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ABSTRACT

Fundamentalfrequency (F0)controlmodels,whichcancopewith
F0dynamic characteristicsrelatedto singing-voiceperception,are
requiredto constructnaturalsinging-voicesynthesis systems. This
paperdiscussesthe importanceof F0 dynamic characteristicsin
singingvoicesanddemonstrateshow muchit influenceonsinging
voiceperceptionthroughpsychoacoustic experiments.Thispaper,
then,proposes anF0 controlmodelthat cangenerateF0 fluctua-
tionsin singingvoices, andasinging-voicesynthesismethod.The
resultsshow thatF0contourincludingfluctuations: Overshoot,Vi-
brato,Preparation,andFine-fluctuation,affectssingingvoiceper-
ception,andthe proposed synthesis methodcangeneratenatural
singingvoicesby controllingtheseF0fluctuations.

1. INTR ODUCTION

Singingvoice hasmoredynamicandcomplicatedcharacteristics
thanspeaking voicefor speechperception.Especially naturalness
of voicesarecontainedin thefundamentalfrequency (F0)contour.
Thereare,for example,many F0 fluctuationsin thecontour such
asOvershoot,Vibrato, etc. However, a quantitative assessment
of theperceptual influenceof fluctuations in F0 contours hasnot
beeninvestigateddeeply, althoughit is known thatthefluctuations
in F0contoursmaybeimportantfactorsin producinghigh-qualit y
synthesizedspeech.

On theonehand, variousspeechsynthesis methodhave been
proposed for speaking-voice.Many of thesemethodsarebased on
thesource-filter modelsothatF0 andformantinformationcanbe
separately usedin the model. However the proposedF0-control
modelscannotgenerateF0 contoursof singingvoices,although
they candeal with speaking-voice synthesis. Because dynamic
rangeof the F0 contoursin singingvoicesis wider than that in
speakingvoicesandF0fluctuationsin singingvoicesarelargerand
morerapidthanthosein speaking voices,asmentionedin earlier.
So,in ordertoconstructasinging-voicesynthesismethod,wehave
to clarify F0fluctuation characteristicsandthendevelopamethod
for controllingthesefluctuationsin F0contours.

Thispaper discussestheimportanceof usingdynamic charac-
teristicsin F0 contoursin singingvoicesthroughpsychoacoustic
experiments,andthenproposes a F0 controlmodelthatcancope
with dynamic characteristicsin F0contourin singingvoice.

2. ANALYSIS OF F0 DYNAMIC CHARACTERISTI CS

F0sof speechcontainslow andlargefluctuationsrelatedtoprosodic
information,andrapidandfinefluctuationsrelatedto thenatural-
nessof speech. In singingvoices, it wasknown thattherearethree
characteristicsin F0contoursof singingvoices[1].

(a) A particularvalueof F0correspondsto aparticularNote.

(b) F0fluctuationsin any onenoteis stable.

(c) Therearemany F0fluctuationswhichareonly observedin
singingvoice.

(a)and(b) arestaticcharacteristicsrelatedto melody. (c) is related
to dynamic characteristicssuch asOvershoot, Vibrato,etc. In this
section, wedeeplyinvestigateF0dynamic characteristicsof (c).

2.1. Singingvoicedata

The singing-voice datausedfor our experimentswere obtained
from recordingsof threeadultssingingaJapanesechildren’ssong
“Nanatsunoko”. Thesingerswereasked to sing it with Japanese
vowel /a/ only, to simplify theexperimentalconditions.Thesongs
wererecordedon a DAT with ��� -kHz samplingand16-bit accu-
racy, andthenweredown-sampledto ��� kHz.

2.2. F0 estimationmethod

TheF0swereestimatedusingtheF0 extractionmethod,TEMPO
in STRAIGHT [2, 3]. We confirmed beforehand that TEMPO
could accuratelyextract Fine fluctuations in F0 contours. It can
extractmodulationfrequencieswith aprecisionof upto aboutone-
fifth of theF0.

2.3. Analysisof F0 contour

Figure 1 shows an estimatedF0 contouralong the logarithmic
axis. Fig. 1 (a) shows Melody component that representsthe
notechange of the extractedF0. We extractedfour F0 dynamic
characteristicsasfollows.

Overshoot: Deflectionexceeding thetargetnoteafternotechanges.

Vibrato: Periodicfrequency modulation(� - � Hz) .

Preparation: Deflectionof theoppositedirectionof notechange
observedjustbeforenotechanges.

Fine-fluctuation: Irregularlyfinefluctuationhigherthan 	�� Hz.

It is reportedthat Overshoot, Vibrato andFine-fluctuationin
F0 contour arethedynamiccharacteristics,which arepeculiarto
singingvoices[1, 4, 6]. In thispaper, wealsoextractedPreparation
asanew dynamic characteristic.

TheanalyzedF0sfor Fine-fluctuationsshow thatthemodula-
tion frequency (MFs)contained frequency componentupto ��� Hz
andthat themodulationamplitudes(MAs) were ��� centon aver-
ageand 	��
� centatmaximum,whichareone-fifthof andthesame
asthehalf-tonemusicalscale, respectively. TheextractedMF and
MA were �
������������������������� ����!#"$� ���
���%��	'&(�
�)� , where *+�
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Figure 1: Extractedfundamental frequency (F0) using TEMPO
in STRAIGHT; portionof “Nanatsunoko,” /kawaii-nanatsuno/ and
dynamic characteristics:(a) Melody component related to the
estimatedF0; (b) Overshoot,Vibrato, and Preparations.Fine-
Fluctuationis in wholecontour.

was 	
�
/ Hz. About the detectionthresholds, the previousworks
reportedthat the Fine fluctuations in the F0 contourof singing
voicesaffect the perception of quality andthat the magnitudeof
this effect dependson theMF andMA [5, 6]. Thesereportssug-
gestedthat(1) theFine-fluctuationshaving a lowerMF or a larger
MA weremoredetectable, and(2) theFine-fluctuationsweremore
detectable whentheF0 rose. From thesefindings,we concluded
that humans might be ableto perceive the MF andMA of Fine-
fluctuationcomponents in singingvoices. In this paper, we use
theseto control theFine-fluctuation in thegeneratedF0contour.

3. IMPOR TANCE OF F0 FLUCTUATIONS

We extractedfour typesof F0 fluctuations from the observedF0
contours.Thesefluctuationsmayaffectperceptionof singingvoices.
We carriedout psychoacoustic experimentsto demonstrate how
muchthe F0 dynamic characteristicsinfluence on singingvoice
perception.

3.1. Stimuli and Synthesis

We eliminatedeachF0 dynamiccharacteristicfrom F0 contours
andre-synthesized thesingingvoicesusingthemodifiedF0s.

NORMAL: Singing-voicesetsynthesizedusingtheextractedF0
from arealsong.

NO-OS: Singing-voicesetremovedOvershoot component.

NO-VIB: Singing-voicesetremovedVibratocomponent.

NO-PRE: Singing-voicesetremovedPreparationcomponent.

SMS: Singing-voicesetwhoseF0wassmoothed by anFIR low-
passfilter (cut-off frequency was5Hz).

All stimuli werepairedandrecordedrandomly. The number of
pairedstimuli was ��� .

Singing voice

F0-Estimation method:
STRAIGHT-TEMPO

Fundamental
Frequency 

Synthesized 
 Singing voice

          Synthesis:
Klatt formant synthesizer

Power level

Elimination of 
F0 fluctuation

Formant frequencies 
 / Formant bandwidthes

Excitation impulse

Figure2: Singing-voicesynthesisusingtheKlatt formantsynthe-
sizer.

Thestimuli weresynthesized voicesof thevowel /a/usingthe
Klatt formant synthesizer to reflectF0 fluctuations, asshown in
Fig. 2. Theexcitationimpulsetrainsweremadeasfollows: Let us
assumetheF0 transitionwith fluctuationsis 0%12�435� . If thepulseis
setat time 356 , thenext pulsemustbesetat

356'798:";356=<>	'�
0 1 �4356?��& (1)

The generatedpulsetrain wasfiltered to modify each pulseinto
a Rosenberg wave. Thesynthesizedvoicesweremadeby convo-
luting theresponse of thesynthesizerwith theexcitation impulse
trains.Theformantsfrequenciesof theJapanesevowel /a/wereset
to be ���
� , 	
���
� , �
/��
� , @'/��
� , ��/��
� , and /
/��
� Hz, andeach band-
width wassetto be 	�� % of thecorrespondingformantfrequency.

3.2. Procedure

Thepairedstimuli werepresentedthroughbinauralearphones at
acomfortableloudnesslevel. Eachpairedstimuluswasrandomly
presented to eachsubjectonce. The subjects were six graduate
studentshavingnormalhearingability. Scheffe’smethodof paired
comparisonwasused to evaluate thenaturalnessof singingvoices
(Seven-gradeevaluationmeasure: A+@B�5A+�'�5A2	'�C�D�E	'���'��@ ). Then,
naturalness of the synthesized singingvoice at eachconditionis
calculated asparameterof population.

3.3. Resultand Discussion

Figure 3 shows the experimentalresults. The numeralsbelow
thehorizontalaxis indicatethedegreeof naturalnessof a singing
voice. The resultsindicatethat the effects of threeF0 dynamic
characteristics,Overshoot, Vibrato, andPreparation,on singing-
voiceperceptionarelarge,andtheeffectof Overshoot is thelargest.
It is confirmedthatPreparationasa new fluctuation is onetheof
importantfluctuationsfor singingvoice perception. In addition,
theseindicatethat lack of theseF0 fluctuations, labeledSMS,af-
fectssingingvoice perception strongly. Hence, we have to con-
sidertheseF0fluctuationsin thecontourto constructanF0control
model.
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Figure3: Experimentalresult: Importanceof Overshoot,Vibrato,
andPreparation.
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Figure4: Schematicgraphof F0controlmodel.

4. THE F0 CONTROL MODEL FOR SINGING VOICE

For F0 controlmodels[7, 8] for speakingvoices,it is difficult to
control andgenerateF0 contoursincluding dynamic characteris-
tics of singingvoices. In this paper, we develop a new method
whichcancontrol F0dynamiccharacteristicsandgenerateF0con-
toursof singingvoices.

4.1. Schematicgraph of F0 control model

Figure4showsaschematicgraphof theproposedF0controlmodel.
Inputof themodelis Melodycomponent in F0contour. Thisis de-
scribedby sumof stepfunctions.Thismodelgeneratescontrolled
F0 contoursaddingfour fluctuations; Overshoot,Vibrato, Prepa-
ration,andFine-fluctuationasfollows, into Melodycomponent.

Overshoot: Second-orderdampingmodel.

Vibrato: Second-orderoscillationmodel(no-loss).

Preparation: Second-orderdampingmodel.

Fine-fluctuation: Irregularity rapid oscill ation with higher than
MF of 	�� -Hz andMA of / -Hz.

The transferfunction of first threefluctuationsaredescribed
as

F ��GE�9" HGJIK<>��L H GK< H I � (2)

whereH andL aresystemparameters.Here,theimpulseresponse
of

F � GE� canbeobtainedas

M �435��"
NOOOP OOOQ

R
I S TVU�W 8 ��XZYB[\��]%8 H 35�^A#XZY�[\� ] I H 35� �?�`_ LD_bac	R
S 8 WDTVU XZY�[K��AdL H 35�5e f
g9�Zh 	iAjL^I H 35���k_ LD_blc	
H 3'XZYB[9��A H 35��� _ L^_B"m	e�fng���o�35��& _ L^_�"p�

(3)

Table1: Optimizedparametersetsin theF0controlmodel.
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Figure5: GeneratedF0 contour(sameportion as that shown in
Fig. 1 (b)).

First equationmeansa solution to second-orderexponential
dampingmodel,second meansa solutionto second-orderdamp-
ing model, third meansa solutionto second-odercritical oscilla-
tionmodel,andfourthmeansasolutionto second-orderoscillation
model(no-loss). So, Overshoot andPreparationusedfor second
equation, andVibratousedfor fourth equation.A nonlinearleast-
squared-errormethodwasappliedto minimize theerror between
theextractedandthecontrolledF0swithin partscorresponding to
conditions, in order to determinethe optimizedparametersof HandL ateachcondition. Theparametersoptimizedby minimizing
theerrorfor all stimuli areshown in Table1.

Controllingof Fine-fluctuation consistsof a lowpassfiltering
of white noisewith thecutoff frequency of 	�� Hz anda normal-
izing of amplitudeof / Hz. These valuesweresetbasedon the
considerationsin Sec.2.3.

ThisF0controlmodelcangeneratethecontrolledF0contours
which includeseachdynamic characteristic, by determiningthe
optimalcontrolparametersfor L and H . F0contours generatedby
themodelfrom Melodycomponentsobtainedfrom F0 contourin
Fig. 1 is shown in Fig. 5.

4.2. Singingvoicesynthesis

Wesynthesizedsinging-voicesusingasynthesis methodasshown
in Fig. 6. This methodconsistsof two blocks: the F0 control
modelandSTRAIGHT[3] insteadof theKlatt synthesizerasshown
in Fig. 2. The aim of this improvementis to extend the pro-
posed methodfor naturalsinging-voicessynthesisthat can deal
with singing-speech,includinglyrics. Becauseit is difficult to do
it via theKlatt synthesizer.

STRAIGHTconsists of TEMPO,STRAIGHT-core,and
SPIKES.TEMPO [2] is the F0 estimationblock andSPIKESis
the excitation-pulsesgeneratorfor sourceinformation using the
F0contour. STRAIGHT-coreis thespectrum envelopeestimation
usingF0-adaptive time-frequency smoothingto eliminateperiod-
icity interferences,andis thesynthesizerusingthespectrumenve-
lopeandexcitation pulses. In this method,theF0 control model
is incorporatedwith STRAIGHT insteadof TEMPO block. For
synthesisprocess, thespectrum envelope is not manipulated.
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Figure6: Singing-voicesynthesis methodusingSTRAIGHT and
F0-controlmodel.

4.3. Demonstrations

In orderto investigatehow muchthesefluctuationsinfluencesining-
voicequality, weadded eachfluctuation into theF0contourof the
melodycomponent, synthesizedsingingvoicesusingthoseF0s,
andpresentedthemto subjectsto judgetheir naturalness.

Six stimuli wereused in theexperimentasfollows.

NORMAL: usingtheextractedF0(nocontrol)

SYN-All: usingall thefluctuations

SYN-OS: usingtheOvershoot

SYN-PRE: usingthePreparation

SYN-VB: usingtheVibratoandFine-fluctuation

SYN-BASE: addingnofluctuationsto theMelodycomponent.

The spectrumof synthesizedsinging voiceswas identical in all
stimuli. The psychoacoustic experimentwascarriedout on the
sameprocedureandconditionsasutilizedin theexperimentin Sec.
3.

4.4. Resultsand Discussion

Theresultsin Figure7show thattheF0controlmodelcangenerate
F0contoursincludingF0fluctuationsrelatedto singingvoicesper-
ception,andthe proposed synthesis methodcanproduce singing
voicesthat sound as naturalas NORMAL voices,when all the
fluctuationsareadded to theMelodycomponent. Theseresultsin-
dicatethat theF0 fluctuationsareimportantto thenaturalnessof
singingvoices.

5. CONCLUSION

In this paper, we have discussed someF0 dynamic characteris-
tics in singingvoicesanddemonstratedhow muchtheF0dynamic
characteristicsinfluenceonsingingvoiceperception,throughpsy-
choacousticexperiments. The resultsshow that F0 fluctuations,
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Figure7: Result of synthesizedsinging-voiceevaluation.

especially Overshoot, Vibrato, Fine-fluctuation,and Preparation
affect singingvoiceperception.Then,we have alsoproposed an
F0 control model that can control F0 fluctuationcharacteristics
andgeneratethe controlledF0 contoursfor singing-voices. The
F0 control modelcanbe appliedto synthesizingnaturalsinging
voices.
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