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ABSTRACT

This papermodelstonalvariationswith Stem-MLtags. Surface
toneshapesoftendeviatefrom theirexpectedcanonicalshapesin
naturalsentences,presentingachallengingcaseto tonemodeling.
In thisstudyweemployedasubsetof Stem-MLtagswhich incor-
poratedinformationof lexical tonesandlinguistically motivated
prosodicstrengthof thesyllable. Thetagssuccessfullycaptured
the”distorted”toneshapesandproducedcontextuallyappropriate
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://www.bell-
labs.com/project/tts/stem.html.

When tonesor accentsoccur in a crowdedspace,their interac-
tion with theirneighborsleadsto surfacevariations.Analogously,
tonesaretreatedin Stem-MLassoft templateswhich aresubject
to modificationsby otherconstraints,suchasneighboringtones
andthephrasecurve.

Chinesehasseveralpropertiesthataresuitablefor testingtonalin-
teractions.Thetoneinventoryof Chineseis known, which takes
theguesswork out of how many tonalcategoriesthereare,what
tonal templateslook like, and which templateto use. Chinese
tonescomein closeproximitywith eachotherwith veryfew tonal
co-occurrenceconstraints.Thesepropertiescreateideal experi-
mentalconditionswhereinterestinginteractionsoccurfrequently,
and we can strategically utilize the known factors (tonal cate-
gories)to explore the unknown (tonal interactions).Conversely,
betterunderstandingof toneor accentinteractionwill general-
ize to languageswherethe category informationis not lexically
given.

2. Chinese tones and their variations

Mandarinhasfour lexical tonestraditionally namedtone1 to 4.
Theirshapesarehighlevel, rising,low (with optionalrising tail in
thesentencefinal position)andfalling, respectively. Thedomain
of thetoneis thesyllable,althoughweshow thattonesaffecteach
other in nearbysyllables. The four toneshapesaregraphedin
Figure1. Thetonalcontourswerecalculatedfrom a databaseof
femalespeechreadingall possibleChinesesyllablesembedded
in a frame. Eachsyllableshows characteristicsegmentaleffects
whichaddvariationto thetoneshape.We rana linearregression
analysisusingfive factorsto fit theobservedpitch values:tones,
initial consonants,glides,vowels, syllablecodas. The resulting
tonecoefficientswere plotted in Figure1. This procedurewas
usedto minimize segmentaleffects. It turnedout that the result
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Figure 1: Four lexical tonesof MandarinChinese

matchedvery closelytheaveragecurveof eachtone.

It is possiblefor a prosodicallyweak syllable to be toneless,a
phenomenonbeingtraditionally termedneutral tone. The pitch
contoursof the neutraltonesyllableis conditionedprimarily by
thetoneof theprecedingsyllable,althoughotherfactorssuchas
thefollowing syllablealsoplaya role.

Productionstudiesof Chinesetonesshow that toneshapesoften
deviate from the expectedcanonicalshapein naturalsentences.
The situationis particularly difficult in conversationwherethe
boundariesamongtonalcategoriesareblurred.In extremecases,
a tonemayberealizedwith a shapeoppositeto thelexical speci-
fication.Weshow severalexamplesbelow, all takenfrom conver-
sationaldata.

Figure2displaysamild caseof tonaldistortion.Thisfigureshows
the pitch track of mu3 dan1 huar1 “peony”. The secondsylla-
ble dan1 and the final syllable huar1 both have lexical tone 1,
thehigh level tone. While thepitch contourof thefinal syllable
maintainsthecharacteristiclevel shape,thepitch contourof the
middlesyllable,in contrast,appearsto berisingratherthanlevel.
Thisdistortioncanbeexplainedby its adjacency to thepreceding
low tone.Thedegreeof distortionis not severeenoughto impact
thecorrectidentificationof thetone.Whenexcisedoutof context,
thesyllabledan1 wasstill identifiedby native listenersastone1.

In Figure3 fan3 ying4 su4 du4 “reactiontime”, thesecond,third
andfourth syllablesall have lexical falling tone. While thethird
andfourthsyllablessu4 du4 maintainthefalling shapes,thesec-
ondsyllableying4 is unexpectedlyrising. Thetonaltrajectoryis
theoppositeof whatwe expectfrom thelexical tone.Thedistor-
tion canbe explainedby the environment: the immediatelypre-
cedingpitch is low, thereforethebeginningpitch of ying4 is low;
the immediatelyfollowing pitch is high, hencethe endof ying4
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Figure 2: Pitch trackof mu3 dan1 huar1, wherethesecondsyl-
labledan1 carriesadistortedhighlevel tone,with asurfacerising
shapethatreflectstheinfluenceof theprecedinglow tone.
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Figure 3: Pitch track of fan3 ying4 su4 du4, wherethe second
syllableying4 hasa rising pitch contour, insteadof theexpected
falling one.

is high. Whenexcisedoutof context, ying4 wasconsistentlyper-
ceivedastone2.

Figure4 mai3 mai4 jiu4 che1 “buy andsell old cars”mirrorsthe
earlierexample,andthesamedistortionoccurs.In thisfigure,the
secondsyllableis againrisingdespiteits lexical falling tonespec-
ification,andagainthesurroundingcontextsarein directconflict
with the tonalspecification.Also, thepitch contourof che1, the
final syllableof theword,is pulleddown by thelow beginningof
thefollowing wordwo2 “I” whichhasanunderlyingtone3 but is
changedto tone2by aphonologicalprocess.Whenexcisedoutof
context, mai4 wasperceivedaseithertone2 or tone1.
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Figure 4: Pitch trackof mai3 mai4 jiu4 che4, wherethesecond
syllablemai4 hasa rising pitch contour, insteadof theexpected
falling one.

Thetonalvariationscitedabovefrom conversationaldataarecon-
sistentwith productionexperiments[4, 3] whereunexpectedtone
shapeis associatedwith weakprosodicstrength,andaweaktone
accommodatesthe shapesof neighboringstrongtones. The ef-
fect is furtherverifiedby perceptionexperiments[7]. Xu classi-
fied tonalenvironmentsas friendly andunfriendly. Friendlyen-
vironmentsrefer to the oneswhereadjacenttonal specifications
arethe same,suchaswhena high level toneis connectedwith
anotherhigh level toneon eitherside,or is followed by a high
falling tone. Unfriendly environmentsrefer to the oneswhere
adjacenttonal specificationsaredifferent,suchaswhena rising
tone(which startslow) follows a rising toneor a high level tone
(which endshigh). In production,tonesin friendly environments
maintaintheirspecifiedtoneshapesbetterthantonesin unfriendly
environments.In perception,excisedtonesfrom friendly environ-
mentshavehigherchancesof beingidentifiedcorrectly, compared
to tonesexcisedfrom unfriendly environments.Both production
andperceptiondatasuggestthat, if the intendedtonal trajectory
of a weaktoneis in contradictionto thetonalspecificationof ad-
jacentstrongtones,the weaktonegivesin. In the two previous
examples,thedistortedtoneshapesbothoccuron weaksyllables
(the secondsyllablesof multi-syllablewords),andthe observed
distortionconformswith theneighbor's influence.

Thephenomenonof tonalvariationis known in theliterature.But
efforts in TTS tonemodelinglaggedbehindin this domain. In
many ChineseTTS systems[2, 5, 6], the TTS generatedtone
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 tonesthatcontributesto theunnaturalspeechthat
characterizesmany TTSsystems.

In the following, we model the phenomenonof tonal variations
with Stem-ML. Tonesor accentsof a languageare represented
as soft templatesin Stem-ML, which bendto conform to their
environment. The elementsof the environmentthat affect the
toneshapesinclude,minimally, theprecedingtones,the follow-
ing tones,andpossiblyhigherorderphrasaleffectsthat affect a
larger region thanthe tone. We assumeonestrongconstraintin
Stem-ML, that is the transitionbetweentonesmust be smooth.
Whenthereis a conflict, Stem-ML usesweightsto control how
thesmoothnessconstraintsis satisfied.Differentdegreesof tonal
variationcanthusbeapproximatedby varyingweights.

3. Experiment Design

Wetestedthepropertiesof Stem-MLtagsusingexperimentalsen-
tencesof MandarinChinesewhicharerich in controlledtonaland
prosodicstrengthvariations.

Thesentenceshave thegeneralform of

X duo1 ying1-gai1 deng1 bi3-jiao4 duo1
X more should lamp comparatively more

“If thereis moreX, thenthereshouldbemorelamp.”

ThekeywordX is eitheramonosyllabicwordyan with any of the
four lexical tones,or atri-syllabicwordwherethemiddlesyllable
yin or ying hasoneof four possibletones.Theeightpossiblekey-



wordsaregivenbelow. Thestarredwordscamcorder andprojec-
tor werecoinedto provide nearminimal setsfor theexperiment.
Thecoinedexpressionsconformto Chinesewordformationprac-
ticeandsubjectsreadilyacceptedtheseterms.

� 	 
 �

yan1 yan2 yan3 yan4
smoke salt eye swallow��
�� ����� ����� �����

shouyin1 ji shouyin2 ji shouying3 ji shouying4 ji
radio cashregister camcorder* projector*

Alternatingtone1 to tone4 in thekeywordsprovidesexperimen-
tal controlof tonalvariations.The contrastof monosyllabicand
trisyllabic wordsprovides experimentalcontrol of variationsin
prosodicstrength. Figure5 depictsthe typical prosodicpattern
of thesetwo typesof wordsin Chinese. A monosyllabicword
spokenin isolationis strong(S), asshown in the non-branching
prosodictreeto the left. A trisyllabic word hasa morecompli-
catedrhythmicpatternwith alternatingstrong(S) andweak(W)
syllables,asshown in the treeto theright. At leasttheoretically
[8, 9, 4], the testsyllableyan, beinga monosyllabicword, is in
a strongpositionwhile the testsyllableyin andying, beingthe
secondsyllableof a trisyllabicword,is in aweakposition.

4. Modeling

WegeneratedF0 contoursautomaticallyusingStem-MLtags.To
do thisweneedthreetypesof information:(1) Soft templatesfor
lexical tones,(2)prosodicstrengthspecification,(3) characteristic
phrasalcontourof thespeakeror thestyle.

We usedfour soft templatesfor the four lexical tones.Thetem-
platesdescribedthetonecurvesshown in Figure1 with six equal-
distantsamples.They wereobtainedfrom a databaseof female
speechandwereusedto modelmalespeechin this study. The
pitch rangewasnormalizedby takingthehighestvalueof tone4
(the secondvalue)as � , andthe lowestvalueof tone2(the third
value)as � .

Normalized 0% 20% 40% 60% 80% 100%
Time
Tone1 0.63 0.76 0.65 0.64 0.66 0.68
Tone2 0.34 0.26 0.00 0.02 0.12 0.26
Tone3 0.23 0.16 -0.32 -0.57 -0.41 -0.21
Tone4 0.85 1.00 0.71 0.47 0.25 0.18

S

W

S W S
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S
yan2

Figure 5: Prosodicstrengthof Mandarinmonosyllabicandtrisyl-
labicwords.

Chinese English Strength Type
shou- radio 1.5 0.5
yin- – 1.0 0.2
ji – 1.0 0.3
duo more 1.1 0.5
ying- should 0.8 0.2
gai – 0.8 0.3
deng lamp 1.0 0.5
bi- comparatively 1.5 0.5
jiao – 1.00 0.3
duo more 1.00 0.5
yan smoke 1.5 0.5
tone3 1.5 0.5

Table 1: TheStem-MLstresstagsusedto generate���

The toneshapesare controlledby Stem-ML stress tags,which
specifytonetemplates,strength,andtype(see[1] for details).The
strengthandtypevalueswerefittedmanuallyto onesentencewith
thekeyword shou1 yin1 ji1 in the trainingsetandFigures6 and
7 aresentencesfrom thetestset. Tagvaluesof themonosyllabic
yan sentenceswerederived from the trisyllabic yin sentenceby
removing two weak syllables. The strengthcontrastof yan vs.
yin/ying syllablesreflectsthe differencein strengthdepictedin
the prosodicstructureof Mandarinmonosyllabicvs. trisyllabic
words. Someareasreflectparalinguisticfunction that occursin
natualspeech.For example,thereis a discrepancy betweenthe
relative strengthof shou/ji andthe theory(Figure5), asa result
of iambic reversal. Furthermore,themodalying-gai “should” is
weakerthanits neighbors.

After theinitial fitting, werealizedthatTone3 is morestablethan
our initial modelallows. ImplementingTone3 with a constant
strengthand type ratherthanvarying the degreeof strengthby
wordprosodygivesbetterresults.Figures6 and7 show theresult
of constantTone3 specification.

Finally, wefit all sentencesin theexperimentwith thesamepitch
rangespecificationand the sameexponentialdecayrate of the
phrasecurve. The pitch rangeis set to 80Hz–130Hz, and the
phrasecurvedroopsfrom 105Hz to 80 Hz in half asecond.

Figures6 and7 show thepredicted��� asstarsandtheobserved
� � in smallfilled circles.Syllableboundariesaremarkedby thick
vertical lines, andsyllable internalconsonant/rhymeboundaries
aremarkedby thin dashedlines. The numbersabove the pitch
tracksindicatelexical tonesof thesyllables.

ThegeneratedF0 fits theobserveddatavery well, particularlyin
areaswheretonalvariationis largeandtraditionalanalysis(such
astarget specification)fails. First, thereis the contrastbetween
thekeywordsin Figure6 andFigure7. In general,the yan syl-
lableshave morediscerniblepitch contoursthanthe contrasting
yin/ying syllables,as a resultof the strongerStem-ML strength
andtypespecification(1.5/0.5for yanand1.0/0.2for yin). The
tonalgesturesof yin/ying areweakin both theobservedandthe
fitted � � of thesentences,with thefitted � � erringonthecautious
sideby retainingslightlymoreof theoriginaltonalcharacteristics.
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Figure 6: Pitch curvesgeneratedby Stem-MLtags– Monosyl-
labickeywords.

Weakhigh level tones(tone1) after low tonesor low pitch are
rising ratherthanbeinglevel. Thereareseveralexamplesof this,
mostnotablyin thesyllableafteryan3, in thethird syllableji1 of
Shou1 ying3 ji1, andthefinal syllablesof all thesentences.

Finally, thereareseveral variationsof tone4. The strongestre-
alizationis on thesyllableyan4, thekeywordin thelastsentence
in Figure6. Thenext level is realizedon thesyllableying4, the
secondsyllableof thelastsentencein Figure7. Furthermore,ev-
ery sentencehasa weaktone4 jiao4 in thepenultimateposition.
Notethatthestrength/typespecificationof jiao4 is comparableto
thatof ying4, however, thefalling shapeof jiao4 is furthercom-
promisedby theprecedingtone3.

5. Conclusion

Thispapermodelstonalvariationswith Stem-MLtags.Tonaldis-
tortion is predictableandcanbemodeledby varyingthe relative
strengthof neighboringtones.

Oneof the fundamentalassumptionof Stem-MLis thatarticula-
tory gestures,includingthecontrolof ��� , aresmooth.Thecon-
flict is resolved by compromisingbetweenall constraints.The
instructionof how to weightheconstraintscomesfrom linguistic
knowledge,suchastherelative strengthof wordsandsyllables.

Weexpectthephysicalconstraintsof smoothnessto generalizeto
otherlanguages,andthefinding on how to control tonal interac-
tion in acrowdedspaceasin Chinesewill helpuslearntheaccent
variationsof otherlanguages.
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Figure 7: Pitchcurvesgeneratedby Stem-MLtags– Trisyllabic
keywords.
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