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Sinc-Fractional Operator on Shannon
Wavelet Space

Carlo Cattani*

Engineering School, DEIM, Tuscia University, Viterbo, Italy

In this paper the sinc-fractional derivative is extended to the Hilbert space based on
Shannon wavelets. Some new fractional operators based on wavelets are defined. One
of the main task is to investigate the localization and compression properties of wavelets
when dealing with the non-integer order of a differential operator.
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1. INTRODUCTION

In recent years, fractional calculus has been growing fast both in theory and applications to many
different fields. Several classical and fundamental problems have been revised by using fractional
methods, thus showing unexpected new results [1-3], while more and more new problems were
shaped to fit the theoretical models of fractional calculus [4-7].

In fractional calculus is based on two universally accepted principles: the first one is that the
definition of fractional derivative is not unique, thus giving raise to a neverending controversial
debate on the best fractional operator. The second principle is that, although the missing
uniqueness of the fractional operator, fractional calculus is an essential tool for a deeper and more
comprehensive investigation of complex , non-linear , local, or non-local problems.

Therefore according to the suitable choice of the fractional differential operator, there follows
a corresponding model of analysis so that the physical model and the corresponding physical
interpretation of the results it strongly depends on the chosen fractional operator.

In some recent papers [8-15] the classical Lie symmetry analysis has been combined with
the Riemman-Liouville fractional derivative to solve time fractional partial differential equations.
In these papers, Lie point symmetries have been used to convert a fractional partial differential
equation into a non-linear ordinary differential equation, that can be solved by suitable methods.
Some fractional operators have been used also to study non-differentiable functions [see e.g., [16]
some of them are more suitable for the analysis of non-differentiable sets, or fractal sets like the
Cantor fractal set [4-7] Some fractional operators have been specially defined to analyze complex
functions [17-19]. For instance the chaotic decay to zero of the complex ¢ -Riemann function was
easily shown by using a suitable fractional derivative [19].

Among the many interesting definitions of fractional operators, some Authors have recenlty
proposed a fractional differential operator based on the sinc-function [20]. This function is very
popular in the signal analysis, also because it is a localized function with slow decay. Moreover, it is
the fundamental basic function for the definition of the so-called Shannon wavelet theory, i.e., the
multiscale analysis on Shannon wavelets [21-26].

This paper will focus on the definition of a fractional derivative by the Shannon wavelets.
These functions belong to a special family of wavelets which have a sharp compact support in the
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frequency space, so that their Fourier transform are box-
functions in frequencies. This is a great advantage because, the
frequency domain of a signal can be easily decomposed in terms
of scaled box-functions.

Wavelet theory has been growing very fast so that there
has been also a wide spreading of wavelets for the solution
of theoretical and applied problems. However, alike the
various definition of fractional operators there exist also many
different families of wavelets and this missing uniqueness
it might be considered as a drawback because of the
arbitrary choice. Nevertheless all families of wavelets enjoy
two fundamental properties their localization in time (or
frequency) and the multiscale decomposition. Due to their
localization they can be used to detect, and single out,
localized singularities and/or peaks, while the multiscale
property enable to decompose the approximation space into
separate scales [27]. Thanks to these properties wavelets have
been used to solve non-linear problems and moreover they
are the most suitable tool for the analysis of multiscale
problems.

The sinc-fractional operator will be generalized in order
to compute the fractional derivative of the L,(R)-functions
belonging to the Hilbert space defined by the Shannon wavelet.
In doing so, we will be able to compute the fractional
derivative of these functions by knowing only their wavelet
coefficients. Moreover, with this approach we will be able to
decompose the fractional derivative at different scales, thus
showing the influence of a given scale in multiscale physical
problems.

The organization of this paper is as follows: Preliminary
remarks on fractional operators are given in section 2. In section
3 the sinc fractional derivative, as given by Yang et al. [20] is
described. Section 4 gives the basic properties on the multiscale
approximation defined on Shannon wavelet. The differential
properties of the functions belonging to the Hilbert space based
on Shannon wavelet are given in section 5, together with the
explicit form of the integer order derivatives (see also [24, 26]).
Section 6 deals with the sinc-fractional derivative on the Hilbert
space based on Shannon wavelets , i.e., sinc-fractional derivative
of functions which can be represented as Shannon wavelet
series.

2. PRELIMINARY REMARKS

In this section some of the most popular definition of fractional
derivatives [28-30] are given.
Let us start with the Riemann-Liouville derivative.

Definition 1. The Riemann-Liouville integral of fractional order
v > 0 of a function f(x), is defined as

1
I'(v)

t
/0 (t— 1) f(r)dr,v > 0,
") (0 =

f), v=o.

The Riemann-Liouville fractional operator J* has the following
properties:

@) J* (JPf(1)) = JP (J°f (1)),
@) J* (JPf (1) = J*HBf(p),

_ o+,

“rv = , ,B >0, -1

] TatviD) o, f>0,v>
1

d v At Attv’ 0,
(d)]"e = UF(U)e V>

v ¢ v

= t, 0.

(e)J'c JT0) V>

From this definition there follows the corresponding derivative
according to the following:

Definition 2. Riemann-Liouville fractional derivative of order
a > 01is defined as

di’l

2f (1) = dtn]"*"‘f(t), neN, n—1l<a<n (21)

The main problem with this derivative is the unvanishing value
for a constant function, therefore it was proposed by Caputo the
following [28, 29].

Let f(x) € C" be a n-differentiable function, « a positive value,
then

Definition 3. The a-order Caputo fractional derivative is defined
as

di’l
f(x)’ 0<ael,
dx"
D¢f(x) = 1 x f(”)(r)
dr,t>0, 0<n-—1
To—w Jo o750 020
<a<n
where # is an integer, x > 0, and f € C".
It can be easily shown that:
n—1 xk
(@) J*DEf) =f0 = Y P07, t>0.
k=0
(b) DEJ*f (x) = f (x).
0, forne Nganda < n,
(c) Dgt" = M(n+1
¢ ﬂt”‘“, otherwise.
I'h—a—+1)

(d) DXDEf(x) = DEDf(x) .
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3. SINC-FRACTIONAL DERIVATIVE

Riemann-Liouville (RL) and Caputo (C) derivatives are the most
popular derivatives and have been used in many applications
(see e.g., [2, 3, 16, 18, 25, 26, 29, 31-41]), nevertheless they
both suffer for some unavoidable drawbacks. In particular, the
RL-derivative is unvanishing when f(x) # constant while the
C-derivative is defined on a singular kernel. Because of that,
in recent years many efforts were devoted to find some more
flexible non-singular derivatives. Moreover, due to the fact that
the fractional derivative is not univocally defined, there have been
proposed many alternative interesting new definitions.

Indeed the more general fractional derivative with a given
kernel K(x, o), which generalizes the C-derivative is:

a’f(x)
dx"

, O0<ael,
D¥f(x) = N
/ f<”)(r)K(x— T,a)dr, x>0, 0<n—1<a<n.
0
(3.1)
The kernel should be defined in a such a way that at least the two
conditions

lim K(x—71,a) =1, lim K(x—7,a) =8(x—1) (3.2)
a—0 a—1

hold true, moreover, in order to be a non-singular kernel, it
should be also

lim K(x — 7,a) # 0,

X—>T

Vo . (3.3)
Although there are several definitions of derivatives they all
depend on a kernel. In particular, it can be easily seen that the
C-derivative [42], the Caputo-Fabrizio (CF) derivative [34], and
the Atangana-Baleanu (AB) derivative [43] are some special cases
of (3.1) corresponding respectively to the kernels:

(©) Kx—1,0) = ﬁ(x —g)yne-l

(CF)  Kkx-rt,a) = M@) ez tx-) (3.4)
1l—«

4B) Ka—rta) = 2% g (- * (k- r)),
1—« 1l—«

where the Mittag-Leffler function is taken as

def xk
E, = -
a () gr(akﬂ)

It can be easily shown that all kernels (3.4) fulfill (3.2) while only
(CF) and (AB) fulfill also the condition (3.3).

3.1. The Yang-Gao-Terneiro
Machado-Baleanu Fractional Derivative
[20]

With respect to the integration variable 7 all kernels (3.4) have a
decay to zero, in a such way that for a bounded f(x) the integral
(3.1)2 converges.

Among the non-singular kernels with decay to zero a
fractional derivative based on a sinc-function kernel was recently
defined by Yang, Gao, Terneiro Machado, and Baleanu (YGTMB)
[20].

The sinc-function, defined as Yang et al.[20]

. def SINTTX
sincx = R
X

(3.5)

owns a quite large amount of nice properties, so that it became
a fundamental tools in applied science and signal analysis. In
particular, it was shown (see e.g., [20]) that, for a given x

1
lim —sinc (f) = 5(x) (3.6)
a—0 o o
being §(x) the Dirac-delta function
0, x#0
3(x) =
1, x=0
More in general from (3.6) it is
o1 X—T
lim —sinc < ) =8(x—1) (3.7)
a—0 o o

By using the sinc-function, we have the following definition of
the sinc fractional derivative [20].

Definition 4 (Yang-Gao-Tenreiro Machado-Baleanu). The
YGTMB fractional derivative is defined as Yang et al. [20]

ef 0P * —
DYermef () i P) / sinc Mf(n)(x)df,o <n-—1
l—ao J, l—«

<a<n.
(3.8)

We can see that also this kernel

) K(x—1,0) = "1‘P @ e 2E=D 5

—o l—«o

belongs to the class of kernels (3.1). It can be also shown that this
kernel fulfills the conditions (3.2),(3.3) (see [20]) being

o oalx—1) . aP(a) . alx—r1)
sinc =1, lim sinc

l—« a—>11—«o 1-—-

. aP(a)
lim

=8(x—1),
a—01—a (x—1)

and the normalization constant factor P(«) is such that

lir%[K(x,a)P(a)] = liml[K(x,oz)P(a)] =1
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In particular, there follows from (3.8)

Fr D) — fD(),
£ :

O0O<n—1<a<n).

a=0

DYGrasf (n)(x) = a=1

3.1.1. Polynomial Approximation of the Kernel
The sinc kernel (3.9) can be written also as an infinite product as
follows. Starting from the known product:

oo x2
sinx = xl_[ (1 — k27'r2>
k=1

by taking into account (3.5) it is

. _ sin(mx) 1 ad (7rx)?
sinex = —— _;WYH (1 ~ e )

so that
o0 2
X
sincx = 1_[ <1 — k—z)
k=1

It should be noticed that in the interval [—1, 1] the sinc-function
can be approximated by

n xz
sincx = 1_[ (1 - k—z)
k=1
so that if we define as the error of approximation

n xz
sincx — l_[ (1 — k—z)

k=1

e(n) =

we have

maxe(l) < 0.14, maxe(2) <
0.055, maxe(4) < 0.04,
so that already with n = 1:

0.08, maxe(3) <

sincx = (1 —x)
the error of approximation in [—1, 1] is less that 15%.

It should be noticed that with this approximation the
YGTMB-derivative (3.8) becomes

P x 2
Dyrapf(x) = Oll_(ofx) ) [1 — (liia)Z(x _ f)2:|f(")(x)dr,
<n—-l<a<n
that is
P 3p
Digrmpf(x) = %(aa) [f(n—l)(x) _f(n—l)(o)] _ %

X
/ (x — T)Zf(”)(x)dr, 0O<n—l<a<n

By assuming as a normalization factor

PR
Py = L=

we get

Dimm () = (1= e [f* V) — £ (0)] = o

/ (x — ‘L’)Zf(n)(x)dt, 0<n—l<a<n
a

so that the fractional derivative can be seen as the interpolation
between the function and its derivative (as shown e.g., in Cattani
[25, 26]).

3.2. Sinc Fractional Derivative With
Unbounded Domain

Let us consider the integral of sinc function over the unbounded
domain [—o00, 0o]. By a direct computation it can be shown that

 sinmx U sinmx
/ dx =1, / dx = 1.17

Lo X 1 TXx

so that the sinc-function is a function mainly localized around
the origin. In fact, the sinc function is known as a function with
a decay to zero, therefore we can extend the definition (3.8)
over the unbounded domain R so that we can define the sinc
fractional derivative as the YGTMB fractional derivative on the
unbounded domain R, that is

Definition 5 (sinc fractional derivative). The sinc fractional
derivative DS of a function f(x) is defined as
o aP(a) [ alx—1
Dgf(x)d:f (@) ¥f(”)(x)dt, 0<n—l<a<n
l—o J_ —o
(3.10)

where the normalization factor P(«) is chosen to fulfill conditions
(3.2), (3.3) and the kernel is

Kx—1,0) = Tp(a)sin alx 1) .

—a 1l—«

In particular, we can also assume

so that

S, B=log, ——
o= , =lo

1—26 g27_
and the derivative (3.10) can be written as

n

n+1°
(3.11)

o0
Dif(x) & —2f / sinc 281 — 28 x)f"(v)dr, 2F <
—00
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4. SHANNON WAVELETS

The sinc-function plays a fundamental role also in wavelet theory.
In fact, the basic functions (scaling and wavelet) of the so-called
Shannon wavelets (see e.g., [21-26]) can be defined by the sinc
(3.5). In this section, some remarks on Shannon wavelets and
connection coefficients are shortly summarized.

4.1. Preliminary Remarks
Shannon wavelet theory (see e.g., [21-24]) is based on the scaling
function ¢(x), also known as sinc function, and the wavelet
function ¥ (x) respectively defined as

a@f sinmx €T — e T

p(x) = sincx =

TX 2mix

sin 277 (x — %) —sinm(x — %)

¥ (x)

-~ %) (4.1)

e*Zin'x(_i_,’_einx+63iﬂx+l~e4i7rx)

(=)

The second function can be expressed in terms of the first, as

V) = 20(2x — 1) — plx— %) (4.2)

The families of translated and dilated Shannon scaling functions
[21-24], are

i 2"x — k
¢Z(X) — 2”/2<p(2"x —k) = 2"/2M

7 (2"x — k)
3 2n/2 em’(z"xfk) _ efm‘(Z"xfk)
- 2mi (Z”x — k) ’
2n/2 > 54 s
= — 1—(-1 —k
2ni(2"x—k)§ s! [ = )]( )
2n/2

T e @2 — k)

- Zni(Z”x—k) ;
o s—1:5—1

_ on/2-1 Tt

=2 ;751 [1

K

(4.3)
By a direct computation it can be easily shown that this series can
be also written as

— (—1)5] (Z”x —

25

n 2s
(2s+1)! (2"~ k)

or(x) = 2"? Z( 1) (4.4)

that is

25 2s

n s 2s n,.\Jj s—j
opo) =2"2 Z( Vo Z(}.)(z XY (=K (4.5)

In the special case when k = 0, from (4.4) we have

22ns 2s

__~n/2 s
o5 (x) =2 Z( D' H),

(4.6)

while for the translated instances at the zero scale n = 0 we obtain
from (4.4)

2s

e > s T s
i) = p(x — k) = §<—1> o K* @47)

Analogously, the translated and dilated instances of the Shannon
wavelets are

40 o2 sin 27 (2" x—k—f)—smrr(Z”x—k—f)
x) = ,
k w(2nx—k— 1)

2”/2
— Z 147 rrm(Z”x k) 1 r 7rn1(2"x k)

2m(2"x — k — f)
(4.8)
or, by taking into account (4.2)

Yi(x) =207 (x) — @ (x — 2) (4.9)

and Equation (4.3), it is

Y =272y T

From (4.9), by taking into account (4.4), it is

Y (x) = 2"/ Z( 1)° [23/2 (2”+1x — k)zs

(23 + 1)!
[k -2 (4.10)
so that at the zero scale n = 0 it is
def ad E 2s
Vi) &0 = wx— k) = g( D m{zw

(25— K — [(x_ R - ;]2}

and, at the origin k = 0

U E i) = 2””%(—1)37”25 {272 @1
0 gt (2s + 1)!

- (@2}
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By assuming,

PJ(x) = o(x), Yo (x) = Y (%), L (x) = plx—k),

YP(x) = Yr(x) = Y (x — k),

o(x) =

and taking into account (4.4),(4.10) the fundamental functions
@(x), ¥ (x), can be expressed as the power series

25

25
o) = Z( G
(4.11)

2s
Z( |:225+3/2x2s . (x o %) i| )

4.2. Properties of the Shannon Wavelet
Shannon wavelets enjoy some interesting properties. In
particular, when they are evaluated at some special points they
assume some very simple expressions. For instance, according to
(4.3), it is

Y(x) =

(2 +1)!

o(h) = gp(k) = o(h — k) = p(k — h) = 8, (h, k € Z),
(4.12)
so that
0, h#k (h keZ)
o(h) = 8, =
1, h=k (h kelZ)
Analogously we have [24]
2h—k 21t/ +1
Mh) = (17" , 2" h—2k—1+#0
V) = D e € #0)

. 11
Yi(x) =0, x = <k+£:l:§>, neN, keZz)

lim  yl(x) = —2"28,
x—>27"(h+3)
(4.13)
being,

¥2(0) = (—1)kH!

Qk+
and sincek € Z, 2k + 1 # 0.

It can be shown (see e.g., [25]) that both scaling and wavelet
functions are bounded, being:

max[p(a)] =1, xm =k (4.14)
I (k + l)
6
max[y (xm)] = 2"/2371£, xM =
—n—1
(18k + 7),
(4.15)

and

11m oy "(x) =0,

x— 100

. n _
xlilroc wk () =0.

4.3. Shannon Wavelets in Fourier Domain

In order to define the multiscale analysis, based on Shannon
wavelets, we need to define the Hilbert space of functions that
can be reconstructed by them. The Shannon scaling function
owns a very simple expression in the Fourier domain, therefore
it would be easier to define the scalar product in Fourier domain.
To this purpose we define the Fourier transform of the function
f(x) € L,(R), and its inverse transform as

def

flo) =) = - [ fedx,  f(x) = [ Fl@)e™ do.

The Fourier transform of (4.1) give us [23]

Y 1 _J1@n), —-rn<w<nm
Plw) = EX(Q) +3m) = { 0, elsewhere

~ 1 .
V(@) = —e? [x(20) + x(—20)]

(4.16)
with

1, 2n <w < 4m
0, elsewhere.

x(w) = {

The Fourier transform fulfills many interesting properties and
among them the following:

S
@f(x) = (iw)"f(w).
(4.17)

o) = 7@ (x — b) = e~ b7,
flax) = —f(—), flx—b) = ™f(w),

So that for the dilated and translated instances of scaling/wavelet
function, in the frequency domain, are

2—11/2 . "

@?(w) = 761wk/2 x(@/2" + 37)

2—71/2
2

oK [y (/2" + x(—w/2" )]

(4.18)
For the integer order derivatives of scaling and wavelet, according
to (4.17), it is

V)

7 . R
) = (i)' @} (), V) = (i) Y (@) (4.19)

and, thanks to (4.18), we get

—

4

‘;wk(w — (i) ’”"/2 x(@/2" + 37),

— o (4.20)
n . 22 i iw(k+1/2)/2" n—1

ka(x) = (iw) Te [X(Cl)/2 )

+x(—w/2"h)].
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The simple form of these derivative will help us to easily define
also the fractional derivatives of these functions. Moreover, as
we will see in the next section they form a basis for the L,(R)-
functions.

4.4. Wavelet Analysis and Synthesis

Both families of Shannon scaling and wavelet are L,(RR)-
functions, therefore for each f(x) € L,(R) and g(x) € Ly(R),
the inner product is defined as

def

/ f ) gdx, (4.21)

where the bar stands for the complex conjugate. By taking into
account the Parseval theorem

/ f(x) (@dx =2 / ]?(a)):gTa))dw,
it is

(ﬂg)d:ef/_ f(X)@deZn/_ T (@3 @)dw =27 <7§>,
(4.22)

Shannon wavelets fulfill the following orthogonality properties
(for the proof see e.g., [23, 24])

(W] ), " (0) = "8k » (@) (), ) (%)) = Skn »
(@) ),y (o) =0,

m=>0, (4.23)

8™, 8pk being the Kroenecker symbols.
Let B C Ly(R) the set of functions f(x) in L,(R) such that the
integrals

ar & (), r()) ¢ f(x)fﬂ (x)dx

(4.24)

B def (4.22)

(), () / FCTTdx,

exist with finite values, then it can be shown [23, 24, 27, 44], that
the series

oo o0

Z ah(ph(x)+z Z ﬂkwk

n=0 k=—o0

fx) = (4.25)

converges to f(x). So that each function f(x) € B C Ly(R) can be
expressed as the wavelet series (4.25), and it is fully characterized
by the wavelet coefficient , , B

According to (4.22) the coeflicients can be also computed in
the Fourier domain [24] so that, together with (4.24) we can

alternatively use the integrals

I —~~ .
flw)e“*dw,

o =
—7T
2"+17'[
/3,': — /2 |:/ }c‘(w)eiw(kﬂ/z)/z"dw (4.26)
"
2"
,2n+17.[
In the frequency domain, Equation (4.25) gives [24]
q y q &
1 o
iy _ iwh
fl) = —x(@+31) ) ape
h=—00
1 oo o0
+ EX(w/Zn_l)Z Z 2—n/2ﬂ;:elw(k+l/2)/2
n=0 k=—o0

1 L = : .
+ EX(_w/zn I)Z Z 2 n/ZﬁlZLezw(kJrl/Z)/Z )

n=0 k=—o00

When the upper bound for the series of (4.25), is finite, then we
have the approximation

K N S
D anen®)+ > Y B

h=—K n=0 k=-—S§

flx) = (4.27)

The error of the approximation has been estimated in Cattani
(24, 26).

5. CONNECTION COEFFICIENTS AND
DERIVATIVES

Let us assume that a function f(x) € B, so that f(x) is a function
belonging to the Hilbert space based on Shannon wavelets and
thus being represented in the form of (4.25). In this section
we will give the explicit form of the n-order integer derivative
f () (x) and the sinc fractional order derivative Dgf(x). In order
to get these derivatives we need to compute the £-th integer order
derivatives of the Shannon family (scaling and wavelet functions)
@n(x), ¥/ (x) and the sinc-fractional derivative. The Equations
(4.20) already give us the expression of the £-order derivative in
the Fourier domain. In the following sections we will give the
explict form of these derivatives also in the space domain.

5.1. Integer Order Derivatives of the
Shannon Wavelets

It can be shown that the integer order derivatives of the Shannon
family can be expressed as orthogonal wavelet series [23, 24, 26]
as follows:

Frontiers in Physics | www.frontiersin.org

October 2018 | Volume 6 | Article 118


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Cattani

Sinc-Fractional Operator on Shannon Wavelet Space

Definition 6. The integer n-order derivative of the Shannon
scaling and wavelet functions are
L i D o),
—on(x) = X
dxl Ph Rt x Pk
N (5.1)
dz m - - (Z)mn n
Wl/fh (x) = go ; >
being
(0) a 0 4 d’
)‘kh = <W(pk (), ¢y (x)>: 7/( )ZZ’I = <W‘plg () ’1//;:’1 (x)> >
(5.2)

the connection coeflicients [21, 23, 45-50].

It should be noticed that the connection coeflicients are not
symmetric. In fact it is

d@
<<p2 (x), ng (x)> ,

and by taking into account (4.23), there follows that

d@ 0 0 dﬁ (] 0
<W‘/)k (%), (%8 (x)> = W <(/)k (%), (%8 (x)> -

2O _

©
kh — _khk

h+#k
Analogously we have for the coeflicients

v =y

The connection coefficients can be easily computed so that it can
be shown [21, 23, 24]

Theorem 1. The connection coefficients (5.2); of the Shannon
scaling functions gy (x) are

(— l)k h+t ° it XZ:L[(_I)S— 1] k;éh
2O _ 2 sl[i(k — h)]t—s+1 )
kh —
jtgttl .
eyl L K — i,
(5.3)

when £ > 1. When £ = 0, it is

=S -

For the proof see e.g., [23].
Analogously, by defining the sign-function p(x) =sign(x), it
can be shown that

fort > 1, and
y O = Sud™ (5.5)
£ = 0 respectively.

For the proof see [23].
As a consequence of Equations (5.3),(5.8) the {-order
derivative of the basic functions (4.11) are

d* o . (0)
W‘P(x) = Z Aok ©r(x)s
k=—00
dt >
VW =3 Z y O, (5.6)
X =0 ke—oc
o0
= Y YR,
h=—00
with
¢ ! s
0\
NS . RN ) A
ok =
S| ,
— |1 —1 k=0,
271(6-1—1)[ +( )]
(5.7)
and
041
y(wgg = M(h){ Z(_l)[1+u(h)](2£—s+1)/2
s=1
(z[lzi-:l)f”:‘s( 1)~ s=2hpy—s—1 [2€+1 (_1)4h+s
V4 s h+e 3h+ (5'8)
H=1) ] = 2 [0 (-] | Lk 0
721
o = [iezﬂ (! —1)(1+(—1)‘)},h=

In particular it is

(o) &t i tt1
X AOO =
2w +1)

[1 + (—1)[] (5.9)

It can be easily shown that 1O = 0 for odd ¢ so that we have

2s
Theorem 2. The connection coefficients (5.2), of the Shannon 20 — (—1)572 11 A =2s (s=1,2,...) (5.10)
wavelets 1//,:‘(x) are 0 ’ A=2s4+1 ”
0) Nl LT 2btk ynt—s-1
nmo_ o k)§m NI =S - —-1)—°" A
Y kh u( ) ;( ) (E—S—I—l)!|h—k|s( )
x [2K+1 [(_1)4h+s + (_1)4k+é] — s [(_1)3k+h+€ + (_1)3h+k+s] ]}’k +h (5.4)
@2 nl—1
YO = o T = DA+ (DY) | k= h
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For instance according to (5.6), (5.7) a good approximation of the
2nd order derivative of ¢(x) is

1 1
2<p(x> = Z I 1) = =920 + 2910 — ()

k=-2

1
+2¢1(x) — ?Pz(x) .

Also for higher derivatives with high amplitude, the
approximation is quite good. For instance according to (5.6),
(5.7) for the 7-th derivative of ¢(x) a quite good approximation
is obtained with 15 terms

d* A
TP = D Ay o)

k=—7

5.2. Properties of Connection Coefficients
The connection coefficients own many interesting properties like
e.g., the following for the scaling functions

Theorem 3. The connection coefficients (5.3) are defined
recursively by

(41
) - (- T e, ke
z+1) k—h
K—}—l (Z) (_i)€+1n£+1
Ajn T g k=h,
T2 (+2
(5.11)

Proof: see [26].
Analogously for the coeflicients y.

Theorem 4. The connection coefficients (5.8) are recursively given
by the matrix at the lowest scale level:

y(Z)nn — ot—1) y(f)ll (5.12)

Proof : see [26].
Moreover we can easily check that

y(2Z+1)ZZ — _y(2£+1)ZZ y(ZZ)ZZ — y(ZZ)ZZ .
5.3. Taylor Series

By using the connection coefficients, and taking into account that
the basic functions, according to (5.1), are C*°-functions, it is easy
to show the following theorem:

Theorem 5. Let f(x) € B C Ly(R) the £ > 1 order derivative is
given by

Z Z By R ()

n,m=0 k,s=—o0

[e.¢]
14
Do ko) +

hk=—00

O =

(5.13)
where the coefficients oy, By are given by (4.24) (or (4.26)) and the
connection coefficients are given by (5.3), (5.8).

Proof : The proof easily follows from Equations (4.25), (5.1).
O

Theorem 6. Iff(x) € By C Ly(R) andf(x) € CS the Taylor series
of f(x) in xg is

f@) = flo)+ ) Z o M1 p(x0)
r=1 | h,k=—00

+ Z Z rin— 1),3” (r)llllfs( o) (x_r!x())

n=0 k,s=—o00

(5.14)
being ay, and ,Bl’: given by (4.24), (4.26).

Proof: From (4.25), the £-order derivative (£ < §) is

o0 d[ o0 o0 d[
fO0 = D angen@+y Y B W,

h=—00 n=0 k——oo
00

DY Y lawrY YA Y

h_—oo k=—oc0 n=0 k=—o0 m=—o0

Z y(l)mnws (x)

= Z o A i) + Z Z By (),

h, k=—00 n,m=0 k, s=—o0

so that by taking into account (5.12) the proof follows.
]

By a suitable choice of the initial point xo Equation (5.14) can

be simplified. For instance, at the integers, xo = j, (j € Z),
according to Equations (4.12), (5.12) it is
S
fO =+ Z o 1) Z
r=1
i 2r(n—1)+1+n/2 ,Bn (r)lll/f ( ) (x_j)r
@mtlh —2s — )7 r!
k,s=—00

In particular, for x) = j = 0, Equation (5.14) gives

fl) = <0)+Z Y anie0+ Y
n=0

r=1 | hk=—o0
() " x
rin— n T
Y 2B e | S
k,s=—
= (5.15)
o0
=)+ Zahk +Z
r=1 | h=—oc0
o 1 11 x"
Z 2r(n= )ﬁ;?)/(')skws"(o) ;
k, s=—o00 ’
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and since
14+n/2

%"(0) = (—1)Sm,

(—2k — 1 0)

we get

f@) f(0>+2[ Yooty >
h=—00 n=0 k,s=—o0

(_ )s+12n(r+1/2)+1 r
B
@2s+ )

(5.16)

with A(r) given by (5.7) and y ’)” by (5.8) respectively. So that
each functlon flx) e B C LZ(R) can be easily expressed as a
power series, when the finite values of the wavelet coefficients «y,
ﬁi’ are given, according to (4.24),(4.26).

There follows, in particular, the Taylor power series for the
basic functions ¢(x), ¥ (x):

- (r)
px) = 1+;(h_z ) -
B (_1)s+12n(r+1/2)+1—r ; (r)ll X
S +Z (Zo kS_X_:oo @iox K)o
(5.17)
2
being ¥(0) = ——, according to (4.1).
T

For a fixed r the series
def
AT Z M) r=Lh#=0
h=—00

is converging, as can be easily shown by using Equation (5.7). In
particular it is

h h 2
m_ D o_ D © I 6
Aho__T’ Mo =2 2 Mo = (=1) T_E

2 4 2

(4) h 4 24 (5) _ h T 20 120
Mo = (1) (ﬁ—hﬁ > =CUH T T s
© i 1202 720
Mo = —(=D) ( T +F

Moreover, since for odd it is A = 0 while for even r it is
o0

2r (r)

=2 Z )‘ho’
h=0

so that ¢(x) can be written as the power series

r>1Lh#=0

0 r

A
-y

r=0

o (x) (A°¥)

The first (approximated) values of the coeflicients A are:

A =1, ,A' =069, ,A> =164, ,A° = —1.43,,

At =974, | A° =6.19

In particular, the Taylor series for the wavelet function v (x) can
be also easily computed as follows:

dlf 4
Y0 = w(0)+2( W)) =
(=1 x=0 "
.6, 2 o0 o0
5 1&56) 7; +Z( Z y([)00¢k(0))
(=1 k=—00
@13 2 = - ()00, 1\k+1 2 ﬁ
= n+;(§oy oD o | @
that is
[ - kel 2 oo | ¥
- _1 R
Y(x) = +; k_Z_: A s ine A (4 Iy

(5.18)

6. SINC-FRACTIONAL DERIVATIVES FOR
THE FUNCTIONS F(X) € B c L2(R)

The sinc fractional derivative (3.10) is defined by a sinc kernel
over an infinite domain. Although the sinc-function is the basic
function for Shannon wavelet, this kernel is not a Shannon
scaling function for the reason that the sinc function depends
on the fractional (non-integer) order of derivative. On the other
hand as shown by the Equation (5.13) the n-integer order
derivative can be written as a linear combination of ¢y (x), wlz" (x).
Therefore, in order to give an explicit form to (3.10) as a function
of Shannon wavelet and connection coefficients, we need to
compute the scalar products of Shannon scaling and wavelet with
sinc-function.

6.1. Scalar Products of the Shannon
Scaling and Wavelet Functions With

Sinc-Function

In this section we consider the scalar product of the sinc
function with the Shannon scaling and wavelet functions and
corresponding derivatives. We need these products to compute
the sinc fractional derivatives.

6.1.1. Scalar Product of the Shannon Scaling
Function With Sinc-Function
Let us assume a, b € R and show the following theorem:

Theorem 7. The scalar product ot the scaling functions gi(t) with
the sinc-function is

2%Tsinc (b+k), a=>1
(sinc (at — b), pr(1)) = (6.1)
27 e (b+k)

a2

,a<l1.
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Proof: 1t is by definition

o0

(sinc (at — b), gr(1)) = / sinc (at — b)gi(t)dr .

—0o0

According to (4.22) this product can be easily done in the Fourier
domain,

(sinc (at — b), (1)) = Zn(sincz{r\— b),(p/-k(?))

from where by using the properties (4.17) it is

—

®
sinc (—

)
a

4.16 w
@~ (@ 4 3m)

— 1 — w : 1
sinc (at — b) = ~sinc (—)e @, —
a a 2 a

so that by taking into account (4.18);

11 . .
(sinc (at — b), i (7)) = 27r7—(e_’b“’)((9 +37), ey (w + 37)) .
almw a

The integral can be easily computed, being

<e—”’wx(§ +37), ey (o + 37))

/ e 0RO (Z 4 37y (w + 37)dw)
oo a
! ..
There follows that, if — < 1itis
a

0 ) w 0 .
[ e TR0 (Z 4 37) x (0 + 37)dw = / e 0y (0 + 3m)dw
— 00 a

—00

o
= / e bthe g4y — 27gine (b4 k) .
—TT
. 1 .
While for — > 1itis
a

/ e e (Z 4 3y (0 + 37)dw = /
o a

—00

ef’-(Hk)”’)((g + 37)dw
a

pid

_ /7 emilb+hw g

b
a

2w

(b+k)
sinc .

From where there easily follows the result (6.1).

there follows

?x\—r loa—-1 _;« oa—1
sinc ( ) = — e a1y w+ 37
l—«a 27«
so that, by taking
o o
a= , b= x
oa—1 oa—1

from (6.1) we get

. o o
<smc <oz — 11’ — . lx) ,<Pk(f)>
27 (o — l)s'

o
1nc< x+k>, oa>1
a—1

27 (a0 — 1)? a—1
#sinc (x+k ), a<l1.
o o

o
(6.2)

Analogously we can give an explicit form to the scalar product of
the integer n-order derivative.

Theorem 8. The scalar product of the n-th order derivative

(p}((”)(r) with the sinc-function is

T

(iw)"e ROy, a>1
. Wy ]
(sinc(at — b), ¢, (7)) = z
" (iw)'e TH0d, a <1
¢ (6.3)

Proof: Tt is

(sinc (at — b),(pl(cn)(t)) = /oo sinc (at — b)ga,(c")(r)dr )

—0oQ

According to (4.22) this product can be easily done in the Fourier
domain,

(sinc (at — b),gol((”)(r)) = Zn(sinc@-r\— b),gol(cn)(r))

from where by using the properties (4.17) it is

O
. . . — 1 ; w
In particular, according to (4.17), it is sinc (ar — b) = e—zwa(i +37)
2ma a
sine S5 = ine (-0 ) e e gine ( - 11) (1) = (10)"gi(7) = ()" ™y (@ + 37)
so that by taking into account (4.18);
that is
S (sinc (at — b),go,((")(r))
. a(x—r)_a—l_i%xwf-\ a—1 11 ‘ © ‘
T Ty T Ta ¢ e\ ) = 27— — (7 (= + 37), (iw)"e "y (w + 37)) .
a?mw a
Since we have The integral can be easily computed, being
— . 1 . w .
sinc (1) (416) z—x(w + 37) (e ™y (= + 37), e *x (w + 371))
b a
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o0
/ (iw)"e 100 1 (2 4 370y (w0 + 37)dow) .
o a
o1 ..
There follows that, if — < 1itis
a

/oo(zw)" i(b+k)e (9+3n)x(w+3n)da)

/ oo(ia)) b+Ro (@ + 37)dw

/g

(za))" i(b+-k) “’da)

—TT

1
While for — > 1itis
a

/00 (iw)"e bHhe ( +37) x (w + 37)dw

o0
/ (i) 0 (2 4 37)des
oo a

71

(lw)n b+k)wdw

Z
a

From where there easily follows the result (6.1).
In particular, for the first derivative it is

2

b+k

T
(iw)efl(bJrk)wda) —

-7

[sinc (b + k) — cos(b + k)]

and
@ , 2 b+k b+k
. n_—i(b+k)w _ . _
/-Z(zw) e dw = iR |:smc p; acos p; 71]
so that
(sinc (at — b), ¢ (7))
2
ﬁnk [sinc (b+ k) — cos(b + k)n] , a>1
= (6.4)
2 sincb+k— own a<l1
a(b+ k) a )

In general the scalar product of the n-order derivative (with n >
1) is given by the lengthly computation of the integrals (6.3). In
the next section we will see that this computation can be avoided
by using the connection coefhicients.

6.1.2. Scalar Product of the Shannon Wavelets With
Sinc Function

Analogously, for the derivative of the wavelet function it can be
easily shown that

Theorem 9. Let a, b € R, the scalar product ot the wavelet

functions ! (v) with the sinc-function is

on/2+1
a2 b —2k—1)

(sinc (at — b), ¥/ (1)) = T}(r,a,b) = &

0 ,a<l1

1
X9 sin (Ea(2b —27"1 + 2k))> 7 4 cos(=2"b+ k) , 2" < a < 2"t!

sin (—2"*1b + 2k) 7 + cos(—2"b + k)7 , 2t =g
(6.5)
Proof: Tt is
o0
(sinc (at — b), ¥/ (1)) = / sinc (at — b)Y (7)dr .
—00

According to (4.22) this product can be easily done in the Fourier
domain,

(sinc (at — b), ¥} (1)) = 27 (sinc (m: b), tﬂk)
from where by using the properties (4.17), it is
— 11 .
sinc (at — b) = 77}((8 + 37)e 0w
anr’ a

so that by taking into account (4.18);

—n/2 . w ) n
(sinc (at — b), W}?(T)) _c <e—1wa(7 + 37T)’ezw(k+1/2)/2

2am a

[x(@/2" ) + x(—w/2" 1))

that is

—n/2 ; n n w
(sinc (at — b), ¥/ (1)) = —— <e"“(k+1/2_2 b)/2 x(— +3m),

2am a

[x(@/2"™) + x(—0/2")]) .

Let us notice that the value of the scalar product (and then
of the integral) depends on the non-vanishing values of the
characteristic function. On the other hands the characteristic
function x depends on the values a, n ,k. In fact the non-
vanishing values of the characteristic functions are

X(g+3n):1, if —ar < < an
a

x(@/2"H =1, if 2"7 <w <2"2n)

x(—w/2" Y =1, if —2"Q2n) < w < —2"7

There follow three cases:

1. ar < m.In this case a < 1, the characteristic functions have
some disjoint intervals and the scalar product vanishes

<eiw(k+1/2*2nb)/2nX(% +37), [x(@/2" ) + x(=w/2" M) =0
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2. 2"7 < am < 2"(27). Here we have 2" < a < 2"t1 the
integral becomes

(eiw<k+1/2—2”b)/2”x( +37), [x(w/Z” D+ x( w/zn_l)D:

/72”7{
—an

2ﬂ+2
T oty k1

_ io(kt1/2=21b) /2" 5

ol 1/2-270) /2" 5 /””
M

3. 2"(2m) < am. We have 21 < g so that the integral is

[sin <%a(2b —27"1+ 2k))) 7 + cos(—2"b + k)n] .

(et X(% + 37, [x (/2" ™) + x(—0/2 )] =

2N 2n+ln
_ / Golker1/2=270)/2" g / gio(kt1/2-2"0)/2" 4
,2n+1ﬂ M
2n+2
= Sy k1 [sin (—2”+1b + 2k) 7 + cos(—2"b + k)n] .

From where we obtain (6.5). O

6.2. Sinc-Fractional Derivative of Functions
f(x) € B C Lo(R)

In order to define the sinc-fractional derivative for the functions
f(x) € B, according to the reconstruction formula (4.25) we
need to compute the sinc-fractional derivative of the scaling and
wavelet functions. These derivatives are given by the following
theorems.

Theorem 10. The sinc-fractional derivative (3.10) of the scaling
function @y (x) is

o
—2m7P(a) Z A;’;() X

D§op(x) =
k=—00
sinc ( x—}-k) a>1
o —
) (6.6)
e sinc (x—l—la k), a <1
-«

Proof :  Starting from the definition (3.10) of the sinc-derivative
it is
0) aP(x)
11—«

alx—1) d"

- dtnwh(t)dt, (6.7)

S ©n (x)

—00

According to (4.22), the derivatives (6.7), can be written also as
scalar product,
<sinc

From here by using the integer order derivatives (5.1) we

dn
T dtn

alx —1)
l—«o

P
D) = 2P

§0h(7)>’ (6.8)

— o

aP(x)

@h( )_ > (Pk(f)>» (69)

alx—1)
(n) [ .

Ay, (sing ———
Z hk<1 1 o

k=—o00

So that the computation of the sinc-fractional derivative of a
function, that can be expressed as wavelet series, is reduced to
the computation of the scalar product:

<sinc

which is given by (6.1) with

alx — 1)
1

,<pk(1)>, 0<n—1l<a<n (6.10)

It can be easily seen that these inequalities imply

a>l—aoa>1, a<l=—a<l.

From these inequalities, by taking into account (6.1),(6.9), there

easily follows (6.6).
O

Analogously, we have for the Shannon wavelet fractional
derivatives the following

Theorem 11. The sinc-fractional derivative (3.10) of the Shannon
wavelets ¥, (x) is

aP(a) &
—a

Wh()—

2

s=0

i y(n)ms 25/2+1(a _ 1)
hk am (25T 2 — 2k — 1)
k=—00
0, a<l (6.11)
1 _
X sin(2 -2 S(1+2k)))71
+ cos(—2° % x—l— k)n, 25 < g < 2°t!
sin (—25+1b+2k)n + cos(—2°b + k), 2l > g
Proof: From the definition (3.10) it is
(3.10) olP(Ot) —1) d”
SV (%) lﬁh( t)dr, (6.12)

1_

According to (4.22), this derivative can be written also as scalar
product,

T)

(x—
1—

Sy (x) = I/Ih( )>, (6.13)

aP(a) < o
sinc
-« dt"

so that by taking into account (5.1) which gives the integer order
derivatives it is

aP(a) &

lﬁh()—1

Z Z y(”)ms<smc (1 2 s V(T )> (6.14)

s=0 k=—o00

and using (6.5) we get (6.11).
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Equations (6.6) and (6.11) enable us to compute explicitly the
sinc-fractional derivative of any function belonging to the Hilbert
space B C Ly(R). In fact, let f(x) € B a function such that it
can be represented as the wavelet series (4.25). Its sinc-fractional
derivative can be computed according to

Theorem 12. The sinc-fractional derivative of the wavelet
representation (4.25) of function f(x) € B C Ly(R), is given by

Dif(x) = —27P(v) § ) Z Pa
h=—00 k=—o00
v
sinc < x+ k) R v>1
v—1
X
v—1 v
sinc (x—l— k), v<l1
1—v
vP(v) >

o0 [e¢]
m
DD
m=0 k=—o0 s=0
i (s 22w — 1)
M a2k — 1)
=—00

,v<l1

. 1 v
sin
2v—1

—275(1+ 2k))> T
+ cos(—2° Y
b —

1x—i—k)z‘r, 25 < v < 25t

v
sin (—ZH'1 —x

v—1

23+1 >

+2k)71+cos( 2 s x + k),

(6.15)

with0<n—1<v<n.

Proof : Let us start from Equation (3.10), and the
representation (4.25), because of the linearity of the operator we
have

Z o, D§gn(x) +Z Z B Dy ()

m=0 k=—

where the wavelet coefficients a;, B are given by (4.24) [or
(4.26)]. From here, by using (6.6) and (6.11), we get (6.15).
O
In particular, with n = 1 we have

Theorem 13. The sinc-fractional derivative of the wavelet
representation (4.25) of function f(x) € B C L,(R), with order

O<v<lis
k),

O<v<l

(6.16)

D¢f(x) = 2 P(v) !

—v Z Z Ahk31nc (
h=—00

1—v

Proof : Follows directly from Equation (6.15).

6.3. Example: Fractional Derivative of the

Gaussian Function

In order to show the efficiency of the proposed method for
the computation of a fractional derivative, let us consider the
function e, A good approximation of this function, in terms
of Shannon wavelet expansion (4.25), can be obtained as

1 0 1
e = Y @+ Y Y AU

h=—1 n=0 h=—1
a_19-1(x) + app(x) + a1e1(x)+

B (%) + v (x) + ALY (x)
where
o =a; =0.123, g = 0.30, ¥°, = ¥{ = 0.004, ¥ = 0.001.

If we neglect also the detailed coefficients ;' the approximate
Shannon wavelet representation is

e 20.123 o1 (x) + 0.30 ¢(x) + 0.123 ¢; (%) .

From (6.16) we have

1—
Dy e 27 P(v)

Z Z kslnc (x—l— ﬁk),

h=—1  k=—1
O<v<l.
The matrix A;llk), according to (5.3) is
(1) (1) (1) (1) (1) (1) (1)
Aoy =gy = Ay =0, 400 = —Al g =4y = Ay =1,
() m _1
AW =0 =2
—11 1-1= 3
so that by simplifying we get
v

Dge™ x? ’”271P(v)

(o~ yan) [
g — —0oq) | sinc | x —

0 21 1—v
v
—sinc<x+7>:|,0<v<l
1—v

oo )
Joer-

that is

1
Dge - = 0.477P(v) Y

. v
—sinc <x+ 1

—V

CONCLUSION

Sinc function is playing a fundamental role in mathematics and
physics. Due to the many properties of this function it deserves a
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special role in applications. In recent years some Authors have
proposed [20] a fractional derivative based on this function.
Moreover a wavelet theory based on the sinc function has been
settled thus extending the many features of the Sinc. In this paper
the sinc-fractional derivative has been extended to the Shannon
wavelet space, in order to give the explicit analytical form of the
fractional derivatives of functions belonging to the wavelet space.
It has been shown that the sinc-fractional derivative is the most
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