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ABSTRACT

Fundanentalfrequeng (F0O) controlmodelswhich cancopewith
FOdynanic charateristicsrelatedto singing-\wiceperceptionare
requiredto construchaturalsinging-wicesynthess systemsThis
paperdiscissesthe importanceof FO dynamic charateristicsin
singingvoicesanddemongateshow muchit influenceon singing
voiceperceptiorthroughpsychacousic experimentsThis paper
then, proposs an FO control modelthat cangeneate FO fluctua-
tionsin singingvoices andasinging-wicesynthaismethod.The
resultsshav thatFO contourincludingfluctuations OvershootVi-
brato,PreparationandFine-fluctuationaffectssingingvoice per
ception,andthe propogd synthais methodcan geneate natural
singingvoicesby controllingtheseFOfluctuations.

1. INTRODUCTION

Singingvoice hasmore dynamicandcomplicatedchaacteristics
thanspealkng voicefor spechperception Espeially naturalness
of voicesarecontainedn thefundamentafrequeng (FO) contou.
Thereare,for example,mary FO fluctuationsin the cortour such
as Overshoot,Vibrato, etc. However, a quantitatve assesment
of the perceptukinfluenceof fluctudionsin FO contous hasnot
beeninvestigatedieeply althoughit is known thatthefluctuations
in FOcontouramaybeimportantfactorsin producinghigh-qudity
syntheizedspech.

On the onehand variousspechsynthes methodhave been
proposd for speaing-voice. Mary of thesemethodsarebase on
the sourcefilter modelsothatF0 andformantinformationcanbe
sepaately usedin the model. However the proposed=0-control
modelscannotgenerate=0 contoursof singingvoices,although
they candealwith speking-wice synthesis. Becaus dynamic
rangeof the FO contoursin singingvoicesis wider thanthatin
spe&ing voicesandFOfluctuationsn singingvoicesarelargerand
morerapidthanthosein speakng voices,asmentionedn earlier
So,in orderto constructasinging-wicesynthasismethodwe have
to clarify FOfluctudion charateristicsandthendevelopa method
for controllingthesefluctuationsn FO contours.

This pape discusestheimportanceof usingdynanic charac-
teristicsin FO contoursin singingvoicesthroughpsydoacostic
experimentsandthenproposs a FO control modelthat cancope
with dynamic charateristicsin FO contourin singingvoice.

2. ANALYSISOF FODYNAMIC CHARACTERISTICS

FOsof speeh containslow andlargefluctuationgelatedo prosodic
information,andrapid andfine fluctuationsrelatedto the natural-
nesof speeb. In singingvoices it wasknownthattherearethree
charateristicsin FO contoursof singingvoices[1].
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(a) A particularvalueof FO correspodsto aparticularNote.
(b) FOfluctuationsn ary onenoteis stable.

(c) Therearemary FOfluctudgionswhichareonly obsevedin
singingvoice.

(a)and(b) arestaticcharacteristicselatedto melody (c) is related
to dynanic charactasticssud asOvershog, Vibrato, etc. In this
sedion, we deeplyinvestigate=0 dynamic charateristicsof (c).

2.1. Singingvoicedata

The singing-\ice datausedfor our experimentswere obtained
from recordingf threeadultssinginga Jaanesechildrenssong
“Nanasunokd. Thesingerswereaskel to singit with Japaese
vowel /a/ only, to simplify the experimentaktonditions.Thesong
wererecordedon a DAT with 48-kHz samplingand 16-bit accu

ragy, andthenweredown-sanpledto 20 kHz.

2.2. FO estimationmethod

TheFOswereestimatedisingthe FO extractionmethod, TEMPO
in STRAIGHT [2, 3]. We confrmed beforehad that TEMPO
could acarately extract Fine fluctuaions in FO contous. It can
extractmodulationfrequenciesvith aprecisionof upto aboutone
fifth of the FO.

2.3. Analysisof FO contour

Figure 1 shows an estimatedFO contouralong the logarithmic
axis. Fig. 1 (a) shawvs Melody componet that representshe
note chamye of the extractedF0. We extractedfour FO dynamic
charateristicsasfollows.

Overshoot: Deflectionexceedng thetamgetnoteafternotecharges.
Vibrato: Periodicfrequeny modulation(4 - 7 Hz) .

Prepaation: Deflectionof the oppaite directionof notechang
obseredjustbeforenotecharmyes.

Fine-fluctuation: Irregularly fine fluctuationhigherthan10 Hz.

It is reportedthat Overshod, Vibrato andFine-fluctuationin
FO contou arethe dynamiccharacteristicswhich arepeculiarto
singingvoiced1, 4, 6]. In thispaperwealsoextractedPreparation
asanew dynanic charateristic.

TheanalyzdFOsfor Fine-fluctuationshav thatthe modula-
tion frequeny (MFs) containe frequeng comporentupto 20 Hz
andthatthe modulationamplitudegMAs) were 20 centon aver-
ageand100 centat maximumwhich areone-fifthof andthesame
asthe half-tonemusicalscae, respectiely. TheextractedMF and
MA were [MF(Hz), MA/F0(%)] = (20Hz,1.2%), where F0
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Figure 1: Extractedfundamatal frequenyg (FO) using TEMPO
in STRAIGHT; portionof “Nanatsinokqg’ /kawaii-nanatsunband
dynamic characteristics:(a) Melody componet relatedto the
estimatedrO; (b) Overshoot,Vibrato, and Preparations. Fine-
Fluctuationis in whole contour

was 125 Hz. About the detectionthresholdsthe previousworks
reportedthat the Fine fluctuaions in the FO contourof singing
voicesaffect the percefion of quality andthat the magnitudeof
this effect dep@dson the MF andMA [5, 6]. Thesereportssug-
gestedhat(1) the Fine-fluctuationdaving alower MF or alarger
MA weremoredetectate, and(2) theFine-fluctuationsveremore
detectale whenthe FO rose. From thesefindings,we conduded
that humars might be ableto perceve the MF andMA of Fine-
fluctuationcomponats in singingvoices In this pape, we use
theseo cortrol the Fine-fluctugion in thegeneratedr0 contour

3. IMPORTANCE OF FO FLUCTUATIONS

We extractedfour typesof FO fluctudions from the obsered FO
contours.The® fluctuationsmayaffectperceptiorof singingvoices.
We carriedout psychacou$ic experimentsto demongate how
muchthe FO dynanic characteristicsnfluene on singing voice
perception.

3.1. Stimuli and Synthess

We eliminatedeachF0 dynamicchaacteristicfrom FO contous
andre-synthesiz#tthe singingvoicesusingthe modifiedFO0s.

NORMAL: Singing-\wicesetsyntheizedusingthe extractedF0
from arealsong.

NO-OS: Singing-wicesetremoved Overshod compormnt.
NO-VIB: Singing-wicesetremosedVibratocomponat.
NO-PRE: Singing-wicesetremoved Preparatiorcompornt.

SMS: Singing-wicesetwhoseF0wassmoothd by anFIR low-
pasdilter (cut-off frequeng was5Hz).

All stimuli were pairedandrecordedrandomly The numbe of
pairedstimuli was20.

Singing voicg

FO-Estimation method:
STRAIGHT-TEMPO

[ Power Ievel] [ Fundamentﬂ
Frequency

Elimination of
FO fluctuation

Formant frequencies
/ Formant bandwidthgs

Excitation impulse
A, A

Synthesis:
Klatt formant synthesizer

Synthesized
Singing voicg

Figure2: Singing-wice synthaisusingthe Klatt formantsynthe
sizer

Thestimuli weresynthesizé voicesof thevowel /a/ usingthe
Klatt formant syntheizerto reflect FO fluctuations asshovn in
Fig. 2. Theexcitationimpulsetrainsweremadeasfollows: Let us
assimethe FO transitionwith fluctuaionsis f(t). If thepulseis
setattime t,,, thenext pulsemustbesetat

tnt1 =tn + 1/ fm(tn). 1)

The geneated pulsetrain wasfiltered to modify eat pulseinto
aRosenkry wave. The syrthesizedvoicesweremadeby cornvo-

luting the respons of the syntheizerwith the excitationimpulse
trains. Theformantsfrequenciesf theJaparsevowel /a/wereset
to be 800, 1200, 2500, 3500, 4500, and5500 Hz, andeat band
width wassetto be 10 % of thecorrespadingformantfrequeng.

3.2. Procedue

The pairedstimuli were presatedthroughbinauralearphong at
acomfortableloudnesslevel. Eachpairedstimuluswasrandomly
preseted to eachsubjectonce The subjets were six graduate
studetts having normalhearingability. Schefe’smethodof paired
compaisonwasusel to evalude the naturalnesof singingvoices
(Seven-gradesvaluationmeasire: —3,—2,—1,0,1,2,3). Then,
naturalnes of the syntheied singing voice at eachconditionis
calculatel asparameteof population.

3.3. Resultand Discus$on

Figure 3 shows the experimentalresults. The numeralsbelon
the horizontalaxisindicatethe degreeof naturalnessf a singing
voice. The resultsindicatethat the effects of three FO dynamic
charateristics, Overshoo, Vibrato, and Preparationpn singing-
voiceperceptiorarelarge,andtheeffectof Overshoois thelargest.
It is confirmedthat Preparatiorasa new fluctudion is onethe of
importantfluctuationsfor singingvoice perception. In addition,
theseindicatethatlack of theseFO0 fluctuations labeledSMS, af-
fectssinging voice percefion strongly Hence we have to con
siderthesd~0fluctuationgn thecontourto corstructanFOcontrol
model.
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Figure3: Experimentaltesult: Importanceof Overshoot Vibrato,
andPreparation.
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Figure4: Schenaticgraphof FO controlmodel.

4. THE FOCONTROL MODEL FOR SINGING VOICE

For FO control models[7, 8] for spekingvoices,it is difficult to
control and geneate FO contoursincluding dynamic charateris-
tics of singingvoices. In this paper we develop a nev method
whichcancortrol FOdynamiccharacteristicandgeneraté-0con-
toursof singingvoices.

4.1. Schematicgraph of FO control model

Figure4 shovsaschematicgraphof theproposedrO controlmodel.

Inputof themodelis Melodycomponetin FOcontour Thisis de-
scribedoy sumof stepfunctions.This modelgeneratesontrolled
FO contoursaddingfour fluctuations Overshoot Vibrato, Prepa-
ration,andFine-fluctuatiorasfollows, into Melody componaet.

Overshoot: Secmd-orderdampingmodel.
Vibrato: Seconebrderoscillationmodel(no-loss).
Preparation: Seond-orderdampingmodel.

Fine-fluctuation: Irregularity rapid osdll ation with higherthan
MF of 10-Hz andMA of 5-Hz.

The transferfunction of first threefluctuationsare descibed
as

Q

HG) = Fiacas ro2

@)

where(2 and¢ aresystenmparametersHere,theimpulserespmse
of H(s) canbeobtainedas

T (exp(M Qt) —exp(AaQ2t)), [¢|>1
h(t) = IQ_CQ exp(—{Qt) Sin(\/ 1- C2Qt)~, ‘C' <1
St exp(~), =1
sin(wt). Icl=0

(©)

Tablel: Optimizedparametesetsin the FO controlmodel.

Fluctuation| w[rad/ms] ¢

Overshoo 0.031 0.52
Vibrato 0.033 —

Preparation|  0.028 0.72
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Figure5: Generated-0 contour(sameportion asthat shawvn in
Fig. 1 (b)).

First equationmeansa solutionto secod-orderexponettial
dampingmodel,secod meansa solutionto secou-orderdamp-
ing model, third meansa solutionto secad-odercritical oscilla-
tion model,andfourth meanssolutionto seond-ordeoscillation
model(no-loss). So, Overshoo andPreparatiorusedfor secon
equaion, andVibrato usedfor fourth equation A nonlineareast-
squaed-errormethodwasappliedto minimize the error between
the extractedandthe cortrolled FOswithin partscorresponihg to
condtions, in orderto determinethe optimizedparametersf
and¢ ateachcondtion. Theparametersptimizedby minimizing
theerrorfor all stimuli areshavnin Tablel.

Controlling of Fine-fluctuéion corsistsof a lowpasdfiltering
of white noisewith the cutoff frequeng of 10 Hz anda normal-
izing of amplitudeof 5 Hz. The® valueswere setbasedon the
consderationsin Sec.2.3.

This FO controlmodelcangeneatethe controlled~0 contours
which includeseachdynanic charateristic, by determiningthe
optimalcontrol parameterfor ¢ andf2. FO contous geneatedby
themodelfrom Melody componets obtainedfrom FO contourin
Fig. 1is shovnin Fig. 5.

4.2. Singing voicesynthess

We syrthesizedsinging-wices usinga synthes methodasshovn
in Fig. 6. This methodcorsistsof two blocks: the FO control
modelandSTRAIGHT[3] insteadf theKlatt synthesierasshavn
in Fig. 2. The aim of this improvementis to extend the pro-
pose&l methodfor naturalsinging-wicessyrthesisthat can deal
with singing-seech,includinglyrics. Becaiseit is difficult to do
it via theKlatt syntheizer

STRAIGHT consiss of TEMPO,STRAIGHT-core,and
SPIKES.TEMPO [2] is the FO estimationblock and SPIKESis
the excitation-pulsegyeneratorfor sourceinformation usingthe
FO contour STRAIGHT-coreis the spetrum ernvelopeestimation
usingF0-adafive time-frequecy smoothingto eliminateperiod-
icity interferencesandis the syntheizerusingthespectrunenve-
lope andexcitation pulses. In this method,the FO control model
is incorporatedvith STRAIGHT insteadof TEMPO block. For
syntheisprocessthe spetrum ervelope is not manipulated
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Figure6: Singing-wice synthes methodusingSTRAIGHT and
FO-controlmodel.

4.3. Demonstrations

In orderto investigatdhow muchthesdluctuaionsinfluene sining-
voicequality, we addel eachfluctuaion into the FO contourof the
melody compament, syntheized singing voicesusingthoseFO0s,
andpresentedhemto subjectdo judgetheir naturalnes.

Six stimuli wereusel in theexperimentasfollows.

NORMAL: usingtheextractedrF0 (no control)

SYN-AIl: usingall thefluctuations

SYN-OS: usingthe Overshoot

SYN-PRE: usingthePreparation

SYN-VB: usingtheVibratoandFine-fluctuation
SYN-BASE: addingno fluctuaionsto the Melody componet.

The spectrumof syntheizedsinging voiceswas identicalin all
stimuli. The psycloacousic experimentwas carriedout on the
sameprocedue andconditionsasutilizedin theexperimentn Sec.
3.

4.4, Resultsand Discussion

Theresultsn Figure7 shav thattheFOcontrolmodelcangeneate
FOcontourdncludingFOfluctuationgelatedto singingvoicesper
ception,andthe propogd synthais methodcan produe singing
voicesthat sound as naturalas NORMAL voices,whenall the
fluctuationsareaddel to theMelody componet. Theseresultsin-
dicatethat the FO fluctuationsareimportantto the naturalnessf
singingvoices.

5. CONCLUSION

In this paper we have discused someFO0 dynamic charateris-
ticsin singingvoicesanddemongatedhow muchthe FOdynanic
charateristicsinfluenceon singingvoiceperceptionthroughpsy-
choaoustic experiments. The resultsshav that FO fluctuaions,

SYN-BASE SYN-ALL
-1.039 SYN-PRE SYN-OUS 0.854
SYN-VB -0.232 0.425 NORMAL
-0.705 0.938

-1 -0.5 0 0.5 1.0
[ —
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Figure7: Reslt of synthaizedsinging-wiceevaluation.

espeially Overshot, Vibrato, Fine-fluctuation,and Preparation
affect singingvoice perception.Then,we have alsoproposd an
FO control model that can control FO fluctuation characteristics
andgereratethe controlled FO contoursfor singing-wices The
FO control model canbe appliedto syrthesizingnaturalsinging
voices
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