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ABSTRACT

We proposea sinusoidalsynthesisnethodbasedon the
instantaneoudrequeny (IF) attractorswhich well corre-
spondto harmonicfrequeng trajectories. In this paper
we demonstratéhat IF attractorscanbe directly appliedto
sinusoidalsynthesis. Since continuity of IF attractorsare
well-definedandsimpleto detect extractionof IF attractors
can be donewithout ary explicit constraintand needsno
complicatedalgorithmsuchas peak-trackingpf short-time
spectra.We alsodescribehe procedurdor sinusoidalsyn-
thesisandprecisephasesstimationalongwith examples.

1. INTRODUCTION

Sinusoidalsynthesidgs widely usedfor synthesiof speech
andmusicfor pitch andtime-scalemodification.Sinusoidal
synthesidasedon peak-trackingpf short-timespectrais a
typical method[4. However, mostof suchtechniquesieed
complicatedalgorithmsuchas peak-trackingpf short-time
spectraandphasewrappingfor frameintervals.

In this paper we proposea new sinusoidalsynthesis
methodwith simpledetectionof harmonictrajectoriesand
phaseestimation It is achieved by adoptingthe IF attractor
analysighatwe have proposedor visualizationof harmon-
ics of speech[2]Firstwe review therepresentationf IF[1]
andthelF attractorswith time-warpinganalysigoroposedn
[2]. Thenwe describehow to do sinusoidalsynthesiswvith
accuratephaseestimation. We also examinethe effect of
time-warpinganalysison the quality of synthesis.

2. IFONTHE TIME-FREQUENCY PLANE

We briefly describethe representatioof instantaneoufe-
gueng/(IF) which we have formulatedto definethe IF am-
plitude spectrum[] andthe IF attractors[?

Thereare mary time-frequeng representationfor IF
estimation[$. For harmonicanalysis,we adoptthe short
time Fourier transform(STFT) which hasequalresolution
over the frequeng, sincethe harmonicfrequenciesarelo-
catedat nearlyequalintenals.

The STFTof asignalz(t) is definedby

X(w,t) = / T il —t) e dr, (1)

— 00

wherew(t) is awindow function. A filter-bankexpression
F(w, t) is obtainedby

F(w,t) = ' X (w,t). (2)
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ThenthelF atthepoint (w, t) is definedby
0
Mw, t) = ot arg[F'(w, t)]. 3)

Avoiding direct calculationof phasewe adoptthe formula
in [3] whichis

ab da
ag; — b

AMw, t) = pra

(4)
whereF'(w, t) = a+ jb. Here(4) hastime deriativesof the
realandimaginarypartof F'(w, t). They areobtainedfrom
Jw(t)/0t which is the differential of the analysiswindow
w(t). By replacingw(t) with ow(t)/0t, we obtain

%X(w,t) = /Oo () (W) e 1M dr,
- )

Now da /0t anddb/dt in (4) are obtainedasthe real and
imaginarypartof

0 .0 '
—_— = ‘]Wt— A ] ‘]wt L),
atF(u}, t)=e atX(w, t) + jwe’* X(w,t). (6)

Thusby usingtheoriginalw(t) andits derivative 0w (t) /0t
we candirectly calculatethe IF in (4). We usethis method
for preciselF calculationfor implementationaterin exper
iments. The mainadwantages thatit needsno approxima-
tion in calculatinglF in discrete-timesuchastakingdiffer-
enceof phasdn consecutie samples.

3. THEIF ATTRACTORS

We have proposedhelF attractoravhich correspondo har
monic frequenyg trajectories[2 The IF attractorsare de-
finedasthe pointswhich satisty

wlw,t) =0 and o <0 @)
Ow

whereu(w, t) = AMw, t) — w. Thisis equivalentto

AMw,t) =w and g% < 1. (8)

The equationin (8) indicatesthat the IF attractorsarethe
fixed pointsthroughthe mappingof the frequeng w to the
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Fig. 1. Definition of IF attractors.

IF \. Besidestheinequalitychoose®nly the pointswhere
A varieslessthanw does.
Considerasinusoidof frequeny p. Its spectrunspreads

along frequeny w with its band-widthdependingon the
analysiswindow. Thereforew variesaroundw = p, while
the mappedIF staysinvariantat A\(w) = p, if thereis no
interferencdrom otherfrequeny componentsThusthelF
attractorcorrespond$o thefrequeny of thesinusoid.Fig.1
describesan exampleof the relationshipwhenmultiple si-
nusoidsexist at the locationspointedto by the arrows. Al-
thoughin this casetherecouldbeaslightinterferencdrom
othersinusoidsthe|F attractoranatchalmostexactly to the
frequencie®f the sinusoids.

Harmoniccomponentf speechare not exactly sinu-
soidsandthereare multiple componentsFig.2 (a) and(b)
shavs an exampleof an STFT spectrogranof speechand
correspondingF attractors. We seethat the IF attractors
well correspondo harmonicfrequenciesvherefrequencies
arenot rapidly changing.However, the IF attractordfail to
track the frequenciesvhich changerapidly. Time-warping
analysisin thefollowing sectionsolvesthis problem.

4. TIME-WARPING ANALYSIS

In Fig.2 (a), it is seenthatthe IF attractorsdo not match
the harmonicfrequenciegroundupperleft andupperright
wherethe harmonicfrequencieshangerapidly. Suchrapid

changecausesviderband-widthof thecomponentandmakes

thecomponent®verlapeachotherin thefrequeng region.
To overcomethis problem,we have proposed methodthat
appliestime-warpingto theanalysisframeaccordingto the
frequeny change[2].

Here we briefly review the method. Considera har
moniccomponentvith frequeng p(t) andphase)(t) which
have relationship

0(t) = / p(7)dr + 0 ©)

whered, is theinitial phase Now we wanta new time axis
u onwhich the frequengy changes not obsered. In other
words,theproblemis to find anappropriate — « mapping
functionu = w(t). In orderto makethefrequeng constant,
thephasemustbe alinearfunctionof u suchas

t
/ p(T)dT 4+ 00 = Yu + g (10)

Frequency (kHz)

0

Frequency (kHz)
N

b
N
[ e oS

0

Frequency (kHz)
N

Fig. 2. STFT spectrograna) andcorrespondindF attrac-
tors of /muroran/without time-warping(b) andwith time-
warping(c).
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wherey istheconstanfrequeng andy is theinitial phase.
Differentiating(10) twice with respecto u andsubstituting
p(t) = 06/0t gives

d2t 00 dt\ % 626
@ Ot (aﬂ o = (1)
This canberewritten as
d?u du
- (I(t)aa (12)
where
_10p(1) a0(t)
_ 19P) _ov\t)
q(t) = p(t) “—5~ and p(t) = ——=.  (13)

Thus ¢(t) is the parametetthat determineshe condition
which u(t) shouldsatisfy and ¢(t) is determinedoy p(t)

andits derwative. ) ) )
For IF-basedanalysis,we apply time-warpinglocally

for therangeof eachanalysisframe.We describehewarp-
ing functionu = u(t) by a second-ordepolynomialof ¢
which appearedo be good approximation. Let ¢, denote
the centerof theanalysisframe. Thewarpedtime-axisu(t)
is resetfor eachty by
1
g, (t) = §at0(t —t0)? + by, (t — to) (14)
aroundt, with constants:;, andb,,. Herewe assumehat

the pointt = tp correspondso the origin of the axis u, .
Thenthe conditionin (12)is satisfiedatt = ¢, by setting

dzuto
dt?

du
bio = d?

=1 and a4 =
to=0

= q(to).
to=0
(15)

Herewe forcedb,, whichis thetime-scaleratio to be unity
becaus¢hetime-scale®f ¢ andu,, shouldbeequvalentto
assurehatthelF attheorigin of u;, keepsexactlythesame
asbeforetime-warping.

For actualimplementation,we first perform IF-based
analysiswithouttime-warpingandestimateeliablep(t) with
its derivative to obtaing(t) usingthe periodicityfunction[]]
as the reliability score. Preciseestimationof the deriva-
tive is obtainedbasedon the slopeof the IF attractors[?
Thenwe canperformtime-warpinganalysiswith obtained
q(t). Thusthe whole processhastwo steps,which is the
simplestapproach. Or we canalso performon-line time-
warpinganalysiswith minimumdelay by iterative estima-
tion of (13).

Fig.2 (c) shaws the resultof time-warpinganalysisby
thetwo-stepapproachWe canseethatthelF attractoravith
time-warpingbettercorrespondo theharmonicfrequencies
comparedo thosewithouttime-warping.

5. SINUSOIDAL SYNTHESISBASED ON IF
ATTRACTORS

SincelF attractorsareclosedcontoursthat have respectie
endpointswe cannumberthem. Thenthe phaseof the at-
tractornumberi becomes

0:(t) = / M (r)dr + 6, (16)

i

x(n) x(N) :input

y(N) :output

X (k,Nn): STFT coefficient
X (k,n): derivative ofX (k, n)

w(n)— & w(n)—~&
\

| FET | FET
X (K, n)l X (K, ") l

I Instantaneous frequency(l':)

\ -
I IF attractors extractio"l LPC analysis

a(t)

Phase calculatio] Spectral envelop
generation
(4O

Pitch modification
Speaking rate modificati

\ a®
I Sinusoidal synthes

y(n)
Fig. 3. Block diagramof analysis/synthesmsystem.

whereg; isthephaseaatt = s; whichis thebeginning point
of the attractor By calculatingthe phaseby (16), we can
synthesizahe correspondinginusoidalcomponent. Then
the whole synthesizedignalis obtainedasthe sumof all
thesinusoidakcomponentss

N
y(t) = 3 ai(t) cos(6(1) (17)

i=1

whereaq;(t) is the spectralamplitudecorrespondingo the
IF of \;(2).

5.1. Implementation in discrete time system

Fig.3shavstheframewvork of the synthesisystem.Thein-
putsignalis framedat every 2msandgoesthroughthewin-
dow functionw(t) andalsoits derivative describedn Sec.1,
using Blackmanwindow of 25.6mslong for w(¢). Then
FFTis appliedto the two windowed signalsin parallel. IF
attractorsaareextractedfrom zerocrossingof y(w, t) in (7)
usinglinearinterpolation.Continuityof thelF attractorsare
detectedy asimplenearessearch.Time-warpingof signal
is doneframeby frameaccordingo ¢(¢) derivedfromthelF
attractors Althoughwe alreadyhave amplitudesassociated
with the IF attractorswe calculatethe spectralervelopein
parallelby LPC analysisbecauseve have to maintainthe
ernvelopeafterpitch-shiftis applied.

5.2. IF adjustment for phase estimation

Sincethesignalis discreteandanalysiss doneatevery N-
pointinterval, phasecalculationby simplyaccumulatinghe
IF suchas

f(n) =>_ An) (18)

leadsto estimationerror over the frame, sinceactuallywe
have A(n) only at the frame intervals. Thoughthe error
is very small within a frameinterval, it accumulatesver
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consecutie framesand becomesot nagligible. Thuswe
needadjustmenbf the estimatedF for error correctionin
phase Following is theprocedureof theerrorcorrectionfor
eachattractor

1. Settheinitial phaseasthe phaseof the beggingtime
of theattractor

2. Estimatethe phaseasthe accumulatiorof the IF at
the pointsexceptthe endpointsof theattractor

3. At the beaginning point of eachframe, look up the
original phaseand adjustthe IF so that the error is
canceledutlinearly over theframe.

Following is the detailsof the procedurg3). Let m de-
notethe frameindex. For framem, we describethe IF as
AMw,mN) att = mN alongthetrajectory(w, t) of the IF
atttractor Thenwe estimatethe phaseobtainedwithin the
framethatis0 < n < N by

O(mN +n) = 0(mN) + n\(w, mN) (19)

wherewe omit theindex ¢ for simplerdescription.Thenthe
estimatecerrorbecomes

ex(mN) = 0(mN) — (mN) (20)

whered(mN) is the original phase.Adjustingthe erroris
doneby addingsmall offsetto the estimatedF suchas

AMw,mN) = AMw,mN) 4+ ex(mN)/N. (21)

Thentheerroratthecurrentframecanceloutlinearly over
theframeinterval. As aresult,theestimategphaséiecomes
almostequialent to the original phase. Fig.4 shavs the
effect of the adjustmentlt is seenthatthe phaseof synthe-
sizedwaveformwell preserescomparedo theoriginal.

5.3. Sinusoidal synthesis

For synthesis pitch and/ortime-scalemodificationcan be
doneby modifyingthelF. It shouldoe\; (w, n) = ¢, (w, n)
for pitch modificationandshouldbe A(w, n) = ;(w, ¢¢n)

for time-scalemodification,wherec, andc; arepitch and

time-scaleratios. Once the modified IF trajectoryis ob-
tained,thecorrespondingphasewill be

0i(n) = ¢i + > Ai(w,n) (22)

where ¢; is theinitial phaseof the attractor The spectral
ervelopeobtainedoy LPC-analysidor correspondindF is
usedfor the amplitudeof the sinusoidalcomponent. The
sinusoidaktomponents generatedby

si(n) = ri(n) cos ;(n) (23)

wherer; is the correspondingmplitude.

Discontinuity at the endpointsof the attractorleadsto
buzzynoisebecausd alsomakeghediscontinuityof wave-
form. In orderto avoid this discontinuity the Bartlet win-
dow of width 2V which is twice the frameintenal is ap-
plied andthenoverlap-addedor theframes by

wp(n) =n/N, 0<n<N
wgp(n) =2—n/N, N <n<2N. (24)

0.05 (se0) 0.1
Fig. 4. Effect of phaseadjustment.Input waveform (top),

synthesisvithout phaseadjustment(middledndwith phase
adjustment(bottomdf the beginningof /muroran/.

6. EXPERIMENTS

We have implementedhe proposednethodat 10kHz sam-
pling rate on a real-timesystem. The synthesizedspeech
with no modification on pitch or time-scaleis perceved

quite closeto the original in subjectve evaluations. The

effect of time-warpinganalysisis clearly perceved when

pitch and/ortime-scalemodificationis applied. If modifi-

cationis appliedwithout time-warpinganalysis,noisethat

soundslike an artificial echois perceved, which is made
by the IF attractorghatfail to track the harmonicfrequen-
cles. With time-warping,suchnoiseis not perceved and
thesynthesizedpeectbecomesnuchmorenatural.As far

aswe have confirmed,artificial echoswhich areperceved

on methodssuchas the FFT-basedphasevocoderare al-

mostcompletelysuppressedhenthelF attractorandtime-

warpinganalysiss applied.

7. CONCLUSION

We proposeda sinusoidakynthesisnethodbasednthelF
attractorsandtime-warpinganalysis.It is shavn thatsinu-
soidalsynthesiss achieved directly by sinusoidgeneration
accordingto thelF attractortrajectories.In subjectve eval-
uations,the quality of synthesizedpeechs quite closeto
the original. Also, the time-warpingmethodis effective to
avoid noise causedrom by rapid frequeng change. Our
future work includesobjective evaluationand applications
of thesinusoidaimodeling.
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