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ABSTRACT

This papermodelstonal variationswith Stem-ML tags. Surface
toneshape®oftendeviatefrom their expectedcanonicakhapesn
naturalsentencegresentin@ challengingcaseto tonemodeling.
In this studywe employeda subsebf Stem-MLtagswhichincor
poratedinformationof lexical tonesandlinguistically motivated
prosodicstrengthof the syllable. The tagssuccessfullycaptured
the"distorted”toneshapesndproducedontetually appropriate
surfacevariations.

1. Introduction

This paper usesChinesedata to test the ability of Stem-ML
to model tone/accentinteraction. The Stem-ML tag set is
describedin a companionpaper[1], and at http://wwwbell-
labs.com/project/tts/stem.html.

Whentonesor accentsoccurin a crowded space their interac-
tion with theirneighbordeadsto surfacevariations.Analogously
tonesaretreatedin Stem-MLassofttemplatesvhich aresubject
to modificationsby otherconstraintssuchas neighboringtones
andthephrasecune.

Chineséhasseveralpropertieghataresuitablefor testingtonalin-
teractions.Thetoneinventoryof Chineses known, which takes
the guesswork out of how mary tonal categyoriesthereare,what
tonal templateslook like, and which templateto use. Chinese
tonescomein closeproximity with eachotherwith veryfew tonal
co-occurrenceonstraints. Thesepropertiescreateideal experi-
mentalconditionswhereinterestingnteraction®ccurfrequently
and we can stratgically utilize the known factors (tonal cate-
gories)to explore the unknown (tonalinteractions).Corversely
betterunderstandingf tone or accentinteractionwill general-
ize to languagesvherethe category informationis not lexically
given.

2. Chinesetonesand their variations

Mandarinhasfour lexical tonestraditionally namedtone1 to 4.
Theirshapesrehighlevel, rising, low (with optionalrising tail in
the sentencdinal position)andfalling, respectiely. Thedomain
of thetoneis thesyllable,althoughwe shav thattonesaffecteach
otherin nearbysyllables. The four tone shapesare graphedin
Figurel. Thetonal contourswerecalculatedrom a databasef
femalespeechreadingall possibleChinesesyllablesembedded
in aframe. Eachsyllable showvs characteristicsegmentaleffects
which addvariationto thetoneshape We ranalinearregression
analysisusingfive factorsto fit the obsened pitch values:tones,
initial consonantsglides,vowels, syllable codas. The resulting
tone coeficientswere plottedin Figure 1. This procedurewas
usedto minimize sggmentaleffects. It turnedout that the result
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Figure 1. Fourlexical tonesof MandarinChinese

matchedsery closelythe averagecurve of eachtone.

It is possiblefor a prosodicallyweak syllable to be tonelessa
phenomenoibeing traditionally termedneutral tone. The pitch
contoursof the neutraltone syllableis conditionedprimarily by
thetoneof the precedingsyllable,althoughotherfactorssuchas
thefollowing syllablealsoplay arole.

Productionstudiesof Chinesetonesshow thattone shapesften
deviate from the expectedcanonicalshapein naturalsentences.
The situationis particularly difficult in corversationwherethe
boundarieamongtonal cateyoriesareblurred. In extremecases,
atonemay berealizedwith a shapeoppositeto the lexical speci-
fication. We show severalexamplesbelow, all takenfrom corver
sationaldata.

Figure2 displaysamild caseof tonaldistortion. Thisfigureshavs
the pitch track of mu3 danl huarl “peory”. The secondsylla-
ble danl andthe final syllable huarl both have lexical tone 1,
the high level tone. While the pitch contourof thefinal syllable
maintainsthe characteristidevel shape the pitch contourof the
middlesyllable,in contrastappeargo berisingratherthanlevel.
Thisdistortioncanbe explainedby its adjacenyg to the preceding
low tone. The degreeof distortionis not severeenoughto impact
thecorrectidentificationof thetone.Whenexcisedoutof context,
thesyllabledan1 wasstill identifiedby native listenersastonel.

In Figure 3 fan3 ying4 su4 du4 “reactiontime”, the secondthird
andfourth syllablesall have lexical falling tone. While thethird
andfourth syllablessu4 du4 maintainthe falling shapesthe sec-
ondsyllableying4 is unexpectedlyrising. Thetonaltrajectoryis
the oppositeof whatwe expectfrom the lexical tone. The distor
tion canbe explainedby the ervironment: the immediatelypre-
cedingpitchis low, thereforethe beginningpitch of ying4 is low;
the immediatelyfollowing pitch is high, hencethe end of ying4
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Figure 2: Pitchtrackof mu3 danl huarl, wherethe secondsyl-
labledanl carriesa distortedhigh level tone,with asurfacerising
shapethatreflectstheinfluenceof the precedingow tone.
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Figure 3: Pitchtrack of fan3 ying4 su4 du4, wherethe second
syllableying4 hasa rising pitch contour insteadof the expected
falling one.

is high. Whenexcisedout of context, ying4 wasconsistentlyper
ceivedastone2.

Figure4 mai3 mai4 jiu4 chel “buy andsell old cars” mirrorsthe
earlierexample,andthe samedistortionoccurs.In thisfigure,the
secondsyllableis againrising despitets lexical falling tonespec-
ification, andagainthe surroundingcontexts arein directconflict
with the tonal specification.Also, the pitch contourof chel, the
final syllableof theword, is pulled down by thelow beginningof
thefollowing wordwo?2 “I” which hasanunderlyingtone3 but is
changedo tone2by a phonologicaprocessWhenexcisedout of
context, mai4 waspercevedaseithertone2 or tonel.
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Figure 4: Pitchtrack of mai3 mai4 jiu4 che4, wherethe second
syllablemai4 hasa rising pitch contour insteadof the expected
falling one.

Thetonalvariationscitedabove from corversationatiataarecon-
sistentwith productionexperimentd4, 3] whereunexpectedone
shapés associateavith weakprosodicstrengthanda weaktone
accommodatethe shapeof neighboringstrongtones. The ef-
fectis further verified by perceptionexperimentq7]. Xu classi-
fied tonal environmentsasfriendly andunfriendly. Friendly en-
vironmentsrefer to the oneswhereadjacentonal specifications
arethe same,suchaswhena high level toneis connectedvith
anotherhigh level tone on eitherside, or is followed by a high
falling tone. Unfriendly ervironmentsrefer to the oneswhere
adjacentonal specificationsare different, suchaswhena rising
tone(which startslow) follows a rising tone or a high level tone
(which endshigh). In productiontonesin friendly ernvironments
maintaintheir specifiedoneshapebetterthantonesin unfriendly
ervironmentsln perceptiongxcisedtonesfrom friendly erviron-
mentshave higherchance®f beingidentifiedcorrectly compared
to tonesexcisedfrom unfriendly ervironments.Both production
andperceptiordatasuggesthat, if the intendedtonal trajectory
of aweaktoneis in contradictiorto the tonal specificatiorof ad-
jacentstrongtones,the weaktonegivesin. In the two previous
examplesthedistortedtoneshapedothoccuron weaksyllables
(the secondsyllablesof multi-syllablewords),andthe obsened
distortionconformswith theneighborsinfluence.

Thephenomenowf tonalvariationis known in theliterature.But
efforts in TTS tone modelinglaggedbehindin this domain. In
mary ChineseTTS systemg[2, 5, 6], the TTS generatedone
shapesmatch the lexical expectation,namely a lexical rising
tone will be given a rising pitch contour and a falling tone a
falling pitch contour Neglect of tonal variationresultsin over-
articulationof tonesthat contributesto the unnaturalspeechthat
characterizemary TTS systems.

In the following, we modelthe phenomenorof tonal variations
with Stem-ML. Tonesor accentsof a languageare represented
as soft templatesn Stem-ML, which bendto conformto their
ervironment. The elementsof the ervironmentthat affect the
toneshapesnclude, minimally, the precedingones,the follow-
ing tones,and possiblyhigherorderphrasaleffectsthat affect a
larger region thanthe tone. We assumepne strongconstraintin
Stem-ML, thatis the transitionbetweentonesmust be smooth.
Whenthereis a conflict, Stem-ML usesweightsto control how
thesmoothnessonstraintgs satisfied Differentdegreesof tonal
variationcanthusbeapproximatedy varyingweights.

3. Experiment Design

Wetestedhepropertieof Stem-MLtagsusingexperimentaken-
tencef MandarinChinesevhich arerich in controlledtonaland
prosodicstrengthvariations.

Thesentencebave thegeneraform of

X duol yingl-gail dengl bi3-jiao4 duol
X more should lamp comparatiely more
“If thereis moreX, thenthereshouldbemorelamp”

Thekeyword X is eithera monosyllabiavord yan with ary of the
four lexical tones or atri-syllabic wordwherethe middlesyllable
yin orying hasoneof four possibletones.Theeightpossiblekey-



wordsaregivenbelow. The starredwvordscamcorder andprojec-
tor werecoinedto provide nearminimal setsfor the experiment.
Thecoinedexpressiongonformto Chinesewvord formationprac-
tice andsubjectgeadilyacceptedheseterms.

JE iR L
yanl yan2 yan3 yan4
smoke salt eye swallow
WeE WER t% Wt Wk %
shouyinlji  shouyin2ji  shouying3ji  shouying4ji

radio cashregister camcorder*  projector*

Alternatingtonel to tone4 in the keywordsprovidesexperimen-
tal control of tonal variations. The contrastof monosyllabicand
trisyllabic words provides experimentalcontrol of variationsin
prosodicstrength. Figure 5 depictsthe typical prosodicpattern
of thesetwo typesof wordsin Chinese. A monosyllabicword
spokenin isolationis strong(S), asshawn in the non-branching
prosodictreeto theleft. A trisyllabic word hasa more compli-
catedrhythmic patternwith alternatingstrong(S) andweak (W)
syllables,asshownn in thetreeto theright. At leasttheoretically
[8, 9, 4], thetestsyllableyan, beinga monosyllabicword, is in
a strongposition while the testsyllableyin andying, beingthe
secondsyllableof atrisyllabic word, is in aweakposition.

4. Modeling

We generatedr0 contoursautomaticallyusingStem-MLtags.To
do thiswe needthreetypesof information: (1) Softtemplategor
lexical tones(2) prosodicstrengttspecification(3) characteristic
phrasakontourof the speakepr thestyle.

We usedfour soft templatedfor the four lexical tones. Thetem-
platesdescribedhetonecurvesshown in Figurel with six equal-
distantsamples.They were obtainedfrom a databasef female
speechand were usedto modelmale speechin this study The
pitch rangewasnormalizedby taking the highestvalueof tone4
(the secondvalue)as1, andthe lowestvalue of tone2(the third
value)aso.

Normalized 0% 20% 40% 60% 80% 100%
Time
Tonel 063 0.76 0.65 0.64 0.66 0.68
Tone2 0.34 026 0.00 0.02 0.12 0.26
Tone3 0.23 0.16 -0.32 -0.57 -0.41 -0.21
Tone4 085 100 0.71 0.47 025 0.18
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Figure5: Prosodicstrengtiof Mandarinmonosyllabiandtrisyl-
labicwords.

Chinese English Strength Type
shou- radio 15 0.5
yin- - 1.0 0.2
ji - 1.0 0.3
duo more 11 0.5
ying- should 0.8 0.2
gai - 0.8 0.3
deng lamp 1.0 0.5
bi- comparatiely 15 0.5
jiao - 1.00 0.3
duo more 1.00 0.5
yan smoke 15 0.5
tone3 15 0.5

Table 1: The Stem-MLstresgagsusedto generatefy

The tone shapesare controlledby Stem-ML stress tags, which
specifytonetemplatesstrengthandtype(se€[1] for details).The
strengtrandtypevalueswerefitted manuallyto onesentencevith
the keyword shoul yinl jil in the training setand Figures6 and
7 aresentencefrom thetestset. Tagvaluesof the monosyllabic
yan sentencesvere derived from the trisyllabic yin sentenceby
remwving two weak syllables. The strengthcontrastof yan vs.
yinlying syllablesreflectsthe differencein strengthdepictedin
the prosodicstructureof Mandarinmonosyllabicvs. trisyllabic
words. Someareasreflect paralinguisticfunction that occursin
natualspeech.For example,thereis a discrepang betweenthe
relative strengthof shou/ji andthe theory (Figure5), asa result
of iambicreversal. Furthermorethe modalying-gai “should” is
weakerthanits neighbors.

After theinitial fitting, we realizedthatTone3 is morestablethan
our initial modelallows. ImplementingTone 3 with a constant
strengthand type ratherthan varying the degreeof strengthby

word prosodygivesbetterresults.Figurest and7 shav theresult
of constanfTone3 specification.

Finally, wefit all sentences the experimentwith the samepitch
rangespecificationand the sameexponentialdecayrate of the
phrasecurve. The pitch rangeis setto 80Hz—130Hz, andthe
phrasecurve droopsfrom 105Hz to 80 Hz in half a second.

Figures6 and7 shaw the predictedF, asstarsandthe obsened
Fy in smallfilled circles. Syllableboundariesremarkedby thick
vertical lines, and syllable internal consonant/rhyméoundaries
aremarkedby thin dashedines. The numbersabove the pitch
tracksindicatelexical tonesof thesyllables.

Thegeneratedr0 fits the obseneddatavery well, particularlyin
areaswheretonalvariationis large andtraditionalanalysis(such
astamet specification)ails. First, thereis the contrastbetween
the keywordsin Figure6 andFigure7. In generalthe yan syl-
lableshave more discerniblepitch contoursthanthe contrasting
yinlying syllables,as a resultof the strongerStem-ML strength
andtype specification(1.5/0.5for yanand1.0/0.2for yin). The
tonal gesturef yin/ying areweakin boththe obsenedandthe
fitted Fy of thesentenceayith thefitted £, erringonthecautious
sideby retainingslightly moreof theoriginaltonalcharacteristics.
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Figure 6: Pitch curvesgeneratedy Stem-MLtags— Monosyl-
labic keywords.

Weak high level tones(tone 1) after low tonesor low pitch are
rising ratherthanbeinglevel. Thereareseveral examplesof this,
mostnotablyin the syllableafteryan3, in thethird syllablejil of
Shoul ying3jil, andthefinal syllablesof all thesentences.

Finally, thereare several variationsof tone4. The strongeste-
alizationis onthe syllableyan4, the keywordin thelastsentence
in Figure6. Thenext level is realizedon the syllableying4, the
secondsyllableof thelastsentenceén Figure7. Furthermoreev-
ery sentencdasa weaktone4 jiao4 in the penultimateposition.
Notethatthestrength/typepecificatiorof jiao4 is comparabléo
thatof ying4, however, thefalling shapeof jiao4 is further com-
promisedby the precedingone3.

5. Conclusion

Thispapemodelgonalvariationswith Stem-MLtags.Tonaldis-
tortionis predictableandcanbe modeledby varyingthe relative
strengthof neighboringones.

Oneof the fundamentahssumptiorof Stem-MLis thatarticula-
tory gesturesincludingthe control of Fy, aresmooth. The con-
flict is resoled by compromisingbetweenall constraints. The
instructionof how to weighthe constraintcomesfrom linguistic
knowledge,suchastherelative strengthof wordsandsyllables.

We expectthephysicalconstraint®f smoothnest generalizdo

otherlanguagesandthe finding on how to controltonalinterac-
tion in acrowdedspaceasin Chinesewill helpuslearntheaccent
variationsof otherlanguages.
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Figure 7: Pitchcurvesgeneratedby Stem-MLtags— Trisyllabic
keywords.
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