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Abstract

Voiced musical sounds have non-zero energy in sidebands of the frequency partials. Our work is based on the as-
sumption, often experimentally verified, that the energy distribution of the sidebands is shaped as powers of the in-
verse of the distance from the closest partial. The power spectrum of these pseudo-periodic processes is modeled by
means of a superposition of modulated 1/f components, i.e., by a pseudo-periodic 1/f —like process. Due to the funda-
mental selfsimilar character of the wavelet transform, 1/f processes can be fruitfully analyzed and synthesized by
means of wavelets, obtaining a set of very loosely correlated coefficients at each scale level that can be well approxi-
mated by white noise in the synthesis process.

Our computational scheme is based on an orthogonal P-band filter bank and a dyadic wavelet transform per
channel. The P channels are tuned to the left and right sidebands of the harmonics so that sidebands are mutually
independent. The structure computes the expansion coefficients of a new orthogonal and complete set of Harmonic
Wavelets. The main point of our scheme is that we need only one parameter in order to model the stochastic fluctua-
tion of sounds from a pure periodic behavior.
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1 Introduction for some0< gZ < g2 < o

The purpose of this work is to introduce a technique We Will extend this rgsult to pseudo—_periodic _signals,
for the analysis and synthesis of pseudo-periodic signairoducing the Harmonic Wavelets, which consists of a
based on a special kind of wavelet packets, i.e., the H&RNtinuos-time infinite-channel filter bank and a discrete
monic Wavelet Transform. We start from the waveletvavelet transformation of each channel. _ _
based model for Lprocesses introduced by Wornell [4] The most important result of this synthesis technique
and we extend this model to the pseudo-perioditikd is that it allows one to control a highly complex stochas-
signals. tic process by means of relatively few parameters.

1/f processes can be employed for representing cha- N Section 2 we define the pseudo-periodicribise
otic systems that are strongly influenced by their paY Mmeans of a Harmonic Modulation and Demodulation
behavior [1-3]. Voiced sounds in egch and music are scheme. In section ®e illustrate the theoretical results

pseudo-periodic signals and exhibit a long-term correl@" Which our new method of synthesis is based. In sec-
tion or more precisely an approximaté H¢havior in the tion 4we briefly review the Discrete Harmonic Wavelets

neighborhood of each harmonic partial. and their properties. Section 5 deals with some applica-

This is due to the chaotic but correlated microlions to music synthesis.
fluctuations from the periodic behavior of the signal
itself. These fluctuations play a relevant role in the em2 Pseudoperiodic 1/f —like noise
lation of naturalness of voiced sounds.

; i We now provide a formal definition of pseudoperi-
Wornell in Theorem 3 in [4] states that a process

odic 1f-like noise based on a general modulation and

< demodulation scheme.
X(t) = X, (M t), L
© n:z_m mzm (MWnin () The frequency spectra of pseudoperiodic signals are

wherew,, (t ) form a orthonormal wavelet basis and th&haracterized by harmonically spaced peak at frequencies

x,(m) are collections of mutually uncorrelated zero W =T, whereTs is the average period of the signal.

mean coefficients, is nearlyfli.e., its time-averaged In order to separate the contribution of each of the har-
power spectrum monic bands one can devise a set of ideal narrow-band

S(w)=0? §2W|w(2”w]2 filters of bandmdthsz% each fitting a single side-
- . n=me band of the harmonics. The magnitude frequency re-
satisfies the relations sponse of these filters is given by

GL,qz <S() < 9ug Q)




O [MM[(@ qz0 where the symbol t denotes the adjoint. THGg is

H,(w) =0 C  FOALA2,..., unitary and the operatorK al perform a harmonic
u
Pl )@ a<O modulation from baseband to, Where 4 is the L
where subspace of signals bandlimitedvig. S
1 if A<w<B We can thus model acoustic pseudoperiodic signals
Xinal (@) = B otherwise with fundamental frequency, = w,/2m by means of a

is the characteristic function of the interv&{,B[. The superposition of harmonic modulated bandlimited 1/

outputs of these filters may be baseband shifted, accof 0ceSSes. Eac_h process has pandW|dth eq‘!a' to hglf the
ing to a suitable demodulation scheme. This results in tH@'Monic spacinga,and contributes to a single side
demodulation scheme reported in Fig. 1. band of each of the harmonics.

Denoting byk the harmonics index and by L and R
the left and right sideband, respectively, the average

b

L spectrum of a pseudoperiodicf tfike process has the
following form for w= 0:
o o?
S(@) =Y ———— X{ga (a+1/2) [(w)+
@ -ERIE W ‘;Jl“’_q“)ormR R )
AN o?
‘ +|w_q2: Var X[(q-1/2)w0,qwo[(w)
R|L L'|R* 0
whereo{ g and o, are the amplitudes angl R and
Yk, L the decay parameters.

(b) & >

g om s w Defining an ideal bandpass filter
. HE (@) = X o @)+ X (@) ()
*R, Rf wherecg is arbitrarily small, we arrive at the following
Definition 1. A stochastic procesgt) is said to be a i/
like pseudoperiodic noise if there exist3z=0 such that
© whenx(t) is operated by in (2), yields a collection of
C N N g N i il g
RS w processes
Fig. 1: Baseband shift of harmonic sidebands: (b) side- Wy (1) :_J'Kq(t,r)x(r)dr, q=0L.. ()

bands of the ¥ harmonic; (a) demodulation of the left i © ]
sidebands; (c) demodulation of the right sidebands. ~ Such that, when filtered throughH™ (w , ) with
Wy :%, they become wide-sense stationary and ban-
dlimited with power spectrum
2 Ve i
s, (@)= %q/|w| @ if s<|o_o|<w0/2 ,
K =0] otherwise

Demodulation of a signak(t) in L?> may be de-
scribed by the scalar products

wy () = J’Kq(t,r)x(r)dr , q=041,..., ©)

where the kernels of the set of linear operattrg, for someyq anddyg .
The operations involved in (5) are equivalent to fil-

9=0.1,..., have the form tering the single sidebands of each of the harmonics,

Kq(t.7) =1 odd” ~2)(2a+ T,T+Bﬁsin§‘_TE ) separately for the positive and negative frequencies, and
Te 2Tp H 02T properly baseband shifting the result.
where 3, = B_,-; are arbitrary phase factors. Comparing (6) with the model spectrum in (3), we

. can make the following associations:
The operators (2) have support in g

= = o =0 = .
W, = CHan ~ar(} Qi (asn(] Y2q 1. YL VYoq yfq,Rn 2g-1 q,Ln.O'Zq .O'.q:R

aTg T, T, QD . T, 3 Since the resulting processes (t in) Definition 1
and perform a harmonic demodulation to basebarmte bandlimited td-cy,/2,w,/2], they can be sampled

- T H 1
]f'TPI.Of the signal subban@,. The operatorK ; is with sampling rate‘z"—,‘; =L
b

invertible, Wlt:mverse + For our purposes we introduce then the set of func-
Kq (t,7) = Kq(T,1) = Kq (t.7), tions{gqyk(t)}qzoyl Oz

.....



Jak (1) = 9g0(t —KTp), (7)  multiplicative constanyT, , the samples of approxi-
with mately 1/f processes synthesized by means of a DWT

Guo() = 1 q+lnt in t filter bank, yields an average power spectrum of the
a,0 \/— 2T, ' form:

which is easily shown to form an orthonormal basis. It is 1
easy to see that the scalar product (5) followed by sam-S(®) == ZU 2|qu(w)|

pling are equivalent up to a multiplicative con- (12)
stant,/Tp to the projection ok(t) over the basis. x HZ 2 yq|LPn,0(wTP )|2 +2"0 |0 (wTp )|2E
=1

In the ideal case

3 Synthesis of pseudoperiodic 1/f-like

H
noise by means of Harmonic Wavelet o)’ =X g -gnd D+ X g gy @)
Transform H8% w8 &' wB f

In the Introduction we recalled Wornell's result
about the synthesis offlgrocesses by means of Wavelet .
basis. We will provide now an equivalent result for thvith k = H_H g=0,...,P-1;i.e., for
pseudoperiodic case. We need to prove a Lemma first.
In order to do this we define a new continuous- time (2k—1)— <w<2k if q is odd,
Multiwavelet basis which we will call Harmonic Wavelet P P
Transform (HWT): or for

‘fn,m,q (t) = an,m(r)gq,r (t) (8) 2k7—; Sw< (2k +1)% if q is even, (13)

Sand (12) is approximately 1/f near each harmohizrg,

where they, ,(r )form an ordinary Discrete Wavelet we have

2 2
basis and they,, (t @re defined according to (4). Olq < Sy (W) < O q .
The Fourier transforms of Harmonic Wavelets are: - 2k w- Zk% q
Znmq (@) =Wy (Pw)H o (w) - @) forsomed<gf <qgfq<c.

For the proofs of Lemma 2 and Proposition 3 see [8].

The action of filtering is essentially that of selecting a
single sideband of the harmonics. Then we can prove tde Discrete Harmonic Wavelets
following:
Lemma 2

A signal X(t) such that

The discrete counterpart of (7) is given by the basis
associated with an ide® band filter bank. We want to
obtain an efficient scheme for the analysis and synthesis
X(t) = 2 qu(k)qu(t)‘ 22 z Bn/Zvn(m)f OF of pseudoperiodic 1/noise. Thus we consider an ap-

G0k d=0n=lnr—o i proximation of the ideal filter bank granting perfect re-
where theg ) are defined in the (8), thqu(k)} are construction. In particular, we consider the class of Type
e IV cosine modulated bases:

h,,(1)=h,(-P), g=0,...P-% rOZ
(n= BV (r), (10)
valf Zlnpz_m Va0 hyol) = W(I)cos?;l M2 Y7 - (1“”@

the vg(m) are mutually uncorrelated coefficients and
where the lowpass prototype impulse respongg) of

Ve . . . .
B, =052%, is cyclostationary with period"Zs. The |ength M satisfies some technical conditions [8]. It is
same result holds for the scale residue of the scal@asy to prove that the set is orthogonal and complete.

WSCS processes of the kind of:

truncated expansion. In order to synthesize the samples df drocesses
For the synthesis we derived the following wy(k) we adopt the scheme devised by Wornell [4],

Proposition 3 which consists of an ordinary discrete wavelet synthesis
The random- process structure, with white noise inputs. The overall structure

is realized by introducing the Discrete Harmonic Wave-
s(t) = ZOWFZ_: a(Mam(®) . (11) lets [9]. These constitute a special type of multiwavelets,
generalizing the Pitch-Synchronous Wavelet Transform
_ form an orthonormal set of
q=01,.. class [6,7], defined by

functions, as defined in (7) and the (m)are, up to a Eoma(K) = zwn,m(r)hq‘r(k) (15)

where the{gqyk(t)}



where ¢, ,(r ) are discrete-time ordinary wavelets [5].method is a sort of additive synthesis where one adds

The Fourier transforms of the basis elements (15) afaodulated ¥/ signals instead of pure sinusoidal func-

shown in Fig. 2. tions. We Qefl_ned a new glass of st_ochastlc processes, i.e.,
pseudoperiodic #fdike noise. We introduced a special
type of multiwavelet transform, i.e., the Harmonic

In the analysis structure of the Discrete HarmonitVavelet Transform. We devised an efficient analy-
Wavelet Transform, the signal is sent toPachannel sis/synthesis scheme able to perform parameter estima-

filter bank and each output is Wavelet transformad ( 1ion and generate pseudoperiodit-like noise.

block). Signal reconstruction is achieved by separately o
inverse Wavelet transforming the Harmonic Wavelet 7
coefficients and passing these sequences through the o

inverseP channel filter bank. This technique generalizes
the one presented in [10] since independent control to
each subband is allowed.
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Fig. 3Frequency spectrum of real-life oboe
s (287.5 Hz)
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Fig. 2: Magnitude Fourier transform of Harmonic =
Wavelets (P=5).
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5 Applications to Music Synthesis Fig. 4Frequency spectrum of synthesized oboe.
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