief; it only covers
thoseefforts that have direct relevanceto the typesof applicationsconsideredhere(multimodalweb browsing) or
canhelpcontrastthespeci�c solutionproposedin thispaper.

3.1 Dialog Management

In the view of [25], a dialog managerplays role of a mediatorbetweenthe userandan externalapplication(for
exampleaninformationsystem,likeadatabase,oraknowledgebasetosupportproblemsolving). It mustdetermineif
suf�cient informationhasbeenobtainedfrom theuserin orderto enablecommunicationwith anexternalapplication,
performtheactualcommunication,andthenreturntheresultsbackto theuser. In doingso,it musttacklea variety
of problems:

� Natural language processing:Therecognizedutterancemustbeparsedto determinewhat theusersaid. The
strategy couldbeassimpleaskeyword matching,or thedialogmanagermayusesophisticatedalgorithmsto
parseandunderstandtheutterance.

� Badly formed,or unrecognizedutterances: A dialog managermay usesuchstrategiesasspeechact analy-
sis [44], discoursecontext, usermodels,anddialogstructurein orderto interpretthese.In thecaseof failure,
thesystemmayfall backon methodssuchasspellingmodeor touch-toneinput.

� Veri�cation strategy: A dialogmanagermustalsodecideupona veri�cation strategy for utterances.Veri�ca-
tion maybeexplicit (`Did you saythis?') or implicit asin having thesystemincorporatetheuser's utterance
in thenext promptit plays.

� Intentionrecognition: Thisinvolvesdeterminingwhattheuseris trying to dobasedonthecurrentlyrecognized
utterance.

� Dialog control: The dialog control strategy is a further critical issueandvarieswith the complexity of the
application.This involvesdecidingwhattheusermaysayor not say, andwhatto do at thenext turn.

3.1.1 GeneralStrategy

Accordingto Souvignieret al. thegeneralstrategy followedby a dialogmanagerin a spokensystemis oneof slot-
�lling [41]. In asystem-drivendialogonly valuesfor speci�c slotsareaccepted,whereasin amixed-initiative dialog,
theuseris allowedto supplymuchinformationashewants,possiblywith valuesfor slotsnot in thesystemprompt.
Thetaskof thedialogmanagerthusis to �ll asmany slotsto meettheuser's dialoggoal,while keepingthedialog
asshortaspossible.The dialogmanagerconsultsthedatabaseaftereachturn to determineif moreinformationis
required. If so, it determineswhich item is to be requested,andmay usesuchheuristicsas“solicit input for the
slot with themaximumdisambiguationpotential” in theprocess.In their paper, Souvignieret al. alsomentionthe
highlevel dialogdescriptionlanguage[7] whichallowsdesignersto specifytask-speci�caspectslikeslot-de�nitions,
questions,andveri�cation strategiesin adeclarative way.
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� Consistencywithin theturn: Theutterancemaynotcontaintwo differentvaluesfor thesame
slot, unlessoneof themis negated.Also, utteranceswith valuesfor differentslotsthathave
no matchin aconsulteddatabasearerejected.

� Consistencywith systemprompt:Correctionsto itemsnotoccurringin thesystempromptare
notaccepted.

� Consistencywith systembelief: Interpretationsthatdonot referto avalid databaseentryafter
beingcombinedwith currentsystembeliefarerejected.

Figure2: Consistency criteriathatmaybeappliedby thedialogmanager[41].

3.1.2 Dialog History

A dialogconsistsof informationthat is built-up over several turns,so later utterancesmight containa referenceto
earlierones.This dialoghistorycanbe usedin variouswaysin dialogsystems± rangingfrom consistency checks
to ensurethat theuserisn't contradictinghimself, to switchinglanguagemodelsbasedon thehistory. An example
given in [41] is a directorysystem,wheretheusersays“Give mehis e-mail.” In sucha case,thesystemmustlook
up thedialoghistoryandattemptto �ll up theslot `his.' Fig. 2 shows threetypesof consistency checksthatmaybe
appliedwithin a dialog(reproducedfrom [41]).

Theauthorsgive theexampleof their PADIS-XXL system,which maintainsmultiple systembeliefsby keeping
track of N-bestlists, holding valuesfrom differentdialog turns. At any given time, the active part of databaseis
restrictedto onewhich containstheN-bestlists. However this strategy is only applicableto speechrecognizersthat
areableto provide suchlists of recognizedutterancestogetherwith associatedcon�dences(e.g.,statistically-based
suchasusinghiddenMarkov models).

Thedialogmanagercanalsolearnasit interactswith anumberof users.For example,in [23] theauthorspropose
areinforcementlearningapproachto learningtheoptimumdialogsequence,by observingrealusersinteractwith the
system.

3.2 Dialog Modeling

As thecomplexity of spokendialogincreases,it becomesusefulto modelthedialogmanager's behavior analytically.
In thissection,wereview two analyticalmodelsfor dialogmanagementthatsupport�e xible mixed-initiative dialogs.

3.2.1 Construct Algebra

Abella andGorin [1] proposean analyticalmodel for spoken dialog managersusingan objectorientedapproach.
They proposeencodingtaskknowledgeinto objects. The objectsareorganizedinto an inheritancehierarchythat
de�nestherelationshipsthatexist amongtheseobjects.This taskrepresentationof thedialogis ananalyticalrepre-
sentationof thestructureof thedialog.

Thedialogmanagernow usesacollectionof dialog motivators thatexploit thetaskknowledgeencodedin this in-
heritancehierarchyto controltheprogressof thedialog.A setof methodsandoperatorsoperateontheconstructs,and
togetherform a construct-algebra. Theauthorsidentify six relations(equality, restriction,containment,generaliza-
tion, symmetricgeneralization,andcontainmentgeneralization)thatapplyto Constructs,andthreemainoperations
(union,projection,unionof heads).This construct-algebrahasbeenemployedin two very differentspokensystems
— How May I Help You?[16] andVoice PostQueries[11]. With the analyticalmodelfor thedialog de�ned, the
systemusesthedialogcontrolstrategy shown in Fig. 3 until a completeconstructis obtained,which meansthereis
no furtherneedfor adialog.
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Repeat
Forall dialogmotivatorsDM

ifDM i appliesto c
PerformactionDM i c
Apply DialogManagerto getc'
UsingConstructAlgebra
Combinec andc' into c

Until no motivatorapplies
Returnc

Figure3: Dialogcontrolstrategy from [1].

Theauthorsgiveusafew examplesof motivators- the`disambiguation'motivatordeterminesif therearecon�icts
in the usersinput, while `missinginformation' decideswhat pieceof informationshouldbe solicited in order to
completethe transaction. `Databasequerying' is a motivator that decideswhen the systemhasacquiredenough
informationto beableto querythedatabasefor somerequestedinformation.Construct-Algebrais thusa high-level
framework for adialogmanagerandcanmanagedialogsinvolving mixed-initiative interaction.

3.2.2 History, Domain Objectsand TaskHierarchy (HOT)

TheHOT framework [17] is speci�cally targetedat thedevelopmentof mixed-initiative dialogsystems.In orderto
develop a dialogsystemwith this framework, a developermustspecifya taskhierarchy(which includesthesetof
taskstogetherwith their parametersorganizedin a hierarchy),a setof domainspeci�c objects,andthe interaction
modalitiesassociatedwith thetasks.A taskis a unit of work for a dialogsystem,andthusthetask-hierarchyforms
a plan for the dialog. Five relationshipscanbe speci�ed betweenthe tasksin the hierarchy. They aresubtasking,
ordering,cardinality, inheritance,andsubdialog.Thetaskat theroot of thehierarchyprovideswaysto managethe
dialog,handlecon�icts, anddisambiguatetheuser's utterance.At eachturn, theuser's input is scoredto determine
whattasktheuserintendsto work on. This taskis saidto `receive focus.' Thefocusmodelcontrolswhich taskmay
receive focus,henceidenti�es the opportunitiesfor mixed-initiative interaction. Barring con�icts, the framework
commencesexecutionof the taskin focus. Within theroot task,thedevelopermustspecifysuchdialogaspectsas
how to respondif thereareno moretaskseligible for focus,andthevariousback-endsthedialogsystemuses.

Taskfunctionalitymaybecategorizedaspre-backendandpost-backend[17]. Pre-backendfunctionalityincludes
assessmentandcon�rmation of variousparametersto be sentto the back-end,andpost-backend functionalityacts
uponthe backendoutcome(requestingfurther constraints,communicatingthe outcome). At every turn, the HOT
framework maintainsthe dialog history, which includessystemprompt, userinput, and the resultsof eachturn.
According to the authors,the dialog-historyserves as a task-stack,as it conveys the set of tasksthat have been
performed.

3.3 Markup Languagesand Standards

While researchhasdemonstratedproof-of-conceptvoiceandmultimodalapplications,large-scaleadoptionof these
technologiesrequiresindustrystandardsfor suchtechnologiesandrobust implementationsof thesestandards.The
World Wide Web Consortium(W3C) is overseeingthe standardsefforts of industry-leadersthroughits numerous
working groups. While advanceshave beenmadein speechrecognitiontechnology, the recognitionof free-form
speechis still error-prone,andbringswith it the much larger problemof interpretingthe user's utterance.Thus
a commonthreadthat runsthroughall attemptsat voice-enabledstandardsis the useof speech-grammarssuchas
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the SpeechRecognitionGrammarSpeci�cation [19] in order to constrainthe speech-recognizer. The problemof
understandingthe user's utterancebecomeseasier, asthe developeronly hasto look for wordsthat arepart of the
speci�edgrammar.

3.3.1 Voicestandards

VoiceXML [14] is a popularstandardfor creatingvoice-responseapplications1. A VoiceXML documentcan be
viewed as a �nite-state machine(FSM), wherethe usermust be in one of the states(correspondingto dialogs).
Transitionsin thisFSMarerepresentedby URI referencesto otherdialogswhichmaybewithin thesameVoiceXML
documentor links to otherdocuments.VoiceXML providessupportfor two kinds of dialogs- forms andmenus.
Formsprovide informationto theuser, collect the resultinguserinput andinterpretthemeaningof the input using
XML grammars.Menusallow the userto navigate througha seriesof alternative choices,andallow the userto
transitionto otherdialogswhichmaybein thesame,or in differentdocuments.Subdialogsallow theuserto transition
to anotherdialog,andreturnwhen�nished (likeafunctioncall). A sub-dialogmightcon�rm auser'sactionor handle
speci�c tasks.Developerscancreatelibrariesof reusablesub-dialogsfor performingrecurringtasks.

Thedialogmodelof VoiceXML canbeusedto createsimpledialogsandinteractionsequences.Systeminitiated
dialogsarecreatedby activatingonly thegrammarcorrespondingto thecurrentlyexecutingdialog. Simplemixed-
initiative applicationsare createdby activating other grammarsin addition to the grammarcorrespondingto the
currentlyexecutingdialog. A simpleexampleof a mixed-initiative dialog would be for thedocumentto activatea
form-level grammar. This would allow theuserto specifyany item in theform irrespective of whetherthesystemis
currentlysolicitinganutterancefor it. VoiceXML usestheFormInterpretationAlgorithm (FIA) to interpretthevoice
dialogsdescribedby thedocument.TheFIA permitsmultiple slotsto be�lled asa resultof a userutterance,hence
it permitsout-of-turnandin-turn interactionat thesametime.

<vxml version="1.0">
<form>

<field name="branch">
<prompt>Would you like information about

a Representative or a Senator?</promp t>
<grammar src="politics. gr am"

type="applicatio n/ x- js gf "/>
</field>
<block>

<submit next= "http://newpage/ pr oc es s. jsp "/ >
</block>

</form>
</vxml>

Figure4: A simpleVoiceXML documentadaptedfrom [10]. Noticethata grammar�le is associatedwith a prompt,
yieldinga �x ed-initiative application.

Figure 4 is a simple exampleof a VoiceXML document. It permitsthe userto selecta choiceof branchof
congress,andwhenthe user's utteranceis recognized,submitsthe form to the next pagein the application. The
documentreferencesan external JSpeechgrammar�le [18] (politics.gram)which containsthe list of words for
recognition.A morecomplicatedexampleof a VoiceXML document,thatpermitsmixed-initiative, resultswhenwe
specifya form-level grammar(notshown here)in thedocument.

1At thetimeof this writing, a new version(2.1)of theVoiceXML standardis beingproposed[37].
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3.3.2 Multimodal standards

As explainedearlier, the interactionin today's web browser can be characterizedas predominantlysingle mode
(mouse)andsysteminitiative. W3C,throughitsMultimodalInteractionActivity grouphasbeendevelopingstandards
to extendthis userinterfaceto permitmultiple modesof input, suchasvoice,keypad,keyboard,mouseor gestures.
Thework of this groupis still in its infancy, but they have alreadyde�ned requirementsfor suchstandards.Some
work hasalreadybeendonein multimodalstandards.For example,SynchronousMultimediaIntegrationLanguage
(SMIL) is one technologythat hasemerged from underthe auspicesof the W3C. It permitsintegration of input
received from a varietyof modalities.Two speci�cationsfor multimodalwebinterfacesarealsocurrentlyavailable
throughtheW3C ± X+V (XHTML + Voice)andSALT (SpeechApplicationLanguageTags).

XHTML+V oice(X+V)

XHTML+Voice(X+V) [8] is a speci�cationproposedby IBM, Motorola,andOperaSoftware. It combinesthebest
featuresof theleadingstandardsin web-presentationandtelephony - XHTML andVoiceXML. VoiceXML includes
several featuresasa standalonelanguagethat arenot requiredfor multimodalusewith XHTML. As a result, the
designersof X+V modularizedVoiceXML 2.0,creatingplatformspeci�c modulesto matchapplicationdeployment
environments.[8]. X+V makesXHTML thehostlanguage,andusesthemodularizedversionof VoiceXML consist-
ing of only thosemodulesthatarerelevantfor web-basedmultimodalpresentation.TheVoiceXML modulesomitted
from X+V includesuchmodulesasVoiceXMLstandalone, VoiceXMLforms, andVoiceXMLmenusneitherof which
arenecessaryfor multimodaluse.Thusanumberof VoiceXML elementssuchasobject,menu,vxml, meta,transfer,
anddisconnectareabsentin X+V. In adoptingmostof VoiceXML's features,themajordesignrationalefor X+V has
beento reducethelearningcurve for thelargepoolof webdeveloperswho arealreadypro�cient in VoiceXML. The
XML-eventsspeci�cation[24] is usedfor event managementin X+V. The documentimportsnamespacesfrom all
threespeci�cations(XHTML, VoiceXML andXML-events).

SALT

SALT is a speci�cationdesignedby the SALT Forum led by Microsoft Corp. that is also targetedat multimodal
devices. It offers a lower level API than doesX+V [34] and integrateswith the DocumentObject Model [6] of
HTML. TheSALT speci�cationcontributesasetof XML tagsto HTML. They include<listen> for speechinput,
<prompt> for speechoutput,<dtmf> for touch-toneinput,and<smex> for platformmessagingto enableplatform
call-controlandtelephony features.EachSALT taghastheability to triggerevents,anddevelopersmustwrite code
usingscriptingto handletheseevents.Developersapplythisevent-drivenmodelcomprisingscripting,HTML, SALT,
andSRGS(SpeechRecognitionGrammarSpeci�cation;[19]) in orderto write speech-enabledwebapplications.As
a resultof the lower level API, SALT applicationsmay provide developerswith control over interactionat a �ner
level of granularitywith thecaveatthatthescriptingnecessaryfor dialogcontrolmaygetmessy.

An importantdistinctionbetweenthetwo technologiesX+V andSALT is thatX+V hasthenotionof adialog.Just
likeVoiceXML, X+V allowsdevelopersto createsimpledialogswithin aXHTML webpage.TheFormInterpretation
Algorithm (FIA) is usedto interpretthedialog. Webdeveloperscanwrite formsinterpretedby theFIA anddo not
needto provide any high level dialogmanagementlogic within thepage.SALT have absolutelyno notionof dialog
control, andall dialogsmustbe explicitly scriptedby the developers. SALT andX+V areotherwisefunctionally
identical.

Supportfor mixed-initiative interactionin both SALT and X+V is identical to VoiceXML, and henceis not
discussedin this survey. Thereaderis referredto theW3C speci�cationdocumentsfor SALT [39] andX+V [8] for
moreinformationonhow they supportMII. SeealsoTable1 for acomparison.
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Table1: Summarytableof threeXML basedspeechtechnologies.

Criterion VoiceXML X+V SALT

Supportfor webinterfaces None ThroughXHTML ThroughHTML
StandardizationstatusatW3C Recommendation Note Submitted
Supportfor dialogs FIA FIA Scripted
Level of theAPI High-level High-level Low-level
Eventhandling Dialog-based XML-events ScriptsandDOM
Mixed-initiative interaction Supported Supported Supported
Designgoals Easeof use VoiceXML compatibil-

ity
Flexibility

4 BasicApproach

While technologiessuchasSALT andX+V enablethe augmentationof speechinto browsers,they eitheroperate
at a lower level of speci�cationthanthe applicationsconsideredhere,hencesigni�cantly increasingprogramming
effort, or areotherwiselimited in their expressive power for creatingandmanagingdialogs[34]. A multimodalweb
applicationmustbuild on thesetechnologiesto provide �e xible dialogcapabilities.

Besidesthe issuesraisedin Table1, several considerationsemerge in thinking abouta softwaresystemdesign
for multimodalweb interaction.First, it is importantto have uniform processingof hyperlinkandvoice interaction
and,whenvoiceis used,to introduceminimaloverheadin handlingresponsive versusunsolicitedinput. Observe that
hyperlinkaccesscanonly be usedto respondto the initiative whereasvoice input canbeusedboth for responding
andfor takingthe initiative. Furthermore,a usermaycombinethesemodesof initiative in a givenutterance± e.g.,
in Fig. 1, if theuserspeaks“RepublicanSenatorMinnesota”at theoutset,heis respondingto thecurrentsolicitation
aswell asproviding two unsolicitedpiecesof information. Uniform processingof input modalitiesirrespective of
medium(hyperlinkor voice)or initiative (responsive or unsolicited)is thusimportantto supporta seamlessmulti-
modalinterface.Second,it is bene�cial to have a representationof thedialogat all times,in orderto determinehow
theuser's inputaffectsremainingdialogoptions.For instance,in Line 5 of Dialog 2 above,Independentsareremoved
asa possiblepartychoice;in additionto pruningthehyperlinkstructure(shown in Fig. 1(c)),we mustdynamically
recon�gurethespeechrecognizerto only await theremaininglegalutterances.Third, it mustbepossiblefor thesite
designerto exert �ne-grainedcontrolover what typesof out-of-turninteractionsareto besupported.And �nally , it
is desirableto beableto automaticallyre-engineerexisting websitesfor multimodalout-of-turninteraction,without
manualcon�guration.

4.1 Dialog Representation

We have designeda framework taking into accountall theseconsiderations[40]. It is basedon staging transfor-
mations[12] ± anapproachthatrepresentsdialogsby programsandusesprogramtransformationsto simplify them
basedon userinput. As anexample,Fig. 5 (left) depictsa representationof thedialogfrom Section2 in a program-
maticnotation.Thehierarchicalnatureof thewebsiteis representedasanestedprogramof conditionals,whereeach
variablecorrespondsto a hyperlinkthat is presentin thesite. We canthink of this programasbeingderived from a
depth-�rst traversalof thesite. For Dialog 1 of Section2, thesequenceof transformationsin Fig. 5 depictswhatwe
wantto happen.For Dialog 2 of Section2, thesequenceof transformationsin Fig. 6 depictswhatwewantto happen.
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if (Representative)
if (Democrat)

if (California)
...

if (Independent)
...

if (Republican)
...

if (Senator)
if (Democrat)

if (Indiana)
...

if (Independent)
...

if (Republican)
if (Minnesota)
/* Norm Coleman*/
...
if (Indiana)
/* RichardLugar*/

if (Democrat)
if (Indiana)
...

if (Independent)
...

if (Republican)
if (Minnesota)
/* Norm Coleman*/
...
if (Indiana)
/* RichardLugar*/

if (Minnesota)
/* Norm Coleman*/
...
if (Indiana)
/* RichardLugar*/

/* NormColeman*/

Figure5: Staginga system-initiateddialogusingprogramtransformations.Theuserspeci�es(`Senator,' `Republi-
can,' `Minnesota'),in thatorder. Thissequenceof transformationscorrespondsto Dialog 1 of Section2.

if (Representative)
if (Democrat)

if (California)
...

if (Independent)
...

if (Republican)
...

if (Senator)
if (Democrat)

if (Indiana)
...

if (Independent)
...

if (Republican)
if (Minnesota)
/* NormColeman*/
...
if (Indiana)
/* RichardLugar*/

if (Democrat)
if (Indiana)
...

if (Independent)
...

if (Republican)
if (Minnesota)
/* NormColeman*/
...
if (Indiana)
/* RichardLugar*/

if (Democrat)
...

if (Republican)
/* RichardLugar*/

/* RichardLugar*/

Figure6: Staginga mixed-initiative dialogusingprogramtransformations.Theuserspeci�es(`Senator,' `Indiana,'
`Republican'),in thatorder. Thissequenceof transformationscorrespondsto Dialog 2 of Section2.
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The�rst sequenceof transformationscorrespondsto simply interpretingtheprogramin theorderin which it is
written. Thus,whenSallie clicks on `Senator'sheis specifyingthe valuesfor the top-level of nestedconditionals
(`Senator'is set to one,and`Representative' is set to zero). This leadsto a simpli�ed programthat now solicits
for choiceof party. Thesequenceof Fig. 6, on theotherhand,correspondsto `jumpingahead'to nestedsegments
andsimplifying out inner portionsof the programbeforeouterportionsareeven speci�ed. This transformationis
well known to be partial evaluation, a techniquepopularto compilerwriters and implementorsof programming
systems[20]. In Fig.6 whentheusersays̀ Indiana'at thesecondstep,theprogramis partiallyevaluatedwith respect
to thisvariable(andvariablesfor otherstatessetto zero);thesimpli�ed programcontinuesto solicit for party, but one
of thechoicesis prunedout sinceit leadsto a dead-end.Noticethata givenprogramwhenusedwith aninterpreter
correspondsto asystem-initiateddialogbut morphsinto amixed-initiative dialogwhenusedwith apartialevaluator!

This is theessenceof thestagingtransformationframework: usingaprogramto modelthestructureof thedialog
and specifyinga programtransformerto stageit. Notice that this achieves our crucial goal of separatingdialog
structurefrom thespeci�cationof mixing of initiative. Wewrite the�rst dialogas:

I
branch party state

wheretheI denotesaninterpreter, i.e., thetopportionof thespeci�cationindicatesthestagerandthebottomportion
indicatestheslotsover which thestageroperates.Similarly, theseconddialogis representedas:

PE
branch party state

wherethe PE denotesa partial evaluator. An interpreterpermitsonly inputs that are responsive to the current
solicitationandproceedsin astrict sequentialorder;it resultsin themostrestrictive dialog.A PE,on theotherhand,
allows utterancesof any combinationof availableinputslotsin thedialog. It is themost�e xible of stagers.

We will introducea third stager, calleda curryer (C) that permitsutteranceof only valid pre�xesof the input
arguments.Thedialogrepresentedby

C
branch party state

allowsutteranceof either`branch,' or (`branch,' `party'), or (`branch,' `party,' `state').In otherwords,if wearegoing
to take theinitiative atacertainpoint,we mustalsoanswerthecurrentlyposedquestion.

Thesestagerscanbecomposedin a hierarchicalfashionto yield dialogscomprisedof smallerdialogs,or subdi-
alogs.Thisallowsusto make �ne-graineddistinctionsaboutthestructureof dialogsandtherangeof valid inputs.In
thissense,

PE
a bc d

is not thesameas PE
P E
a b

P E
c d

Theformerallows all 4! permutationsof f a;b;c;dg whereasthelatterprecludesutterancessuchas� c a bd � .
At thispoint,thereaderwill noticethatwehavealreadyseparatedtheslotsin thedialogfrom how thedialogwill

bestaged.Wecaneasilyprototypenew dialogsby usingthebasicelementsabove, for instanceapizzadialog:

PE
s t c

which indicatesthatthedialogis comprisedof promptss(for size),t (for topping),andc (for crust).Consideramore
complicateddialog,involving orderingbreakfastover a hotelservice.Let ussupposethatthis involvesspeci�cation

13



of a f eggs,coffee,bakery itemg tuple.Theusercanspecifytheseitemsin any order, but eachitem involvesasecond
clari�cation aspect.After theuserhasspeci�ed thechoiceof eggs,a clari�cation of `how do you like your eggs?'
might beneeded.Similarly, whentheuseris talking aboutcoffee,a clari�cation of `do you take creamandsugar?'
mightberequired,andsoon. This form of MII is known assubdialog invocation[5]. Wespecifysuchdialogsusing
multi-layered compositionsof constructs,andwhich canbesubsequentlystagedusinga diversemix of stagers.So,
thebreakfastdialogis de�ned as:

PE
C

e1 e2

C
c1 c2

C
b1 b2

wheree1; e2 areeggspeci�cationaspects,c1; c2 areassociatedwith coffeespeci�cation,andb1; b2 specifythebakery
item. Noticethatthedialogstagedby PEis itself asequentialdialogcomprisedof stagingsby acurryer(C).

The stagingtransformationsframework alsospeci�es a setof rules that dictatehow a (dialog, stager)pair is
to be simpli�ed basedon user input. Notice that this is not as straightforward as it looks as it might requirea
global restructuringof therepresentation.Assumethatwe stagethebreakfastdialogusingthe interactionsequence
� c1 e1 c2 � � � � ; theoccurrenceof e1 is invalid accordingto thedialogspeci�cationabove, but we will not know
that suchan input is arriving at the time we areprocessingc1. So in responseto the input c1, the dialog mustbe
restructuredasfollows:

PE
C

e1 e2

C
c1 c2

C
b1 b2

=)
C

C
c2

P E
C

e1 e2
C

b1 b2

By replacingthetop-level PEstagerwith a C, it becomesclearthat theonly legal input now possiblemusthave c2.
Oncethecoffeesubdialogis completed,thetop-level stagerwill revert backto a PE.Suchdialogrestructuringsare
necessaryif weareto remainfaithful to theoriginal speci�cation.

Why is thestagingtransformationsapproachuseful?While our actualdialogprocessingengineis implemented
atopa databasesystem(seebelow), stagingtransformationsconstitutesa powerful representationalbasisto design
dialogs:it hasauniformvocabulary for denotingspeci�cationaspects(e.g.,eachof theslotsabovecouldbe�lled via
hyperlinkclicksor voice),it helpsusenforceacceptabilitycriteriaontheinput (by analyzingthestructureof therep-
resentation),andits useof stagershelpsusspecifythemixing of initiative in averyprecisemanner. Noticethatthese
advantagesarebroaderthandialogmanagementfunctionality, andalsoemphasizetheeaseof dialogspeci�cation.

4.2 DialogXML

In orderto make thestagingnotationmachine-readable,we have de�ned an XML representationof dialogscalled
DialogXML. DialogXML provides elementsfor de�ning the slots associatedwith a dialog, the textual prompts
associatedwith eachslot, theaccompanying vocalpromptsandany taperingof themover thecourseof interaction,
con�rmatory characteristics(whetherthe user's responseneedscon�rmation), andconstructsfor combiningbasic
dialog elementsto createcomplex dialogs. While DialogXML borrows ideasfrom sometagsin the VoiceXML
standard[14], thestructureof theDialogXML documentis morecloselymodeledaftertheideaof stagers2.

Theroot of a DialogXML documentis thedialog-specelement,which mayhave oneor moredialog elements.
Oneof thedialoghasattributeid=”top”, andthis is the�rst dialogthatis interpreted.A dialogmaybea leaf dialog,
in which caseit containsa setof dialog-items, or a branchdialog, in which caseit composesotherdialogsusing
thedialog-ref element.An optionalattribute `next' identi�es thenext dialogin thechainto beinterpreted.Thusan
abstractview of theDialogXML documentis oneof a linked list of hierarchicaldialogs.Every dialogis associated
with a stager, which refersto a programtransformationoperationthatcontrolsthe �o w of thatdialog. Thevarious
elementstogetherwith theirattributesarede�ned in Table2.

2It hasbeenrecentlybroughtto our attentionthat thereis a similar technologywith the samename[29]. This work, however, is an
extensionof theVoiceXML standardfor voiceinterfacesanddoesnotaddressmultimodalinteraction.
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Table2: Elementsof DialogXML.
Element Description Attrib utes
dialog-spec This is thetop-level elementof a dia-

log speci�cation. Thedialog element
is achild of thiselement.

� welcome: The welcomepromptplayedto
theuserthe�rst timesheviews thepage

dialog Thisis thebasicunit of dialogcompo-
sition. Theseelementscanbe of two
types - leaf dialogs contain dialog-
item elements,while node dialogs
composeother dialogsusing dialog-
ref element.

� id: anidenti�er for adialog

� stager: the stager for the dialog
(pe/currier/interpreter)

� next: the identi�er for thedialogto follow
thisdialog;

� type: whethera terminaldialog(leaf/node)

dialog-item Thiselementis thebasicunit of inter-
action,and representsa variablethat
thesystemis soliciting an input from
theuserfor.

� name The nameof the slot/variableto be
�lled.

� con�rm: Whetherthe variableneedscon-
�rmation.

vprompt The taperedvoice prompt associated
with eachdialog-item. Oneor more
vprompts can be associatedwith a
dialog-item andareplayedin orderof
theid attribute.

� id: Theidentifying numberfor thetapered
prompt.Promptsareplayedby order.

� text The text associatedwith the voice
prompt

tpr ompt The text promptassociatedwith each
dialog-item. Eachdialog-item may
have only onetext prompt

� text Thestringfor thetext prompt.

dialog-ref A referenceto a dialog-item element.
This elementmay be usedasa child
of the elementdialog if the dialog is
of typebranch.

� link: Thevaluefor theid attributethatthis
dialog-refis pointingto. Must bea valid id
for adialog-item.
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<?xml version="1.0" encoding="UTF-8 "? >
<dialog-spec>
<dialog id="top" stager="pe" next="" type="leaf">

<dialog-item name="topping" confirm="yes"/ >
<dialog-item name="size"/>
<dialog-item name="crust" confirm="yes"/ >

</dialog>
</dialog-spec>

Figure7: DialogXML documentfor apizzadialog.

Fig.7 is asimple,barebonesexampleof theDialogXML notationusedby theout-of-turninteractionmanagement
system.It is equivalentto themathematicalrepresentation P

t s c. It is a leafdialog,anddoesnothave anext dialog.
A morecompleteexampleof thesameDialogXML includesthevarioustext andvoicepromptsthatareplayed

whenthedialog is staged.An expandedversionof theDialogXML for thesamepizzascenariois shown in Fig. 8.
Notethateachdialog-itemcanincludemultiplevoiceprompts.Thesearetaperedvoicepromptsthatareusedin case
thereis anerrorrecognizingtheuser's utterance.

4.3 Software Ar chitecture

Dialogsde�ned in DialogXML canbe renderedin eitheran applicationweb portal (suitablefor small form-factor
handhelds)or avoiceportal(suitablefor accessvia cell phones).Bothrealizationsanalyzethecurrentstructureof the
dialogateachstep,anddeliver appropriatecontentto a clientmultimodalbrowser. In thecaseof thewebportal,the
contentis deliveredasHTML augmentedwith SALT (SpeechApplicationLanguageTags)markupandin thecaseof
thevoiceportal,thecontentis deliveredusingVoiceXML. Basedon userinput, theportalsimpli�es thedialogand
presentspersonalizedcontent,includingfacilitiesfor continuingthedialog.

An integratedsoftware framework for this purposeis shown in Fig. 9. Operationallyit can be divided into
four modules: (i) seedingdialog representations,(ii) stagingdialogs, (iii) input and output processing,and (iv)
databaseconnectivity. The ideaof seedingdialog representationsis to take a dialog speci�ed in our DialogXML
notationandcreatean internalrepresentation,suitablefor staging. The stagingtransformationframework is then
usedto handledialogmanagement.Theembodimentof thesedialogsmustcontendwith voicerealizations,hencea
signi�cant portionof theframework is devotedto generatinggrammarsfor speechoutputandvalidatingvoiceinput.
The framework currentlyusestheSALT andSpeechRecognitionGrammarsstandardsto handlevoice interaction.
Finally, thedatabaseoperationsmodulemanagesandstreamlinesthedelivery of content.Every end-applicationis
organizedasa databasethat theuserinitially selectsfor explorationvia mixed-initiative interaction.Eachrecordin
thedatabaseidenti�es auniqueinteractionsequenceaccordingto thevariousaddressableattributes.

Whentheinteractionbegins,thedialogmanagerusestheparsedDialogXML andmetadatafrom thedatabaseto
initialize therepresentation.Thedialogmanagermustthendecidewhatcontentto present,theitemsto offer theuser
for selection,andthe speechpromptsto play for the currentslot. In addition,the dialog managermustdetermine
what aspectsthe usermay specifyout-of-turn. Throughan analysisof the dialog representationanda setof SQL
queries,it determinesthis informationandgeneratesa HTML pagethat containsrelevant SALT XML objectsand
referencesto a suitablygeneratedSRGSgrammar, or a VoiceXML document.Thegrammaridenti�es all thelegally
speakableutterancesfor thedisplaeddocument.

User input from any modality (currenthyperlink andspeech)is uniformly handledby the UtteranceValidator
moduleof thesystem.Uponreceiving anutterancefrom theuser, themodule�rst determineswhethertheutterance
contains�llings for multiple slots,andwhethertheutteranceis valid. If partor wholeof theutterancewasinvalid,
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<?xml version="1.0" encoding="UTF-8 "? >
<dialog-spec welcome="Welcom e to Joe's Pizza">
<dialog id="top" stager="pe" next="" type="leaf">

<dialog-item name="topping" confirm="yes">
<tprompt text="What topping would you like for your pizza?"/>
<vprompt id="1" text="What topping would you like?"/>
<vprompt id="2" text="I'm sorry, I didn't understand you.

What topping would you like again?"/>
<vprompt id="3" text="I'm having trouble understanding you.

Please try again, or click on the
topping of your choice"/>

</dialog-item>

<dialog-item name="size">
<tprompt text="What size pizza would you like?"/>
<vprompt id="1" text="What size would you like?"/>
<vprompt id="2" text="My fault, please tell me what size you'd like."/>

</dialog-item>

<dialog-item name="crust"/>
<tprompt text="Please select a crust for your pizza"/>
<vprompt id="1" text="Tell me what crust you would like."/>
<vprompt id="2" text="I didn't understand. What crust do you want?"/?
<vprompt id="3" text="My fault again. Please select a crust."/>

</dialog-item>
</dialog>
</dialog-spec>

Figure8: CompleteDialogXML for theexamplepizzasite.

thenthesystemacceptsthevalid utterancesandrejectsthe invalid utterances.An appropriatepromptis displayed
andplayedto the user. Having tokenizedthe user's utteranceinto its constituent�llings, the dialog managerthen
callsthestagingtransformerwith thevaluesfor the�llings in theorderthey werereceived. After therepresentation
is simpli�ed, thedialogmanagerappliesasuiteof dialog motivators [1] (discussedbelow) to thedialog. If thedialog
is not completed,contentcreationandspeechgrammargenerationresumes.

Theseaspectsarediscussedin detailnext.

4.3.1 SeedingDialog Representations

Recallthat theprogram`scripts' in thestagingtransformationsapproachdo not de�ne thedialog�o w, they merely
capturethestructureof thedialog.Dialogcontrolis operationalizedusingprogram-transformation techniques,which
aresaidto stage thedialog. A setof rulesareusedto systematicallyreducethedialogrepresentationusingprogram
transformationsequences.Theserulesarereproducedfrom [12] in Fig. 10. For purposesof brevity, rulesinvolving
interpretation(I) arenotshown.
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Figure9: Mixed-initiative interactionframework architecture.

In orderto facilitatethedescriptionof theserules,thefollowing notationis used.

PE
X

ThisexpressionrepresentsadialogscriptX beingstagedwith apartialevaluator. Likewise,

C
X

representsdialogscriptX beingstagedwith acurryer. In eachof thesenotations,theX couldbeeither:

(a : T)

meaningthatthedialogscriptis asimplescriptconsistingof oneattributea to beinput from theuser, andthata is of
aprimitive input typeT. An exampleof aprimitive input typeis apartyname,or abranchof congressspeci�cation.
Sucha dialogscript,givenanappropriateinput a, would besimpli�ed by rule 2 to � , theemptydialog. In addition,
X couldbe:

(x : PE jCjT)

meaningthatthedialogscriptcouldbeoneof threeoptions:(i) a complex scriptbeingstagedby a partialevaluator
(PE),(ii) acomplex scriptbeingstagedby acurryer(C), or (iii) asimplescriptwith oneattributeasdescribedabove.
WealsousetheKleenestaroperator� to representrepetitionsof thesebasictypes.Precedencematterswhenapplying
therulesin Fig. 10 sothey areshown in orderof decreasingprecedence.

As anexampleof theserulesin operation,let usstagethebreakfastdialogpresentedearlierandassumethatthe
user's inputarrivesin theorder:f c1; c2; b1; e1; b2; e1; e2g. Notethatthe�rst occurrenceof e1 is aninvalid input. The
sequenceof transformationsareshown in Fig.11. Each=) in Fig.11describesatransformationbasedonuserinput
andeach� ! describesa simpli�cation of thedialogstructure.Therule numbersfrom Fig. 10 areshown alongside
thereductions.

4.3.2 An Ef�cient StagingAlgorithm

In orderto stagedialogs,thesystemusesan interpretationof thestagingtransformationrulesdescribedin Fig. 10
tailoredto operationsperformedon theXML DOM representation.Thealgorithmthat is usedto processtheuser's
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PEjC
(x : PE jCj� )

= x (1)

[
PE jC
(a : T)

givena] = � (2)

[
PE

(x : PE jCjT) � (a : T)(y : P jCjT) � givena] =
PE
xy

(3)

[
C

(a : T)(x : PE jCjT) � givena] =
C
x

(4)

[
PE

(x : PE jCjT) � (y : PE jC)(z : PE jCjT) � givena �lling y] =
C

[y givena]P E
xz

(5)

[
C

(x : PE jC)(y : PE jCjT) � givena �lling x] =
C

[x givena]y
(6)

[
PE

(x : PE jCjT)
givenany input] =

PE
x

(7)

[
C

(x : PE jCjT)
givenany input] =

C
x

(8)

Figure10: Reductionrulesfor curryingandpartialevaluationstagers.Adaptedfrom [12].

utteranceis speci�edin Fig. 12. Thisalgorithmis possiblyexecutedmultiple timesfor multipleuserutterances.The
algorithm�res thecomplete-dialogevent(explainedlater)whentheuser's dialogis complete.

Whentheuserselectsa databaseto explore,thesystemretrievestheDialogXML correspondingto thedatabase
andparsesthedocument.TheDialogXML canbeviewedasa linked list of trees,with eachtreecorrespondingto a
hierarchicallystageddialog. The list of dialogsarestagedin thesequencethey areparsed.As a result,thesystem
�rst stagesthe�rst dialogin thelist. Thesystemmustnow identify whatquestionto asktheuser, andwhattheuser
maysayin responseto thequestion.This is doneusinga recursive pre-processingstepthat is depictedin Fig. 13.
As a resultof thisstep,thesystemnow knows whatitem to offer theuseraspartof thesystem-initiateddialog.This
item, togetherwith legal valuesthat be usedas�lling for that item, is sentto the HTML+SALT generatorwhich
generatesvalid HTML for thepage.TheHTML pagealsocontainsSALT markupidentifying a URI thatcontains
theSRGSgrammar[19] thatde�neswhat theusermaysay. Thesetof itemsthatcanbesaid,togetherwith a data-
structurerepresentationof thegrammarstructureis sentto theGrammargenerator, whichgeneratesthegrammar�le
on demand.Detailsaboutgrammargenerationarecoveredlater.

Uponrecognitionof theuser'sutterance,theSALT-compliantbrowsersubmitstherecognizedutteranceto theUt-
teranceValidatorusingtheHTTPPOSTrequest.Thevalidatortokenizestheutteranceinto its constituentslot/�llings,
sendsthemto thestagers,which employ thedialogstagingrulesto processtherepresentationsequentially. Multiple
passesthroughthedialog-processingalgorithmmaybemadeif multipleutteranceswerereceivedfrom theuser. The
dialog sequenceendswhenthe null dialog (� ) is reached,or if the userhasexplicitly requestedthat the dialog be
ended,andthe collect resultsoperatorbe invoked. In sucha case,the systemtransferscontrol to the view-results
module,whichdisplaysdetailsaboutthecollectedresults.
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Figure11: Inputinducedtransformationsonthebreakfastdialog.Thetransformationwhererule7 is appliedindicates
aninput thatcouldnot �ll any currentlyapplicableslot,andwouldpresumablyleadto anerrormessage,but doesnot
resultin asimpli�ed dialog.

4.3.3 Dialog motivators

The only aspectof the architectureto be coveredare the dialog motivatorsand the grammargenerators.Dialog
motivatorsareusefulnuggetsof processingthathelpstreamlinethedialogateveryuserutterance.Weusefour main
motivators:

1. prune-dialog: This motivator decidesif the internaldialog representationcanbe prunedasa result of the
previous utteranceby the user. For example,if a useris interestedin `New York' and`Senators'thereis no
longeraneedto promptfor party, sincebothsenatorsfrom New York arefrom theDemocraticParty. Thusthe
partyslot canbeautomatically�lled with `Democraat'andremovedfrom thedialogrepresentation.

For a �lling receivedfor slotnodeb
In current-dialog, locatethenode(nodeb )
If nodebnot found,theutterancewasinvalid. return.
locatetheparent(nodep) of nodeb
deletenodeb
if nodephasmorechildren,return
else, current-dialog needsto bechanged.

�nd the�rst ancestor(anc) of current-dialog , deletingall dialogswithout children
current-dialog=anc;
if ancnot found,thedialogis complete.Triggerdialog-complete.

return

Figure12: Stagingtransformationalgorithm.
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while therearemoredialog-elementsin thecurrenttree
begin

for thecurrentdialog
call thestagerin thecurrentdialogon theelementsin thecurrentdialog.
this returnsthefollowing informationstoredin globalvariables-

—thesetof itemsthatcanbesaid
—theitemthatmustbepresentedto theuser
—data-structurerepresentationof thegrammarto beusedfor validation

end

Figure13: Processingto generategrammar.

2. complete-dialog: This motivatordecidesif a dialog is complete.A dialog is completeif a uniquerecordin
thedatabaseVIEW beingusedhasbeenidenti�ed, or if thereareno moreitemsleft to solicit input for in the
dialog. In suchcases,theunnecessaryslotsareremovedfrom therepresentation.Noticethatcomplete-dialog
is aspecializationof prune-dialog.

3. con�rm-dialog: This motivator appliesif the item hasbeendesignatedin theDialogXML asonefor which
con�rmation mustbesought.In a realapplication,con�rmation wouldbesoughtfor utterancesthathavebeen
recognizedwith a low valueof con�dence;however SALT doesnot provide uswith thehooksto learnabout
con�dencevaluesof recognizedutterances,hencewe specify the needfor con�rmation in the DialogXML
markup.

4. collect-results: This motivatorappliesif theuserexplicitly requested(via a `Show meresults'utterance)that
thedialogbeterminatedin orderto view a �at listing (of therelevantremainingrecords).

4.3.4 Grammar generation

Grammargenerationin the voice portal usesNuance's GSL grammarformat andrequiresno specialhandling. In
the web portal, grammargenerationinvolves a carefuldivision of labor betweenthe browser, utterancevalidator,
andtheembeddedspeechgrammarsthemselves.For instance,thesystemgeneratesJavaScriptto handlesometypes
of interactionon theclient sidewithin thebrowseritself. Con�rmation of theuser's utterance,̀Whatmay I say?,'
and`Show mesomethingelse' typeof questionsareexamplesof interactionshandledby JavaScript.Theembedded
SRGSgrammarsareusedfor encapsulatingsite-speci�c logic andarefaithful to theC andI stagerspeci�cations.
Generatinggrammarfragmentscorrespondingto thePE stagerwill resultin anexponentialenumerationof utterance
possibilities,so we usea lessrestrictive grammarandallow the invalid utterancesto be caughtby the Utterance
Validatorinstead.

4.4 Implementation Details

The web portal instantiationis implementedasa Java web applicationusingJSPsandServlets. The application
runs inside the Tomcatservletengine. The systemusesthe ApacheHTTPd web-server with a WARP connector
to connectto the Tomcatservletengine,andfunctionslike a proxy-server. A PostgreSQLdatabaseserver serves
the exampledatabaseswe usein this paper. The web-applicationconnectsto the databaseserver using the Java
DatabaseConnectivity (JDBC) API. It usesa meta-dataAPI to learnaboutthe structureof the datapresentin the
database.An SQL queryinitially helpscomputea VIEW thatservesasthestartingpoint for thedialog.This VIEW
is usedfor all futureinteractionsandhelpsreinforcethata useris alwaysworking with a personalized̀view' of the
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informationspace.Theuseof VIEWs canbeusedto increasesystemef�ciency asthey canbesharedacrossmany
users. We testedthe systemusingthe Microsoft SALT plug-in for the InternetExplorer6.0 browseron a system
runningWindows XP.

5 CaseStudiesand Evaluation

Severalapplicationshave beencreatedusingtheout-of-turninteractionframework presentedabove. The �rst is an
interfaceto theProjectVoteSmartwebsite(http://www.vote-smart.org) andanexampleinteractionhasbeenalready
describedin Fig. 1. This interfaceprovidesdetailson about540 politicianscomprisingthe U.S. Congressandis
modeledafter theProjectVoteSmartsite (http://vote-smart.org). In additionto party, branchof Congress,andstate
information,wemodeleddistrict andseatinformation,in theform of aPEover � vespeci�cationaspects.

Two otherapplications,coveredin [40], involve a tour applicationfor WashingtonD.C visitorsandaninterface
to the fuel economyguideat the environmentalprotectionagency (EPA ± http://www.fueleconomy.gov). See[40]
for moredetails.

Theevaluationof out-of-turninteractioninterfacesis a topic of interestin itself. Two importantissuesare:does
the supportfor out-of-turninteractionmake sometaskseasieranddo usersactuallyutilize out-of-turninteraction
for suchtasks?Theanswerto the �rst questionis clearly in theaf�rmati ve. For instance,in theexamplefrom the
introduction,beingableto say`Indiana' out-of-turnis advantageousbecauseit shows the inapplicabilityof oneof
thepartychoices.Without thiscapability, Salliewouldhave to manuallybrowsethrougheachpartyanddetermineif
sheobtainstheinformationshewasseeking.

To investigatewhetherusersutilize out-of-turninteractionfor suchtasks,we areconductingseveral userstud-
ies, with several applications. Preliminaryresultswith the US Congressapplicationare describedin [31]. The
study involved 25 userswho wereassignedeight information-�nding tasks. Four of the taskswerenon-oriented,
meaningthey couldbe completedwith or without out-of-turninteraction;the remainingfour of themwereout-of-
turn-oriented, meaningthey wouldbecumbersometo completewithout thecapabilityof out-of-turninput. However,
userswerenot told whichtasksfell underwhichcategory. Onanalyzingtheresults,we learntthatall usersemployed
out-of-turninteractionwhenpresentedwith anout-of-turnorientedtask,indicatingthatthey areadeptat discerning
whensuchinteractionis necessary. Many userssuccessfullyinferredthat out-of-turninteractionis suitablewhen
we have a speci�c goal in mind andnot somuchwhenwe areconductingexploratorybrowsing. See[31] for more
detailsof thisstudy.

6 Discussion

Theabove applicationshave highlightedthekey featuresof our softwareframework. Thestagingtransformershave
beenprimarily responsiblefor dialogcontrol,specifyingwhattheusermaysayatany giventime. Thedialogmanager
hasstreamlinedthe dialog, pruning it when necessary, and triggering the appropriateactions. Our modularized
implementationapproachmakesit easyto constructspeech-enabledinterfacesto database-drivensites.

By using a combinationof stagers(PE, I, and C), our dialog representationis independentof in-turn versus
out-of-turn interactionand,most importantly, the modality usedfor interaction. This, in of itself, is a signi�cant
contribution of ourwork. Theuserinterfaceresearchcommunityhasbeenexploring theseparationof representation
issuefor many years.For example,̀ userinterfacemanagementsystems'(UIMS), a termcoinedby Kasik [21] (circa
1982),refersto thestudyof softwarearchitecturesfor building interactive systems[28]. Oneof theexplicitly stated
goalsof theUIMS communitywas`achieving dialog independence'[33]. The focusof theresearchwasmainly to
automaticallygeneratehigh quality userinterfacesfrom abstractrepresentations.This approachdid not �nd wide
acceptancebecausemostof thegenerationtoolsavailablewerebasedon heuristicsthatmadethegenerationprocess
unpredictableandhardto control[27].
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Lately, abstractuserinterfacespeci�cations(also known as model-basedapproaches)have received renewed
attentiondueto amultiplicity of devicesandthevarietyof interactionpossibilitieswith them.Whilesomeapproaches
havecreateddomain-speci�clanguagessuchasSISL[9] andWebML [13], othersarestill exploring thegeneralidea
of having auniversalspeci�cationlanguagefor building interactiveapplications.Szekely [43] presentsaretrospective
of themodel-basedapproachesandhow they have evolvedover time.

Still morerecentwork hasfocusedon userinterfacerepresentationsfor multiplatformuserinterfaces.Thegoal
is to specifytheuserinterfacein partsor models(e.g.presentationmodel,datamodel,dialogmodel)sothatmoving
the userinterfaceto anotherplatform requiresminimal modi�cations. Despitea lot of attentionto this area,the
researchcommunityhasnotyet convergeduponadialogrepresentationthatis independentof thetask-detailsof the
userinterface.For example,TERESA[26] usesenablingoperatorsaspartof a taskmodelrepresentation;UIML [2]
usesanevent-basedmodelthat is closelytied to thepresentation;XIML [35] usesa separatedialogmodel,but it is
derived from the taskmodel. USIXML [22], a recentadditionto theXML-basedUI representationshasa separate
representationfor dialoguesbut it is not clearhow well their approachcouldhandleout-of-turninteractionasin our
work.

Furthermore,mostexistingabstractnotationsrequiresomeform of explicit representationof dialog�o w. Ouruse
of stagingtransformers(e.g.,thePEstager)avoidssuchexplicit enumerationof dialog�o ws andpromisesto serve
asa modelfor building multi-platformuserinterfaces[3]. This is oneof ourongoingdirectionsof futurework.

In general,our work helpsdemonstratetheviability of our view of thespeech-enabledweb± namely, thatof a
�e xible dialog betweenthe userandthe systemwhich allows the userto take the initiative in controlling the �o w
of thedialog. Rosenfeldet al. [38] have arguedthatspeechinterfaceswill becomeincreasinglyubiquitousandwill
be ableto supportsmallerform-factorswithout comprisingusability. The applicationspresentedherevalidatethis
viewpoint andhelpillustratetheimportanceof usingvoiceto supplementinteractionin mobiledevices.

It ishelpfultocontrastourrepresentation-basedapproachwith otherwaysof specifyingdialogs,notablyVoiceXML.
While they sharesomesimilarities,our DialogXML notationis purelydeclarative andcapturesonly thestructureof
thedialog. Control is implicitly speci�edusingprogramtransformations,which makestheprocessof dialogspeci-
�cation lesscumbersomefor thedesigner. Furthermore,while VoiceXML permitsmixed-initiative dialogsequences
too, it doessomoreasa resultof how its form interpretationalgorithm(FIA) is organized.Usinga combinationof
programtransformationconstructsandhierarchicallycomposeddialogs,we areableto specifythenatureof out-of-
turn interactionin amannernotpreciselyexpressablein VoiceXML (see[36] for moredetails).Furthermore,in [36],
we have shown thatbarringa few side-effects,theFIA is a partialevaluatorin disguise,andhencemixed-initiative
applicationsrealizableusingVoiceXML areapropersubsetof whatcanbeachievedwith themany stagersavailable
in DialogXML.

Thedesignemphasisof VoiceXML hasbeento enablecreationof reusabledialogelementswhich canbecom-
posedto createcompletevoiceapplications.Developerscancreatecomplex dialogsusingconstructssuchaslooping
and subdialogsin conjunctionwith the FIA. The VoiceXML interpreterinterpretsthe VoiceXML documentand
implementstheFIA.

The successfulimplementationof a dialog-basedsystem[41, 46] requiresmany morefacetssuchaslanguage
understanding,taskmodeling,intentionrecognition,andplanmanagement,whicharebeyondthescopeof thiswork.
Wearenow exploring severaldirectionssuchasnaturallanguagespeechinputandextendingthespeci�cationcapa-
bility of DialogXML. We arealsoconductingusabilitystudiesfor our multimodalinterfacesandcarefullyassessing
the role of speechasan out-of-turninteractionmedium. Especiallyimportantis addressingthe veritable`how do
usersknow whatto say?'problem[45] for multimodalwebbrowsing.

This work is an initial exploration into the useof multimodal interfacesto websites. As the useof browsers
thatsupporttechnologiessuchasSALT, X+V grows, theimportanceof softwareframeworksto supportmultimodal
interactionwill only increase.
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