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A NOTE ON MOMENTS OF SCALING FUNCTIONS
F. BASTIN AND S. NICOLAY

ABSTRACT. In this note we give a proof of a reproducing
formula for polynomials using natural decay hypothesis. This
leads to a new exact formula for computation of moments of
even order.

1. Introduction. Let us briefly recall some facts about wavelets
and scaling functions.

In the context of wavelets theory, a multi-resolution analysis of L?(R.)
is a sequence Vj, j € Z, of closed subspaces of L?(R) such that

(i) V; CVjp i forall jeZ
(ii) NjezV; = {0}, UjezV; is dense in L?(R)

(i) feVo & f(.—k) e Vo, forallk € Zand f € V; & f(2z) € Vj41,
for all j € Z.

(iv) There is a function ¢ (called the scaling function or the father
wavelet) such that the family {¢(.—k) : k € Z} is an orthonormal basis
for Vp.

A classical procedure (for example, see [5]) leads to the construction
of wavelets, i.e., an orthonormal basis {¢; ; : j, k € Z} of L*(R) with

Vik(z) = 222z — k).
The function 1 is called the wavelet or the mother wavelet.

If p is a natural number and f is a function defined on R such that
x — aP f(x) is integrable, the moment of order p of f is defined as

/R xP f(x) du.

Moments of wavelets and scaling functions are considered in a wide
literature, especially in numerical algorithms. Under some very weak
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and natural hypotheses, it is known that for a wavelet ¢, there is a
natural number p such that fR zlp(x)dr =0 for [ =0,... ,p. On the
other hand, for the scaling function ¢, we always have fR o(x)dr £ 0,
and the other moments are also usually not equal to zero.

In this context, in order to find the coefficients of the representation
of a polynomial in the approximation spaces V;, one has to calculate
the moments of the scaling function.

In what follows, we always use the following notations for the mo-
ments

Mj:/ zd o(x) d.
R

In [6], Sweldens and Piessens present the following result
My = (My)?

in case the scaling function is compactly supported and the wavelet
has at least three vanishing moments. Then, considering the shifted
moments, they cancel the first and the second error terms in approxi-
mations, hence get an interesting quadrature formula. To obtain this
result about moments, they use a reproducing formula for polynomials.

In this note, under natural hypotheses and Strang-Fix conditions
on a function ¢ (not necessarily a scaling function), we prove the
reproducing formula for polynomials with absolute uniform convergence
on compact sets and obtain the unicity of the coefficients. The result
was obtained by Meyer in [5] but under a stronger regularity hypothesis.
The proof we give does not follow the lines of Meyer’s proof and
only uses a trigonometric Fourier series. Moreover, our result leads
to relations showing that moments M, of even order can be expressed
in terms of a linear combination of products of moments of smaller
order, with coefficients directly computable. In particular, we obtain
My = (My)2.

Recurrence relations to compute these moments or approximations of
them can be found in [1, 6]. These relations involve approximations or
computations of auxiliary numbers related to the specific property of
scaling functions. Here, we present relations leading to the exact com-
putation of moments of even order using only combinatory coefficients.

In what follows, the set of natural numbers greater than or equal to
0, respectively strictly greater than 0, is denoted N, respectively Ny,
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and the set of all integers, respectively all integers not equal to 0, is
denoted Z, respectively Zg.

We also use the following notation

where m,n € N, m > n.
2. Results.

Proposition 2.1. Let ¢ be a function defined on R satisfying

C
< —_—
lp(z)] < 1+ |z)m+i+e

for some m € Ny, C, ¢ > 0 and such that the functions o(x — k),
k € Z, satisfy

/ o(x —k)p(x —j)de = 0rj, j,keZ.
R
If in addition ¢ is such that
My=¢(0)=1
and satisfies the Strang-Fix conditions

D'¢(2km) =0 forkeZo, 1<j<m,

then for every j = 0,...,m, there is a unique sequence (ag))kez such
that .
= Z a,(j)go(m — k)
kEZ

almost everywhere where the series is absolutely and uniformly conver-

gent on every compact subset of R and where ag) is a polynomial of
degree j in the variable k. These coefficients are

ag):/xhp(x—k)dx, j=0,...,m, keZ
R
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In particular, we have

Proof. We first prove unicity. Assume that for every j = 0,... ,m,

the sequence (a](f ))kez is such that

o= olx — k)

keZ

almost everywhere with absolute and uniform convergence on every
compact subset of R, and where al(cj ) is a polynomial of degree j in

the variable k. To obtain the unicity and the announced form of the
coefficients, using integration of series, it suffices to prove that for every
leZ and j =0,...,m, the series

Z /R ’a,(ﬂj)go(m —k)p(x — l)’ dx

keZ
converges.

For p € N and y,x > 0, we have
(z+y)P <2071 (2 +yP);
hence for every k € Z, x € R and j € N, we have
A+ k) < A+ [k =2l +1+[2)) <27+ [k —2])! + (1 +[2])7).

It follows that there is C ; = C; > 0 such that

D lo(a— k)| < (1+[k])
lay’ | |p(z—k)| < Cl(l + |w—k|)mtite
- 1 (1 + |z])?
< (2171 : )
=G <<1+|x—k|>m—f+l+s MRCESES s

As for every s =0, ... ,m, the series

1
2 Ty
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converges uniformly on every compact subset of R and defines a 1-
periodic and continuous function on R; it is bounded. Hence there is
Cy,; = C3 > 0 such that

3 /R 10D (e — k)p(a — )| dz < Cs /R (1 + |z]) ol — 1) de,

|k|I<K
VK € Np.
The convergence follows.
Now we prove the existence. For every j = 0,...,m, using the

hypothesis of decay on ¢, the series

S (@ — kYl — k)

keZ
is absolutely and uniformly convergent on every compact subset of R
and defines a 1-periodic and bounded function. Using trigonometric
Fourier series we have, almost everywhere,

Z(m —k)Yp(x—k)= Z < Z(t — k) p(t — k)e2ilmt dt) gZimle

keZ ez V0 kez

_ </ tj(p(t)efm'lwt dt) eQiﬂlI.
R

The Strang-Fix conditions give

/ tHot)e 2t dt =0, forl e Z
R

hence
1) (o= Wyip(e =) = | Op(t)de =,
keZ R
almost everywhere absolutely and uniformly on R. It follows that, for
Jj=1,
S Ko —k) =Y (k—x+z)p@—k)
keZ keZ
J
= ZClmj_l Z(k —2)lo(z —k)
1=0 keZ
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hence

(2) zl = Z Koz — k) — ZCJl»xj_l(—l)lMl.
=1

keZ

Finally we conclude by a recurrence argument. O

We immediately have

al? = / (x 4+ k)Y o(x)de = Z C’jl-k:le,l
R 1=0

but this relation does not give anything between moments. The next
proposition contains another expression of the polynomials a](f ), which
leads to new relations between moments.

We use some definitions and notations: for j,I € Ny, we define

l

() = {(in,- i) €N = S i =}

k=1
and ‘
K(j) = |J Ki(j).
=1

For (i1,...,4) € K(j), we write i € K(j). For j > i1 +--- + i we
define

Fj(ix, ... yir)

Fy(i)
(_

1)att... (_1)it+1(jj?10?2 el

il
i b e~ion . My - M
jiZkzl Tk

1

where
M; = / wo(z)de = agj).
R

For j € N, we also set

(+) S ) =1
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Proposition 2.2. Under the same hypothesis as in Proposition 2.1
and using the notations introduced above, we have the following rela-

tions

Proof. From (1) we have

M, = /tjgo(t) dt=3"(r - kYpx—k) ae, My=1,

keZ

where the convergence is absolute and uniform on R.
For j =1 we have My = ), .4 (x — k)p(x — k), hence

Moz =2 =M + Y kp(x—k) =Y (M +k)p(z — k).

keZ neZ

Using unicity of the coefficients in the reproducing formula, we get
ag) =k+ Ml-

Since Y e (o) F1(i) = 1 and 3,4y F1(i) = Mj, the relation (3) is

verified for j = 1.
Assume now that the relation is satisfied for j = 1,... ,n — 1. We

then have

2= (Zkl > Fju))so(xk)

k€EZ N1=0 ieK(j—I)

for every j =1,... ,n— 1 and also for j = 0 using the convention (x).



1204 F. BASTIN AND S. NICOLAY

Hence, using (2), we get

2= kp(z—k)+ Y Ch(=1)T "I M,
j=1

keZ
=> K'ox—k
keZ
n—j
+ZCJ 1710, Z <Zkl Z Fn_j(i)><p(x—k;)
k€Z N1=0 ieK(n—j—l)
= Z E"p(x —
kez
n n—j
+Y (Z LTSRS DI ) RERY
kEZ N j=11=0 i€ K (n—1—j)
= > k'olx —k)
keZ
Y (Z g ZCJ AT S ) e
kEZ i€EK(n—1—j)
= Z k"o(x — k)
keZ
n—1 n—I[—1
+Z(Z ( > Fa(ji i)+ c:zl(n"l“Mn_l))
keZ  1=0 =1 ieK(n—1l—j)
oz — k)
n—1
SOILLERURS B O IS SEN0) e}
keZ k€Z N1=0 €K (n—l)
hence

ay” = Zkl S F.). o

=0 ieK(n-l)

We can deduce from the previous relations that the moments of even
order can be expressed in terms of a linear combination of products of

moments of smaller order in which the coefficients are of type C,.
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Corollary 2.3. Under the same hypotheses as in Proposition 2.1
and using the same notations, we have

Mj= Y Fi)= > F), j=1...,m
i€K(4) i€Ul_ Ki(4)
In particular, if j is even, we have

oM = > F(i).

i€U]_, K1(4)

Proof. Tt suffices to take k = 0 in the relations (3) giving ag ) in the
previous proposition.

For j even, we have

hence the conclusion. m|

As an example, we obtain
K2(2) = {(1’ 1)}7 FQ((L 1)) =2,

hence
2M2 = 2(M1)2,

in the same way
My = —3(My)* + 4M, Ms.

Let us also recall that the hypotheses we use are very natural in
the context of wavelets. Indeed, we have the following result (see for
example [2, 5]).

Property 2.4. Assume v, j,k € Z, is an orthonormal basis of
wavelets associated with a multi-resolution analysis as described in the
Introduction. If the scaling function ¢ and the wavelet ¢ satisfy

C

(@), ()] < A5 Ja)miiee
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for some € > 0, C > 0, m € Ny, and if yp € C™(R), D’ € Lo(R) for
all j = 0,...,m, then the filter m( associated to the multi-resolution
analysis satisfies

mo(€) = (1 + 7)™ F1L(¢)

where L is 2m-periodic and C™(R) and we have

The factorization of the filter implies also

Dip(2kn) =0 fork € Zg, 1<j<m.
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