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Abstract

This paperdescribes phasevocoderbasedechniqueor voice
transformation. This methodprovides a flexible way to ma-
nipulatevariousaspectf the input signal, e.g., fundamental
frequeng of voicing, duration,enegy, andformantpositions,
without explicit Fy extraction. The modificationsto the signal
canbe specificto ary featuredimensionsandcanvary dynam-
ically overtime.

Therearemary potentialapplicationdor thistechniqueln
concatenatie speechsynthesisthe methodcanbe appliedto
transformthe speechcorpusto differentvoice characteristics,
or to smoothary pitch or formantdiscontinuitiesbetweencon-
catenatiorboundaries.The methodcanalsobe usedasa tool
for languagdearning. We can modify the prosodyof the stu-
dents own speectto matchthatfrom a native spealer, anduse
theresultasguidancdor improvements Thetechniquecanalso
be usedto corvert otherbiological signals suchaskiller whale
vocalizations,to a signalthat is more appropriatefor human
auditoryperception.Our initial experimentsshav encouraging
resultsfor all of theseapplications.

1. Intr oduction

Voicetransformationasdefinedin this paper is the processof
transformingone or more featuresof an input signal to new
target values. By featureswe meanfundamentalfrequeng
of voicing, duration,enegy, and formant positions. Aspects
thatarenottarmgetedto changeshouldbe maintainedduringthe
transformationprocess. The reconstructeaignal shouldalso
be of high quality, without artifactsdueto the signal process-
ing. This notion of voice transformationis relatedto but dis-
tinct from researcton voice corversion,wherea sourcespeech
waveformis modifiedsothattheresultingsignalsoundsasif it
werespolenby atargetspealer [?]. A conversionof this type
is often doneby mappingbetweendetailedfeaturesof the two
speakrs. Our researcocusednsteadon simultaneousnanip-
ulation alongthe dimensiondisted above, in orderto achieve
interestingtransformationof speechand othervocal signals.
We will useconversionandtransformatiorinterchangeablyn
therestof this paper

In the past,researchin speectsynthesishasled to several
voicetransformatiormethodswhich are mainly basedon TD-
PSOLA[?] or sinusoidaimodels[?]. The methodwe propose
hereis closelyrelatedto the above methods,and canperform
generakransformatiortasks while preservingexcellentspeech
quality.
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Our systemis basedon a phasevocodey wherethe sig-
nal is broken down into a setof narrav bandfilter channels,
andeachchanneis characterizeth termsof its magnitudeand
phase[?, ?]. The magnitudespectrumis first flattenedto re-
movethe effectsof the vocaltractresonancesindthenatrans-
formed versionof the magnitudespectrumcan be re-applied,
to produceapparenformantshifts. The phasespectrumonce
it is unwrappedrepresentshe dominantfrequengy component
of eachchannel.lt canbe multiplied by a factor« to produce
an apparentthangein the fundamentalfrequeng of voicing.
Additional harmonicsmay needto be generatedthesecanbe
createdby duplicatingandshifting theoriginal phasespectrum.

In this fashion,we can perform a variety of interesting
transformation®n theinput signal,from simply speedingt up
to generatinganoutputsignalthatsounddik e a completelydif-
ferentperson We believe thatit will beusefulin mary possible
applicationareas,including speechsynthesisJanguageearn-
ing, andevenin theanalysisof animalvocalizations.

Voicetransformatiorhasthe potentialto solve severalprob-
lems associatedwvith concatenatie speechsynthesis,where
syntheticspeechis constructedby concatenatingpeechunits
selectedrom alargecorpus.Theunit selectiorcriteriaaretyp-
ically comple, attemptingto accountfor the detailedphono-
logical and prosodiccontets of the synthesistarget. Sucha
corpus-basedethodoften succeedin producinghigh quality
speechhut thereareseveral problemsassociatedvith it. First,
the costof collectingandtranscribinga corpusis high, making
it impracticalto collect datafrom mutiple speakrs. Second,
thereusuallyexist discontinuitiesn bothformantsand F; val-
uesatconcatenatioboundariesThird, highlevel prosodiccon-
straintsare oftendifficult to capture andanincorrectprosodic
contourleadsto the perceptiorof asubstantiallynferior quality
in the syntheticspeech.

To dealwith the problemof generatingnultiple voices,a
voicetransformatiorsystemcanbeusedto generatspeechhat
soundsdistinctly differentfrom the voice of the input corpus.
Theentirecorpuscanbe preprocessethroughatransformation
phasethatcanchangea femalevoiceinto a male-like or child-
like voice,while preservinghetemporalaspectsin thisway, a
corpusfrom a singlespealer canthusbe leveragedo yield an
apparentnultiple-speakr synthesisystem.

Thetransformatiorsystemcanalsobe utilized to alterthe
shapeof the Fy contourof a concatenatedequencein order
to gainexplicit controlover the desiredintonationphrasesBy
applyingvoice transformatiortechniquego post-hocedit con-
catenatiorunits, we canrelaxthe selectioncriteria and conse-
quentlyreducethe size of the corpus. The constraintor unit
selectioncan then focus on manner/placehicing conditions,
without addressingheissueof the prosodiccontour

Anotherareawherewe ervision utility of the voice trans-
formationsystemis asanaid to teachingpronunciationpartic-
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Figurel: lllustration of decowolving the vocal-tract filter and
excitation. Theoriginal spectrunis ontheleft andthe spectal
ernvelopeand excitationspectrumare ontheright.

ularly for learnersof a foreign language.Theideais to trans-
form the students own speecho repairinappropriatelyuttered
prosodicaspectsThis canbe particularlyeffective for tonelan-
guagesyherespeakrswho areunfamiliar with the conceptof
tone may not be ableto perceve whatis incorrectabouttheir
utterances.By transformingthe students speecho repairin-
correctly utteredtones,the systemallows the userto compare
their own speechwith the samespeechtonally repaired. The
studenwill hopefullybebetterableto distinguishwhichaspect
is erroneousbecause¢he spealkr quality, temporalaspectsand
phoneticcontentareheld constant.

Finally, we have alsousedthe voicetransformatiorsystem
to proces®therbiologicalsignalsjn particular killer whalevo-
calizations.Thesesignalstypically containsignificantinforma-
tion at frequencieavell beyond the humanhearingrange. The
phasevocodercanbe usedto compresshe frequeng content
while preservinghetemporalaspectof the signal,bringing it
into arangewherehumanperceptioris acute.

The rest of the paperis organizedas follows: in Section
2, we summarizévriefly the methodologyof our phase-wcoder
basedvoice transformatiorsystem.In Section3, implementa-
tion detailsarediscussedFinally, in Section4, we presentand
discusghe experimentakesults.

2. Methodology

The source-filtermodel considersspeechto be the convolu-
tion of an excitation sourceanda vocal-tractfilter. In a phase
vocoder the input signalis first passedhrougha filter bank
containing N contiguousband-passilters, to obtaina magni-
tude spectrumanda phasespectrum.The spectralervelopeof
the magnitudespectrumwhich characterizethe frequeng re-
sponseof the vocal-tracffilter, canbe obtainedby low-passfil-
tering the magnitudespectrum.A time-domaindecowolution
canbedoneby point-by-pointdividing the magnitudespectrum
by the spectralervelopesamples.The resultis the excitation
magnitudespectrum.Figure?? shaws the effect of decomwolv-
ing thevocal-tracffilter andthe excitationmagnitudespectrum.

The phasespectrumof eachfilter is unwrappedn time, in
orderto estimatethe frequeny of the enegy containedn that
filter. The first derivative of the unwrappedphasesqualsto
thefrequeny f of the sinusoidcomponenpassinghroughthe
correspondindand-pasdilter. Multiplying thefirst derivative
by a factora andthenreconstructinghe phasespectrumwill
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Figure 2: Sthematicof phase(in radians), unwrappedphase
anddoubledunwrappedphasefor a singlechannel[ ?].

changethe frequeng of the particularsinusoidcomponento
afrequeng of of. If the frequenciesf all sinusoidcompo-
nentsarechangeddy the samefactor«, the effectis to change
the pitch by afactora. This processs illustratedin Figure??.
Featuretransformationcanthen be realizedby modifying the
spectralernvelopeand/orthe phasespectrum. After modifica-
tion, signalsarereconstructedor eachband-paséilter. Finally,
the time-domainsignalis reconstructedy combiningthe sig-
nalsfrom eachfilter.

3. Implementation Issues

In this section,we discusstechniquegor basictransformation
tasks.A compositeof thesebasictaskscanachieze morecom-
plex transformationssuchasmale/femalecorversion.

3.1. lterative DFT

In our systeman N-point DFT of theinput signalis computed
attheoriginal samplingrate,whichis equivalentto passinghe
signalthroughabankof % contiguousband-pasfilters. For ef-
ficiengy, thesystenusesaniteratve method asdescribedn [?)],
to computetheDFT, whereeachnew outputis obtainedhrough
incrementahdjustment®f the precedingoutput.

3.2. Decorvolving the DFT Spectrum

The & DFT coeficients are then converted from rectangular
to polar coordinates.The magnitudespectralervelopeis esti-
matedby low-passfiltering the magnitudespectrum. The ex-
citation magnitudespectrumis obtainedby dividing the mag-
nitude spectrumby the smoothspectrum.The phasespectrum
is unwrappedandfirst-differencedto obtainthe instantaneous
frequeng.

The %-point excitation spectrum (excitation magnitude
spectrumandphasespectrumyangesfrom 0 to =. As we will
soonsee sometimesve needto generatexdditionalsampleof
the excitation spectrumbeyond . Generatinghesephantom
excitation samplesanbe doneby a cloning methoddescribed
in[7].

3.3. Formant Modifications

The apparentpositionsof the formant frequenciescan be al-
teredby resamplinghe smoothednagnitudespectrumandre-
corvolving it with the previously flattenedexcitation spectrum.
For example,if we interpolatethe spectralenvelopeby afactor
of 1.2 anddiscardthe extra points at the upperend, the for-
mantswill be moved up by roughly 20 percent. To move for-
mantsdown, we needto decimatethe spectralervelope.When
reconstructingthe speechsignal, we discard some points at



the upperend of the excitation spectrumand phasespectrum.
Correspondinglythereconstructedpeectwill losesomehigh-
frequeng eneny.

3.4. Pitch Modification

Pitch modificationcan be doneby modifying the first deriva-
tivesof the unwrappedohases.To presere the formantposi-
tions,we have to interpolatethe spectrasampleso compensate
for the shifted phasespectrum. Thus, if we wantto keepthe
spectrakrnvelopeintactwhenwe changehe pitch by afactorof
«, the spectralervelopeneeddo be interpolatedby a factorof
é to hold theformantsin position.
Anotherissuewhichneedgo beconsidereds thechangen
the frequeng rangethatwill be causedy pitch modification.
If theNyquistfrequeng of theinput speechis 4000Hz (which
meansa samplingrateof 8000Hz) andthe pitch is changedy
afactorof «, the frequenyg rangeafter the pitch modification
would be 4000 Hz. Whena > 1, theoriginal 8000Hz sam-
pling rateis insufiicient,andtherewill befrequeng aliasing.A
simplesolutionis to discardthe signalabore 4000Hz. How-
ever, if a < 1, thereconstructedignalwill loseenegy in the
high frequencies.To make up for the loss, phantomexcitation
samplexanbegenerategbrior to the pitch modification.

3.5. Temporal Modification/Fr equencyCompression

Temporalcharacteristicef theinput signalcanalsobe manip-
ulated.To slow down the speechextrasamplesieedto begen-
erated. The magnitudespectrumof the generatecdsamplescan
be obtainedby interpolatingthe magnitudespectrunof thein-

putsignalin thetime dimension.The a-scaledphase-deviative

spectrums interpolatedsimilarly, andthenthe phasespectrum
is restoredusingthe interpolatedphasederiatives. Whenthe

signalis reconstructedtherewill be extra samples.If the sig-

nalis thenplayedatthe original samplingrate,the effectis that
the speechis sloveddown. Similarly, by decimatingthe mag-
nitudeandphase-deviative spectrunbeforereconstructionywe

canreducethe numberof samplesandconsequenthgspeedup

the signal. By manipulatingthe samplingrate,we canconvert

temporalchangeo frequeng change.

4. Experimental Results
4.1. Male/FemaleConversion

To testtheideaof voice corversion,we have conductedwo ex-
periments:(1) to cornvert a synthesiscorpusof femalerecord-
ingsinto a male-like voice, and(2) to convert a male Dectalk
voiceinto afemalevoice. In thefirst experimentall of thecon-
versioncanbe performedn adwance,creatingan entirecorpus
with exactly the sametemporalcharacteristicas the original
one,butwith a substantiathangdn thespealer characteristics.

The original synthesiscorpus[?] was convertedby lower-
ing the fundamentafrequeng by 30% andthe spectrum(for-
mants)y 25%. Thus,thespectraknvelopewasinterpolatecy
afactorof % An additionalthirteenphantomexcitations
weregenerated.The corversionpreserestemporalcharacter
istics,andhencewe canreuseall the alignedtranscriptiondata
from the original corpus. Figure ?? shaws that, after corver-
sion, the pitch andformantpositionsof the speechare similar
to thoseof a correspondingpaturalmaleutterance.

Qualitative analysisrevealsthatmaleto femalecorversion
achievesbetterquality thanfemaleto malecorversion.We sus-
pectthis may be dueto the extra compleity of generatinghe

extra phantomexcitationsamples.

4.2. Languagelearning

Oneof thedifficultiesin learninga foreignlanguages in mas-
teringthe prosodicaspect®f thenew languageFor example,a
native Chinesespeakr generallyhasdifficulty with stressand
timing when speakingEnglish. On the otherhand, it is very
hardfor a native English spealer to speakMandarinChinese
with correcttones,especiallyin completesentences.

Voicetransformatiorcanpotentiallybeusedto enhancehe
experienceof learninga foreign language.We canconvert the
prosodyof a students utteranceto bettermatchthat expected
from anative speakr, andusethemodifiedutteranceasatarget
for improvements We believe thatsucha feedbackmechanism
would be more valuableto the studentthan an example spo-
ken by a native speakr, becausée or shecanbetterperceve
the differencesand imitate the target speechwithout the dis-
tractionsfrom lessrelevantfactorssuchasvoice characteristics.
The conversioncanalsobe controlledto changeonly a certain
aspecof thespeechto make thedistinctionsmoreapparenand
easielfor the studento follow.

We testedthis ideaby modelingthe F, contoursof Man-
darinChinesgphrasespolenby anative Englishspeakr. Man-
darinChinesds atonallanguagein whichthesyllable F;, con-
touris essentiato themeaningof sounds Therearefour lexical
tonesin the language gachdefinedby a canonicalF; pattern:
high-level, high-rising,low-dipping,andhigh-falling. Although
it is nottoo difficult for a non-natve speakr to learnthe tones
in isolatedsyllables,the taskbecomesnuch moredifficult for
continuousspeechdueto tonecoarticulationeffects. Thetone
contoursareperturbedn particularwaysto form a smoothand
coherentsentencery contour The processs very naturalto a
native speakr, but very hardfor non-natve speakrsto learn,
exceptby mimicking andpracticing.

To predicta high-qualitytonecontourfor continuousMan-
darin speech,we obtaineda completeprofile of tonesin all
contets from a spontaneouMandarinspeectcorpusrecorded
from native Chinesespealkrsasexamples[?]. The contetual
effectsarecapturedby meansf context-dependentonemodel
parameterswhich are discreteLegendrecoeficients of sylla-
ble Fu contours[?]. The conversionis carriedout asfollows.
For eachnon-natve Mandarinutterancewe first obtainits pho-
neticalignmentandcontet-dependentonelabels. Thenabasic
target Fp contouris constructeddy piecingtogetherthe corre-
sponding‘standard”tonetemplateswith ary remainingvoiced
gapsfilled by linearinterpolation.Thenew contouris smoothed
andscaledo matchtheaverageF; of thespealkr. A conversion
ratiois thusobtainedor eachvoicedframeof thespeectsignal,
which is thenusedto modify the Fp of the original waveform.
UnvoicedframesarekeptunchangedFigure?? illustratesthis
processwith an examplesentenceWe testedthis methodon a
few utterance@ndobtainedgoodresults. The tonesin there-
constructedgpeectaresignificantlyimproved,judgedby native
Chinesespeakrs; while the other qualitiesof the waveforms
arelargely presered.

4.3. Mammalian Vocalization

The voice transformationsystemcan also be usedto process
non-speectsignals. Killer whalesproducea wide variety of
distinctvocalizationsp], anda significantportionof the content
is atfrequencieshatarewell beyondthe humanhearingrange.
We have acces$o alargenumberof high-qualityrecordingsob-
tainedby Patrick Miller in PugetSoundusinga beamforming
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Figure 3: Waveformand spectogram of a femaleutterance befoe and after conversion. Noticethat the formantsin the converted
spectogramare shifteddownwad, andthe higherfrequencyegion is excitedby phantomexcitations.
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“shang4 hai3 ne5?” (How about Shanghai?)befoe and af-
ter tone modification. The target pitch contour is geneated
using context-dependentone model parametes. Somehigh
frequencyenegy componentsare lost whenthe Fy is lowered,
which canbe compensatetly geneating phantomexcitations.

arrayf?]. In apilot study we tried compressindrequenciesy
afactorof three,while preservingemporalaspectsTheresult
is a signalthatis mucheasierto studyusingstandardools for
examiningspeechandthatalso, perhapsmoreimportantly is
moreaccessibléo the humanauditorysystem.A final adwan-
tageis thatthe storagerequirementsrereducedby a factorof
three.

5. Summary

In this paper we have proposed voice transformatiormethod
basednthephasevocoder This methoddemonstratetheabil-
ity to transformspeectsignalsto variousdesiredtargets. The
reconstructedpeecthasbeenfoundto beof high quality.

We have shavn thata synthesiscorpuscanbe transformed
to generatespeecthof a differentvoice quality. In addition,we
canadjusttheintonationcontourafterconcatenatioto improve

the prosodicquality. We have alsodemonstratethatthe voice
transformatiorsystemcouldhelpin languagdearning particu-
larly with regardto teachingnon-natve speakrsof atonelan-
guageto utter the tonescorrectly Finally, we have found the
systemto be usefulfor transformingkiller whalevocalizations
down into the humanauditoryfrequeng range.
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