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ABSTRACT

The papemresents methodto synthesizea choirin real-timeandits applicationin the framevork of anopera
production.lt intentionallyintegratesartistic considerationsvith researctandengineeringnattersthusgiving
acompletepictureof a concretecollaborationin the contet of the creationof electronicmusic.

The synthesiof the virtual choir” is implementedor the jMax real-timesoundprocessingystemusingthe
Pitch Synchronougverlap Add (PSOLA) technique. The synthesisalgorithm derives multiple voicesof a
samegroupfrom a singlerecordingof a real choir singer Thefirst stageof the analysissggmentsharmonic,
nonharmonicandtransientpartsof thesignal. The secondstageplacesPSOLAmarlkersin the harmonicparts
by anovel two-stepsalgorithm.

The synthesisalgorithmallows varioustransformation®f the analysedsoundof a singlevoice by the intro-
ductionof stochastiaswell asdeterministicvariations. It is controlledby an extendedsetof parameterand
resultsin awide rangeof differenttimbresandtexturesin additionto thoseof arealisticchoir sound.
Thelastsectionof the paperis dedicatedo the applicationof the algorithmin the contet of the composition
andits integrationinto therestof the ervironmentof the operaproduction. It describeghe experimentswith
therecordingsof a choir andthe work in the productionstudiousingthe jMax environment. Finally a setof

commentedxampless associatedvith the paperwhichwill be presentediuringthe papersession.

1 INTRODUCTION

”

The opera“K...” and the conceptof the virtual choir

Sincespring 1998 Philippe Manoury is working on the com-
position of the opera“K...” basedon FranzKafka’s novel “Der
Prozessivhichwill haveits premierein march2001atthe Opera
Bastillein Paris. Thework hasanimportantelectro-acoustipart,
which is entirely implementedin jMax [Déchelleetal., 1994
[Déchelleetal., 19994 andrealizedat IRCAM with the musical
assistancef SegeLemouton.

For severalscene®f this Opera(suchasthetrial) Manouryhas
expressedhe needfor choralvoicesevoking the notionof crowd.
Thisledto theconcepbf avirtual choir.

The goal wasto createan algorithmwhich is ableto realisti-
cally reproducehesoundof achoir, permittingsoundsunusuabr
impossiblefor arealchoir. It wasdecidedo evaluateseveraltech-
nical possibilities.Althoughthereis alot of researclon synthesis
methodsfor a single voice [Sundbeg, 1987 [Ternstin, 1989,
thedomainof vocalensemblesynthesiss not muchexplored.

After some unsatisfyingtrials to obtain a choir sound with
various techniquessuch as granular synthesis,modified addi-
tive synthesisor various chorus effects it was found that the
only way to obtain the realistic notion of a choir would be by
superpositiof multiple well enoughdistinguishableolovoices.

This assumptiorieadsto thefollowing two questions:

1. How to efficiently synthesizea singlevoiceallowing awide
rangeof transformations?

2. Which individual variations should be attributed to each
voice in orderto obtain a choruseffect when superposing
them?

The answerto the first questionwas found in the PSOLA
techniquedescribedn thefirst partof this paper The secondpart
part of the paperexplains the real-time algorithm implemented
for the synthesisof a groupof voicesproposingananswerto the
secondjuestion.Thepaperconcludeswith the experimentanade
duringtheresearcton thevirtual choir andits integrationinto the
opera.

2 PSOLA

PSOLA(Pitch SynchronouOverl ap-Add[Charpentier1989
[MoulinesandCharpentierl99Q) is a methodbasedon the de-
compositionof a signalinto a seriesof elementarywaveformsin
sucha way that eachwaveform represent®ne of the successie
pitch periodsof the signalandthe sum(overlap-add)f themre-
constitueghesignal.

PSOLA works directly on the signal waveform without ary
sortof modelandthereforedoesnotloseary detail of the signal.
But in oppositionto usualsampling,PSOLA allows independent
controlof pitch, durationandformantsof the signal.

One of the main adwantagesof the PSOLA methodis the
preseration of the spectralervelope (formant positions)when
pitch shifting is used. High-quality transformationsof signals
can be obtainedby time manipulationonly, thereforewith very
low computationalcost. For a simultaneousmodification of
pitch and spectralenvelope, a Frequeng Shifting (FSPSOLA
[PeetersandRodet,1999) methodhasbeenproposed.

PSOLA is very popular for speechtransformationbecause
of the propertiesof the speechsignal. Indeed,PSOLA requires
the signal to be harmonicand well-suited for a decomposition
into elementarywaveformsby windowing, which meanghatthe
signalenegy mustbe concentratedroundoneinstantinsideeach
period.



The PSOLAmethodcanbeunderstoods

e granularsynthesisn which each‘grain” correspond$o one
pitch period

e synthesisbased on a sourceffilter model like CHANT
[d’AlessandrcandRodet,1989: the elementarywaveforms
canbe consideredasan approximationof the CHANT For-
mant Waveformsbut without explicit estimationof source
andfilter parameters

G. Peetershas developed a PSOLA analysisand synthesis
packagelescribedn thefollowing.

2.1 Time/Frequencysignal characterization

By its definition,the PSOLA methodallows only modification
of the periodic parts of the signal. It is thereforeimportant
to estimatewhich parts of the signal are periodic, which are
non-periodicand which are transient. In the caseof the voice,
the periodicpart of the signalis producedby the vibration of the
vocalchordsandis called“voiced”.

At eachtimeinstantt, a“voicing” coeficientv(¢) is estimated.
This coeficient is obtained by use of the “Phase Derived
Sinusoidalitymeasure’from SINOLA[PeetersandRodet,1999.
For eachtime/frequeng region, the instantaneous$requeny is
comparedto the frequeny measuredrom spectrumpeaks. If
they match,the time/frequeny region is saidto be “sinusoidal”.
If for a specifictime mostregionsof the spectrumaresinusoidal,
this time frameis saidto be “voiced” andis thereforeprocessed
by the PSOLAalgorithm.

2.2 PSOLA analysis

PSOLA analysisconsistsof decomposing signal s(t) into a
seriesof elementarywvaveformss;(t). This decompositioris ob-
tainedby applyinganalysiswindows h(t) centeredntimesm;:

si(t) = h(t —mi)s(t) @
Them;, called“markers”, arepositionedPeeters19994

e pitch-synchronouslyi.e. the differencem; — m;_; is close
to thelocal fundamentaperiod[Kortekaas1997,

e closeto the local maximaof the signalenegy. This last
conditionis requiredin orderto avoid deteriorationof the
waveformdueto thewindowing.

After estimatingthe signal pitch period TO(¢) and the signal
enepy function e(t), the marlers m; are positionnedusing the
following two-stepalgorithm.

Step1: Estimation of the local maxima of the enemy function

BecausePSOLA markers m; mustbe closeto the local max-
ima of theenengy function, thefirst stepis the estimationof these
maxima.

Let us define a vector of pitch instants ©;, =
[61,0,61,1,...,617“...] such that 6l,i — 6171;1 = TO0;—; (see
Figure 1). Around eachinstant; ; let us define an interval

L; = [0l,i — TO;_I,el,i + TB" , wherea controlsthe extent

of the interval. Inside eachintenal I; ;, the maximum of the
enepgy is estimatedand notedt; ;. For eachvector@,, i.e. for
eachchoice of startingtime 6,9, the sum of the valuesof the
enegy functionat thetimest; ;, oy = >, e(t:,:), is computed.
Finally the selectednaximar; arethoseof the vector®; which
maximizeo;: ; = ty s with I’ = arg maxr, 0j.

t

é
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Figurel: Estimationof thelocal maximaof theenegy function

Step2: Optimization of periodicity and energy criterions

Because PSOLA markers m; must be placed pitch-
synchronouslyand close to the local maxima, the two criteria
have to be minimizedsimultaneously

A novel least-squaresesolutionis proposedasfollows:

Let m; denotethe markerswe arelooking for, 7; thetime loca-
tions of thelocal maximaof the enegy function estimatecht the
previous stage,TO; the fundamentaberiod at time ;. A least-
squaresresolutionis usedin orderto minimize the periodicity
criterion (distancebetweentwo markers closeto the fundamen-
tal period: m; — m;_; ~ T0;_,) andenegy criterion (markers
closeto thelocal maximaof enegy: m; ~ ;). Thequantityto be
minimizedis e = 3. ((M; — mi—1) — T0;i—1)” + B(m; — 7)°.
B is usedto weighthe criteria: 8 < 1 favoursperiodicity while
B > 1 favourseneny.

If thevectorof marlersism = [mo my ...
theoptimalmarker positionsareobtainedoy

m; ... My_1 mN]T

0 —T0o +77o
TOo —TO0; +ﬂT1
m=M"1 TO;—1 —-|'—Oi +87 2)

TOn—2 —TOn—1 +B7N-1
TOn_1 0 +yTN

where M is a tri-diagonal matrix, with main diagonal

l+~v2+p..2+8..24+81+~v] and lower and upper
diagonal [-1 —1..—1... —1 —1] where « is used for
specifichorderweighting.

2.3 PSOLA Synthesis

2.3.1 Voicedparts

For the voiced parts, PSOLA synthesisproceedsby overlap-
add of the waveforms s;(t) re-positionnedon time instantsr;
(seeFigure2):

5i(t) = si(t + mi)
s(t) =Y 5(t—my) ®)
J
wherem; arethe PSOLA markers which are the closestto the
currenttimein theinput soundfile.



A modificationof the pitch of the signalfrom TO(¢) to T(¢) is
obtainedby changingthe distancebetweenthe successie wave-
forms: m; — M;_1 = T(¢). In theusualPSOLA, time stretch-
ing/compressiois obtainedby repeating/skippingvaveforms.

However, in caseof strongtime-stretchingthe repetitionpro-
cesgroducesignaldiscontinuities Thisis thereasorwhy aTDI-
PSOLA(Time DomainlnterpolationPSOLA) hasbeenproposed
[Peeters1999. TDI-PSOLA proceedsy overlap-addof contin-
uouslyinterpolatedvaveforms:

;) =as;(t+m) 4+ (1 — a)si—1(t +m—1)
o= (M—mi_)/(m; —m_.)

' @
i) =35t m)

wherem;_; andm; arethe PSOLA markers which framesthe
currenttime, m, in theinput soundfile.

m_, m; Mgy

Figure 2: Exampleof pitch-shifting and time stretchingusing
PSOLA

2.3.2 Unvoicedparts

Unvoicedpartsof signalsarecharacterizetby arelatively weak
long-termcorrelation(no pitch period)while ashort-termcorrela-
tion is dueto the (anti)resonancesf thevocaltract.

Specialcarehasto be takenin orderto avoid introducingar
tificial correlationsin theseparts, which would be perceved as
artificial tones(“flanging effect”).

Several methods [MoulinesandCharpentier199q
[PeeterandRodet, 1999 has been proposed in order to
processhe urvoiced part while keepingthe low computational-
cost adwantageof the OLA framework. These methodsuse
varioustechniquego randomizethe phasejn orderto reducethe
inter-framecorrelation.
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Figure3: Stagef thevoice groupsynthesisnodule

3 SYNTHESIZING A GROUP OF VOICES IN
REAL-TIME

It wasdecidedto applya PSOLAresynthesi®n recordingsof
entirephrase®f singingsolovoices.

In additionto the PSOLA marlkers determinedby the analy-
sis stagetwo levels of sgmentationveremanuallyappliedto the
recordedphrases:

e pitchednotesaccordingto theoriginal score

e s@mentsof musicalinterestfor the processof resynthesis
suchasphonemesyordsandphrases

A synthesis module for jMax [Déchelleetal., 19994
[[RCAM, 20090 was designed,which readsthe output of the
analysisstageas well as the original soundfile and performs
the synthesisof a group of individual voices. It was decided
to “clone” a whole group of voices from the samesoundand
analysisdatafile.

The chosenimplementationof the voice group synthesis
module shawvn in figure 3 divides the involved processesnto
three stages. The first stagedeterminesthe parametersyhich
arecommonto a groupof voicesderived from the sameanalysis
data.Theparameterarethecommonpitch andthe onsetposition
within ananalyzedphrase.

The secondstagecontainsfor eachvoice a processapplying
individual modulationsto the output of the first stage, which
causesthe voicesnot to be synchronousand assureghat each
voice is distinguishedfrom the others. The third stageis a
synthesisenginecommonto all voicesperformingan optimized
constructionof the resultingsoundfrom the parameterstreams
generatedby the voice processesf the secondstage.

3.1 A PSOLA real-time synthesisalgorithm

In the simplestcase the outputof the analysisstageis a vector
of increasingime valuesm; eachof themmarkingthe middle of
an elementarywave form. For simplicity non-periodicsggments
aremarked usinga constanperiod.

Thereal-timesynthesisalgorithmreadsa marker file aswell as
the original soundfile. It copiesan elementarywaveform from
a givenonsettime m; definedby a marker, appliesa windowing
functionandaddsit to theoutputperiodicallyaccordingo thede-
siredfrequeng. The fundamentafrequeng canbe eithertaken
from theanalysisdataas f0 = m or determinechsa syn-

thesisparametenf arbitraryvalue'.

LIt is evidentthatthe higherthe frequeny - or better the ratio betweerthe orig-



An analysisfile canbe understoodas a pool of available syn-
thesisspectralinearly orderedby their appearancé a recorded
phrasé. Theonsettime determineshe synthesizedpectrum.

In general the onset time and the pitch are independent
synthesisparametersso that time-stretching/compressionan
be easily obtainedby moving throughthe onsettimes with an
arbitrary speed. Modifications of the pitch can be performed
simultaneously The variable incrementof the onsettime (i.e.
speed) representsan interesting synthesis parameteras an
alternatve to the absoluteonsettime. The TDI-PSOLA (see
2.3.1)interpolationproducesa smoothdevelopmentof timbrefor
awide rangeof onsetspeedsncludingextremelyslow stretching.

3.2 Resynthesisof unvoicedsegments

A first extensionof the synthesisalgorithm describedin the
previous sectionusesthe voicing coeficient v(t) outputfrom the
analysisstage. The coeficient v(¢t) indicateswhetherthe sound
signalattime ¢ is voicedor urvoiced.

PSOLA synthesids usedfor voicedsoundsegmentsonly. For
the synthesisof urvoiced seggmentsa simple granularsynthesis
algorithmis used[Schnell,1994. Grainsof constantlurationare
randomlytaken from a limited region aroundthe currentonset
time. Theamountof the onsetvariationandanoverlappingfactor
areparametersvhich canbe controlledin real-time.

Signal transientsare treatedin the sameway as urvoiced
segments.

In orderto amplify and attenuateeither the voiced or the un-
voiced parts, the output of the synthesisstagecan be weighted
with anamplitudecoeficientc(t) calculatedrom thevoicing co-
efficientsby aclippedlinearfunction:

0 ;o whme <
e)=q 1 HPe>q (5)
—vgtl;a else

Giving adequatealuesfor a andb for examplethevoicedparts
canbe attenuatedr even suppressedo thatonly the consonants
of aphrasearesynthesized.

PSOLAsynthesiaaswell asthesynthesiof urvoicedseggments
canbe performedby a singlegranularsynthesisengineapplying
differentconstraintgfor eithercase.Figure4 shavs anoverviey
of the implementedvoice resynthesisengine and its control
parameters.

The pitch andthe onsetare computedby a previous synthesis
controlstagewhich will bedescribedelow.

3.3 Original pitch modulation

Experimentswith the implementedsynthesisengine for a
single voice like other algorithms performing time-stretching
on recordingscontainingvibrato shav undesiredeffects. Blind
time-stretchingslows down thevibratofrequeng andoftenleads
to theperceptiorof anannging pitch bendin theresultingsound.
It is desirableto changethe durationof a musicalgesturewhile
leaving thevibratofrequeng untouched.

inal frequeng andthe synthesizedrequeng - the morethe elementarywaveforms
overlap. Sincethe computatiorioad of a typical synthesisalgorithmdependof the
numberof simultaneouslycalculatedoverlappingwaveforms, it increaseswith the
synthesizedrequeng.

2Although this is convenientfor the resynthesiof entirewordsand phrasedor
furtherapplicationsijt couldbeinterestingto constructdifferently structuredeature
spacedrom the sameanalysisdata.

pitch onset
voicing coefficients D| / pueneemeen | real-time control
w4 unvoiced synthesi -
psola markers PSOLA unvoiced unvoiced parameters
synthesis synthesis amplitude
onset variation
l ‘ overlap
sound file
o granular synthesis engine synthesis
engine
analysis data l ] .
~ X voiced/unvoiced
= voiced amp threshold
factor

Y
resynthesized sound

Figure4: SynthesisnginecombiningPSOLAandurvoicedsyn-
thesis

For the implementedalgorithm, the original pitch modulation
is removed from theanalysisdatain two steps:

1. sgmentationof the recordedsinging voice into notesfor
voicedsggments

2. determinatiorof an averaged(note)frequeng f0 for each
segment

An exampleof the segmentationof a singingvoice phrasede-
rivedfrom the voicing coeficient, andthe assignmenbf the note
frequeng accordingo thescoreis shavn in figure5.
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Figure5: Note sggmentatiorandpitch of a singingvoice phrase

The note frequeny is integratedinto the analysisdataby as-
signingit to eachmarker within a given segmentrepresentinga
note.In addition,amodulationcoeficientk(¢) is storedwith each
marker which containsthe original pitch modulationof a note:

_ fo(t) — fo(z)
KO = o ©)

55



The original instantaneousfrequeng can be recalculated
as fo(t) = f0(¢t)(1 + M - k(t)). The modulationindex M
determinesthe amount of original re-synthesizedpitch mod-
ulation. This techniqueallows a preseration of the musical
expressioncontainedin the pitch modulation of a note when
the absoluteoriginal frequeny is replaced. For a modulation
index of M = 0 the modulationis remored andcanbe replaced
by a synthesizedmodulationindependenif the applied time-
stretching/compressioWith M > 1 anexaggeratednodulation
canbeachieved.

3.4 Controlling a group of voices
Figure 6 shavs the control stagedeterminingpitch and onset
for the synthesiof a singlevoiceaswell asfor agroupof voices.
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Figure6: Pitchandonsetcontrolfor agroupof voices

The pitch is input from the analysis data or as real-time
controlparameteranda transpositior(givenin cent)is calculated
beforethe original modulation. The onsettime is generatedy a
module,which advancesthe onsettime accordingto an arbitrary
segmentation.A segmentis specifiedby its begin andendtime,
its readingmode (play forward/backvard, loop back and forth,
repeatioopingforward, ...) andthe speedat which the onsettime
is advancing.

3.5 Individual variations of the voices

A major concerndesigningthe algorithmwasthe variationsof
timbreandpitch performedby eachvoicein orderto obtainareal-
istic impressiorof a choir by the superpositiorof multiple voices
re-synthesizefrom the sameanalysisdata.

In intensive experiments comparing synthesizedgroups of
voiceswith recordingsof real choir groupsthe following varia-
tionswherefoundimportant:

e pitchvariations
e timing (onset)variations

e vibratofrequeng variations

The pitch and timing variationsare mainly correspondingo
theindividual imprecisionof a singerin achoir makingthatnever
two singerssing exactly the samepitch and start and end the
samenote at the sametime. The onsetvariationslead as well
to a diversity of the spectrumof the voicesat eachmoment. A
synthesizedribrato of an individual frequeng can be addedto
eachvoice.

It was consideredto give individual formant charactersto
eachsynthesisvoice in order to createadditional individuality

closeto reality. However the experimentshave shavn thatin the
contet of theaccompaping soundandspatializatioreffects, the
additionalcomputationvasfoundto betoo costlyin comparison
with the produceceffect’.
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Figure7: Exampleof arandombreakpointfunction

The variationsfor eachvoice are performedby randombreak
point functions(rbpf). In the synthesiscycle of the algorithman
rbpf computesor eachsynthesizedvaveform a new value z(t)
on a line segmentbetweentwo break-pointsz; guaranteeing
smoothdevelopmentof the synthesizedsound(seefigure 7). A
new targetvaluez; aswell asanew interpolationtime T; areran-
domly choserinsidethe boundariegachtime atamgetvaluex;_1
is reached.

The parametersf a generalrbpf generatomrethe boundaries
for the generatedvalues (2;ower/Tupper) and for the duration
(Thower!/Tupper) betweentwo successie break-points. As an
alternatve to its duration as well the slope of a line segment
can be randomly chosentaking in this casethe minimum and
maximumslopeasparameters.

Using these generatorsa constantly changing pitch trans-
position, onsettime and vibrato frequeny can be performed.
Dependingon the chosenparametershis can resulteitherin a
realisticchoruseffect or, whenexaggeratingheparametevalues,
acompletelydifferentimpression.

A schematioverview of themodulationgor eachvoiceacting
on the pitch and onsetproducedby the choir control moduleis
shavn in figure 8. The producedpitch andonsetparameterare
directly fed into the synthesiengine.

pitch onset
'H random pitch variation
rbpf max. value
random min./max. period
i : random onset
pitch glﬁt}:ffg rbpf max. value
. random min./max. speed
voice onset onset
control 1 random vibrato freq.
| rbpf [ min./max. value
|« vibrato fre perlo
vibrato q- vibrato depth
L T
real-time control
-——
pitch onset

Figure8: Individual pitch andonsetvariationsperformedor each
voice

3Thecomputatiorioadfor asynthesisoiceusingasimplere-samplingechnique
in orderto modify its formantsmustbe estimatedasaboutthreetimesascostlyasa
straightforward PSOLA synthesisvith the sametranspositioror overlapratio.



4 CONSTRUCTING THE VIRTUAL CHOIR

The implementationof the voice group synthesisnodulewas
accompaniedby intensive experimentsin order to adjust the
synthesisalgorithm and parametervalues correspondingto a
realisticchoralsound.

The soundsourcesfor the PSOLA analysisand further choral
sounddor comparatre testswereobtainedn a specialrecording
sessionwith the choir of the OperaBastille Parisin the Espace
de Projectionat IRCAM configuredfor adry acoustic.Thesame
musicalphraseswritten by Manourybasedon a Czechtext were
sungindividually by the four choir sections(sopranoalto, tenor
andbass)in unison.For eachchoir sectionseveraltakesof 2, 4, 6
and10 singersaswell asa solosingerwererecorded.

Variousanalysistools have beentestedin the researchof the
choirsoundasaphenomenownf thesuperpositiorof singlevoices
andtheir individualitiesaswell asits particularitiesof the signal
level.

Classicalsignalmodels(suchasthoseusedfor the estimation
of pitch periodor spectralpeaks)aredifficult to applyin the case
of a choir signal. The signalis composedf several sourcesof
slightly shiftedfrequenciespreadingandshifting thelines of the
spectrumand preventingusualsinusoidalanalysismethodsfrom
working properly The de-synchronizatiomf the signal sources
prevents most usual temporal method from working with the
mixedsignal.

The natureand amountof variation betweenone singerand
anotherin termsof timbre andintonatiof have beenconsidered
as well as the amountof synchronizationbetweenthe singers
at different points of a phraseand the synchronizatiorof their
vibrato. For example it was found that plosve consonants
correspondo strongersynchronizatiorpointsthanthanvowels.

Only the recordingsof solo singershave beenanalyzedand
segmented.There-synthesizedoundof a groupof voicesby the
implementednodulewasperceptuallycomparedvith theoriginal
recordingof multiple singerssinging the samemusical phrase.
The experimentshave shavn that about 7 well differentiated
syntheticvoicesgave the sameimpressionasa groupof 10 real
voices.A pitchvariationin therangeof 25 centsandauncertainty
of 20 msfor the onsetpositionhave beenfoundto give arealistic
impressiorof achoir.

4.1 Segmentation

In additionto the segmentatiorinto elementarywaveforms(by
the PSOLA marlers), voiced and urvoiced sggmentsaswell as
pitchednotes(manually see3.3), a fourth level of segmentation
wasappliedto the analysisdata. It cutsthe musicalphrasesnto
segmentsof musical interestlike phonemeswords and entire
phrases.

With this segmentation the recordedphrasescan be usedas
a databasefor a wide rangeof different synthesisprocesses.
The sequenceof timbre and pitch of the original phrasescan
be completelyre-composed. In orderto reconstitutean entire
virtual choir, phrase®f differentvoice groups basecdon different
analysidfiles, canbere-synchronizeavord by word.

Interestingeffectscanbe obtainedcontrolling the synthesidy
a function of the voicing coeficients. For example,the voiced
segments of the signal can be more stretchedthan urvoiced
segments.Similarly, vowelsandconsonantsanbeindependently
processedndspatialized.

“Expressedy Sundbeg’s degreeof unison[Sundbeg, 1987].

4.2 Spatialization

Therealizationof the piece”Vertigo Apocalypsis”by Philippe
Schoeller at IRCAM [Nouno,1999 shaved the importance
of spatializationfor a realistic impressionof a choir. In this
work multiple solo recordedsingerswere precisely placed in
the acousticspace. For “K...”, eachre-synthesizedsoice or
voice section will be processedby IRCAM'’s Spatializateur
[JotandWarusfel, 1999 allowing the composerto control the
spatialplacementndextentof thevirtual choir.

In the generalcontext of the electro-acoustiorchestratiorof
“K...", animportantrole will begivento the Spatializateutaking
into accountthe architecturaland acousticspecificitiesof the
operahouse.

4.3 Conclusions

The implementedsystemrevealsitself to be very versatileand
flexible. The choir impressionobtainedwith it is much more
interestingandrealisticthanary classicakhoruseffect.

Theusedsynthesigechniqugproducesnexcellentaudioqual-
ity, closeto the choir recordings. The quality of transformation
achievedwith PSOLAIs betterthantheusualtechniquedasedn
re-sampling.

The application of an individual vibrato for each synthesis
voice after having canceledhe recordedvibrato turnedout to be
extremelyeffective for the perceptiorof the choraleffect.

The efficiengy of the algorithm allows polyphory of a large
number of voices. The virtual choir is embeddednto a rich
ervironmentof various synthesisand transformatiortechniques
suchasphase-aligneformantssynthesissamplingandclassical
soundtransformationdike harmonizingand frequeng-shifting.
Thevirtual choirwill be constitutedbf 32 simultaneousynthesis
voicesgroupednto 8 sections.

During the experimentsit appearedtlearly that vocal vibrato
doesnotaffect only thefundamentafrequeng. It isaccompanied
by synchronizecamplitudeand spectraimodulations.Canceling
the vibrato by smoothingthe pitch leares an effect of unwanted
roughnessn theresultingsound.

Anotherlimitation of the systemappeardor the processingf
very high sopranonotes(above 1000Hz). For thesefrequencies
the impulseresponseof the vocal tract extendsover more than
onesignalperiodandcannotbeisolatedby simplewindowing of
thetime domainsignal.

4.4 Futur eextensions

While the used analysis algorithm performs signal charac-
terizationinto voiced and urvoiced partsin the time/frequeng
domain, in the context of “K...” it has only been applied
for sggmentationin the time domain. Separationinto both
time andfrequeny domainswould certainly benefitthe system,
especiallyfor mixedvoiced/uwoicedsignals(voicedconsonants).

In order to produce timbre differencesbetweenindividual
voices, several techniquesare currently being evaluated. They
rely on an efficient modification of the spectralenvelope (i.e.
formants)of thevocalsignal.

An interestingpotentialof the paradigmof superposingimple
solo voices can be seenin its applicationto non-wocal sounds.
The synthesif groupsof musicalinstrumentsould be obtained
in the sameway as the virtual choir, i.e. deriing the violin
sectionof anorchestrdrom asingleviolin recording.
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