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Orthonormal scaling functions generating
fractional Hilbert transforms of
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Abstract

The Hilbert transform is an important transform not only in Mathematics, but also in some
applications. Since a wavelet function has zero average, the Hilbert transform of it is a good
function in many cases. It is well-known that many wavelet functions, especially important
ones, can be generated from scaling functions in the framework of multiresolution analysis
(MRA). Hence, it is an important problem what is the scaling function from which the Hilbert
transform of the wavelet function is generated. We consider two families of unitary operators.
One is a family of extensions of the Hilbert transform called fractional Hilbert transforms.
The other is a new family of operators which are a kind of modified translation operators.
A fractional Hilbert transform of a given orthonormal wavelet (resp. scaling) function is also
an orthonormal wavelet (resp. scaling) function, although a fractional Hilbert transform of a
scaling function has bad localization in many cases. We show that a modified translation of
a scaling function is also a scaling function, and it generates a fractional Hilbert transform
of the corresponding wavelet function. Further, we show a good localization property of the
modified translation operators. The modified translation operators act on the Meyer scaling
functions as the ordinary translation operators. We give a class of scaling functions, on which
the modified translation operators act as the ordinary translation operators.
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§1. Introduction

We denote the set of real numbers by R, the space of square integrable functions
on R by L*(R), the inner product of f,g € L*(R) by (f,g) := [ f(2)g(x)dz and the
norm of f by || f| := \/(f, f). Let us define two unitary operators in L2 (R)

Ty : Translation operator, b € R, (Tpf)(x) := f(z —b),
D, : Dilation operator, a € Ry, (Dof)(z) :=a Y2f(x/a),

where Ry = {z € R | &2 > 0}. For ¢ € L*(R) and (j, k) € Z?, where Z denotes the set
of integers, we set

(1.1) $i (@) = (Do-s Tith) () = 20/%4p(27 2 — k).

A function ¢ € L?(R) is called an orthonormal wavelet function, if {1; 1} j kezz con-
stitutes an orthonormal basis of L?(R). Then, 9, j,k € Z are called orthonormal
wavelets. In order to construct an orthonormal wavelet function, a system of subspaces
called a multiresolution approzimation or a multiresolution analysis (MRA) ([7],[11])
is used, where an orthonormal scaling function ¢ generates an orthonormal wavelet
function v in a fixed manner. Then, we say v is associated with ¢. Scaling functions
are important not only for the construction of wavelet functions, but also for step-
wise decomposition and reconstruction of functions, based on the orthonormal basis
{tjn}Gmyeze-

The Hilbert transform H (][9], [5] and so on) is a typical example of Calderén-
Zygmund operator, which has a rich world full of mathematical results. Although it
can be considered in various function spaces, we consider only L2(R) here. Let f(£) be
the Fourier transform of f:

(&) = (1) = FLAE) = / f(@)e i€ du,

where the operator F: f — fcan be considered to be a bounded operator from L?(R)
onto L?(R). The Hilbert transform Hf of f € L*(R) is defined by

~

(1.2) (HF)" (&) = —i(sgn &) £ (£),
where
_ 1,£ >0,
wne={ 1620

The operator H is a unitary operator of L?(R).
The Hilbert transform is also important in many applications. The most famous
application would be the analytic signal. For a real signal (real-valued function) f, the
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complex signal Af = f+iHf, which is called the analytic signal of f, has an interesting
properties illustrated later in Section 3.

In many applications of wavelets, Hilbert pairs (¢, H1) of a wavelet function 1
plays an important role. Since H is a unitary operator which commutes with trans-
lations and dilations, if v is an orthonormal wavelet function, then 1) is also an
orthonormal wavelet function. The problem is what is the scaling function with which
‘Hap is associated. Let ¢ be a scaling function with which 1 is associated. Although
H¢ is the orthonormal scaling function with which the wavelet function H1) is asso-
ciated, the scaling function H¢ is usually a very bad function as for the localization,
while the wavelet function H1 is not. When 1 is a so-called Meyer wavelet, which
belongs to the Schwartz class . and has compactly supported Fourier transform, Toda
and Zhang[14, 15] pointed out that Ht is the orthonormal wavelet function associated
with the scaling function 7' /»¢, the half shift of ¢, which has a good localization as ¢.
This was very unexpected and attractive for us. It is a natural question that what is
the wavelet function generated from T.¢ for ¢ # 1/2, and whether there is any scaling
function with good localization which generates Hi in the case of other wavelets than
Meyer wavelets.

In this article, we consider two families of translation-invariant unitary operators
Hcand T, (c € R), where H, is a fractional Hilbert transform ([10], [5]) with #;,o = H,
and T is a newly defined operator, a kind of modified translation operator. Let ¢ be an
arbitrary orthonormal scaling function, and 1 be the wavelet function associated with
¢. For every ¢ € R, we prove that T ¢ is also an orthonormal scaling function, and
that H.¢ is the wavelet function associated with the scaling function 7\f¢. Further, we
can easily show that T} f = T.f if Suppf C [—2m,27]. These clarify the remarkable
situation explained above, since supp &5 C [—27, 27] for Meyer scaling functions. We also
prove that T/ has a good localization property under vanishing moments condition.

In the next section, we give a definition and several examples of orthonormal
wavelets. In Section 3, we explain the Hilbert transform, and the analytic signal as
an important application. In Section 4, we give a short sketch of a theory of MRA. In
Section 5, we present the main problems. In order to give our answers to the problems,
we define two families of translation-invariant unitary operators H. and T (c € R) in
Section 6. In Section 7, our answers to the main problems are given. In Section 8,
good properties of T are given. As an extension of Meyer scaling functions, a family
of scaling functions ¢ satisfying 7)/¢ = T.¢ is given in the final section.

§2. Orthonormal Wavelets

If {4k} (j,k)ez2 is an orthonormal basis of L(R), then ¢ is called an orthonormal
wavelet function ([8], [16] and so on), which is referred to as a wavelet function for short
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in this article. As important examples, we give some well-known examples: the Haar
wavelet, the Shannon wavelet, the Meyer wavelets, and the Daubechies wavelets.

Example 2.1. (1) The Haar wavelet. This would be the oldest orthonormal
wavelet function (Figure 1).
1
1, O<x< 5,
va(x) =9 -1, % <z<l,

0, otherwise.

This vy has a compact support, but is discontinuous.

Yy (x)
| —_

—1F

Figure 1. Haar wavelet.

ws (x)

Figure 2. The Shannon wavelet
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(2) The Shannon wavelet. The function (Figure 2)

Ys(x) = 2sinc(2x) — sinc(z),

where sinc(z) 1= ST (Figure 9), is a wavelet function called the Shannon wavelet. In

this case, 1s(x —1/2) is also a wavelet function, and it is sometimes called the Shannon
wavelet instead of ¥s(x). The Fourier transform of g has a simple form (Figure 3).

&;(5)2{17 m < |¢| < 2m,

0, otherwise.

This vs(x) is an entire function, but has a bad localization. In fact, ¥s ¢ L'(R), though

'7[;S &)

- 1+

|

— ¢

-3 -2r - T 2m R¥4

Figure 3. Fourier transform ’g/b; of the Shannon wavelet.

s € L2(R).

(3) The (Lemarié-) Meyer wavelets. These wavelet functions belong to the Schwartz
class ., that is, these are of C* class and all the derivatives are rapidly decreasing.
As a matter of fact, ’g/b; has a compact support, and hence 1y is an entire function. It
is known that there is no orthonormal wavelet function v with exponential decay such
that ¢ € C*°(R) and all the derivatives are bounded ([7] Corollary 5.5.3). Hence, the
Meyer wavelets have a good balance between the smoothness and the localization as
wavelet functions.

We explain the Meyer wavelets more precisely. Take a real-valued function b(§) of
C*° class as
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Ym (%)

N
4 =2 xl\/z

Figure 4. Meyer wavelet .

b(@ = v ©|

Figure 5. b(§) = |{ZJ;(£)| for a Meyer wavelet.

and define ¢y by ’g/b;(ﬁ) = b(€)e%/2 (Figure 5). There are some freedom of the choice
of b(&). Sometimes, especially in applications, we take b(£) not necessarily of C° class,
but only sufficiently smooth (for example [7], [11]), although ¢ & . then.

(4) The Daubechies wavelets. These are a sequence of orthonormal wavelet func-
tions yt with compact supports, N € N = {positive integers}, which have the following

properties.
e supp y¢(z) = [-N + 1, N].
e ntp(x) has N vanishing moments, i.e. [p 2/ np(x)de =0for j € Z,0<j < N.
o v € CYN)(R) where a(N) — 00 as N — o0.

e 17 is the Haar wavelet function.

§ 3. Hilbert Transform

Although the Hilbert transform # is defined on many function spaces in several
ways, it is simply defined on L?(R) by (1.2). If f is real-valued, then #Hf is also real-
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1k

/\/RAV”\‘

Figure 6. Daubechies wavelet functions: ¥, N = 2,3,8.
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valued and Hf is orthogonal to f: (f,Hf) = 0. Moreover, H commutes with T} for
every b € R and with D, for every a € Ry.. Hence, (Hf);r = H(f;x) for every j, k € Z.
The Hilbert transform is important not only in Mathematics, but also in many

applications. A typical application is a so-called analytic signal. For a real signal (real-
valued function) f, set A+f = f+iHf. We have A_f = A, f. The complex signal
A f is called the analytic signal, or analytic representation, of f. Mathematically, AL f

are two times the limits as 3z — +0 of the Cauchy extension

1
Fi(z) = — f(@) dz, 2e€C,£32>0
21 Jp 2 — @

on the upper (resp. lower) half plane. Namely,

(A f)(z) ZQyE)fEOFi(J?iiy), r €R.

As for Fourier transform, A4 f has only positive (resp. negative) frequencies:

—— ~

A:I:f(g) = 2XR:|: (g)f(g)v 6 € Ra

where X, denotes the characteristic function of I:
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If f is a real signal, the Fourier transform fsatisﬁes f(—é) = A(é), and hence A, f does
not lose any information of f. As a matter of fact, we have f(x) = R(ALf)(x).

For many signals in the real world, the absolute value |Ayf| = |A_f| of ALf
represents a rough variation of f(x), and the graph of | AL f(x)| can be considered to
be an “envelope” of the graph of f(z). Mathematically, it is still a wonder why such a
phenomena occurs. There is no rigorous definition of “envelope” used here, and there
are only many examples.

An easy example is the case of
1 . ) . )
f(.fl?) = cos 10z + COS(lO:l’J + CLCC) — 5{67,103: + ez(lO—l—a)m + 6—7,1090 + 6—1(10+a):c}

for a € (0,10). (Though f does not belong to L?(R), we can explain the situation
very well by considering this function itself, rather than modifying it so that it belongs
to L?(R). It is easy to extend the definition of the Hilbert transform to a class of
distributions including f(z). Note that the support of fdoes not include £ = 0.) In
this case, since f(€) = m{8(£ —10) + 6(£ — 10— a) 4+ 6(£ 4+ 10) + 5(£ + 10+ a)}, we have
AL flx) = 107 4 100z Hence | A, f(2)| = |1 + €*| = 2|cos(az/2)|. As is seen
in Figure 7, if a is small, then |AL f(z)| seems to represent a rough variation of f(z),
and the graph of | Ay f(z)| looks like a kind of “envelope” of the graph of f(z). If a is
large, the situation is very different, and the graph of |A, f(x)| cannot be seen as an
“envelope” of the graph of f(x). In many signals, the situation is near the case of small
a, and the analytic signal is used to extract a rough variation of the signal. |A, f| is
sometimes called the amplitude envelope or instantaneous amplitude of f.
The continuous wavelet transform

WoD)b.0) = (£.1Du0) = [ f)o(*2)a V2 de, () €Rx s,

with the wavelet function v, is very compatible with the analytic signal. In fact, we
have the following ([1]):

(31) (WyA=f)(b,a) = (Wi )(b,0) = 5 (WaryAsf)b.0) = As ((Wa D), 0)) (0

for (b,a) € R x Ry. If we do not consider the inverse of Wy, then we need only
¥, f € L*(R) for the definition of W, f and the validity of (3.1), although we imposed
further assumptions on 1 in [1]. The property (3.1) is an advantage of the continuous
wavelet transform compared to the windowed Fourier transform (or short-time Fourier
transform). By this property, we can get the wavelet transforms of the analytic signals of
various original signals, by computing once the analytic signal of ¢, without computing
each analytic signal of the original signals.



SCALING FUNCTIONS GENERATING FRACTIONAL HILBERT TRANSFORMS OF A WAVELET 59

ol T e Uwo

I
—_— T
==V

Figure 7. graphs of f(thin) and | AL f|(thick), a =1 (above) and a =9 (below).

A pair (f,Hf) of a function (a signal) and its Hilbert transform are often useful
([13], [2] and so on). Chaudhury-Unser[6] investigated several properties of H1 for a

wavelet function .

§4. MRA

In order to construct orthonormal wavelet functions systematically, a concept called
multiresolution analysis (MRA) was developed.
In order to explain the idea of MRA, we begin with the situation where we have

already a wavelet function . Set

(4.1) W; = Span{y;  }kez,
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where SpanF denotes the closed subspace of L?(R) spanned by a set F'. We can consider
this space as the space representing the variation of the scale level j. The sequence
{W;},ez of closed subspaces satisfies the following properties.

o feW; < [(2) € Wjp.
o W; LWy (j #E).
e I’(R)=¢&p jez Wj, where @ denotes the orthogonal direct sum.

Next, we set

(4.2) v, =w.

I<j

We can consider this space as the space representing the variation coarser than the level
J. The sequence {V;};cz of closed subspaces satisfies V11 = V; ® W, and the following.

(i Vi C Vi1, 5 € 4.
(i) feV; <= f(2) e Vi

)

)

(iii) NjezV; = {0}.
) U

(iv) UjezV; = L*(R).

Moreover, Vg is shift invariant: f € Vo = Tif € Vy, k € Z. Note that W, for
I < 0 is not necessarily shift-invariant, and the shift-invariance of V[, does not straightly
follows from (4.2). The shift-invariance of W; for I > 0 is straightforward from the
definition. Hence, Uy = m is also shift-invariant. Since Vjj = UOL, the orthogonal
complement of Uy, and since the orthogonal complement of a shift-invariant subspace
is also shift-invariant, we have the shift-invariance of Vj.

The idea of MRA is the reverse of this, that is, we construct ¢ from a sequence of
closed subspaces {V;};cz. Here is the definition of MRA.

Definition 4.1. If V;, j € Z, are closed linear subspaces of L?(R) satisfying
the conditions (i)—(v), where (i)—(iv) is given above and (v) is given below, then the
sequence {V;} ez is called a multiresolution analysis (MRA).

(v) there exists a function ¢ € Vj such that {¢(- — k) }xez is an orthonormal
basis of Vj.

The condition (v) is stronger than the condition that Vj is shift-invariant.

By the conditions (ii) and (v), we have V; = Span{¢; }rez. The function ¢ in
the condition (v) is very important and called an orthonormal scaling function, which
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is referred to as a scaling function for short in this article. In this article, we do not
assume any further conditions to ¢, unless otherwise specified. In particular, it can be
that ¢ ¢ L'(R), and the familiar condition [; ¢(x)dx =1 or #(0) = 1 is not assumed,
may be even meaningless.

If ¢ is a scaling function, then by Vi C Vi, there exists a unique sequence {hg}rez
such that

(4.3) Z hidr k(x Z \/_thS 2x — k) a.e.on R.

keZ kEZ

If we set mg(& Z e ¢ then we have
keZ \/_

(4.4) B(26) = mo(£)p(€) ae. on R.

Each of these equations is called the two scale equation, and mg(§) is called the low-pass
filter associated with ¢.

It is well-known that from a scaling function ¢ we can construct a wavelet function
¢ as follows. (See, for example, [8], [16].)

Theorem 4.2. Let ¢ be a scaling function and mg be the low-pass filter. Let
v € L}, .(R) be a 2r-periodic function such that [v(§)| =1 a.e. We set

(4.5) my(&) = e mo(& + ) v(28).
If we define ¥ by
(4.6) V(€)= mi(£/2) 6(£/2),

then v is a wavelet function.

If we expand my as mq(§ Z _’kg, then we have
kEZ
(4.7) ngqﬁl k Z \/_gkqﬁ 2x — k) a.e. on R.
kEZ kEZ

This is called the wavelet equation and the 27-periodic function m; is called the high-
pass filter. These my and ¢ are said to be associated with ¢. There are many choices
of v. If we take v(§) = 1, then we say that m; and ¢ are naturally associated with ¢:

~

(4.8) (€)= e P mg(€/2+ ) B(€/2).
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Example 4.3. (1) (Haar) Let ¢y = X[0.1) (Figure 8). In this case, V; :=

{f € L*R) | constant on [2%, k;; 1)(k € 7Z)}. Since ¢y(r) = ¢u(27) + du(2z — 1), we
1+ei 1—e i
have mg(§) = . If we take v(§) = —1, then my (&) =

Haar wavelet function ¢y. If we take v = 1, then we have a Wave%et function with the

, and we get the

different sign, which is the naturally associated wavelet function.

¢ (x)

Figure 8. Haar scaling function.

¢ (x) = sinc (x)

X
-3 21 o 12 3 a4
bg (&)
H \ f
-7 0 T

Figure 9. Shannon scaling function ¢s(x) = sinc(x) and its Fourier transform Es;(g)

(2) (Shannon) Let ¢s(x) = sinc(x), that is, 55;(5) =X

case,

(¢) (Figure 9). In this

[—m,m]

Vi i={f € L’(R) | supp f C [-2/m, 2] }.

We have mg(§) = X[ /2,7/2] (§) for || < m, that is, mo(§) = > pez X(—r/2,7/2] (€ +
2km) = xg4(§), where S = Upcy[—7/2 + 2km,7/2 + 2kn] (Figure 10 Left). In this
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mo (&) |1 @]

'
S

-2 - 0 g T 2 -2n -

Figure 10. mo(§) and |m1(€)| for Shannon wavelet.

case, the naturally associated wavelet function is ¢s(z — 1/2) in Example 2.1 (2). In
Shannon’s case, by taking a suitable v(£), we can omit the factor e % in the definition
of my(€), and can take mj(§) = mo(§ + 7), which is real-valued. This leads to the
Shannon wavelet function ts(z) in Example 2.1 (2). It is a special property of the
Shannon wavelet (and so-called MFS wavelets) that both ig(z) and ¢s(z — 1/2) are
wavelet functions. Usually, if ¢ is a wavelet function, then ¢ (x — 1/2) is not necessarily
a wavelet function, while each shift ¢(z — k) (k € Z) is a wavelet function.

(3) (Meyer) We can get scaling functions by smoothing @;, which leads to the
Meyer scaling functions. Let ¢y be a function satisfying the following conditions (Fig-
ure 11).

. Es; € C>*(R), Es; >0, Es; is an even function.

— 4 4
e supp ¢y C [—gﬂ,gﬂ.

o () =1for g < =

o [u(€+7)% + [ful€ — m)|2 =1 for |¢] <

w3

—

Then, ¢y is a scaling function and mo(§) = ¢u(2§) for || < m, that is, mo(§) =
> kez Ou(26 + 4km) (Figure 12, Left).
Further, by taking v(§) = 1, we get

my(§) = e_if@(% +2m) for —2m <& <0, (Figure 12, Right)
() = e/ {Gu(€ + 2m) + Bu(€ — 27)} Im(€/2).
This ¢ is a Meyer wavelet in Example 2.1 (3).
(4) (Daubechies) It is not easy to describe how to construct ¢ ([7]). We have a

sequence y¢, N € N, of scaling functions with compact supports corresponding to nt).
We can construct y¢ satisfying the following.

e supp no(z) = [0,2N — 1].
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du (€)

[SY

47 2 2 47
-2r -— -1 —— e Vs e 27

Gy (x)

Figure 11. 55;(5) and ¢y(x) for a Meyer wavelet.

mo (€) | m1 (€) |

\\ /> /—\ |
0 2—” ﬁ 2I7r ‘ -2r iz O
3 3 3 3

Figure 12. mg(&) and |m1(&)| for a Meyer wavelet.

2
— — 2
3 3

e n¢ € C*W)(R) where a(N) — 0o as N — oc.
e ¢ is the Haar scaling function.

The wavelet functions in Example 2.1 (4) are constructed by taking v(§) = —1.

We end this section by giving well-known conditions for a function to be a scaling
function.

Theorem 4.4. Let ¢ € L?(R). Then, ¢ is a scaling function if and only if
the following three conditions hold ([8] Chapter 7, Theorem 5.2).
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Figure 13. Daubechies scaling functions: y¢, N = 2,3, 8.

(Al) The equality

(4.9) Z |$(£ +2km)]? =1 a.e. on R

keZ

is satisfied. This condition is equivalent to that {¢(- — k)}rez is an orthonormal
system.

(A2) There ezists a 2mw-periodic function mg(§) such that 5(25) = m0(§)$(5) a.e. on
R. This condition is equivalent to that there exists a sequence {hy}rez such that
(4.3) holds.

(A3) lim |<$(2_j§)| =1 a.e. onR.
j—o0

8§5. Main Problems

In the case of Meyer wavelets, Toda-Zhang[14, 15] pointed out the essential part of
the following theorem, which shows that the Hilbert transform of v is associated with

T1/20.

Theorem 5.1. Let ¢ be a Meyer scaling function and i be the wavelet func-
tion naturally associated with ¢. Fiz arbitrary b € R, and set ¢y := Tp¢. Then we have
the following.

(1) ¢ is also a scaling function.
(2) Ify is the wavelet function naturally associated with ¢y, then the Hilbert transform
Hapy is the wavelet function naturally associated with T j2¢p = Ppy1/2-

The statement (1) had already been well-known in the field of wavelets. (2) was
very unexpected and attractive to us. It is very natural to ask the following questions.
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Main Questions:
[Q1] What happens for T.¢, with ¢ # 1/27?

[Q2] From which characteristics of the Meyer scaling functions, do the properties de-
scribed in the theorem come?

[Q3] What happens for other wavelets than the Meyer wavelets?

In order to give our answers, we define two families of unitary operators H. and
Ti, ¢ € R, in the next section.

§6. Unitary Operators . and T/

In this section, we define two families of unitary operators . and T}, ¢ € R. The
operators H. are extensions of the Hilbert transform, called fractional Hilbert transforms
([10], [5] and so on).

Definition 6.1. We define unitary operators H. on L*(R) by
(6.1) H. = (coscm)l + (sinem)H, c € R,
where I is the identity operator. In other words,

(6.2) (Hef)" (&) = {cosem —i(sinem) sgn &} F(§) = e 779 f(),

We have Hy/o = H, and H, is called a fractional Hilbert transform. Here, we use a
different parametrization from the definition in [5] for the compatibility with the other
family of operators TCT .

If f is real-valued, then H.f is also real-valued. Further, we have

(6.3) (f,Hef) = (cosem) || %,

which means that the “angle” between f and H.f is cm.

The family {#.}.cr constitutes a one-parameter group of unitary operators: H.Hq =
Heta, Ho = 1. Further, we have Hory = —He, Heyo = Hey, Hi=—1, Hi=H ' =
H_., where U* denotes the adjoint operator of U.

We also have the commutativity with translations and dilations:

(6.4) HTy =TyHe, HeDy = DyH, for byce R,a € R,.

In particular, H.(fjx) = (Hef)jk, 4.k € Z.

The unitary operators H. are natural operators in the sense of the following proposi-
tion. A limited version was given in [5, Theorem 3.1], where the domain of the operators
consists of only real-valued functions.
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(3]
21 |

Figure 14. 7(¢).

Proposition 6.2 ([3]). Let U be a unitary operator which is commutative with
Ty, D, for every b € R, a € Ry. Then, we have the following.
(1) There exist constants 0,c € R such that U = e?H..
(2) If further U maps real-valued functions to real-valued functions, then there exists
c € R such that U = H,.
(3) Moreover, if (Uf, f) =0 for every real-valued f, then U = £H, /o = £H.

Next, let us define the unitary operators T\, a kind of modified translation opera-

tors.
Definition 6.3. Set
7(§) = (|5| —2m LEJ) sgné =& — 2m(sgné) {EJ (Figure 14),
2m 2m
where |z] = max{n € Z | n < z}. We define unitary operators TJ, ¢ € R, by

z]
(TIH)"(€) = e 7O f(¢).

If f is real-valued, then T) f is also real-valued. The family {7]}.cg constitutes
a one-parameter group of unitary operators: T/ T = TCJr s Tg = I. Further, T are
commutative with the translations (but not with the dilations): T, T, = T1Ty, b, c € R.

Remark. (1) If ¢ = k is an integer, then e~**7(&) = ¢~ and hence T,;r is just
the translation: T,I =Ty, k € Z.
(2) If suppfc [—27, 27], then T f = T..f, ¢ € R. So, in a sense, T)| is the translation
in a low frequency domain.
(3) In the signal processing community, filter design is important. Selesnick[12] designed
a low-pass filter corresponding to H1. This low-pass filter turned out to be the low-pass
filter associated with the scaling function TlT /2¢5.

At the end of the next section, we give several graphs of TlT /2¢ and related functions.
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§7. Owur answers to Main Problems

In this section, we consider general scaling functions. We assume the following.

AssumptionF ¢ is a scaling function, and ' is the wavelet function
naturally associated with ¢.

By the commutativity (6.4), the unitary operator #H,. preserves the MRA structure,
and hence we have the following.

Proposition 7.1. For every ¢ € R, we have the followings.
(1) H.o is a scaling function.
(2) Hc is the wavelet function naturally associated with H.¢.

Unfortunately, H.¢ has bad localization in general. In particular, if ¢ € L'(R) and
c & 7, then H.¢ ¢ L*(R). In fact, (}5 is continuous and (}5(0) # 0, hence 77;(/5(5) has a
jump at § = 0. In Figures 15, 16 and 17, the graphs of H,/2¢ = H¢ for several ¢ are
illustrated.

The following is our answer to the main problems. Note that T.¢ (¢ € Z) is not

necessarily a scaling function.

Theorem 7.2 ([3]). For every ¢ € R, we have the following.
(1) TI¢ is a scaling function.
(2) He is the wavelet function naturally associated with T1¢.

By the property of T) stated in Remark (2) after Definition 6.3, we have the
following corollary.

Corollary 7.3. If suppo C [—27,27], then T.¢ is a scaling function. Fur-
ther, He is the wavelet function naturally associated with Te¢.

The scaling function 77 ¢ does not have so bad localization in many cases. In
particular, if ¢ is a Meyer scaling function, then T¢ = T.¢ € .. We give more
properties of T in Section 8.

This theorem gives answers to the main questions in Section 5.

[Ansl] In the case of Meyer wavelets, H .1, is naturally associated with T.¢p = Teqp®,
¢,b € R. (Now we have ¢, = Hptp and hence Hobp = Hptct).)

[Ans2] supp ¢ C [—27, 27] implies that T.¢ is a scaling function, and H.v is associated
with T,.¢. (Corollary 7.3.)

[Ans3] In general, H.1 is naturally associated with T ¢. (Theorem 7.2.)
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=10 -5

10 -8 -4

Figure 15. Case of Meyer wavelets

. Left: ¢ (solid), H¢ (broken), T 1T /2@ (dash-dot).
Right: v (solid), H1 (broken)

2 4 6

Figure 16. Case of Daubechies wavelets N = 2. Left: 2¢ (solid), Hap (broken), TlT /2 )
(dash-dot). Right: 2t/ (solid), Hatp (broken)

In Figures 15-17, we show the graphs of ¢, Ho = H, /20, TlT/2¢, Y, and Hep = Hy o)
for the case of the Meyer wavelets and the Daubechies wavelets. In the case of Meyer
wavelets, we have T7

| /2¢5 = T1/2¢. In the case of Daubechies wavelets, T /2 ~N¢ approaches

Th/on¢ as N — 00, since ¢ concentrate in [—2m, 27] as seen in Figure 18. In Figure 17,
T 1T /28¢5 looks as if T} /98¢. In both cases, the scaling functions H¢ ¢ LY(R) have bad

localization. TlT /2¢ and H1 have far better localization than H¢. We give a rigorous
result about localization in Section 8.
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1

-5 0 5 10 15 20 0 4 8 12 16

Figure 17. Case of Daubechies wavelets N = 8. Left: ¢ (solid), Hs¢ (broken), TlT /280
(dash-dot). Right: g (solid), Hg) (broken)

@)
05¢
¢
47 -2 2n 4 6n
1s$()|
05¢
——— ——— ¢
—4r -2r 2r dr 6r

Figure 18. Fourier transforms of Daubechies scaling functions: |2¢|, |s¢|

§8. Properties of T/

In this section, we give several properties of Tj , especially localization property.
Let .’ be the space of tempered distributions on R. The operator (1 + |D|?)%/2, s € R,
is defined as {(1+ |D|2)5/2f}A(§) = (1+ |£2)*/2f(€) for f € .#’. From now on, the
derivatives are considered in the distribution sense.

As for smoothness, T)f f and H.f have the same smoothness as f in the following
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sense. For s € R, set H* = { f € " | (1 + |D|?>)*/2f € L*(R)}, which is the Sobolev
space of order s. The following is almost trivial by the boundedness of e~ and

sgné.
Proposition 8.1. Let s> 0. If f € H®, then T f € H® and H.f € H®.
Next, we measure the order of localization of f(x) by the index r € NU {0} such
that (1 +|-|)"f € L?>(R), which is equivalent to f1) € L2(R), 0 < j < r.
For r e NU{0} and s € R, we set
H:={fes |(1+|-)"A+[D?)*f e L*R)}
={/fe S [ (YA+|DP)?f e L*(R) for 0<j<r}
={fe s |{A+IEP) 2 (&} e L*R) for 0<j<7}
—{fes |1+ -P)PJ9D e ’R) for 0<j<r}.

(8.1)

The condition f € H; implies an estimate of decreasing order of f as follows.

Lemma 8.2. If f € H?, then there exists a constant C' such that
W+ DY @) < S w e R
(1 + [af)”
In particular, if s > 1/2, then f € H? implies
C
(@) € 77 z€R
(L+[=])"

Proof. Note that (14 |- |>)7%/4=¢ € L2(R) for every ¢ > 0, and hence f € H?
implies that (14 - 2)8/2-1/4=< §0) ¢ [}(R) for 0 < j < r. This is equivalent to 8%{(1-!—
€]2)5/2-1/4=< f(&)} € LY(R) for 0 < j < r, which implies (-)7(1 + |D|?)*/2~1/4=<f ¢
L>(R) for 0 < j < r. Thus, there exists a constant C' such that

¢ -, v €R.

2\s/2—1/4—¢ T
(14 DR )] £

O

We found that the vanishing moments property of 1 is closely relevant to the
localization not only of H.1, but also of T ¢. For r € N, we say that a wavelet function
¥ has r vanishing moments if (1 + |z|)" ‘v (z) € L'(R) and

/xjd)(w)dxzo, 0<j<r.
R

The Haar wavelet has one vanishing moment, the Meyer wavelets have oo vanishing mo-
ments, and the Daubechies wavelet nt has N vanishing moments. As for the Shannon
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wavelet, we have ¥s ¢ L'(R), and hence we cannot consider the integral in the usual
sense.

Note that if r € Nand f € H?, then (1+]-|)""!f € L'(R) and hence f € C""1(R),
which allows us to talk about [ 27 f(z) dz and fu )(0) for 0 < j < 7. The following is
a variant of a well-known result, and it can be proved in the same way as in [4], though
the assumptions are a little different.

Theorem 8.3. Assume that r € N and ¢,vp € HY. Then, $ and @ are of
C"1 class. Also assume that

(8.2) there exists lg € Z such that QAS(W + 2lym) # 0.

Then, mg is also of C™=1 class. Further, 1 has r vanishing moments if and only if each
of the following conditions is satisfied.

(1) Y9(0)=0,0<j<r.

(2) m(()j)(ﬂ') =0,0<j<r.

(3) ¢W(2kr)=0,0<j<r, keZ\{0}.

Thus, we can consider the condition (3) as a moment condition.

Remark. The assumption (8.2) is a technical condition, and it is satisfied in
most cases where ¢ € C°(R). It is well-known that if ¢ is a scaling function, then we
have
(8.3) > [d(€ +2km)* =1 ae. onR.

kEZ

But this holds only a.e. in £, and it does not necessarily imply (8.2), even if <$ € C°(R). If
we further impose some conditions which imply the uniform convergence of the series in
(8.3), then we can show that (8.3) holds for every &, and hence (8.2) holds. For example,

the condition that there exists a constant € > 0 such that ¢ € H 11 //221':

convergence. In fact, if ¢ € Hll//;f, then we have (1+|D[?)Y/4T</2¢ = (14 |x|) /> (1 +
|DI2)/4+e/2¢ x (1 + [xf)~1/27¢ € L? x L* C L'. Hence, (1 + [¢]>)/4+/25(¢) € L,
which implies that there exists a constant C' such that (1 4 |§|2)1/4+E/2|$(5)| < C.
We have only to show the uniform convergence of (8.3) on [—m, 7], which follows from
|$(£+2k7r)|2 < ¢ < C1+ |£|)1+2E .
T (L€ 4 2km )2 T (14 2[k|m)tH2e

implies the uniform

Now, we fix r € N and s € R with s > 0. We show that the localization condition
¢ € H? together with the moment condition (3) in Theorem 8.3 are preserved by T1.
We also give a similar result about H., whose proof is similar and simpler. As for
H = H /2, a similar result on localization was obtained in [6].
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Theorem 8.4 ([3]). Let r ¢ N and s € R, s > 0.
(1) If f € H? and if 9 (2kn) = 0 for 0 <j<r ke Z\{0}, then T f also satisfies the
same conditions, that is, TIf € HS and (T} f)@)(2kw) =0 for 0< j <r, k € Z\ {0}.
(2) If f € H? and if f(j)(O) =0 for 0 < j < r, then H.f also satisfies the same
conditions, that is, H.f € H: and (’gc\f)(j)(O) =0for0<j<r.

Remark. (1) We can also show the following by similar (and easier) proofs.

() 1 fe CHR) and if fU)(2km) = 0 for 0 < j <r, k € Z\{0}, then T/ f € C""L(R)
and (T4 )9 (2kr) = 0 for 0 < j <, k € Z\ {0}.

(i) If f € C™Y(R) and if f9(0) = 0 for 0 < j < r, then Hof € C™}(R) and
(He )9 (0) =0for 0 < j <.

We first proved these, but we are not satisfied with these, because the condition ]? €
C™ 1(R) is not a good condition as a localization condition of f.

(2) We restricted ourselves to the case s > 0 since we defined the operators TCJr
and H. only on L?(R). We can extend the results to the case s < 0 by extending the
operators T}/ and H. on H*.

Example 8.5. (1) In the case of Meyer wavelets, we can apply our theorem
for all , s € N, and hence we have T ¢, H.¢» € . by Lemma 8.2. Although T){¢, H.1 €
. is almost trivial by the definition, this shows that Theorem 8.4 has enough power to
derive this strong property.

(2) If = ny¢ and 1) = Nt are the Daubechies scaling function and wavelet function,
then we can apply our theorem for r = N and s = 0. In particular, H. x% has also N
vanishing moments.

If N > 3, then we can apply our theorem for r = N and s = 1, since it is known
that yo, v € CH(R) for N > 3. In particular, there exists a constant C such that

C C
ENEDLE |(He n) ()| < A

(T no) ()] <

by Lemma 8.2.
For N = 2, we can show that o0, 210 € H21/ *€ (see [3] for details). Thus, we can
use our results for r = 2 and s = 1/2 4 €. This implies that there exists a constant C

h that
such tha . .

f x T WNT)| >~ 70— oo

by Lemma 8.2.
For N = 1 (Haar), we can have only that (1 + |z|)TJ 1¢, (1 + |z|)H. v € L3(R),
which implies T} 1¢, H. 1¢0 € L*(R) N L2(R).
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(3) As for the Shannon wavelet, since ¢s, s € HY, we cannot use our theorem.
Just like ¢g, s themselves, we have T ¢g, Hotps € L (R) for every c € R.

§9. A generalization of the Meyer scaling functions

If supp $ C [—2m, 27], then we have TCT ¢ = T,.¢. In this last section, we give a class
of scaling functions with this property, which generalizes the Meyer scaling functions.

Definition 9.1 ([3]). A scaling function ¢ € L?*(R) is called a generalized
Meyer scaling function if supp$ Cl—a1,a2],0<a; <27, 0<ay <27, a1/2+as < 2,
ay+az/2 < 2w. A wavelet function associated with a generalized Meyer scaling function
is also called a generalized Meyer wavelet function. Note that the condition (Al) in
Theorem 4.4 implies a; + ag > 27, and the equality holds only if |$| = X ar.a]" The
region of possible (a1, aq) is illustrated as the gray region in Figure 19.

47t

0

Figure 19. The region of (a1, as). The boundary is included except (27,0), (0, 27).

Note that the Shannon wavelet is a generalized Meyer wavelet by our definition.
The Meyer scaling functions are the case when a; = a2 = (4/3)m, and the Shannon
scaling function is the case when a; = as = 7.

In the definition above, it is assumed that ¢ is a scaling function. The following
gives the conditions for a function to be a generalized Meyer scaling function.

Proposition 9.2 ([3]). A function ¢ € L*(R) is a generalized Meyer scaling
Junction if and only if the following three conditions hold (Figure 20).
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5ol
1

-2n —-a, a,-2mn 0 2n-a, a, 2

Figure 20. Graph of |$(£)| for a generalized Meyer scaling function.

(gM1) supp@C[—al,azl, 0<a; <2m, 0<ax<2m, a1/24+as <27, a1+ax/2<
271', a1+a2227r.

(gM2) (&) =1 a.e. on ag — 27,27 — ay].
(2M3) [B(©) + 10(€ — 2 =1 ace. on 27 — ay, as).

Note that (gM1) implies —27 < —a; < a2 —27 < 271 —a; < ag < 27, and the width
of the support of $ is not greater than a; + as < (8/3)w. Also note that the conditions
depend only on the absolute value of &E, and hence if ¢ is a generalized Meyer scaling
function and if |«(§)| = 1, then a(D)¢ is also a generalized Meyer scaling function. In
particular, if ¢ is a generalized Meyer scaling function, then T.¢ is also a generalized
Meyer scaling function, which also follows from that T.¢ = T ¢.

Let ¢ be a generalized Meyer scaling function, and 1 be the wavelet function
naturally associated with ¢. If ¢ € .7, then the three functions T ¢ = Tv.¢, 1, and H.y
also belong to ., while H.¢ ¢ L'(R) unless c € Z.

The generalized Meyer wavelet functions have the following properties.

Proposition 9.3. If ¢ is a generalized Meyer scaling function, then any as-
sociated wavelet function ¥ has the following properties (Figure 21).

(gMw1) supp ¢ C [—2a1, a2 — 27| U 27 — a1, 2az].
(gMw?2) (&) =1 a.e. on [2ay — 4w, —a1] U Jag, 47 — 2a4],

~

(8Mw3) [(2¢ +47)| = [Y(€)] a.e. on [~ar,as —27], [$(26 —4m)| = ()] a.e. on
27 — a1, az2], |V(E)*+ |v(€ —2m)|> =1 a.e. on [27 — a1, as).

This proposition easily follows from (4.5) and (4.6).
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Figure 21. Graph of |’g/b\(£)| for a generalized Meyer wavelet function.

References

Ashino, R., Mandai, T., Morimoto, A. and Sasaki, F., Blind source separation of spatio-
temporal mixed signals using time-{frequency analysis, Appl. Anal., 88 (2009), 425-456.
Ashino, R., Mandai, T. and Morimoto, A., Blind source separation of spatio-temporal
mixed signals using phase information of analytic wavelet transform, Int. J. Wavelets
Multiresolut. Inf. Process., 8 (2010), 575-594.

Ashino, R., Mandai, T. and Morimoto, A., Scaling functions generating fractional Hilbert
transforms of a wavelet function, J. Math. Soc. Japan, to appear.

Butzer, P.L., Fischer, A. and Rickforth, K., Scaling functions and wavelets with vanishing
moments, Comput. Math. Appl., 27 (1994), 33-39.

Chaudhury, K.N. and Unser, M., On the Shiftability of Dual-Tree Complex Wavelet Trans-
forms, IEEE Trans. Signal Process., 58 (2010), 221-232.

Chaudhury, K.N. and Unser, M., On the Hilbert Transform of Wavelets, IEEE Trans.
Signal Process., 59 (2011), 1890-1894.

Daubechies, 1., Ten Lectures on Wavelets, CBMS-NSF Regional Conference Series in Ap-
plied Math., STAM, Philadelphia, PA, 1992.

Hernéndez, E. and Weiss, G., A First Course on Wavelets, CRC Press, Boca Raton, FL,
1996.

King, F.W., Hilbert Transforms, Volume 1, Encyclopedia of Mathematics and its Appli-
cations 124, Cambridge University Press, Cambridge, UK, 2009.

King, F.W., Hilbert Transforms, Volume 2, Encyclopedia of Mathematics and its Appli-
cations 125, Cambridge University Press, Cambridge, UK, 2009.

Mallat, S., A Wavelet Tour of Signal Processing — The Sparse Way, Third Edition.
Elsevier/Academic Press, Amsterdam, 2009.

Selesnick, I.W., Hilbert transform pairs of wavelet bases, IEEFE Signal Processing Letters,
8 (2001), 170-173.

Selesnick, I.LW., Baraniuk, R.G. and Kingsbury, N.G., The dual-tree complex wavelet
transform, IEEE Signal Processing Magazine, 22 (2005), 123-151.

Toda, H. and Zhang, Z., Perfect translation invariance with a wide range of shapes of
Hilbert transform pairs of complex wavelet, In: Proceedings of the International Confer-



SCALING FUNCTIONS GENERATING FRACTIONAL HILBERT TRANSFORMS OF A WAVELET 77

ence on Wavelet Analysis and Pattern Recognition 2007(ICWAPR 2007), Beijing, IEEE,
2007, pp.1565-1570.

[15] Toda, H. and Zhang, Z., Perfect translation invariance with a wide range of shapes of
Hilbert transform pairs of wavelet bases, Int. J. Wavelets Multiresolut. Inf. Process., 8
(2010), 501-520.

[16] Wojtaszczyk, P., A Mathematical Introduction to Wavelets, London Mathematical Society
Student Texts 37, Cambridge University Press, Cambridge, 1997.



