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Abstract

Thispaperdescribestheintonationpredictionalgorithmusedin
the speechsynthesiscomponentof the SmartKom dialog sys-
tem. Both prosodicphrasinganddefault accentpredictionop-
erateon syntacticstructuregeneratedby a languagegeneration
module. Two configurationalrules are appliedto find candi-
dateprosodicphrases.A harmonizationalgorithmselectsthe
bestcandidatestakinginto accountrhythmaswell asaparame-
ter specifyingtheoptimal lengthof prosodicphrases.Depthof
embeddingandlocationwithin thesyntacticstructuredetermine
the default accentuation,which canbe modifieddependingon
semanticfactors.

1. Introduction
This paperdescribessymbolic prosodygenerationwithin the
SmartKomconcept-to-speech(CTS)synthesismodule.Wefirst
providesomeinformationontheprojectin general.In section3,
wegiveadetaileddescriptionof theconceptinputspecification.
Section4 addressesthepredictionof phrasebreaks.Rulesinsert
optionalbreaksinto eachutterance.A harmonizationalgorithm
decideswhich of thosebreakshave to be discarded. Section
5 describesthe default accentlocationprocedure,deaccentua-
tion, andthepredictionof pitch accenttypes.We illustratethe
completeintonationpredictionalgorithmby a shortexamplein
section6. This is followedby a conclusionin section7.

2. The SmartKom project
SmartKom ([6]) is a researchproject fundedby the German
Ministry of EducationandResearchfor aperiodof 4 yearsuntil
September2003.Thereareseveralconsortialpartnersinvolved
both from industryanduniversities. The project is led by the
GermanResearchCenterfor Artificial Intelligence(DFKI). The
goal of the project is to develop an intuitive multimodal dia-
log systemwhich combinesspeech,gestureandmimics input
andoutput.Interactionwith thesystemis managedby a virtual
communicationassistantnamedSmartakus. It helpsthe user
to obtain information on the cinemaor TV program,control
electronicdevices,make reservationsin restaurants,plansight-
seeingtoursor car routes,make phonecalls, managee-mails,
etc. Smartakusalsorepresentssystemoutputbothvisually and
acoustically.

3. Concept input
Therearetwo situationsin whichspeechoutputis required.The
first oneis the interactionof Smartakuswith the user. In this
case,wedealwith CTS:thedialogturnsaregeneratedby a lan-
guagegenerationmoduleandthey arelinguisticallyextensively
annotated.Theothersituationariseswhentext from embedded

continuation

� � � � �
�����

elaboration

� � � �
����

Welcometo
theSmartKom

informationsystem.

My name
is Smartakus.

How canI
helpyou?

Figure 1: Discourserelationsfor the introductorydialog turn.
The secondsentencefurther elaboratesthe first one, and the
third sentenceis a continuationto thefirst two sentences.

applicationshasto berendered.We will not discusstheproce-
dureusedin this casehere.Detailscanbefoundin [5].

Conceptsin SmartKom containinformationon variouslin-
guisticlevels.Startingfrom thetop,thehighestlevel of annota-
tion is discoursestructure,followedby sentencelevel, syntactic
structureandlexical level annotations.Conceptstructuresare
codedin XML.

Discourse structure. Accordingto [4], discoursestructure
influencesF0 registerandpauseduration. Discoursestructure
is representedby specifyingdiscourserelationsbetweensubse-
quenttext segmentswith sentencesasthesmallestunit. Theset
of discourserelationsis takenfrom [4], althoughonly a subset
canactuallybefoundin theshortdialogturnsproducedby the
system.An exampleis shown in figure1. Discoursestructure
hasalreadybeenspecifiedaspartof theconceptstructure,but
it is not consistentlyavailableyet.

Sentence level. Thenext level of annotationis thesentence
level. Sentencemodeis annotatedon this level. We distin-
guishbetweendeclarative andimperative sentencesaswell as
betweenyes/no-questionsandwh-questions.Thiskind of infor-
mationis mainly requiredfor thepredictionof boundarytones.

Syntactic structure. The next lower level is syntactic
structure. Syntactictreesarebinary branching,and they may
include tracesresulting from movementof verbs or phrases.
They aregeneratedfrom smallertreesegmentswithin thetree-
adjoining grammarframework ([1]). An exampleis given in
figure2.

Additional semanticand pragmatic information is inte-
gratedinto syntacticstructurein the following way. For each
node of the syntactictree, its argumentstatuscan be speci-
fied. Wedistinguishbetweensubjects,director indirectobjects,
prepositionalobjects,sententialobjects,andadjuncts.Beyond
that,nodescanbemarked(but arenotmarkedcurrently)ascon-
taining given or new information. Topic andfocuscanbe an-
notatedon this level aswell. Pointersto othernodescanlink
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Figure 2: Integration of additional informationinto thesyntac-
tic structure. In this example, deixisand argumentstatusare
added.Bothare indicatedin italics.

contrastive elementsor items in enumerationsto eachother.
Finally, deixis is specifiedon the syntacticlevel. Deictic ele-
mentsoccurwhenSmartakusis talking aboutobjectsthat are
presentedon thedisplayat thesametime. In thiscase,pointing
gesturesareused.Thesmallestunits thatcanbemarkedasde-
ictic arewords,but largerconstituentsincludingcomplex noun
phrasesarealsopossible.

Lexical level. Thelowestlevel of annotationis the lexical
level. On this level, foreign wordsaremarked assuch. Also,
for materialthat originatesfrom databasequeries,the domain
is specified.Currently, wedistinguishbetweenmovie titles,ac-
tors’ names,streetnames,etc.

4. Prediction of prosodic phrases
Thefirst stepin prosodygenerationis thepredictionof prosodic
phrases.Thereare two levels of phrases:intonationphrases
are terminatedby major breaksand can be divided into sev-
eralintermediatephrases,whichin turnareterminatedby minor
breaks.

4.1. Insertion of breaks

Optionalbreaksareinsertedby thetwo generalrulesin (1) and
(2). The � � B � featureindicatesthata breakcanbe insertedat
theendof the respective constituent.The two ruleseachhave
two variants,whicharemirror imagesof eachother.

(1) a. XP� � ��
YP � � B � XP

b. XP� � ��
XP � � B � YP

(2) a. XP
� � ��

X � � B � YP
adjunct

b. XP� � ��
YP � � B �
adjunct

X

Thefirst rule statesthatmaximalcategoriesthataredaughters
of othermaximalcategoriescanbe separatedfrom their sister
nodeby a minor break. S constituentsaretreatedasmaximal
projections.Sincewe usea simplesyntaxtheorythatdoesnot
distinguishXPs from XBars, rule (1) appliesfor any maximal
projection that is not the sisterof a head. Examplesfor the
applicationof (1) arethe insertionof boundariesbetweentop-
icalized constituentsand the VP as well as betweenadjacent
complementsor adjunctswithin theVP.

The secondrule allows breaksto be insertedbetweenthe
headof a phraseandits sisternode,but only if thesisternode
is anadjunct. Thus,phraseboundariesbetweena headandits
argumentareexcluded.

MandatorymajorbreaksareinsertedbeforeandafterScon-
stituents. Also, deictic expressionsthat are accompaniedby
gesturesaremarked by precedingor following mandatorymi-
norbreaks.

Theresultof thephrasebreakinsertionfor theexamplein
figure 2 is shown in (3). Mandatorymajor phrasebreaksare
at theendof theutterance,andafter thedeicticAdvP hier, in-
dicatedby the � +BB� and � +B� features,respectively. Addition-
ally, optionalphrasebreaksareinsertedaftertheNPSieaccord-
ing to rule (1-a),andafter thenounAuswahlaccordingto rule
(2-a).Optionalbreaksaremarkedin (3) by thefeature� � B � .

(3) Hier � +B� sehenSie � � B � eineAuswahl � � B � ausdem
aktuellenProgramm� +BB�

4.2. Harmonization algorithm

A harmonizationalgorithmdecideswhethersomebreakshave
to be discardedto get a smoothphraselengthdistribution for
thecompleteutterance.Themotivationis thatwewantto avoid
sequencesof phrasesthat areunbalancedin termsof number
of syllablesperphrase.We thereforeintroducea selectionstep
into thepredictionprocess.

The optionalphrasebreaksinsertedin the precedingstep
yield several different phrasesequences.For the selectionof
an optimal sequence,all possiblecombinationsof phrasesare
takeninto account.Wefirst selectall thosecandidatesequences
whosemeanphraselengthis within anoptimal range.We use
a fixedoptimalrangeof morethan4 syllablesandlessthan11
syllablesperphrasefor meanphraselength.Fromthesecandi-
dates,wechoosetheonewith theleastvariance.If nocandidate
is found whosemeanis within the optimal range,we alsoac-
ceptcandidateswhosemeanphraselengthis below theoptimal
range.If still nocandidateis found,all optionalbreaksarekept.

For theexamplein figure2, theoptimalcandidateis shown
in (4-a). Theothercandidatesaregiven in (4-b) through(4-d).
Syllablenumberper phrase,meanphraselengthandvariance
areindicatedin theline below eachcandidate.(4-b)isdiscarded
becauseits meanphraselengthis not within theoptimalrange.
Of theremainingthreecandidates,(4-a)is chosenbecauseit has
theleastvariance.



(4) a. Hier � +B� sehenSie eineAuswahl � � B � ausdem
aktuellenProgramm� +BB�
syllables:1, 7, 8; mean:5.33;variance:9.55

b. Hier � +B� sehenSie � � B � eineAuswahl � � B � aus
demaktuellenProgramm� +BB�
syllables:1, 3, 4, 8; mean:4; variance:6.5

c. Hier � +B� sehenSie � � B � eineAuswahl ausdem
aktuellenProgramm� +BB�
syllables:1, 3, 12; mean5.33;variance:22.89

d. Hier � +B� sehenSie eine Auswahl aus dem ak-
tuellenProgramm� +BB�
syllables:1, 15;mean8; variance:49

4.3. Boundary tones

Boundary tones are assignedfor each predicted intonation
phraseboundary. For sentence-internalphraseboundaries,a
rising boundarytone is assignedto indicatecontinuation.For
yes/no-questions,a rising boundarytone is used,while wh-
questionsarerealizedwith a falling tone.Declarativesentences
arealsoterminatedby a falling boundarytone.

5. Pitch accent prediction
For pitch accentprediction,we first determinewhich element
shouldbeaccentedby default. Semanticfactorscancausedeac-
centuation.Finally, we predicttheaccentcategory for eachac-
centedelement.

5.1. Default accent location

Accordingto [2], thedefault accentis on thesyntacticallymost
deeplyembeddedelement,as illustratedby the prepositional
phrasein (5-a)andthepostpositionalphrasein (5-b)(from [2]).
Default stressis on theunderlinedwords.

(5) a. b.
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Nodeson the non-recursive side are irrelevant, as shown
by (6) (from [2]): In neutralaccentuation,stressfalls not on
the overall mostdeeplyembeddedelement,Italienern, but on
Impfstoff. This is becauseNPsareright-recursive.

Depth of embeddingaccordingto [2] is only countedon
a path along the XBar axis (e.g., connectingXP and X’, X’
andX’) andon the recursive sideof eachprojectionXP (e.g.
connectingX’ to an YP embeddedon the left side, if XP is a
left-recursive category; or connectingX’ to an YP embedded
on theright side,if XP is a right-recursive category). Themain
pathof embeddingis the path that reachesthe top node. The
overall mostprominentelementis the mostdeeplyembedded
elementon the main pathof embedding.Within constituents
on the non-recursive side,depthof embeddingdeterminesthe
locally mostprominentelementwithin the constituent,but its
depthof embeddingis irrelevant for the location of the main
stress.

Wehave to modify this procedurefor two reasons.First, in
thesyntacticstructurefrom thegenerationmodule,thereareno
XBars. This meansthat in our case,themainpathis alongan
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axisconnectingXPswith embeddedXPs,or connectingXP to
a maximalprojectionYP on the recursive sideof XP, if YP is
a sisterto theheadX of XP. Second,largesyntactictreeswill
usuallybe split up into smallerunits by the phraseprediction
algorithm. Within thephrasesthat do not containthe globally
mostprominentelementaccordingto theabove definition,we
still needto assignanaccentto thelocally mostprominentele-
ment.

We adoptedthe following procedurefor the predictionof
accentlocation. All nodeswithin a syntactictreeareprovided
with a label indicatingtheir depthof embedding.Furthermore,
for eachnode,we counthow many brancheson thepathfrom
thisnodeto thetopnodeareneitherontheXBar axisnoronthe
recursive side. For eachphrase,the elementwith the smallest
numberof brancheson the ”wrong” sideis accented.If there
are several elementswith the samenumber, the most deeply
embeddedonewill be chosen.If this is againambiguous,the
lastoneis chosen.

If theutterancein (6) is realizedasasinglephrase,thenoun
Impfstoff is accented,as predictedby [2]. If it is realizedin
shorterphrases,e.g. with a phraseboundarybetweenthe em-
beddedPPandtheadjective, Impfstoff is theaccentedelement
in thesecondphrase.In thefirst phrase,theaccentwill be re-
alized on the noun Italienern, sinceon the path from the top
to the nounthereare two brancheson the non-recursive side,
while therearethreebrancheson the path to the moredeeply
embeddedadjective.

5.2. Deaccentuation

Dependingon informationstructureor focus-topicstructureof
an utterance,accentuationcandeviate from the default accen-
tuation. Although provision for the annotationof this kind of
information has alreadybeenmadein the definition of con-
cepts,it is notyetavailablein theSmartKomsystem.Currently,
only somespecificwords are definedto be inherentlygiven.
E.g.,wordslike”now”, ”today”, ”currently” etc.,andpronouns,
which shouldnecessarilybein theuser’s andSmartakus’com-
monground,aretreatedasgivenandarethereforedeaccented.
Currently, this is doneby settingtheirdepthof embeddingto 0.
Similarly, adjectiveslike ”further”, ”other”, etc. areinterpreted
asfocussed.In this case,thedefault accentis movedto theleft
from thesubsequentnounontotheadjective.



5.3. Accent categories

For eachaccentedelement,we predictits accentcategory. We
useasubsetof thepitchaccentinventoryfrom theGermanToBI
labelingsystemasdescribedin [3], viz. L*H asa risingaccent,
H*L asa falling accent,andL*HL asanemphaticaccent.The
default accentcategory is rising. If the accentis the last ac-
cent in an intonationphrase,its category dependson the type
of thefollowing boundary. H*L accentsareusedbeforefalling
boundaries,andL*H accentsbeforerising boundaries.On ele-
mentsthatpresentnew informationandin deicticexpressions,
a falling accentis used. In imperative sentences,the accented
elementis realizedby theemphaticrise-fall L*HL.

6. An example
The completeintonationpredictionalgorithmis illustratedby
the examplein (7). An optional phrasebreakis insertedbe-
tweenthe topicalizedobjectdasDokumentandthe finite verb
wurde. Theinsertionof phraseboundariesbetweentopicalized
constituentsandthefinite verb is very typical in German.Our
algorithmselects(7-a)because(7-b)’s meanphraselengthex-
ceedstheupperlimit of (lessthan)11 syllablesperphraseand
is thereforenot consideredin the selectionstep. Otherwise,it
would have wonover (7-a)becauseits varianceis smaller.

(7) Das
The

Dokument
document

wurde
was

an
to

Nils
Nils

Nager
Nager

verschickt.
sent

Thedocumentwassentto Nils Nager.

(8) a. Das Dokument � +B� wurde an Nils Nager ver-
schickt � +BB�
syllables:4, 8; mean:6.00;variance:4.00

b. DasDokumentwurdeanNils Nager
verschickt � +BB�
syllables:12;mean:12.00;variance:0.00

For the first phrase,the default accentis assignedto the
nounDokumentalthoughthe path from the top of the tree to
the noun containsonebranch(connectingS to the NP on its
left) that is neitheron the recursive sidenor on theXBar axis.
In thesecondphrase,thenameNager is on a pathexclusively
alongtheXBar axisor alongbrancheson therecursive side. It
is thereforeaccented.

Sincethesentenceis adeclarativesentence,it is terminated
by a falling boundarytone. The accentedelementin the sec-
ondphraseis assigneda falling accentfor thesamereason.The
accentin the first phraseis predictedto be rising becausethe
sentencecontinuesover the intermediatephraseboundarybe-
tweenthetwo phrases.

Further examples including audio files are available at
http://www.ims.uni-stuttgart.de/projekte/smartkom/sp2002/.

7. Conclusion
We have presenteda methodto predict prosodicphrasestak-
ing into accountsyntacticstructure. First, two pairs of very
simple configurationalrules assignoptional and non-optional
phrasebreaks.In a secondstep,a harmonizationalgorithmse-
lects candidatesfrom the set of all possiblecombinationsof
prosodicphrasesin the dialog turn. Candidateswhosemean
phraselength lies within a given optimal rangeare favoured
over othercandidates.Out of this subsetof candidates,theop-
timal candidateis the onewith the leastvariancein termsof
syllablelengthperphrase.

For accentprediction,a single rule operatingon syntac-
tic structuredeterminesthe default accentlocation for each
prosodicphrase.Semanticfactorsmay triggerdeaccentuation.
Accenttypesdependontheinformationcontentof theaccented
word,on its positionwithin thephrase,andonsentencemode.

Futurework will includetheintegrationof additionalinfor-
mationprovided in the conceptinput. This concernsinforma-
tion structureandfocus,which will beavailablein theconcept
input in thenearfuture. Constituentslarger thanwordswill be
markedasgivenor focussed,requiringa moreelaboratemech-
anismfor accentinganddeaccenting.

Discoursestructureis also expectedto be availablesoon.
Predictionof F0 registersaccordingto [4] canthenbeincorpo-
ratedinto theprosodypredictionprocess.
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