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NONLINEAR APPROXIMATION BY N-DIMENSIONAL
SAMPLING TYPE DISCRETE OPERATORS WITH
APPLICATIONS

Ismail ASLAN o
Department of Mathematics, Hacettepe University, Ankara, TURKIYE

ABSTRACT. In this paper, we explore N-dimensional nonlinear discrete op-
erators, closely related to generalized sampling series. We investigate their
approximation properties by using the supremum norm and employ a summa-
bility method to generalize the discrete operators. The order of convergence is
studied by using suitable Lipschitz classes of uniformly continuous functions.
We exemplify kernel functions that meet the necessary conditions. Addition-
ally, in the final section of the paper, we propose an operator-based method
for digital image zooming.

1. INTRODUCTION

In 1980s, the German mathematician Butzer introduces the theory of general-
ized sampling operators in |22 aiming to reconstruct signals that are not necessarily
bandlimited (see [22,/23}[34]). As is well-known, these operators have numerous ap-
plications, particularly in signal theory [4,[5,[12H14L|18}[19}/23,/32,34]. On the other
hand, the discrete operators considered in the present paper are closely associ-
ated with generalized sampling series and have significant applications, including
economic forecasting, geophysics, speech processing, and others [20H22].

In [4], Angeloni and Vinti investigate the convergence problem of generalized
sampling series under a ¢-variational functional using one-dimensional linear dis-
crete operators. Inspired by 4], we construct a nonlinear setting of N-dimensional
discrete operators and improve upon it by using Bell-type summability meth-
ods |16}/17] (which is also studied by Stieglitz in [36]) under the usual supremum
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NONLINEAR APPROXIMATION BY DISCRETE OPERATORS 1135

norm (see also [6},7,38]). Our new operator is defined by

Tow (F;x)= > ab, >, Hy (f (X— %)) Ik w (X eRY, n,v e N) , (1)
w=1 kezZN
where A = {A"}, . = {[an,]} ey is family of nonnegative regular matrices, f :
RY — R is bounded, H, : R —» R, H, (0) = 0 and H,, is Lipschitz continuous,
that is,
|Hy (u) — Hy (0)] < Clu— |

for some C' > 0 and for every w € N, u,v € R. Here, Iy = l(1,
is a family of N-dimensional discrete kernels for each w € N.
We will prove that

.....

| 7m0 (f) — fll = 0 (uniformly in v), as n — oo

for all f € BUC (RN ) (the space of bounded and uniformly continuous functions
on RY), where ||-|| denotes the usual supremum norm on R¥. Then, we examine
the order of convergence by means of suitable Lipschitz class of continuous fuc-
tions. Utilizing from the relation between operators and nonlinear generalized
sampling operators, introduced by

Snw (f5x)= > an, > Huy (f (5)) X (wx — k) (x eRN, n,ve N) ,
w=1 keZN

it is possible to show that, in some specific cases, Ty ., (f) coincides with S, ., (f),

and hence,

ISn,w (f) — fll = 0 (uniformly in v), as n — o

holds. Some related recent articles on multidimensional sampling operators can be
found in [1}24].

For examples of Iy ., that fulfill all the kernel assumptions, the reader can review
the last section. Lastly, we prove that these types of discrete operators can be
useful in digital zoom.

2. PRELIMINARIES

In this section, some basic definitions, notations and kernel assumptions will be
given.

Bell-type summability method is defined as follows:

Consider the following family of infinite matrices A = {A"} oy = {[an,]}oen
(n,w € N) with real or complex entries. For a given sequence x = (z,,) and the
double sequence (Az); , A-transform of z is defined by

(Az)? = {éazwxw} (n,v € N)
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whenever the series is convergent for all n,v € N. Moreover, it is called that “z is
A-summable to L” provided that

oo
lim > a,,,%w = L uniformly in v,

and this convergence is denoted by
A—limz =1L (see [16]).

Furthermore, A is called regular, if A — limz = L whenever limy_,o, 2 = L
([16,[17]). A characterization of regularity is given by Bell in [17], such that A is
regular if and only if

a) for every fixed w € N, lim,,_,o a%,, = 0 (uniformly in v),
b) A—lime =1, where e = (1,1,...)

o0
c) for every n,v € N, > Ja¥,,| < oo and there exist N,M € N such
w=1

o0
that sup Y |ab,| < M.
n>N,veNw=1

In the whole paper, it is supposed that A is regular and a}, € RS‘ for all
n,w,v € N.

We should state that Bell’s method has significant advantages in coping with the
lack of convergence. In addition to classical convergence, by taking some definite
matrices, A-summability reduces to Cesaro summability [28], almost convergence
[31], and more [29,/30]. For applications of the Bell-type summability method, we
refer to [6,8HL1L[27,33L[35L37/39].

Throughout the paper, the following notations and assumptions will be used.

Here are the notations:

e An N-dimensional vector x € RY is denoted by x = (z1,...,2x), where
x| = /x?+ ...+ 2%
e For a given uy : ZV — R where uy := Uky,... ky), We denote by [lux/|;:, the
I norm of ux on Z%, ie., |uf; =3 D (krdonyezn Uk
e We directly use } -, ;v instead of 30+ 37 4 e
Here are the assumptions:
(o]
(L) sup > agy, [[hewll;y = A < oo
1

n,veENw=

kezZN

(lg) A—lim( Z lk7w> =1

(I3) 3r > 0 such that A — lim ( > lk,w|> =0.

[k|>r
Here, conditions (I1) — (I3) reduce to the approximate identities in [4] in the case
of A = {I}, where I corresponds to the identity matrix.
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Due to the nonlinearity of the kernel H,,, we also require condition :

i [yl =0 @)
(uniformly in every bounded interval J C R)
where G, (u) := H,, (u) —u and [|-|| ; denotes the supremum norm on the bounded
interval J C R.
3. APPROXIMATION IN SUPREMUM NORM
First, we will investigate the well-definiteness of the operators of type .

Lemma 1. Let f be a bounded function on RY, f € L' (RY) and (I1) hold. Then,
[ Tno (f)]] < oo for all n,v € N, namely, Tp. maps from the space of bounded
functions into itself.

Proof. Using the Lipschitz property of H,, with H,, (0) = 0, we have

T ()] < 3 a2 5 [Hu(Fx = )] ]
kezN

w=1

<O aty Y fx =) hewl,

w=1 kezZN

where C' is the Lipschitz constant of H,,. Since f is bounded, from (I;)

T (i) < CI 2 anw 22 lkaw
w=1 kezZN
<CflA

for all x €RN. Therefore, taking supremum over all x €RY, we conclude that
[Tnw (fix) < CIIFIIA

for all n,veN. O

Lemma 2. Let f € BUC (RY) and (I1) hold. Then, T, (f) € BUC (RYN) for all

n,v € N, namely, T, maps from the space of bounded and uniformly continuous
functions into itself.

Proof. By the uniform continuity of f on RY, for all € > 0 there exists a § > 0
such that | f (x — k) —f(y—%)| < & whenever ’x—k— (y—%)| =|x—y|<d.

w w

Now, using the triangle inequality and Lipschitz property of H,,

T (%) = T (f13)] < iazwkzzz el [Ho (F (x = %)) = Hy (f (y — %))
w= cZN

<Ol ¥ lheol [f(x—%) = F (y = 5)]
w=1 kezZN
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00
<eC Y apy 2o |wl,
w=1

kezZN

hold, where C' is the Lipschitz constant of H,,. Then from (I;)
[ Tow (f3%) = Tow (fiy)] <eCA
which completes the proof. ([
Our approximation theorem is as follows.
Theorem 1. If f € BUC (RY) and (I;) — (I3) (@) hold, then we have
lim ([T, (F) — £l =0 (uniformly in v).

Proof. Adding and subtracting some suitable terms, from the triangle inequality,
we obtain

G 2 e (Ho (f (x = 35)) = f (x = 35))

118

Tow (f;%) = f (X)] =

w=1 kezZN
St Y hew (f (x— E) — £ ()
w=1 kezZN

w=1 kezZN

+f (%) (i 0y S lew — 1)‘

8

w

< Yan, X bl |Ho (fF (= %)) = F (= %)
1 kezN

+ St S Il lf (= %) =10

1 kezZN

Z&Zw Z Zk7w—1 :ZA1—|—A2+A3.

w=1 kezZN

+ /1

Since supremum is taken over R, then we have

1w (f (= 35)) = £ ¢ =D = 1w (5) = 71
Moreover, since f is bounded, then there exists an interval J = [Cy, C3] such that
Ci1 < f(x) <Cyand
[Hy (f () = f (¥)] < (|Gl 3)
for all x €RY, which implies
[Huw () = I < [1Gull; -

Then, from for every € > 0, one can find a positive number wq such that

[1Huw (f) = fll <e (4)
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for all w > wg. One can write A; as follows

A = ﬁlazw S ] [Hu (F) = f]

kezZN

+ 2 any 2 Nhew! [Ho (F) = £
w=wp+1 kezZN
= Aj + 47,
from (I1) and (4)), we observe
A3 < Ae
and

wo
A < Yan, 2 lhewl 1Gull,
w=1 kezZN

wo
<D} apy,

w=1
where D := maxi<w<w, {|Guwll; |lkwll } - In Af, by the regularity of A, for each
w € {1,2,--- ,wp}, there exists a ng = ng (w,e) € N, such that a2, < ¢ for all
n >ng and v € N. Sincew € {1,2,--- ,wg}, one can find a common 7ig = 7ig (£) :=
mMaX,e(1,2,....wo} 170 (W, €)} such that

ay ., <€
and hence
Al < Dwoe

for all n > fg, v € Nand w € {1,2,--- ,wo} .

In As, due to the uniform continuity of f, for every € > 0 there can be found a
number § > 0 such that

f(x)—fy)l<e ()
whenever |x — y| < 4. Besides, for a given fixed 7 corresponding to assumption (I3),
there exists a number w; € N satisfying that

oo
w
for all w > w;. Now, writing Ao as follows

A= 30t Y lhewl |£ (= %)= £ ()]

w=1 \k\<77
+ Y an, X kwl [F(—%) = O
w=wi+1 k| <7

+ 3 ak Y el £ (= %) = 70
w=1  |k[>F

= A) + A3 + A3
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and considering |x — X — x| = [X| < Z < § in A3, one can obviously see from
and (I1) that
A3 < Ae.
For A}, using the regularity of A, it is possible to find a number n; = n; (¢)
such that

A} < D'wye

17 (=% =70}

for all n > nq, where D' := maxj<y<u, {Z\k|<F [T,

For A3, since f is bounded, directly from (l3)
A3 <2||flle

yields for sufficiently large n € N.
Finally, from (l2), we get

As < | fle
for sufficiently large n € N, which completes the proof by the arbitrariness of e. [

4. ORDER OF CONVERGENCE

In this section, we study the order of convergence. For this reason, we introduce
the following Lipschitz class.
Let o > 0 be given. Then define Lipy (o) such that:

Lipy () = {f € BUC (RN} : [ £ (- —t) — £ ()] = O (|t|°) as t — 0} .

Here, with the notation f(t) = O(g(t)) as t — 0 we mean that one may find
d, R > 0 such that |f (t)] < R|g (t)| whenever |t| < 4.
We require the following conditions on the kernel for the order of convergence.
Let a > 0 and A = {[a¥,]} be fixed. Then, consider the followings:

veN
Sav, S lkw—1]=0(1/n%) asn — oo (uniformly in v), (6)
w=1 kezZN
there exists a constant rg > 0 such that
& U, . .
> ap ., |k7a| =0 (1/n") as n — oo (uniformly in v), (7)
w=1  |k|<rg W

=0 (1/n") as n — oo (uniformly in v) (8)

o
Za;iw Z |lk,w

w=1 [k|=7o

and

for each w € N, a2, = O (1/n%) as n — oo (uniformly in v). (9)
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Theorem 2. Let sup,,cy [|lk,wll;; = A < co. Assume that for a fired A = {[a¥,,]}

veN
and o > 0, @—@ hold. Assume further that

io:lazw |Guwll; = O (1/n%) for every bownded interval J C R (10)
’ (uniformly in v)
hold. If f € Lipn (), then
| Tnw (f) = fll = O (1/n%) as n — oo (uniformly in v).
Proof. We know from the proof of Theorem [] that

[To0 (F) = fII < ZlaiinGwllJ 2 hewl

kezZN

+ 30k S el £ (%) = 7]
w=1 kezN

I 22 anw 22 hew —1
w=1 kezZN
=:B1 + By + B3

for some bounded interval J C R. From our assumption and (10}, we immediately
get

o 00
Bi <A an, 1Gull,
w=1

=0(1/n") as n — oo (uniformly in v).

Let € > 0 and § > 0 correspond to uniform continuity of f. Then, for the given
fixed o > 0, there exists a wy > 0 such that |x — £ — x| = | K| < 2o < § for all
w > we. Dividing By as follows,

Be=Sai 3 ol |7 (%) - £ 0]
Y al X el £ (=5 = £ 0
w=wz+1 [k|<ro
> at, X el [F(=2) =70
w=1 k|>ro

:= B; + B3 + Bj
then, from @[) we get
Bl < D// v
2 = w2 1§nuljaé)iuz Anw

=0(1/n%) as n — oo (uniformly in v),
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where D" := maxi<w<w, {Zlem [Tk, Hf (- 5) —f ()H} Seeing that [ €
Lipn («), then there can be found a number R > 0 satisfying that

lr(=%) - rOI <RI
Thus, from there holds

o0
1
BY<Rrg X any > lhwl —
w=wy+1 [k|<ro w

=0(1/n%) as n — oo (uniformly in v).
For B3, since f is bounded, from we obtain
By <2||f X an, 3 lhewl
w=1 |k‘27‘0
=0(1/n%) as n — oo (uniformly in v).
Finally, directly from @, the following inequality yields

B; =0 (1/n%) as n — oo (uniformly in v).

5. MAIN RESULTS

Now, using the relation between operators and the generalized sampling
operators, following conclusions can be obtained.

For a given f: RN — R, let lx,, = x (k) for all w € N, where y : RY — R. In
this particular case, turns into

Tow (f%) = i::lazwkZZ:NHw (f (x— ) x (k) (x €RY),

which is related to A—transform of N-dimensional nonlinear generalized sampling
series (for the linear and one dimensional case, see [4,/6]), that is

Suw (fi%) = S aly X Hay (f (£)) x (wx — k), x €RY.
w=1 kezZN

Now, it is not hard to see that (I1) and (I2) turn out to be the following assumptions:
(i) x €M (zV),
(l5) > x(k)=1.

kezZN

In this case, (I3) is not satisfied. On the other hand, instead of , now we may
assume a more general condition , given by
for every bounded interval J C R,

A—1lim |Gy, = 0 (11)

in the following result.
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Theorem 3. Let f € BUC (RN). If (1)), (I}) and hold, then

ILm | Tnw (f) = f|| = 0 (uniformly in v € N).

Proof. From the triangle inequality and (13),

7o (1) =1 X £ O H (7= ) =1 (=)
+ Y at, S M- %) - 70
w=1 kezZN

+ A

o0
S at, - 1'
w=1

holds. Since HHw (f (- E)) -f(- 5)” = ||Hw (f) — fl, then from (I}) and

w

one can clearly see that

ot X O [Hu (7 (=) =1 (= )]

- ( > Ix(k)|> (5 etlita (- 11)

kezZN
< Ae
for sufficiently large n € N, for which A = ||x||: .

On the other hand, from (I}), for all € > 0 there can be found a number # > 0
such that

> x| <e

|k[>7
and hence,

(oo}

0y S I (= E) = FOl <2071 3 atue
=1 |k|># w=1

<2|fllMe

w

holds for sufficiently large n € N. Here M comes from c) in the regularity of A.
Using analogous lines of the proof of Theorem [I} one can find a number w; € N
such that

5 et 3 X091 () = £ <= (D + A0
w= <
holds for sufficiently large n € N, where D is defined by

Di= max S @I (=%) =70}

1<w<w;
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Finally, using the regularity of A, we obviously see that

171l

o0
v
5 at 1] < Ile
w=
for sufficiently large n € N. Consequently, since f is bounded, the proof is done. [

We now take into account the following Paley-Wiener spaces to prove Corollary
[ below.
For 1 < p < o0,

BE,(R)={f € LP(R): f has an extension to whole C s.t. |f (z)| < exp (7w|z|) | f]
for every z € C}
and

Bp

ww,loc

(]RN) = {f erLr (]RN) : for every fixed (z1,...,%j—1,",Tj41,---,TN),
f(fEl,...7$j_1,',$j+1,...,171\7) EBﬁw(R) for 1 <jJ SN}

Corollary 1. Let f € B} (RY) n BUC (RY) for some & > 0 and x €

Tw,loc

B, (RN) . If (1h), (1) and are satisfied, then
li_>m |Sn.v (f) = fll =0 (uniformly in v € N).

Proof. Since |Hy, (f (x))| < C|f (x)] for all w € N, then for every fixed

(.1?1, ey L1y Tl - - - ,J?N), Hw (f (1‘1, ey L1y Tl e - ,JJN)) S B}rﬁ) (R) for
all f € B}rw’loc (RY) and j = 1,..., N. On the other hand, assuming g (x) := x (wx)

we observe that g € B}rw,loc (RY) for all w > . Now, we can write the operators

Snv (f;x) explicitly as follows
Snw (f3x)
= 2 apw 2 (Huwo f) (3f) X (wx — k)

w=1 kezZN

8

Here, fixing the first N — 1 terms of the previous expression and using Lemma 4.2
in [4], we get

o0 o0

Suo(Fix)= Sagy 5 0 N (Heof) (5o 5t ey =5 ) g (m - &,

ki=—o00 kny=—00

kn—1 k
oy b k).

w 7w
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Now, using Fubini-Tonelli theorem (discrete version) and applying the same process
for every k; for j =1,..., N — 1, we conclude that

Snw (fix) = Yan, 3 (Hoof)(x—1)g(%)

w=1 kezZN

=Yt Y (Huof) (x— %)y (k)

w=1 kezZN

= 7:1,1) (fa X) .
Since f € BUC (RN ), by Theorem |3| we complete the proof. O
Notice that, B}Tw,loc (]RN) Cc UCpe (RN), where UCj,. (RN) is the space of all
functions f : RN — R such that for every fixed (z1,...,2j_1,",@j41,.--,TN),
flxi, ... xj-1,Zj41,...,2n) is uniformly continuous on R (see Proposition 4.3
in [4]).
Remark 1. If f € Bf:wyloc (RN) NnBUC (RN) for 1 <p <2, then Corollary is

still applicable. In that case, we have to assume that x € Bg’loc (RN) to be able to
apply Lemma 4.2 in [4], where 1/p+1/q = 1.

Remark 2. From Example 4.5 in [4], one can construct an N-dimensional kernel
X satisfying the conditions (1) and (1}) .

Using the properties of A-summability under suitable conditions (I;) — (I3) and
|) the following results can easily be obtained for all f € BUC (RN ):
Consider the operator Ty, (f;x), defined by

T (f;x)= Y Hy (f (x— %)) lcw (x€RY, weN).
keZN
Assume that A = F,{C1} and {I}, where

e F is the sequences of infinite matrices given by {[a;,,, ]}y such that a},, =
1/n,if v <w<n+v-—1;a?, =0, if otherwise (see [31]),

e (U is the Cesaro matrix 28] such that ¢, = 1/n, if 1 < w < n; ¢ = 0,
if otherwise
and
e ] is the identity matrix.
Then we obtain

HTU(f)+TU+1 (f)+"'+Tn+v—1 (.f

=0 (uniformly in v)
n

lim
n—oo

)_f’

(T (f) is almost convergent to f),
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T(f)+To(f)+ - +Tn(f)

n—oo

lim ‘

-

(T (f) is arithmetic mean convergent to f)

and

Jim [T, (f) = fI[ =0

respectively.

Moreover, under suitable conditions, all the previous convergence methods are
valid for nonlinear generalized sampling series, given by

S (fix) = 5 i (7 (5) x(wx =1,

6. APPLICATIONS

In this section, we begin by providing a detailed example of the discrete kernel
lx - Following this, we explore an application of our operator in the field of digital
image processing.

First, consider the 2-dimensional case and substitute the matrix A with matrix
F as defined above.

Let Iy ., be defined by

2
1 1 : 2
2 <2aw — 1/2) 2t DIFL T+ (wg1)Te2] 5 if w=m?* (m eN)
2

lk,w = )
1 1 . if 2 N
24, — 1/2 o(wt+)F1T 4 (w41)[R2 Hw # m (m € )
w
where
x 1
= L S

Note that, by the ratio test one can observe that a,, is finite for all w € N. Then,
considering the following equality

5 1 _ § 1 1
keZQ(wH)lk\ - Zo2w+Dk 2
=2a, — 1/2
we may obtain
n+v— 1
sup > dpy, || lwllp = sup Z |k,
n, UEN Z n= n,veEN Z Nxeze2

wW=v
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n+v—1 9 1 2
< il
>~ 7LS7L1£N ;j n <2aw _ 1/2) k2€:22(w+1 [kl Z 2(’LU+2 k2|

=2

which shows that condition (ly) is satisfied. Furthermore, for (l) consider the
following

e} n+v—1
E Uy 2 lew — 1] = E ﬁzlkw_
w=1 kez? w=v kez?

= jg: — E: Iy w + jg: — z: lew —1

n 2 2
v<w<ntv—1 = KEL v<w<ntu—1 Nkez
w#m?2 w#=m?

Z 7Elkw

2
v<w<ntv—1 Nkez
w#=m?2

2
1 1 1
E - 2
”klge:zge:z <2aw - 1/2> 2(w+1)!F1 14 (w-+1) 1+

v<w<ntv—1
w#=m?2

> 2
n
v<w<n+v—1
w#=m?2

2 (Va1 Vi)
4

NG

IN

IN

we obtain (I3).
For (I3), taking r = 1, since

1 1
{k: (kl,kg) : |k‘ Z 1} C {k_ (kl,kg) : |k1‘ Z ﬁ and |]€2| > }7

we write
n+v—1
Zanw > hew| = Z Z e o
w=1 ‘k|>1 w=uv ‘k|>1
n+v—1 2
2 1 1 1

< Bl - -

<2 n <2aw—1/2> T S
w=v k112 75 k21275

S D (R .
N n \ 20, —1/2 < 9(w+1)lF1l < 9(w+1)I#2]
‘kll_l |k}2|_1

w=v
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n+v—1 9 1 2
Sy ()
= n da, —1

On the other hand, since

lim # = %’ k=0
w—oo 2(w+1)¥ T 0; otherwise,

by the discrete version of dominated convergence theorem, we obtain

2
. 1
lim 2(1—) =0
w—00 4aw71

and by the regularity of F, we get

' n+v—1 9 1 2
lim —(1——] =0
n—o00 n 4CLw —1

w=v
uniformly in v € N. Therefore, (I3) is satisfied. However, our kernel I ,, does not
adhere the classical approximate identities, since

EN RS (i O
£1.

This non-fulfillment suggests that our approximation is non-trivial.

6.1. Application on Images. With the development of modern technology, zoom-
ing in on digital images has become common in many areas such as digital cameras,
medical imaging, and mobile phones. In the literature, there are different types of
zooming methods such as pixel replication, interpolation, zero-order hold method,
and more. In this part of the application, we propose an operator method for zoom-
ing in on images. We should note that approximating operators can be very useful
in image processing |154254[26].

In classical zoom techniques, the neighborhood of a pixel is often processed. In
contrast, our proposed method requires all pixel values of the zoomed image for each
pixel value. Although this may reduce computational efficiency, it helps prevent
issues such as loss of sharpness in the corners. Now, we apply our approximation
method to zoom in on digital images.

It is known that, a grayscale m x m pixel valued digital image can be represented
by a step function as follows (see [25]):

I(z,y) = 32 X uijly; (z,y)
i=1j=1
where u,; is the (4, j)’th pixel value of the given image and 1;; is defined by

3 . I if (wyy)e(i—1,4x(i—1,4] ,. .
].1,] (xvy) - { O7 Otherwise (7/,] ES ].,27. . ,m).
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It is clear that I is a step function with compact support and therefore I € L* (R?) .
Using the density of the continuous functions in L' (R?) , we may approximate this
image by the operator .

Let A = {I} and lj y, H, be defined by

RS AN
kw =\ 9w 1) qukil+ka])

z+lo 1+2); ifo<z<l1
o) ={ STl H0ST e B)

respectively. We assume that H,, is extended symmetrically in the odd way. One
can clearly observe that I ,, fulfills the assumptions (1) — (I3) and H,, satisfies .
Now, consider the following image, named by ”baboon” in Figure We will

and

FicUrEe 1. Original 256 x256 pixel resolution Baboon

focus on the left eye of the baboon shown in the Figure 2l By using our nonlinear
operator, we approximate the Baboon’s eye for w = 4. By increasing the sampling
rate, the following new zoomed images can be obtained (see Figure [3| and Figure

[@).
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F1GURE 2. Original 50x50 pixel resolution eye of the Baboon

F1GURE 3. The eye of the Baboon zoomed in with a resolution of
100x 100 pixels, obtained by nonlinear operator for w = 4

FIGURE 4. The eye of the Baboon zoomed in with a resolution of
200x200 pixels, obtained by nonlinear operator for w = 4

These new images demonstrate that our proposed method could be useful for
digital image zooming. We should note that changing or scaling the kernels for
different values of w may result in higher quality zoomed images.
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