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Abstract

This paper gives an approximate solution to the Wiener-Hopf integral equation for filtering
fractional Riesz-Bessel motion. This is obtained by showing that the corresponding covari-
ance operator of the integral equation is a continuous isomorphism between appropriate
fractional Sobolev spaces. The proof relies on properties of the Riesz and Bessel potentials
and the theory of fractional Sobolev spaces.

. 1. Introduction

Let X (¢) be a real-valued random field of the form
X(®)=SE+N@, teR”, (1.1)

where S(z) is the useful signal and N (¢) is noise. We shall assume that E(S(z)) = 0,
E(N (1)) = 0 and the covariance functions

R(s,1) = E(X ()X (1)), g(s,1) = E(X(s)5(9)) (1.2)

are known, where E denotes mathematical expectation. Given that X (¢) is observed
in a bounded domain T of R", we want to derive the best linear estimate of S(z) for z in
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the closure of T in the mean-square sense. This is obtained by solving the variational
problem

2
E fh(s, NX(@)dt — S(s)| =min, seT. (1.3)
T

It is known that a necessary condition for (1.3) to hold is

f R(s,)h(z,t)dt = g(s,2), s € T
T

(Ramm [12]). Since z appears as a parameter in this equation, we may study the
equation

fR(s, Dh()dt = g(s), seT. (1.4)
T

Equation (1.4) is known as the Wiener-Hopf integral equation for filtering random
fields. This paper will study this equation for a class of covariance kernels defined
below.

Existing work on (1.4) commonly assumes that the random field X (¢) displays a
short-range dependence behaviour (for example, the covariance kernel R(s, t) is the
Fourier transform of a rational spectrum). On the other hand, recent studies have
indicated that self-similarity (SS) / long-range dependence (LRD) and intermittency
are the central issues in modelling observed data in a large number of fields including
hydrology, geophysics, air pollution, image analysis, economics and finance (see, for
example, Beran [2]; Peters [10]; Anh and Lunney [1]). A key example of an SS/LRD
process is fractional Brownian motion (fBm) By with Hurst index H,0 < H < 1
(Mandelbrot and Van Ness [9]). In this paper, we shall consider an extension of the
class of fBm, namely, the class of fractional Riesz-Bessel motions (fRBm), which
exhibit possible LRD and intermittency. The members of this class have a spectral
density of the form

1 1 1
Q) A (14 AR)"

f)= <y<n, a>0 ieR. (1.5)

The interpretation of the form (1.5) and the bounds on y, « are verified in Section 2.
It is noted that the exponent y determines the degree of SS and possible LRD, while
the exponent « indicates the extent of intermittency of the random field. Whena = 0,
the spectral density (1.5) reduces to that of fBm.

This paper will obtain an approximate solution to (1.4) for the class of fRBm. This
in fact will give an extension to the problem considered in Chapter 1 (Theorem 13
of Subsection 3, pp. 28-30) of [11], where f (L) ~ A(1 + A} P as|A| - 00, A =
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constant > 0, . € R and 8 > O is an integer. When B is assumed to be an integer, an
approximation based on the rational form of the spectrum and the theory of Sobolev
spaces of integer order can be applied, as detailed in [11]. On the other hand, the
exponents y and « of (1.5) are positive real numbers, hence Ramm’s results are
not directly applicable. Our approach is based on the theory of Sobolev spaces of
fractional order and, in particular, the theory of Riesz and Bessel potentials.

The necessary results will be developed in Section 2. In particular, we shall establish
that the covariance operator corresponding to (1.5) is a continuous isomorphism
between the fractional Sobolev spaces H =@+’ (T) and ) (T) (defined in Section 2).
This key result provides a solution method for problem (1.4). Its proof is given in
Section 3. Section 4 will outline an approximate solution to (1.4) by a least squares
method. Some comments on its implementation will then be given.

2. The covariance operator

In this section, we obtain the covariance operator corresponding to (1.5) on appro-
priate Sobolev spaces. These spaces are constructed from the spaces of C*°-functions
with compact support in R”, 2(R") and the space of C*°-functions with rapid decay at
infinity, #(R"). The duals of these spaces are respectively the space of distributions,
2'(R"), and the space of tempered distributions, .%'(R").

DEFINITION 2.1. For s € R, H;([R") is the space of tempered distributions u such
that

1+ P aeLP(RY), EeR.

In this space, we use the inner product

(u, v), = 3 (1+1&17) a@)v(E) d,

with associated norm

1/2
lull, = ( /ﬂ 1+ Py |a(s)|2ds) .

We shall consider the case p = 2, that is, H;(R") = H*(R").

The definition of fractional Sobolev spaces can also be given in terms of Bessel
potentials and their inverse operators (see, for example, Stein [14]). This approach
plays a key role in our work. Let I denotes the identity operator and A the Laplacian
operator. The integral operator

Iy = — D)™
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for ¢ € R, is called the Bessel potential of order o, whose kernel I, is given by

)
/ e—n[xlz/se—s/47rs(—n+a)/2 E
0

s

1 1

L) = G tem

The following proposition gives some fundamental properties of Bessel potentials.

PROPOSITION 2.1. For each a € Ry, I,(x) € L'(R") and its Fourier transform is
Loy =@o™(1+ 13", rerm @1
Forf e L?(R"),1 < p < oo,

Iu(f)=L*f
(the convolution of 1, and f ) and
I % Ip = laip).
Therefore
Io I =Farp, 20,820
On the other hénd, the inverse of %, is the operator 9_, = (I — A)*?, fora > 0.

PROOF. See [14, pp. 130-135].

The potential spaces are defined in terms of Bessel potentials as

&y =LA (L'RY), aeR,

(Stein [14]). These spaces ‘coincide with the spaces H;(IR"), s € R,, given in
Definition 2.1.

The definition of Sobolev spaces of fractional or integer order can also be given
for functions defined on an open C*-bounded domain satisfying certain regularity
conditions.

DEFINITION 2.2. Let T be an open C*®-bounded domain in R*. Let s € R and
1 < p < 00. We define

H,(T) = {f € Hy(R"); suppf < T}.

Again, we shall consider the case p = 2, that is, H,(T) = H (T).
We next introduce the definition of subspaces of distributions obtained as restric-
tions of tempered distributions belonging to the spaces H*(R"), s € R.
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DEFINITION 2.3. Let T be an open C*-bounded domain in R”. For s € R, we
define

H(T)={u e 2'(T); AU € H*(R") with u = Ur}
where Ur denotes the restriction of U to 7. With the quotient norm
Nl = inf 1 UlLecao,

H*(T) is a Hilbert space (Dautray and Lions [3, p. 118]).

The spaces given by Definitions 2.2 and 2.3 are related by duality (see Triebel [15,
p- 332]), that is, [ﬁs(T)]* = H™(T), s € R,, where H* is the dual space of the
Hilbert space H. In the following proposition, we show the relationship between
an element u € _ﬁs(T) s € Ry (respectively, f € H*(T), s € R,), and its dual
u* € H™*(T) (respectively, f* € " (T ), s € R,), via Bessel potentials (see [3] for
the integer case).

PROPOSITION 2.2. The dual of ﬁS(T), the space H~*(T), s € Ry, is algebraically
and topologically equivalent to the space Sy (ﬁS(T)). Also the dual of H(T),
the space H(T), s € Ry, is algebraically and topologically equivalent to the space
SI_2s(H™(T)).

PROOF. See Ruiz-Medina et al. [13].

It can also be proved that the quotient space H*(T), s € R, can be identified with the
orthogonal complement in H*(R") of the class of distributions u € H*(R") € 2'(R")
whose restriction to T, ur, is the null distribution in 2’'(T). Therefore, in the following
development, we consider H*(T) as a subspace of H°(R") and we also have the
following inclusions for Sobolev spaces defined on an open C*-bounded domain
T C R

Fors, > 5, >0,

AT CH (T CH(T) S -~ LXT)
C---CH™T) S H™(T) C 2'(T). (2.2)
In the development of this paper, the theory of Riesz potentials also plays a key

role. We recall that the Riesz potential is defined by _#, = (—A)"%,0 <y < n.
Then, for f € Z(R"),

1 e
= — - " dy = (J,
() x) 2 Jee lx =yI""f ) dy = (J, * f)(x),
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where
_ a2y /2)
¢ = a2 =y/2)
and
[g]r—"
J =
() g(y)

is the Riesz kernel, whose Fourier transform is
L) = Q@r)y™Al™, reR" (2.3)

(Stein [14, p. 117]; Donoghue [4, p. 292]).

‘We now define the random field which is characterised by the spectral density (1.5)
and determine its covariance operator.

Let (2, &7, P) be a complete probability space and let £%(S2, &7, P) be the Hilbert
space of real-valued zero-mean random variables defined on (2, &/, P) with finite
second-order moments and inner product defined by

(X, VNery = EIXY], X,Y e LUQ, &, P).

DEFINITION 2.4. For a € Q, a random function X,(-) from U, = _IT(T) into
ZL*(Q, &, P) is said to be an a-generalised random field (a-GRF) if it is linear and
continuous in the mean-square sense with respect to the U,-topology.

We will denote by H(X,) the closed span of {X,(¢) : ¢ € U,}, and by 57 (X,,)
the closed span of {B,(¢, ) = E[X.(¢)X.(-)] : ¢ € U,}, which is the reproducing
kernel Hilbert space (RKHS) of X,. The topologies in these spaces are defined from
the £2(2)-topology.

The following concept of duality relative to a fractional Sobolev space U,, ¢ € Q,
plays a key role in a study of o-GRFs.

DEFINITION 2.5. For o € Q, we say that an a—GRF X, : [U,]* = L%, 7, P)
is the dual relative to U, (or a-dual) of the a-GRF X, : U, —» Z*(Q, &, P) if

(i) H(X.)= H(X,);and

(ll) (X(¢)9 X(g))H(X) = <¢a g*)U,,v fOI' ¢ € Ua aﬂd 8 € [Uu]‘v WIth g“I bCing the
dual element of g with respect to the U,-topology.

Conversely, the dual of X « relative to [ U,]* is the GRF X,,.

In a parallel way to the case of GRF 3(‘,, we consider for its ¢-dual GRF X « the
definition of the spaces H (X,) and J#(X,) as the closed spans of

(X.(2):g € (U]} and {B.(g, ") = E[X()X.()]: g € [UuT"}
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respectively in the .#%(2)-topology.

The existence of the f-dual GRF X g, for some B > «, allows us to derive the
covariance factorisation of X, on the space U, where the dual GRF exists (Ruiz-
Medina et al. [13]). We denote by X the &-dual GRF of X, with@ > « being the
minimum fractional order for which the dual GRF of X, relative to Uz with § > «
exists. We call this order & the minimum fractional duality order of X,,.

This covariance factorisation is the basis for an abstract representation of Xz in
terms of generalised white noise.

DEFINITION 2.6. A generalised random field €(-) defined on a Hilbert space
(H, (-, )n) is called a generalised white noise (GWN) relative to H if

(e(w), e(W))ne = (u, v}y VYu,veH.

DEFINITION 2.7. A generalised random field X defined on a Hilbert space
(H, (-, )n) is said to have a weak-sense abstract representation if there exists an
isomorphism L : H — H such that

(XL(u), XL(M)uexy = (u, v)n Yu,v € H,
that is, if ¢ = X L is a GWN relative to H. This abstract representation is written as
X(Lu)=¢(u) YueH.

PROPOSITION 2.3. Assuming the existence of the a-dual GRF X; of the «-GRF X,,
with & being the minimum fractional duality order of X,, the restriction Xz to Uz
of X, has a weak-sense abstract representation, which is unique except for isometric
isomorphisms.

PROOF. See Ruiz-Medina et al. [13].
The above abstract representation is written as

Xa(Lo) = ea(9p) Vo € Us. 2.4)

Then
(Xa(L®), Xa(LY ) hixs = (€a(@), ea(Y ) uixs) = (0. Vs Yo, ¥ € Uz.  (2.5)
Since

(0, V), = (Fa(@), Iz(@) 2y Yo, ¥ € Uz,

where .#_; is the inverse of the Bessel potential .#; defined earlier, we also obtain the
following interpretation of the representation (2.4):

Xz(Lo) = e12nF_zlp) Vo € U, (2.6)
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where £.2(1)(-) is a GWN relative to L?(T). The right-hand side of (2.4) represents
the weak-sense derivative of fractional order & of a GWN in L*(T).

In a similar fashion, the condition of Proposition 2.3 also implies a unique abstract
representation for the &-dual GRF X; :

X5 (Lg) =%x(g) Vg e [Us)' @7

with L = Rz LIy, Ry being the covariance operator of Xz, L the isomorphism

defining the abstract representation of Xz, and Iy : [Uz]* — Us the isometric

isomorphism defined by the Riesz representation theorem (Ruiz-Medina et al. [13]).
Similarly to (2.6), we can also write (2.7) alternatively as 4

X5 (Zg) =& Iz(g) Vg elUs. (2.8)

The right-hand side of (2.8) is interpreted as a fractional integral in the weak sense of
a GWN relative to L2(T).
The abstract representation (2.8) can be equivalently expressed as

X:(8) = Fuery [#(L7'g)] Ve ells).
The generalised covariance function Ea of the &-GRF X s then takes the form

Bs(g, h) = E [Xa(@)Xa(h)] = (AL (@), HL' DO oy
= (g0 LT AL ®) =(0.Rw), Veheltr

Us
Consequently, the covariance operator R; of X is given by
Rs =[AL'] [AL). 2.9)

We consider @ = o + y, a, ¥ € Q, in Proposition 2.3. Then the covariance
operator of (2.9) becomes

Rery = [Ziry L] [Zs L] (2.10)
Here
L = RasyLlu,,+ = Susy Pl 1
with
Sury t HXasy) = Wyl F 1 Upiy = HXasy) = HX o)
and

I 1 Upyy = Uy
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being isomorphisms. Therefore L' = I[;,: e Is; ! 4y Also, it follows from Propo-
sition 2.2 that Iy, 1. = & gat2y)- Thus L' = I a4 F 'S}, .
In particular, we shall consider

a+y_.ﬂv¢2a+yjy, 2.11)
with _Z,(g), g € U, and Fyo 4y (@), ¢ € [Uas, I*, respectively defined as

Z,(8)(@) = @r)~" f ﬁ%fu Vo € [Us,T"
Rn

and R
PP Q)

. ZI——}—WdA’ V\p e U,.

sy @)Y) = 2m)™"
With the above choice of S,.,, we have
Rory = [ IV I F) = 2y 25 T By (2.12)
which, in view of (2.1) and (2.3), is understood in the following weak sense:

- _ 1 e .
/ Ryyy (B)(x)g(x)dx = ) gA)dA (2.13)
Rn

@27)* Jeo AP (L A+ AP

for h, g € H~@*")(T).
From (2.13), the spectral density of the random field resultant from the above
selection has the form

1 1 1

f()\) = (27[)2,; M[Zy (1 + |)~|2)a’

O<y<n,a=>0, (2.149)

interpreted in the weak sense.

Since this form involves the Fourier transforms of the Riesz kernel and the Bessel
kernel, these random fields are named fractional Riesz-Bessel motion (fRBm). We
shall prove the following proposition in the next section.

PROPOSITION 2.4. For0 <y < n, a > O, the e operator R, defined by (2.12) is
a continuous isomorphism from H~@*"(T) to 2 Y(T) whose inverse Ra 4, is also
continuous.

REMARK 2.1. From the remark after (9.5.10), p. 660, and Theorem 9.5.6(a), p. 658,
of Edwards [5], _#, is compact for n/2 < y < n. Therefore, from Lemma 3.2 below,
Fu F#, is continuous for 0 < y < n,a > 0, and since %, is continuous for o > 0,

the operator R;+y = 2y IS F,) iscompactforn/2 <y <nanda > 0.
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REMARK 2.2. Proposition 2.4 implies that, forany g € " (T), (1.4) has a unique
solution in H~@*")(T) and this solution depends continuously on g € ﬁa”(T) in
the norm of H~@*"(T). Furthermore, the problem of solving (1.4) in H~©@*")(T)
is well-posed since the operator R} . ﬁwy( T) —» H~©@*)(T) is defined on all of

——a+y

(T) and is continuous there.

3. Proof of the main result

Proof of Proposition 2.4 is given in the following lemmas.

LEMMA 3.1. For 0 < y < n, the Riesz potential ¢, = (—A)7""? is a continuous
operator on L*(T).

PROOE. See [5, Theorem 9.5.10(a), p. 660].

LEMMA 32. Fora > 0and 0 < y < n, the operators §a+y : H@(T) —»
(T) and Ra +  H +y(T) — H~©*Y)(T) are continuous.

PROOF. We prove the continuity of .%, £, as an operator from H ~@)(T) into
L*(T), and its inverse (%, /;)“, which from (2.12) implies the statement of the
lemma.

It follows from (2.13) that

1 R
£ M. = f 5 dA, 3.1
[ 27 Ol 27)2 Joo A2 (1 + [A]?) D
for h € H=©@+)(T).
Since
AP < (1+ A1) VreR",
the inequality )

] esli 2
A, f ——I————dxsf———,,-dx= 2, P h
” " aty(T) — (1 + I)\.l aty R" |}»|2"(1 + |A-I2) || j}'( )||L2(T)
holds for h € H~©@*")(T). That is, the operator (%, ) lis continuous.
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To prove the continuity of ., /Y* , we decompose the integral in (3.1) as

o~ 2 Y 2
1+ AP) [R(x
[ [ . (L pe) )l
& A (1 + A2) me |AJ27 (1 4 |A]2)
1+ AP ey 1+ AR [0
=f (1+] ')I(ailde/ (1+] ')l(al’,dx
ew© AP (14 [A2) Ri-cu©@ [A2 (1 + [A]2)
=Il+12,

where ey () ={L e R*: [A| <M}, M > 0.
From Lemma 3.1, there exists C > O such that

=002 R
|‘T§|2)y| dx < cfw [EW) da,

for g € L*(T). Hence, .
[’

L<A+MHC | —————
1 R (1 +|A.|2) +y

dr = M/”h”il-(ﬁy)(’r)- (3.2)
Now, as there exists M” > 0 such that

1+ A2Y ,
(w =M

hem [ L s < st (3.3)
R —£4 (0) (1 + |A|2) i

for A € R” — £),(0), we have

The continuity of #_, /y* follows from (3.2) and (3.3).

LEMMA 3.3. ﬁaﬂ, : HOe(T) —» Tfaw(T) is an onto mapping for « > 0 and
O<y<n

_ PROOF. By definition, ﬁaﬂ, is a self-adjoint operator on L(T). Also, the range of
R.., coincides with the orthogonal compliment of the null space of R}, = Rayy
(see [7, Theorem 6.5.10(i), p. 164]). Since R,., is injective, we have Range(R,4,) =
L*(T). Additionally, in view of (2.2), ﬁa+y(T) C L¥(T) € H~“*")(T). Hence,

Raty (H™(T)) D Ryy, (LX(T)) = LXT) 2 H 7/ (T).

Proposition 2.4 now follows from Lemmas 3.1-3.3.
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4. Approximate solution

For the given equation
Rh=g, 4.1)

let us consider an approximation using least squares.
Let {y;,j =1,2,3,...} be a complete system of linearly independent elements
of H=@*")(T) and let M,, = Sp{Vyn, ... , ¥). Also let h,, € M,, be a solution to

| RAy — gl s-wsn(ry = min. 42)

By the least squares principle and since M,, is finite-dimensional, (4.2) has a unique
solution in M,,. Also,

"hm — h”H—(a+y)(7‘) -0 as m— oo, (43)

where h = R™'g € H=@*")(T). In fact, since R™' is bounded, there exists a finite
constant ¢ such that

lhm — Blla-en(ry < cl[RAm — gllgesr 1) “4.4)

Now, the completeness of {y;} in H~®*(T) implies that {Ry;} is complete in
H*™Y(T) since R is an isomorphism between H~©+"(T) and H*(T). Hence the
right-hand side of (4.4) tends to 0 asm — 0.

EXAMPLE 4.1. Let us consider thecase n = 1, ¢ + y = 1, Hy = L*(—1,1). Let
p be an isometric isomorphism between H, and ﬁ](—l, 1), and ¢ = p~!. For a
Schauder basis {¢; } of Ho, put b, =}, c}””:ﬁ,-. We shall consider an approximate
solution of the form

2 = hp 4+ c18(x + 1) + c8(x — 1). 4.5)
The constants cj(."'), j=-2,-1,0,..., m, are obtained by solving the problem
”Rh: - g”ﬁl(_l_l) = min. (46)

The variational problem (4.6) can be written as
1

tn = /
-1
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where ¥ (x) = R¢;,j = —2,—1,0, ..., m. The linear system

9€,,
&;m)=0’ j=—2,—-1,0,...,m,
ac,
for cj(.”') is then
ZMijCj:bi’ i=-2,-1,0,...,m, 4.7
j==2

where My = (¥;, ¥i)7, bi = (g, ¥i)g, ,J = —2,—1,0,...,m. The linearly
independent system {; } is complete in ". Also, the matrix M;; is symmetric and
positive definite for any m. Hence the system (4.7) is uniquely solvable for each m.

Liu and Anh [8] propose the use of Filon’s method with parameter as a suitable
numerical integration scheme for computing the matrix M and the right-hand side
vector b of (4.7). The numerical results reported in [8] indicate a good performance
of the method.
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