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Abstract

This paperpresentsa methodfor skeletonisinga fundamental
frequeny (Fu) contourwith its underlying Fy peaksand val-
leys, without losing the linguistic and para-linguisticinforma-
tion thatit corveys. The Fy peaksandvalleys aremainly asso-
ciatedwith underlyinglexical tones,andcanbeeasilyconverted
into otherfeaturessuchasthe responseime andamplitudeof
local F; rise/fall movements. Consequentlythe exact shape
of the Fy contourcanbe thenrecoreredby the useof a func-
tional F, model,giventhe Fy peaksandvalleys. Experiments
wereconductedn 668 Chineseutterancegaroundl.4 hoursof
speechfrom two native speakersThe validity of the proposed
methodis consistentlyproved by a three-foldevaluation: error
analysesperceptuakimilarity betweerthe re-synthesisetbne
andintonationandthe original, anda listeningtestof the natu-
ralnessof syntheticspeechwith incorporationof therecovered
Fy contoursinto the unit selectionprocesdor synthesis.

1. Introduction

Perceptiontests and instrumentalanalysesof the past have
yieldeda consensushat the fundamentafrequeng (Fu) con-
tour of an utterancecan multiply manifestlexical tones,stress
andintonation[1][2][3][4]. SkeletonisingF, contoursis thus
desirablein prosodicanalysisandits applicationto speechn-
formation processing. The first reasonfor this is that the Fj
peaksandvalleys play a prominentrole in anchoringthe tone
andintonationpatterns Pitchtamgets,basicallycomprisinghigh
andlow, arecommonlyusedto describeheintonationof accent
languagessuchasEnglishand Japanes5]. In Chinesehow-
ever, thereexist four lexical tones,namedTones1 to 4, anda
neutraltonenamedToneO. If therangeof a speakes voiceis
dividedinto four equalintervals,markedby five points,1 low, 2
half-low, 3 middle,4 half-high,and5 high, Tonesl to 4 arerep-
resentedy 55, 35,214,51, respectiely [1]. Becauséoththe
actualintenals andthe absolutepitch are relative to the indi-
vidual voiceandthe moodat the momentof speakingthepitch
tamgetsareusuallymeasureds Fy peaksandvalleys. Reliable
analysisandlabelingof the prosodymustbe capableof dealing
with thetonevariability undervariousconditions.
Thesecondeasoris relatedto thenecessityf combininga
statisticalmethodwith knowledge-base techniquego synthe-
sisenaturaltone andintonation,arising from the development
of text-to-speecltorversionsystemsBecausehe pitch tamgets
cancapturetheinteractionof thetone,stressaandintonation[1],
skeletonisingFy contoursshall be a key stepin approaching
suchanaim. In this paper we proposean efficient data-drven
methoduponourpreviouswork to shrinkan F, contourinto the
Fy peaksandvalleys that makesuseof a functional F; model
[6] [7]. This model bridgesthe gap betweenlinguistic and

acousticFy featuresandcreatesonstraintgo reducespeaker
dependengffects,thusfacilitating the data-drven learningand
parameteestimation.

Theremaindeiof the paperexplainsthis method.Section2
includesadescriptionof the modelandthe algorithmfor skele-
tonising £y contours Experimentafesultsaredescribedn Sec-
tion 3, andremarksandfuture work aregivenin Sectior4.

2. Outline of the method

It is commonlyassumedhatthe F, contourof an utterances
the physicalimplementationof a sequencef discretespeech
eventsor pitch tagetsthroughwhich the linguistic and para-
linguisticinformationis corveyed. Becausehevocal cordsare
a physicalsystem the F, contourproducedby vocal cord vi-
brationsis predicableo a certainextent,giventhe pitch tamgets.
To bridgethe gapbetweenthe acousticand the linguistic fea-
tures,amodelis helpful for analysingandskeletonisinghe Fp
contours.

2.1. A functional model of the F;, contours

In this paperwe useafunctionalmodel[6] to representhe ob-
sened Fy contoursin a parametridorm. An advantageof this
model,comparedo the Fujisaki model[8], is thatit supports
automaticanalysisof the F; contours[7]. Accordingto the
model,thevoiceregister(a frequeny registerof utterancespf
a speakeis first transposedo a so-calledRONDO scale(sim-
ilar to alog-scale).The RONDO-F; contouris thenexpressed
in concatenatie mountain-shapepgatterndined up in seriesat
thetime axis. The F; contourFy(t) is givenasfollows:

InFo(t) —In fo,  A(A(£)) — A(\)

Info, —n fo,  A(M) — A(\) ,for ¢ >0, (1)
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A(t) =Ar (t) + Z Min(Afz(t)v An+1 (t)) + Afn(t) )

Min(z1, 22) meanghesmalleroneof bothz; andz;. Equations
(1) and(2) jointly indicatethetranspositiorof thevoiceregister
while Eq. (3) expresseshe RONDO-F; contourA(t), where
A, (t) and Ay, () indicatetherise andfall component®f the
1th mountain-shapepattern respectiely. Particularly,
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Parameterg, A; andA, canbecommonlyfixedat0.237, 1 and
2, respectiely [6]. Therearethentwo speakedepeert but
utterance-independeparameterin thefrequeng domain,

[f0b7f0t]

: top andbottomfrequencie®f thevoiceregister

andfive utterance-dependehut speakeindependet parame-
tersin theRONDO-timespace,

n : numberof mountain-shapepatterns,
Aty : responséime for theith rise/fallcomponent,
Az, : amplitudeof theith rise/fallcomponentz {r, f}

(tp:, Ap,;) : peakof theith mountain-shapepatterni = 1, ...,n

Figure 1 shaws the tone modeling with the mountain-
shapedpatternsand the associationof the model parameters
with the mountain-shapegattern,whereH, R, L and F indi-
cateTones1 to 4. Becausehe closecorrelationof the model
parametersvith the peaksandvalleys of atone,it is reasonable
to usethe functionalmodelwhile skeletonisingan Fy contour
with its underlying Fy peaksandvalleys.

2.2. Outline of the algorithm

Let us takethe exampleshavn in Fig. 2 to describethe pro-
cessof skeletonisingan Fy contouranddemonstratéhe perfor
manceof this method.Giventhe obsenred F; contour(the“+”

sequenceghavn in Fig.2 (a), it is first representedn a para-
metricform basedon thefunctionalmodelusingthe methodin
[7]. Consequentlythe peakresultingfrom a partof the setof
modelparametersanda model-approximatedontouris avail-
able, given the estimatedparameters.Figure 2 (b) shavs the
model-approximatedontours(the solid lines). Then,a valley
is searchedor the rise/fall componentsaroundthe peakin the
RONDO-timespace Figure2 (c) shavs the peak(the solid cir-
cles)andthe valleys (the emptycircles),giving the skeletonof
the Fy contour The Fy peaksandvalleys canbethencorverted
into the modelparameterso recover the Fy contour;a copyis
shavn in Fig. 2 (d) (thesolidlines).

2.2.1. Improvedparameterestimation

A methodhasbeenproposedo extractthe tonepeakandglid-

ing featuresfrom obsened F;, contoursthat makesuseof the
functionalmodel[7]. Accordingto this method thetonepeaks
arefirst determinedby adjustingseveral baselinetone patterns
tofit the F;, contourfragmentof asyllablewith theanalysis-by-
synthesis-basepatternmatchingtechnique.Tonegliding fea-
turesarethenre-estimatea@fterthedeterminatiorof tonepeaks
with the criterion of minimising the error betweenthe model-
approximateatontoursandthe obsered ones.

To reliably skeletonisehe Fy contours,a few constraints
were newly incorporatedinto the algorithm for re-estimation
of the model parameterselative to the tone gliding features,
namely At,, andAX,,. Let (},,, £,,) denotethe obsered
Fy valleys betweertheith peak(},,, t5;) andthenext, taking
into accounthevoiceframeprobabilityto suppressheeffect of
potential Fy extractionerrors.Theconstraintdor re-estimation
of At,, andAX;; arelistedbelow.

Ap, + AN, <Xy, x 1.1 (7)
Ap + AXg, = Moy + Ay, (8)
Ay, >0.02 (9)
Adryy, > 0.02 (10)
0.05< Aty, < (Fy; —tp,) x 1.1 (11)
0.05< Ay, < (tpiyy — ;) x 1.1 (12)
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Figure 1: Tone modelingwith the mountain-shapegbatterns.
A mountain-shapegatternwith its contol parametersis also
superimposedn thisfigure. Solidcirclesindicatepeaks.

2.2.2. Valley search

Searchof an Fp valley (t.,,,, Ay, ) for eitherof theith riseand
fall componentss performedon the RONDO-contoursaround
the ith peak. The candidatefor a valley, for example, (tvf ,
Avy, ) is first setatthevalley (Z,,, A»,) of theRONDO-contours
betweertheith peakandthe next. Then ,thevalley candidatds
moved towardtheith peakthroughdecreasing.,, with avery
shortinterval (e.g.,0.005sec)alongthe RONDO-contoutuntil
Xogo = Ap < (Ao, = Ap,) X 0.95, (13)
or ty,. = tp;. In EQ. (13) the constan{0.95is determinedby
consideringhe definitionof A¢, astheresponse¢ime required
for unit decayfrom 1t0 0.05,i.e.,

D.(Ats) = (1 + alAty)e™ e =1 - 0.95. (14)
Therelationshipbetweernn andAt, canbeexpresseds

_— 438 N

o= AL (15)

It is notedthatif the differencebetweert. andtvrl+1 is

lessthanathresholdasthetwo valleys lie betweerthem.

2.2.3. Parametercorverson

Giventhepeaksandvalleys, theothermodelparametergseces-
saryfor recoreringan Fy contourarecalculatedasfollows:
Atr; = max(0.05, tp;, —tv,.), (
AX,; = max(0.02, (Av,. — Ap;) x 1.05), (
Aty = max(0.05, ty, —tp,), (18)

(

AX,; = max(0.02, ()‘”fl — Ap;) x 1.05).

3. Experimental evaluation

Two experimentsvereconductedn 668 Chineseutteranceso
testthe effectivenessof this method. Experimentl ratesthe
perceptualsimilarity betweenthe recosered tone and intona-
tion patternsand the original. Experiment2 judgesthe nat-
uralnessof syntheticspeechwith the effects of the modeling
(i.e., automaticparameteestimation)andthe skeletonisingon
the prosodicpropertiesby comparingthemwith the original.
For referencethe averageerrorsbetweenthe model-generated
contoursandtheoriginal werealsocalculated.
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Figure2: lllustrationof skeletonisingn Fy contourwheie“+”
sequencéndicatesthe observedF, contour;the solid linesin-
dicatethemodel-appoximatedcontour;thefull circleindicates
the F, peakandtheemptycirclesindicatethe F; valleys.

3.1. Experiment 1: Perceptual similarity between the re-
synthesised tone and intonation patternswith the original

3.1.1. Speeh materialandmethodology

The speechmaterialusedin this experimentincludes72 sen-
tenceswhich arealmostall adoptedrom [9]. Thesesentences
aredividedinto six groups,eachcontainingl12 basesentences
furthersubdvidedinto threetypes.Eachtypeincludesfour sen-
tencesof the samenumberof syllablesandof the samegram-
matical structurecharacterizedy the mappingof an identi-
cal tone onto the entire sentence.Type 1 comprisesfour syl-
lableswith subject-erb (SV) structures;Type 2 hasfive syl-
lableswith subject-erb-object(SVO) structures;and Type 3
combinesTypesl and2, i.e., Type2 wasaddedto Type 1 asits
sententialobject, yielding nine syllableswith SVO structures.
Thesesentencearegroupednto thefollowing cateyories.

A: Typesl, 2,3in statements

B: Typesl, 2, 3in lexically andgrammaticallyjunmarkedyes
-noquestions

C: Typesl, 2, 3 in yes-noquestionswith interrogatve particle
maoOin sentence-fingbositions

DO: Type2 in yes-noquestionswith shi4-hu2-shi4structures

D1: Type2 in yes-noquestionswith X-mei2-Xstructures

D2: Type2 in yes-noquestionsvith X-leOmei2-Xstructures

EO: Type2 in alternatie questionavith X-hai2shi4-Ystructures

E1l: Type2in questionswith shi4-X-hai2shi4-¥structures

E2: Type2 in questionswith hai2shi4-X-hai2shi4-$tructures

FO: Type2 in why (weidshe2meéQquestions

F1: Type2 in when(she2meOshi2ho)4uestions

F2: Type2 in what(she2mepPquestions

We recordedthe 72 sentencegwice in a sound-proofed
roomwith a femalespeakemvithout expressie emotion. The
voice register of the speaker fo,, fo,] wasfixed at [110 Hz,
500 Hz] for the parameterestimation. The 144 obsered Fy
contourswerefirstautomaticallyanalysedisingthemethod af-
terwhichthe Fy peaksandvalleys weremanuallycheckedvith
avisual inspectionof the Fy contours taking into accountthe
underlyingtones. The numberof F, peaksfor eachtonewas

basicallydeterminedaccordingto the tonemodelingshawvn in
Figurel. With model-generated, contourswere-synthesised
the144utterancesor perceptuaéxperimentsisingatool called
STRAIGHT[10].

3.1.2. Results

Table 1 shaws the statisticalresultsof the tone-relatedsamples
measuredrom the speechmaterial,wherep. ando. indicate
the meanand varianceof thesemanually checkedmodel pa-

rametergchedkedparameter$, respectiely; 1, ando, indicate
thosepredictedby the F, peaksandvalleys (predictionparam-

eter9. Thecolumnsu. ande. list the meanandvarianceof the

errorsbetweerthe checkedandpredictionparameters.

Tablel: Statisticalresultsof themodelparameters.
| [Counl pe | oc [ pp | op | pe | oo |
At, | 366 |0.140]0.047 | 0.122 | 0.043 | 0.022 | 0.022
AM, | 366 |0.224/0.147 | 0.215 [ 0.143 | 0.013 | 0.035
Aty | 382(0.139|0.047 {0.134 | 0.055 | 0.019 |0.027
AMXy | 382 (0.196/0.129 |0.188 | 0.122 | 0.007 | 0.015

The averageerrorsbetweenthe model-generatedontours
andthe obsered oneswere6.38Hz (1.64 Hz per 100 Hz) for
thosewith the predictionparametereand5.94Hz (1.52Hz per
100Hz) for thosewith the checkedparametersiespectiely.

To testthe similarity betweenthe model-generatedone
and intonation patternsandthe original, we performeda per
ceptualexperimentwith 288 stimuluspairs, including 144 re-
synthesisedtterancesvith the checkedparameterand144ut-
teranceswith the predictionparametersThe stimuli were pre-
sentedto two native speakerghroughheadphoneén a silent
room. After hearingeachpair of stimuli, the listenerratedthe
similarity of thetoneandintonationbetweerthemwith athree-
pointscale 0 (very different),1 (similar), 2 (nodifference).The
listenerswere allowed to hearthe samestimuli several times
beforemakinga judgment.The averagescoredor the checked
andpredictionparametersvere1.93and1.89,respectiely, and
no “very different” samplesoccurred. The experimentalresult
indicatedthat the pitch tarmgets, i.e., the Fy, peaksand valleys
over time, sufiice to capturethe natureof the toneandintona-
tion patterns.

3.2. Experiment 2: Application of the recovered F, con-
toursto the unit selection for speech synthesis

Experiment2 was conductedon 524 utterancedrom another
speakerthe prosodicandspectrafeaturesxtractedfrom these
utterancesvere usedasthe tamgetsto guide the unit selection
for synthesi®of thespeectsamplesisedn thisexperiment.The
voiceregisterof thespeakeffo,, fo,] wasfixedat[120Hz, 420
Hz]. Thespeeclsamplesverepreparedn five steps.

Stepl: Extractingthe F; contoursfrom the524 utterancesnd
parameterisinghembasedn thefunctionalmodel.

Step2: SkeletonisingheseF, contourswith the Fy peaksand
valleys usingthe proposedmethod.

Step3: Corvertingthe F; peaksandvalleysinto themodel
parametersisingEgs. (16)-(19).

Step4: Recwreringthe Fy contoursusingtheseparameters.

Step5: Corpus-basedynthesiswith therecovered Fy contours.

An exampleof the skeletonof F, contoursand Fy’s recovered
contoursareshavn in Figure3. This exampleandall of thean-
alyzedsamplesshaved thatthe recorered Fy contoursclosely
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Figure 3: Exampleof the skeletonof Fy contours(top panel)
andtherecoveedones(thesolid linesin thebuttompanel). The
solid and emptycirclesindicatethe peaksand valleys, respec-
tively. The“+” sequencéndicatesthe observedr; cotours.

Table2: Summaryof thelisteningtestresults

Natural-| count |SkeletonModelling Original|| ~ont | Same
ness (%) (%) (%) (%)

Improved| 466 | 12.45 | 4.94 9.66 302 6.40

Degrade| 466 | 11.16 | 4.72 | 3.00 302 2.65

matchedthe original. The averageerrorsare6.01Hz (2.0 Hz
per 100 Hz) for thosewith the prediction model parameters,
and3.63Hz (1.21Hz per 100 Hz) for thosere-synthesisedy
theauto-estimatethodelparameters.

The speechcorpususedfor the speechsynthesisconsists
of 20-hourspeechdatafrom one speakerandthe unit selec-
tion algorithmis anupdatedversionof the suggestiorj11]; no
diphoneunit wasusedhere. Thereexist five sub-costdo rate
the differencebetweenra candidateandthe tamget. This experi-
mentonly focusedon the effect of the Fy contourson the nat-
uralnesof syntheticspeechtaking one of the threetokensin
turn: therecoveredFy contourghereafterskeleton, thosewith
auto-estimatedhodelparametergmodelling, andtheobsenred
Fy contours(original). As aresult, we obtained524 stimuli;
eachconsistof thethreesyntheticspeectsamplesn arandom
order The stimuli were presentedo the two natives through
headphonem asilentroom. After hearinga setof stimuli, the
listenerwas askedto rate the differencein naturalnessmong
themandanswelthetwo following questions.

Is there anydifferencein naturalnessamongthethreesamples?
If different,which is the bestor theworst?

The experimentalresultsare summarisedn Table2. Ac-
cordingto the outputof the unit selectiormodule thereare466
setsof samplesin which thereexists at leastonedifferentunit
candidateamongthem. On the otherhand,thereare 302 pairs
of sampleswith identicalunit candidatesor eachpair. Accord-
ing to theresultshavn in Table2, humanperceptiormay per
ceive identicalsampleawith differentperceptualmpression®f
naturalnessimproved 6.4% and degraded2.65%. Taking into
accountheperceptuakrrors theresultsobtainedrom 466 sets
of samplesndicatethattherecovered Fy contourscancapture
the essentiapropertiesof the obsered F, contoursasproved

in Experimentl.

4. Remarksand future work

This paperpresentsa methodfor skeletonisingan F, contour
with its underlying Fy peaksandvalleys that makesuseof a
functional ¥, model. Several analysisand perceptualexper
iments were conductedon the speechmaterial designedfor
studyingChinesetoneandintonationpatternsand speectsyn-
thesis.Experimentatesultsindicatedthatthe pitch tagetsplay
aprominentrole in anchoringthe toneandintonationpatterns;
the exact Fy contourscanbe predictedfrom the Fy peaksand
valleys usingthe functionalmodel, without losing the primary
linguisticandpara-linguistidnformationthatit conveys.

Future work will include applying this Fy skeletonising
methodto speechinformationprocessingsuchasinvestigation
of a pitch-taget-basednethodfor analysingand synthesising
the tone and intonationpatternsto improve the naturalnesof
thesyntheticspeech.

Acknowledgement This researclwassupportedn partby the
TelecommunicationddvancemenOrganizationof Japan.

5. References

[1] Chao)Y.R.,1968.A Grammarof SpokerChineseBerke-
ley, University of CaliforniaPress.

[2] ShenJ.,1994 Hanyayadiaohéyadidoleixing. Zhonggus
yawén, 3,221-228.

[3] Kratochvil, P, 1998.Intonationin Beijing Chineselnto-
nation SystemsA Surveg of Twenty Languagesed. by

Hirst, D. and Cristo, A.D., CambridgeUni. Press,417-
431.

[4] Wu, Z., 2000. From Traditional ChinesePhonologyto
ModernSpeectProcessing— Realizationof ToneandIn-
tonationin StandardChinese—, ICSLP2000Beijing.

[5] Beckman,M. E. andPierrehumbert). B., 1986.Intona-
tional Structuren JapanesandEnglish,PhonologyYear-
book3, 255-309.

[6] Ni, J.andHirose, K., 2000. ExperimentalEvaluation of
a FunctionalModeling of FundamentaFrequeng Con-
tours of StandardChineseSentencedSCSLP2000Bei-
jing, 319-322.

[7]1 Ni, J. and Kawai, H., 2003. Tone FeatureExtraction
throughParametricModelingandAnalysis-by-Synthesis-
basedPatternMatching.ICASSP2003vol. 1, 72-75.

[8] Fujisaki,H. andHirose,K., 1984.Analysisof Voice Fun-
damentalFrequeng Contoursfor Declaratve Sentences
of Japanesel AcoustSoc.Jpn(E), Vol.5,No0.4,233-242.

[9] Shen,X. S., 1990. The Prosodyof Mandarin Chinese.
University of CaliforniaPublications.

[10] Kawahara, H., lkuyo, M. K., Cheneigne,A., 1999.
Restructuring Speech Representations Using a
Pitch-Adaptve Time-Frequeng Smoothing and an
Instantaneous-FrequenBasd FO Extraction: Possi-
ble Role of a Repetitve Structurein Sounds.Speeh
Communication27,187-207.

[11] Toda,T., Kawai, H., Tsuzaki,M., andShikano K., 2002.
Unit SelectionAlgorithm for Japanese&peechSynthe-
sis Basedon Both PhonemeUnit and Diphone Unit.
ICASSP2002465-468.



