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Abstract. In this paper we study the problem of the convergence in variation for the gen-
eralized sampling series based upon averaged-type kernels in the multidimensional setting. As a
crucial tool, we introduce a family of operators of sampling-Kantorovich type for which we prove
convergence in LP on a subspace of LP(R”): therefore we obtain the convergence in variation for the
multidimensional generalized sampling series by means of a relation between the partial derivatives
of such operators acting on an absolutely continuous function f and the sampling-Kantorovich type
operators acting on the partial derivatives of f. Applications to digital image processing are also
furnished.

1. Introduction

In this paper we present approximation results in BV-spaces for the generalized
sampling series in the multidimensional frame.
The above sampling series, defined as

k

I Swf)t) = f(—)xwt—k,teR,w>0,

(D) (Swf)(t) kezz e R )

has been introduced by Butzer (see, e.g., [24]) and revealed to be very interesting for
both the theoretical and applicative aspects. Indeed, several approximation results
have been obtained in the last forty years with respect to different notions of con-
vergence, such as uniform, L?, and modular convergence [18, 37, 16]. Moreover, they
have many important applications to Signal Theory since they provide an approx-
imate sampling formula, which allows to reconstruct not necessarily band-limited
signals. By its multivariate generalization, that is,

(IT) (Swf)(E) == > f (g) x(wt —k), t € RN, w>0,

keZN

several problems of image processing can be treated (see, e.g., [17]).
A natural setting to study some issues involving digital images is furnished by the
spaces of functions of bounded variation [36, 44, 47|. In this direction, it is interesting
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to have results about estimates and convergence in variation for the above discrete
operators. In the case of functions of one-variable, the problem has been faced in [6]
for the operators (I) based upon averaged type kernels.

Here, also with the aim to consider applicative aspects, we deal with the mul-
tivariate case, namely we study results about approximation in variation by means
of the operators (IT) based upon multidimensional product kernels of averaged type,
namely

Xm(t) = H )Zi,m(ti)

where
m
2

1
Xim(t) = m /—’; Xi(t + v) dv,

for some m € N, and x;: R — R are suitable one-dimensional kernels. We will use
the multidimensional generalization of the classical Jordan variation introduced by
Tonelli (see, e.g., [45]) and later generalized by Rado [40] and Vinti [48] to the case
of functions of N-variables.

In particular, we establish a convergence theorem (Theorem 1).

Due to form of the above discrete sampling type operators, to obtain results about
approximation in variation is a very delicate problem. The strategy we propose is to
introduce a new family of Kantorovich type operators defined as

kj+1
w k k
(III) (K, f)(t) = Z [wﬁ f(j,,u,%) du] x(wt — k),
keZN v
teRY, w>0,j=1,...,N, for which we establish LP-convergence in a subspace

of LP(RY) (Theorem 4), therefore obtaining a convergence result for the new class
of operators (III). We notice that the above result is obtained through the use of
the 7-modulus of continuity (see |34, 33, 42|) which seems to be the most suitable
approach in this setting.

The crucial point in order to reach the convergence in variation is to find a link
between the two classes of operators: to this aim we prove (Proposition 2) a relation
between the gradient of the multivariate generalized sampling series of a function f
and the family of Kantorovich-type discrete operators acting on the partial derivatives
of f.

Some of the results of the present paper may have an applicative interpretation:
in particular, we prove a variation diminishing type property (Proposition 5) ensuring
that, in case of some step-type functions, the variation of the generalized sampling
sampling series (II) is controlled by the variation of the function on which they act,
and this can be viewed as a smoothing procedure. Indeed, if the function f is a
gray scale digital image, the action of the operators and the consequent variation
diminishing type property corresponds, in some sense, to reduce the jumps of gray
levels with respect to the original image, hence producing a smoothing effect. In
Section 6 we discuss such digital image processing applications in details, furnishing
some numerical examples.

2. Notations and preliminaries

Our results will be set in the frame of the space of multivariate functions of
bounded variation: in particular we will consider the concept of variation introduced
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by Tonelli [45] for two variables, extended to the general case of RY by Rad6 and
Vinti [40, 48]. Here we will recall it.

For a function f: RY — R and x = (z1,...,2x) € RY, we will use the notation

X; = (T1,. ., Tj1, Tjg1, ., TN) € RN x= (x5, x5), f(x) = f(x),;),
if we are interested in the j-th coordinate of x, j = 1,...,N. Moreover, given
an N-dimensional interval [ = Hﬁl[ai,bi], by I = [a},b;] we will denote the

(N — 1)-dimensional interval obtained deleting by I the j-th coordinate, i.e.,
I = [a’. b/] X [aj,bj], ] =1,.. .,N.

0 j
Given a vector x € RY and a € R, we will use the usual notation for products and
quotients, i.e., ax = (axy,...,ary) and, for a # 0, £ = (za—l, cee :%N)

By Ri,c(RY) we will denote the space of locally Riemann integrable functions on
R”, while M (R") will denote the space of all the measurable and bounded functions
f: RY = R.

Definition 1. A function f € M(RY) is said to be of bounded variation (f €
BV (RY)) if V[f(%],-)] (the usual Jordan one-dimensional variation of the j-th sec-
tion of f) is finite for a.e. x; € RV~' and

/ Velf (%]}, )] dx) < +oo,
RN-1
for every j =1,..., N.

For more details about BV-spaces, see, e.g., |9, 5, 10, 11, 4, 13].

Let us now recall how to compute the multidimensional Tonelli variation. The
first step is to consider, for I = [[X,[a;,b;] and j = 1,..., N the (N — 1)-dimensional
integrals

0D = [ Vil

where Vi, 5,1[f (%], )] is the usual one-dimensional (Jordan) variation of the j-th sec-

tion of f. Let now ®(f, I') be the Euclidean norm of the vector (®1(f, I),..., Px(f, 1)),

namely

O(f, 1) = {Zcb?(f,f)} ,

where ®(f,I) = +oo if ®;(f,I) = +oo for some j =1,...,N.
Then the variation of f on I C RY is defined as

V}[Lﬂ = Supz(b(fa Jk)7
k=1

where the supremum is taken over all the finite families of N-dimensional intervals
{J1,..., Jm} which form partitions of I.

Passing to the supremum over all the intervals I C R”Y, we obtain the variation
of f over the whole RV, i.e.,

VIf]:= sup Vi[f].

ICRN
It is well known that, for every f € BV (RY), V f exists a.e. in RY and % € LY(RN),

for every j =1,..., N (see e.g. [40, 48]).
We now recall the notion of absolute continuity in the sense of Tonelli.
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Definition 2. A function f: RY — R is locally absolutely continuous in the
sense of Tonelli (f € AC),(RY)) if, for every interval I = Hﬁil[ai, b;] and for every
j=1,2,...,N, the j-th section of f, f(x},-): [a;,b;] — R is absolutely continuous

for almost every x; € [}, b’].

It is a well known result that, if f € BV(RM) N AC,.(RY), then
Vin = [ 19560l ds
RN

(see [40, 48, 35, 12|), that is, an integral representation for the variation of f holds.
We will therefore denote by AC(RY) the space of all the functions f € BV (RY)N
AC,o(RY) (absolutely continuous functions).
We will study approximation results for the multivariate generalized sampling
series, namely a family of discrete operators defined as

- Zf(%)x(wt—k), teRY, w>0:

keZN

such operators are the multidimensional version of the generalized sampling series
(see, e.g., |21, 22, 17]).
Here y is a kernel, that is, a function y: RY — R that satisfies the following
assumptions:
(x1) x € L'(R") is such that Y, ,~ x(u —k) =1, for every u € RY;
(x2) Ay 1= SUPuern Y ez~ [X(u — k)| < 400, where the convergence of the series
is uniform on the compact sets of RV.

The above assumptions are quite standard working with discrete families of op-
erators: see, e.g., [21]. We point out that the operators (S, f)w=0 are well-defined,
for example, for every f € BV(RY): indeed in this case f is bounded and since
|f(t)| < M, for some M > 0 and for every t € RY, we have

(Suf)(®)] <M Y |x(we —k)| < MA,,

keZN

by (x2)-
In particular, in the present paper we will study the convergence in variation for

the multivariate generalized sampling series with product kernels of averaged type,
that is kernels of the form

(1) Xm(t) = H)Zi,m(tZ)

where

m

1 2
Xim(t) i= — (T d
Xz,m() m/ XZ( +v) dv,

m
2

for some m € N, and x;: R — R is a (one-dimensional) kernel for every i =
1,..., N (i.e., satisfying (x1) and (x2) with N = 1).
Notice that it is easy to see that Y,, is a kernel itself and moreover, by the

Fubini—Tonelli theorem,
@) [Ximll1 = /‘ xzt+v)dv dt<—/ /]XltJrv)\dtdv

= [Ixillx
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and, by this,

N
Xl < TT Il
i=1

We point out that is it easy to give examples of product kernels of averaged type
(see Section 6) to which our results can be applied.

The corresponding multivariate generalized sampling series (associated to the
averaged product kernel Y,,,) will be denoted as

(S™F)(t Zf( )met—k), teRY, w>0.

keZN

It is easy to see that Y., is differentiable and, taking into account that, obviously,

8Xm m m N
e (5+2) 0 (o~ 2)] ver

it is possible to write, for every j =1,...,N,t € RY, w > 0,

as f Z / (5) T o (oot — k)

(3) " pezn i#]

) afen-2)

3 (t) exists for every t € R since

Notice that, since f is bounded,

051
25 )] < 2 T T amlwts = o)

keZN i#j
m m
(ot B o (ot~ 2]

2w N
< —M1IA,.

again by (x2) for each one-dimensional kernel ;.

One of the main ideas of this paper is to establish a relation between the gra-
dient of the multivariate generalized sampling series of a function f and a family of
Kantorovich-type discrete operators, that we now introduce, acting on the partial
derivatives of f. This generalizes the analogous result, in the one-dimensional case,
obtained in [6], similarly to what happens between the Bernstein polynomials and
their Kantorovich version (see, e.g., [1]).

We therefore introduce the following family of multidimensional discrete opera-
tors of sampling-Kantorovich type:

f(ﬁ,,u kN) du] x(wt—k), t e RY, w >0,
w

w

kj+1

(Kush)(®) = 3 [w Il

J
kcZN

j=1,...,N. Notice that, similarly to the case of (S, f)w>0, it is easy to see that the
operators (Ky ;f)uws0, j = 1,..., N, are well-defined if, for example f € BV(R"),
since f is in particular bounded.
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3. Results for the multidimensional generalized sampling series

We will first prove that the operators (S™ f),~o map BV (RY) into AC;,.(RY).
Proposition 1. Let f € BV(RY). Then STf € AC,.(R"), for every w > 0,
m € N, and V[S™f] = / V(ST f)(t)| dt.
RN

Proof. Let us fix w > 0 and m € N. By (3) and (4), the partial derivatives of S™ f
exist everywhere and are bounded: this implies that the sections of the function f are

locally absolutely continuous, namely f € ACy,.(RY). Now, since S"f € AC,.(R),
N

for every I = H[ai,bi] C RY there holds V;[S™f] = /|V(§$f)(t)|dt, and so
=1 I

VISES) = suprens ViISES) = supreny [ IVEZN®Ide = [ 952 @) de
I RN |:|

We will now give the result that establishes a relation between the partial deriva-
tives of the multidimensional sampling series and the multidimensional sampling-
Kantorovich type operators acting on the partial derivatives of the function.

Proposition 2. If f € AC(RY), then for everyt e R, j=1,...,N

osmf 1 of , m —2(i — 1)
B = 28 () (-

w >0, meN.

Y

Proof. By (3), since f is locally absolutely continuous, we have that

B~ 25 £ (2) T mlti— )

keZN i#j

. [Xj (w@-—k«l—%) X (wt-—kj—

)
S [ () s ()]
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Now putting in the first series %j = k; —m and EZ = k; for every i # j, there holds

keZN
H Xz,m(wtz Ez)X] (wt] — 7{} — %)
i)
ki
SB[ (2
keZN 0 i \W
HXz m(U)tz — kl)X] (wt] ]{jj — %)
ifj
— (— u) duH)‘(i’m(w ki)x; ( k; %)
kEZN i£]
~m Z <Z/@ +i— 1) o (_ u) duHXz,m(wtz - kz)X] (wtj — k‘j — %)
kGZN 1=1 i#]

1 of , m of , m—2(m — 1)

_ E{(Kw,jg> (tj,tj - %) oot (Kw,ja—tj) (t ot — T)}
RS , m—2(i —1)

=2 (Keog) (0= ") .

4. Convergence in L? for the multidimensional
sampling-Kantorovich type operators

We now study the problem of the convergence in L” for the multidimensional
sampling-Kantorovich type operators that we introduced. Such result will be also
fundamental in order to prove the convergence in variation for (S f)wso-

We recall that convergence in L? holds for the multidimensional generalized sam-
pling series (S, f)w=0 (see [17]) assuming that f belongs to a suitable subspace of
LP(RY), namely AP. Since the definition of our operators (K, ; f)u>o is very close to
that one of (S, f)ws0, it is natural to expect that the LP-convergence holds within
the same subspace, that is what we will now prove.

Let us recall the definition of A? (see [17]).

Let us consider an admissible partition over the i-th axis, i.e., ¥; := (2 );.ez
) ) 2Ji) )i €
such that
0<A:= mm inf (z;, — ij,—1) < max sup(zij, — 2ij-1) = A < +oo.
1,....N j;€Z z-l,...,Njiez

We say that ¥ = (x;)jezv C RY, x5 = (®15,,---,2ny), § = (1,---.Jn) € ZV, s
an admissible sequence if it is the cartesian product of admissible partitions >; =
<xi7ji)jiez'

For a fixed admissible sequence ¥, the [P(¥)-norm of a function f: RY — R is
defined as

P

Il = Y sup [FE)PA; ¢ 1< p < +oo,

jezN ¥€Q
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where Q5 = [T, [xij1 — iy [ and Ay := [[X, (s, — i j,_1) is the volume of Q;.
With such notations the subspace AP is defined as

AP = {f € M(R"): || fllw) < +oo, for every admissible sequence X}

In [17] it is proved that AP is a proper linear subspace of LP(RY), together with other
properties concerning such space. In particular, we recall the following important
result of convergence in LP for the 7-modulus of smoothness (see [34, 33, 42])

7o(f; 0, M(RY))y == llw, (f5-, 0, M(R™)) |,

where

N
wr(f;x,&M(RN)) = sup{|Aﬁf(t)|: t,t+hre H [xi— 57747%—1-%}};
i=1

6 >0, and AL f(t) =377 _o(~1)"" (])f(t + jh) denotes the differences of order r at

t € R with increment h € RV.
Proposition 3. [17, Proposition 7| If f € AP N Ri,c(RY), 1 < p < 400, r € N,
then
lim 7,.(f;6, M(RY)), = 0.
Jim 7 (f;6, M(RT)),

We point out that, of course, A? is a non trivial subspace since it contains, for
example, all the functions in M (RY) with compact support.

We are now ready to state the result of convergence in L? for the multidimensional
sampling-Kantorovich type operators.

Let us now assume that y is a kernel with compact support, i.e., x(t) = 0
if t ¢ [T, T]N, T > 0, not necessarily of product type, namely Y satisfies the
assumption:

(x) there exists T > 0 such that x(t) = 0 for t & [-T,T]" and >, ;v x(u — k) =
1, for every u € RV.

We point out that, since y has compact support, obviously x € L*(RY) (and therefore
(x1) holds) and satisfies the condition (x2) since x is bounded and the series reduces
to a finite sum.

Proposition 4. Let f € A N Rio(RY), 1 < p < 4o00. Then, for every j =

lim (| Ky, f = fllp =

w—r—+00

Proof. By assumption () there holds, for w >0, j=1,...,N and t € RV,

(Kos$)E) = 10 = | Y / ( u%v) du (s~ ) - 7(5)
_ Zv{w/’”ﬁ f(]:;u ’ZV) du— f(t )}X(wt—k)
<y w/Jf(%u ]ZV) du— £(8)] [x(wt — )|,

Since y has support contained in [-T,T]V, x(wt — k) = 0 if lwt — k| > T, and
therefore the series reduces to a finite sum over the indexes k € Z" such that (wt —
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k) € [T, 7], namely [t; — 2| < L for every i = 1,..., N: for such k we have that
e (k 3 T
w 2
w/ f(—lu N) du — f(t) gwl(f;t,—,M(RN)>,
5 w w w

by the definition of the modulus of smoothness. Therefore

(K, f)(t) = f(t)]

kj+1
w kl kN
< > wﬂj f(au w)du— FO)| [x(wt — k)|
(wt—k)e[—T T}N w
<o (Fe 2 ®D) Y o)
(wt—k)e[-T, TN
2T
< A fi 20 MR )
w
by (x2). Passing to the LP-norm we obtain
2T
st = fly < A (520 MRY))
p
and the thesis follows by Proposition 3. 0

5. Convergence in variation for the multidimensional
generalized sampling series

We are now ready to prove the main result of the paper, that is, the convergence
in variation for the multidimensional generalized sampling series with product kernels
of averaged type. Since we will use results of the previous section, we assume here
that y is a kernel with compact support, that is, y: RY — R satisfies assumption

()
Theorem 1. Let f € AC(RY) be such that 2L € Ay N Ri(RY), for every
j=1,...,N. Then, for every m € N,

lim VI[S"f — f]=0.

w—+00

Proof. Since f € AC(RY), by Proposition 1, SI'f € ACioc(RY), for every w > 0
and m € N; therefore S™f € AC(RY) since S"f € BV (RY), as a consequence of
Propositions 2 and 4. Then, by Proposition 2,

VISEs - f1= [ V8256~ Vi)l de

/RNZ 8‘2 (57 f)(8) - 2{()

/R _i( 9t ) <t9’tj‘%) —S—fj@)

IN

Il
.MZ

J
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- of , m—2(i — 1)
2 (egi) (-2 )

N m .
1 of (., m—2(i—1) of
+;m/RN ;8@ (tj’t] 2w ) 8t]<t) de
N
of of
< v —
—; Tot; ot
N m .
1 of (, m—2(z—1)) of
+ — — ([t tj — ———- ) — =(t)| dt
;;/RN 8tj 7 2w 8tj(>
N 1 N m
=D Lit—> >
j=1 j=1 i=1

Now, L; — 0 as w — 400 by Proposition 4, while [; — 0 as w — +o00, for every
i =1,...,m, 5 = 1,...,N, by the continuity in L' of the translation operator.
Therefore the theorem is proved. 0

6. Examples and applications to smoothing for digital image processing

In this section, we will first prove a variation diminishing type property for the
multidimensional generalized sampling series in case of step functions with compact
support. We point out that this is exactly the case of functions that model digital
images: we will then discuss some applications of such result to smoothing in digital
image processing. Let us consider a step function f: RY — R with compact support
defined on a grid of intervals of length 1, namely f(x) := >, , axlk(x), x € RY,
where a, € R, Z = {(ky + m1,...,kn + my), m; =0,1,....1;, i =1,..., N}, for
some k € Z, [; € N, is a finite subset of Z, and 1,(x) is the characteristic function of
the set [TV, [ki, ki +1), k € Z, (ie. 1u(x) = 1, for x € [, [ki, ki +1) and 1y(x) = 0
otherwise).

Proposition 5. Let f : RN — R be a step function defined as above. Then, for
every w € N, m € N,

() visy 1 < N IhalhvIf-

i=1
Proof. Since obviously f € BV(RY), by Proposition 1 we have that S'f €
ACioe(RYN) and V[SI'f] = [auv IV(SHf)(t)|dt. For j = 1,...,N and t € RV,
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by (3), there holds

85f Zf( )me wt; — ki)

kGZN i#j

o (=t +5) = (ot =k = 5
25 7 (E) T ot = ) (wty =y )

keZN i#]
K. N._ ~
_%~Zf<i >HX2m z Xj( _k]_{_%)
kezZN i#j
k k kj —
:%Z |:f(a)_ < ):|Hle z_ Xg( —kj‘i‘%),
keZN i#]

where, in the second series, we have put %Z = k; for i # j and Ej = kj +m. Therefore

VST ] = /R V(ST ) ()] db < Smf

RN
K,k K, ki —m i
i#j
m

K, k. K, ki —m i
(25 - (25| [ T imtwn - k)

i#]

If we now put u; = wt; — k; + 5 and u; = wt; — ky, for i # j,

R‘

K
Visp s — o> Y Vin sy |1 (2] [T ienlibsl
i#j

Jj=1 keZN

< melIlellN D Vb [ ( ﬂ

j=1 xeZN

e 1H||xz||1§; { b Hk ﬂ L

J

| /\
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Now, if B = Hi]\il[pi, ¢;] denotes the support of f,
— k/
VSIS < IIIHxAhEZ: > Vi |7 (2]

Jj= lk’ezN 1
K
J
p],qj |:f (E))] du;

=HH><ZH >y / ‘e
—HmmZ/ Vi [ ()] = [Tl > (5 )

Jj= 1k’EZN 1 w’ Two
qu]

where we have used the fact that f is constant on each interval [k; Jl} . Therefore,
since of course ®;(f, B) < Vp[f], for every j =1,..., N, we conclude that
N
VIS < N[ Il vVis) O

i=1

We point out that, in case of non-negative kernels, the previous result gives a
classical variation diminishing type property, being ||x;||; = 1 for every i = 1,..., N.
Moreover such result, in the one-dimensional setting (N = 1), is a particular case of
Proposition 1 of [6], given for a general BV —function, where the estimate must be
as follows

VST < IxIhvVIfL,

(i.e., in Proposition 1 of [6] the constant that multiplies ||x||1V[f] should be 1) for
feBV(R), w>0,meN.

We now provide some basic examples of kernels for which the above results hold,
and we discuss some applications of the variation diminishing type property (5) to
smoothing in digital image processing.

As stated in Section 2, in this paper we consider product kernels y,, of averaged
type.

As a first example, we can consider the multivariate product kernel of the aver-
aged type generated by the well-known Fejér kernel (see, e.g., Figure 1 left and [27]),
defined by:

1
F(z) := 5 sinc’(r/2), z €R,
where the sinc-function (see, e.g., [26, 7]) is of the form:

sinc(x) := {iin(wm)/yrx, iiég,
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0 e - " 1 e 0 e = " =

Figure 1. On the left: the Fejér kernel F'. On the right: the averaged Fejér kernel with m = 1.

Now, the one-dimensional averaged Fejér kernel (see, e.g., Figure 1, right) is the
following:

_ 1 m/2 t
F.(t) = —/ sinc? ttv dv, teR, meN,
2m 2

—m/2

and the corresponding multivariate version (see, e.g., Figure 2 for the case N = 2)
is:

N
Fult) =[] Fult:), teRM.
i=1
It is well-known that the Fejér kernel has unbounded support and satisfies assump-

tions (x1) and (x2) (see e.g., [31, 8]), then for the multivariate generalized sampling
series based upon F,, holds the variation diminishing type property established in
Proposition 5, when suitable multivariate step-type signals are considered.

0.25 -

Figure 2. The bivariate averaged Fejér kernel with m = 1.

Moreover, also the relation established in Proposition 2 holds, where the j-th
first order partial derivatives of the generalized sampling series of a given absolutely
continuous function f is related with Kw,jg%, i.e., the corresponding sampling series
of the Kantorovich type of the j-th first order partial derivatives of f.
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However, the convergence results proved in Section 4 can not be applied to the
generalized sampling series based upon F,, since the kernels F;,, do not have compact
support, hence assumption () is not satisfied.

Other examples of one-dimensional kernels with unbounded support that can be
used to define product averaged type kernels can be found, e.g., in 38, 28, 29, 30].

In order to recall examples of kernels of one variable such that the corresponding
multivariate averaged type versions also satisfy assumption (x), we recall the def-
inition of the well-known central B-spline of order n € N (see, e.g., Figure 3 and
[46, 25, 2, 3, 20]), defined by:

n—1

(6) M (2) = ﬁ Zn:(—l)i (Z”) (g +o-i), zeR,

+

where (z); := max{x,0} denotes “the positive part” of x € R (see e.g., [41, 32]).
The functions M, (x) are non-negative, continuous with compact support contained
in [—n/2,n/2], and satisfy conditions (y1) and (x2).

Now, let us denote by

_ m/2
My (t) :=m™? M,(t+v)dv, teR,
—m/2

the averaged B-spline kernel of order n € N. Recalling the following well-known
property:

My(t) = My (t+1/2) = My 1(t—1/2), teR, (n>2)
for m = 1, we have:
My (t) = Mo(t+1/2) — My(t—1/2) = M, (1), tE€R, (n>1),

ie., M,,(t) = M,11(t) + k, k € R. Now, since M, ; belongs to L'(R) (see [6]), we
must have & = 0 and therefore we conclude that

Mn,l (t) - Mn—H (t)a te R,

for every n € N, namely, the averaged kernel with m = 1 generated by a central
B-spline of order n is a B-spline itself of order n + 1.
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Figure 3. On the left: the central B-spline Ms. On the right: the central B-spline M3 which
corresponds to ]\7[2,1.

In view of the above remark, we can explicitly state that the multivariate averaged
type kernel with m = 1 and generated by M,, (see, e.g., Figure 4 for the case n = 2
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in two space dimension) is the following:

N

N
M) = [[Mua(t:) = [[Monr(t:), t RN
=1

i=1

In practice, in the latter case the multivariate generalized sampling operators based
upon averaged B-spline M,, with m = 1 coincide with the usual generalized sampling
series based upon the multivariate central B-spline of order n + 1.

0.5

Figure 4. The bivariate averaged B-spline kernel of order 2 with m = 1 which coincides with

M3(t) =TT1_; Ms(t:).

Generally speaking, we can also define the multivariate average central B-spline
kernels as follows:

N N m/2
M2(6) = [ Mam(t) = m™! H/ RECETIT
i=1 i=17—m/2

Since M has compact support it satisfies also assumption (y); thus the above
sampling series fulfills the results of both Section 3 and Section 5. Further, for the
latter examples of kernels also Proposition 4 and Theorem 1 can be applied.

Now, at the end of this section we consider some applications to smoothing in
digital processing. For basic facts concerning this numerical tool for imaging, see
e.g., [19, 39, 43].

It is well-known that any static gray scale image is a bivariate signal with compact
support; then it can be (naturally) modeled as follows:

[A($7y) = Zzaij ’ 1ij(x>y) ((x,y) € RZ)?

i=1 j=1
for every image (matrix) A = (a;j)ij, 4,7 = 1,2,...,m, where 1,(x,y), i,j =
1,2,...,m, is the characteristic function of the sets [i — 1, ) x [j — 1, j) (i.e.

1;(x,y) =1, for (z,y) € [i—1, i) x[j—1, j) and 1;;(x,y) = 0 otherwise).
Note that the above function I4(x,y) is defined in such a way that to every pixel
(i,7) it is associated the corresponding gray level a;;.
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Moreover, by the above representation [4 of the image A it turns out that
I4 € BV(R?), hence one can consider approximations of A by means of the bi-
variate generalized sampling series based upon the averaged type kernels. The main
advantage that can be achieved by the above procedure is expressed by Proposi-
tion 5, that can be applied to I4: the variation of S™1 is controlled by the variation
of I, and, following the proof of Proposition 5, in case of non-negative kernels,
we obtain that the "Tonelli integrals” of S™I4 are smaller than those ones of I,
(®;(S™I4, B) < ®;(I4,B), j=1,...,N, where B is the support of f) i.e., in some
sense, the operators provide a regularized approximated version of the original image
A.

Clearly, in order to visualize an approximation (new image) of the original image
A by means of S™I,, we need to sample the operators, for w € N, with a fixed
sampling grid. Obviously, the sampling grid is chosen arbitrarily hence one can also
consider different (high) sampling grids.

The effect of the proposed procedure can be strongly noticed at the edges of the
figures, where the jumps of gray levels are reduced with respect to the corresponding
ones in the original image.

Now we can give the following practical examples of image reconstruction in
order to show the smoothing capabilities of the above operators. An optimized
version of the above described algorithm for image reconstruction and smoothing
can be implemented by means of the MATLAB programming language, following
the indications outlined in [14, 15| in case of the so-called sampling Kantorovich
algorithm for image enhancement.

For the numerical experiments, we consider the well-known images of Lena and
Baboon with 150 x 150 pixel resolution (see Figure 5).

Figure 5. On the left: Lena. On the right: Baboon.

Figure 6. On the left: the reconstruction of Lena (of 150 x 150 pixel) by means of the operator
S'm

w

w = 4, based upon the bivariate averaged Fejér kernel with m = 4. On the right: the
reconstruction of Baboon made as for Lena.

First of all, we reconstruct the original images in Figure 5 by using the bivari-
ate averaged Fejér kernel with m = 4. As observed above, following the proof of
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Proposition 5 and taking into account that || F'||; = 1, it is possible to show that
(7) ®;(S,f,B) < @(f.B),

for every j = 1,..., N (being B the support of f), i.e., the Tonelli integrals (that are
related to the variation of the sections of the function) of the reconstructed image
are smaller than those ones of the original image, therefore producing the smoothing
effect. In Figure 6 we have the reconstruction of Lena and Baboon (of 150 x 150 pixel
resolution) by means of the operator S™, w = 4, based upon the bivariate averaged
Fejér kernel with m = 4. By detailed analysis of the edges (especially in case of Lena,
at the contours of the hat) it is possible to observe the smoothing of the analyzed
images.

Figure 7. On the left: the reconstruction of Lena (of 150 x 150 pixel) by means of the operator
Sm

w )

w = 10, based upon the bivariate averaged Fejér kernel with m = 4. On the right: the
reconstruction of Baboon made as for Lena.

In Figure 7 we have the reconstruction of Lena and Baboon (of 150 x 150 pixel
resolution) by means of the operator S™, w = 10, based upon the bivariate averaged
Fejér kernel with m = 4.

The main differences that can be observed between the images in Figure 6 and
Figure 7 are that, for big values of w the images are closer to the original and
consequently the edges tend to be more clear.

Figure 8. On the left: the reconstruction of Lena (of 150 x 150 pixel) by means of the operator
S™ w = 6, based upon the bivariate averaged central B-spline of order 3 with m = 4. On the right:
the reconstruction of Baboon made as for Lena.

Finally, in Figure 8 we have the reconstruction of Lena and Baboon (of 150 x 150
pixel resolution) by means of the operator S!', w = 6, based upon the bivariate
central B-spline of order 3 with m = 4. Note that, also for the latter case one can

state a inequality as that given in (7) since also || Ms]|; = 1.
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