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Abstract: Fractal interpolation has been conventionally treated as a method to construct a univariate con-
tinuous function interpolating a given finite data set with the distinguishing property that the graph of the
interpolating function is the attractor of a suitable iterated function system. On the one hand, attempts have
been made to extend the univariate fractal interpolation from a finite data set to a countably infinite set.
On the other hand, fractal interpolation in higher dimensions, particularly the theory of fractal interpolation
surfaces (FISs), has received increasing attention for more than a quarter century. This article targets a two-
fold extension of the notion of fractal interpolation by providing a general framework to construct FISs for
a prescribed set consisting of countably infinite data on a rectangular grid. By using this as a crucial tool,
we obtain a parameterized family of bivariate fractal functions simultaneously interpolating and approximating
a prescribed bivariate continuous function. Some elementary properties of the associated nonlinear (not neces-
sarily linear) fractal operators are established, thereby allowing the interaction of the notion of fractal inter-
polation with the theory of nonlinear operators.

Keywords: bivariate fractal interpolation, countable data set, alpha-fractal function, fractal operator, non-
linear operators, perturbation of operators
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1 Introduction

Over the past three decades, the subject of fractal interpolation has been one of the major research themes
among the fractals community. The concept of fractal interpolation function (FIF) was introduced by Barnsley
in his fundamental and pioneering work [1]. He proved the existence of a univariate continuous function
interpolating a given finite data set, with its novelty lying in the fact that the graph of the constructed
interpolant is a fractal, that is, the attractor of a suitable iterated function system (IFS) [2,3]. We do not attempt
here to provide a complete list of references on fractal interpolation, as the field is quite large. Instead,
we refer the reader to a few recent research on fractal interpolation [4-11] and the references therein.
For a compendium of fractal interpolation and related topics, we refer the reader to the monograph [12].
As is well known, interpolation and approximation are two intimately related concepts. However, the
interplay between these two theories is more subtle in the fractal setting. It is our opinion that the notion of
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a-fractal function [13,14] is mostly responsible for establishing interesting interconnections between interpo-
lation and approximation theories of univariate fractal functions. In fact, a-fractal function provides a para-
meterized family of fractal functions that simultaneously interpolate and approximate a given univariate
continuous function. The parameters can be adjusted so that the fractal functions share or modify the proper-
ties of the original function, for instance, smoothness and shape properties [15,16]. The analytical properties of
the fractal operator that maps a function to its fractal counterpart, and new approximation classes of self-
referential functions obtained by “fractalizing” various approximation classes of (non-fractal) functions
(such as polynomials, rational functions, and trigonometric polynomials) have received considerable attention
in the literature on univariate fractal approximation theory [13,14,17-19]. We stress here that the studies
on the aforementioned univariate fractal operator are mostly confined to the realm of bounded linear operators
on various function spaces.

As with any such salient idea, numerous questions and results based on fractal interpolation were
spawned. One such question is related to its extension to the multivariate case. In this direction, several works
have been done to interpolate a given bivariate data using bivariate FIFs (fractal surfaces); see, for instance,
[20-28] and a few research works deal with the multivariate FIFs [29,30]. Among various constructions
available in the literature, the general framework to construct fractal surfaces given in [31] aroused our
interest, partially due to the fact that the construction thereat is amenable to obtain a bivariate analogue of
the a-fractal function, which is a natural entry point to delve into the theory of bivariate fractal approxima-
tion, see also [32,33].

Much of the existing literature dealing with univariate and multivariate FIFs concentrates primarily
on finite data sets. This is no happenstance, as fractal interpolation hinges on the Hutchinson’s fundamental
result about the existence of an invariant set (attractor) for a set-valued map induced by a finite number
of contractions [2]. Attempts were made in literature to define these concepts in the setting of countably
infinite number of maps. For instance, Secelean adapted the Hutchinson approach so as to handle a countable
number of contractions [34,35] and deduced the existence of a univariate fractal function interpolating
a data set consisting of countably infinite points [35,36]. Bivariate FIF for an infinite sequence of data is
not studied hitherto, and naturally, we want to generalize the construction of fractal surfaces so as to
accommodate countably infinite data sets. Let us note that this is practically important. For instance, in the
theory of sampling and reconstruction, often one works with infinite sequence of data points, and a general
approach focuses to seek an approximate rather than the perfect reconstruction on some restricted class
of signals.

One of the objectives of this article is to unveil a method for constructing fractal interpolation surface (FIS)
for a countably infinite data set over rectangular grids. We are inspired by the finite case treated in [31], and
we will adapt this construction to the setting of countable data. This part of the current findings may be viewed
also as a sequel to [36], where the univariate fractal interpolation for a countable data set has been studied.
The countable bivariate scenario explored in this study necessitates certain extra considerations and assump-
tions, making the analysis more difficult. As hinted earlier, among various constructions of FISs, our choice of
[31]is guided by the fact that it offers an efficient platform to obtain a parameterized family of fractal functions
corresponding to a prescribed bivariate continuous function. Crucial to further development will be the
aforementioned parameterized family consisting of approximate fractal reconstructions of the original func-
tion (seed function) defined on a rectangular domain. This family of fractal functions is obtained by sampling
the seed function at infinite number of grid points in the domain and applying the countable FIS scheme
developed in the first part of this article.

We define a fractal operator that sends each (non-fractal) seed function to its fractal approximant, and
study some analytical properties of this operator, which, in general, is nonlinear. Though the bounded linear
fractal operator has its origin in the theory of univariate a-fractal function (see, for example, [14]), our focus
will be to its intriguing links with the perturbation theory of operators (not necessarily linear or bounded).
Thus, the research reported here could open the door for an intense and fruitful interaction of two fields —
fractal interpolation and the theory of nonlinear operators, and the potential applications lie, for instance,
in the field of sampling and reconstruction. The present article is a corrected and improved version of the note
available in [37].
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2 Preliminaries

We list pertinent definitions and notation from the theory of countable IFS [34,36] and nonlinear operators for
use in the subsequent parts of this article. The terminologies on perturbation theory of nonlinear operators
assembled here can be found in [38], and many of these are obvious modifications to the notions present
in the well known treatise for perturbation theory of linear operators by Kato [39].

2.1 Countable IFS

Definition 2.1. Let (X, d) be a compact metric space and (w;);ey be a sequence of continuous self-maps on X.
The system {X, (w;)ien} is said to be a countable iterated function system (CIFS). We say that the CIFS is
hyperbolic if the functions w;, i €N, are contractions with respective contractivity factors r such
that sup;enii < 1.

Definition 2.2. A non-empty set A C X is said to be a set fixed point of the CIFS {X, (w;)ien} if
A = Uwi(4),
ien
where the notation bar denotes the closure of the respective set. A non-empty set A C X is said to be the
attractor of the CIFS if A is compact, and it is the unique set fixed point of the CIFS.

Definition 2.3. Let H(X) denote the set of all non-empty closed (and hence compact) subsets of X endowed
with the Hausdorff-Pompeiu metric [3]. The set-valued operator ‘W : H(X) - H(X) defined by
W(B) = 'g\!wi(B) VB € H(X) (VA0
1

is said to be the Hutchinson operator associated with the CIFS {X, (w;)ien}-

Theorem 2.4. [34] Suppose that the CIFS {X, (w;)ien} is hyperbolic. Then the corresponding Hutchinson operator
is a contraction on the complete metric space H(X), and consequently, by the Banach fixed point theorem,
it has an attractor. That is, there exists a unique non-empty compact set A € X such that
A= W) = Uw(@).
iEN

Moreover,
(1) for every nonempty closed set B C X, the sequence (‘W ™(B))nen, Where ‘W™ denotes the n-fold autocomposi-

tion of ‘W, converges to A.
(2) the attractor A can be approximated with respect to the Hausdorff-Pompeiu metric by the attractors

of the partial IFSs {X, (w;)i1}nen-

2.2 A few basics of linear and nonlinear operator theory
In this subsection, let X and Y be two normed linear spaces over the same field K, where K is R or C.
Definition 2.5. An operator A : D(A) € X - Y is said to be closed if its graph G = {(x, A(X)) : x € D(A)}

is a closed subset of X x Y. That is, for any sequence (X;)pen in D(A), X, » x and A(xy) > YVEY
implies x € D(A) and A(x) =y.
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Definition 2.6. An operator A : D(A) € X — Y is said to be closable if it has a closed extension. That is, there
exists a set X, D(A) € X, € X and a closed operator A : X, € X — Y such that A(x) = A(x) for all x € D(A).

Definition 2.7. Let A:D(A)C X~ YandB:DB) < X~ Y be two operators such that D(B) C D(A).
If for every sequence (Xp)nen In D(B) with X, = x, B(x,) —» y and A(x,) — z imply x € D(A) and A(x) = z,
then A is said to be B-closed.

Definition 2.8. Let A : D(A) € X —» YandB : D(B) € X — Y be two operators such that D(B) € D(A). Assume
that, for every pair of convergent sequences (Xp)nen, (X1)nen in D(B) having a same limit x € X, the sequences
B(X))nen and (B(x;))nen also converge to a same limit. If for every pair of sequences (X,)nen and (X;)nen
having the same limit x, we have

A(xy) —» z,A(x;) > 22> x€ D) and z' =z

then A is said to be B-closable.

Definition 2.9. Let X and Y be normed linear spaces over the field K, where K = R or C, with norms ||||x
and ||-||y respectively. Let A : D(A) € X — Y be an operator. Define p(A) by

A
p) =max| sup AW Ly oyl

XED(A),x#0 [Ix]]x

Definition 2.10. If p(4) < o, then the operator A is said to be norm-bounded operator, and the quantity p(A)
is called the norm of A.

Definition 2.11. An operator A : D(A) € X — Y is said to be topologically bounded if it maps bounded sets
to bounded sets.

Remark 2.12. Let D(A) = X. In contrast to the case of linear operators, here, the two notions — norm-bounded-
ness and topologically boundedness — are not equivalent.

Definition 2.13. Let A : D(A) S X — Y and B : D(B) € X - Y be two operators such that D(B) € D(A). Then
we say that A is relatively (norm) bounded with respect to B or simply B-bounded if for some non-negative
constants a and b, the following inequality holds:

Ay < allX|lx + bIIBX)|ly  V¥x € D(B). 2.2)

The infimum b, of all values of b for which the above inequality is satisfied is called the relative bound
of A with respect to B or simply the B-bound of A.

Remark 2.14. If b is chosen very close to by, then the other constant a will, in general, have to be chosen very
large; thus it is, in general, impossible to set b = by in the inequality (2.2) in the aforementioned definition;
see [39].

Definition 2.15. An operator A : D(A) € X — Y is said to be Lipschitz if there exists a constant M > 0 such that
[[ACO) = AWy < M||Ix - y|lx Vx,y € D(A).
For a Lipschitz operator A : D(A) € X — Y, the Lipschitz constant is defined by

A -A
A1 sup M) = 40
x#y IIx = yllx
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Definition 2.16. Let A : D(A) € X — Yand B : D(B) € X — Y be two operators such that D(B) C D(A). We say
that A is relatively Lipschitz with respect to B or simply B-Lipschitz if the following inequality holds for some
non-negative constants M; and M,.

1400 = AW)lly < Millx = ylix + Ma||B(x) = BY)lly  VX,y € D(A). 2.3

The infimum of all such values of M; is called the B-Lipschitz constant of A.

Remark 2.17. Similar to Remark 2.14, let us note that the inequality (2.3) may not hold when M; is replaced
with the infimum of all values of M.

Definition 2.18. Let X, Y be normed linear spaces, X*, Y* be the corresponding dual spaces, and T: X —» Y
be a bounded linear operator. The adjoint or dual T* of T is the unique map T* : Y* — X* defined by

T*(W) =y o T forall p € Y*

Definition 2.19. Given a Banach space X, the annihilator (or pre-annihilator) of a subset S of X* is the subspace
defined as follows:

St={x€eX:yYp(x)=0 Vy €S}

Further, given a Banach space X and a bounded linear map T : X — X, we call a subspace Y of X invariant
under T or T-invariant if T(Y) C Y. Further, if Y # &, Y # X, then Y is called a nontrivial invariant subspace.

Lemma 2.20. Let X be a non-separable Banach space andT : X — X be a bounded linear operator. Then, for every

non-zero element x € X, the subspace span{x, T(x), T*(x), ...} is a non-trivial closed invariant subspace.
Here, the span denotes the linear span and bar denotes the closure.

Lemma 2.21. Let X be a Banach space and T : X - X be a bounded linear operator. If Y is a closed invariant
subspace of the operator T* : X* — X*, then Y* is a closed invariant subspace of T.

3 Construction of countable bivariate FIS

Denote Ny =N U {0} and N, = {1, 2, ...,n} for n €N. Let us first recall that corresponding to each double
sequence s : Ny x Ny » R denoted by s(i, j) = s;;, there can be considered three important limits, namely,

and lim

lim s; j, lim|lim s; ;
ij—o i—o|jooo Jjorooli—o

lim Si,j].

Further, it is worth to recall that the existence of lim;;..S;; does not ensure, in general, the existence
of the limits:

(1) lim;s;; for each fixed j € Ny.

(2) lim;.s;; for each fixed i € Ny.

(3) iterated limits: lim;-,c(lim;»8;;) and lim;-, o(lim;- «S; 7).

Definition 3.1. A set D = {(x;, Yps zij) 1 1,j €ENg} C R3 is said to be a bivariate countable system data (CSD) if
(1) the sequences (xy)en, and (yj)jeNO are strictly increasing and bounded,

(2) the double sequence (z;;) is convergent in the sense that lim;j..z;; exists and it is finite,

(3) limj.«z;; < o for each fixed i € Ny, and lim;«z;; < « for each fixed j € Ny.
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Notation 3.2. For a bivariate CSD, let M = Zeow = lim;;-«Z;j. Let a = X, b = X» = lim;wX;, €=y, and
d=y, = limjwyj. SetI = [a,b] and ] = [c, d]. Assume that K is a sufficiently large compact interval containing
the set{z;; : ,j=0,1,2, ..} and X =1x J x K.

3.1 Construction of FIS for countable data

Extensions of Barnsley’s framework [1] in two ways — by considering a countably infinite one-dimensional data set
[36] and a bivariate finite data set [31] — have been one of the directions of further studies in fractal interpolation.
With an intent to generalize these two approaches and inspired by the two publications [31,36], we ask:

Question 3.3. Can we construct a continuous function g : I x J —» R interpolating the bivariate CSD, that is,
80y Y)) = zi; for all i,j € Ny, satisfying the following properties?

(1) g is the fixed point of a suitable Read-Bajraktarevic type operator,

(2) the graph of g can be realized as the attractor of an appropriate CIFS.

In what follows, we answer the aforementioned question in the affirmative.
Fori,j €N, let I = [x;-1, X;] and Ji = [y]-_l,yj]. Fori € Ny, let

1+ (-1
Si = T)’
(i.e., s; = 0ifiis odd, and s; = 1 if i is even). Define 7 : N x {0, o} - N by
7(1,0)=i-1+s and (i, o) :=1i-s§;. 3.1

Fori,j €N, letu;: I - I and v; : ] ~ J; be contractive homeomorphisms satisfying

u(a) = si-1Xi-1 + X, Ui(b) = SiXi-1 + Sis1X;, 3.2
[ui(x) - wi(x)| < ajlx - x’| Vx,x €1, 33)
vi(©) = S0y 5y, V(@) = sy * S (34)
V) = v < bly -y1 vy, y €], (3.5)

where a;, b; are positive constants such that sup,a; < 1 and sup;b; < 1. Let
¢;j = max{a, bj}.
Clearly sup, ;c;; < 1. By using (3.2) and (3.4), one can easily observe that for all i,j € N,

Ul (x) = sia + spb = ui(x) and vj‘l(yj) =S¢+ Sjd = v]}l(yj). (3.6)

For every (i, j) € N x N, we consider the constants 6;, A;, a;; in (0, ) such that the following assertions hold:

lim 6; = lim 4; = 0; 3.7)
i j
lima;; =0 foralli€N, lima;;=0 forallj€N, and lima;=0; (3.8
j i L]
llalls = supa;; <1. (3.9)

L

For (i,j) €N x N, let us now define the functions F; : X — K such that for every pair of points (x,y, z)
and (x,y,z)inX=Ix]xK,
|Fj(x,y, 2) = Fj(x, Y, 2)] < Bilx - X + Ay =y, (310)

|Ej(x,y,z) - Fj(x,y,2)| < ayjlz - 2], (3.11)

F i Y Zi0) = Zeggoegy Yk, 1E {0, o} (3.12)
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Remark 3.4. From (3.10), (3.11) and the following inequality
|Fi,j(X’y’ Z) - Fi,j(xlryl: Z/)lS |Fi,j(X’y’ Z) - E,j(xl’y/) Z)l + |Fi,j(X,ryl) Z) - E,j(xl’ylr ZI)':

we deduce that, for each i,j € N, F; is a Lipschitz continuous function.

We note that with some mild conditions on the constants involved thereat, (3.7)-(3.11) imply that the maps
Fj,i,j €N, are equi-Lipschitz.

Proposition 3.5. Suppose that sup,0; and sup;A; are real numbers. Denote

ﬁ = \/z max Sllp eb Sup)l' 4
i J
B’ = /3 maxjsup 6;, sup A;, sup ai,j]'
i j 5
Then
IBj(x,9,2) = F(,, )] < Bl6y) = (30l Vo), (0 y) €1% ], 2 €K,
and

|Ej(x,y,z) - F;(x,y,z)| < Bll(x,y,2) - (x,y, 2)|l, VYX,2),x,y,z)€X,

where ||-|| denotes the Euclidean norm on R? or R3.

Proof. We use the elementary inequality

= x|+ 1y -y <20 - x)*+ (y - y)»

and (3.10) to obtain
|Ej(x,y,2z) = Fj(x,y, 2)| < Bll6GY) = GOV, YOOy, (G y)EIx], z€K.

The inequality

=X+l =y + 1z - 2] S V3J- XD+ (0 -y )+ 2 - 2,
and (3.11) provide
IE,j(x,y,2) - (X, y, 2)| < Bll(x, . 2) - (X5, 20|, VY, 2), (XY, 2) € X,
completing the proof. O
Recall that X =1 x J x K. Having defined the maps u;, v; and F;, for each (i,j) €N x N, we define
Wij: X — X by
Wi, y, 2) = (W0, vi(y), Fj(x, y, 2)). (3.13)
Then {X, (W;j)jyenxn} is a CIFS. By definition, we have
Wi Yy Zk) = (Xe(ikys Yy, » Zehoeck,n)  forall (k, 1) € {0, oo} (3.14)
For (x,y,2), (x’,y’,z)) € R® and &§ > 0, define the metric ds as follows:
ds((x,y,2), (. y', 27) = (|06 y) = (Y0 + 61z = 27 (315)

It can be easily verified that the metric ds defined earlier is equivalent to the Euclidean metric on R®
for all 6§ > 0. This ensures that the metric space (X, §jx) is compact.
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Proposition 3.6. The countable IFS {X, W;; : (i,j) € N x N} is hyperbolic with respect to the metric ds defined
in (3.15), with

1-¢
§ = inf ——

ij 28 °
where f3 is as in the previous proposition. Hence, it possesses an attractor, that is, there exists a unique non-
empty compact set A € X such that A = W(A) = Ujj»1W;(A).

Proof. For (x,y, z), (x’,y’, z') € X, we have
ds(Wij(x, y, 2), W(x", y’, 27) = [|i(x), vi()) = @x"), DI + 6lFj(x, y, 2) = Fi(x",y’, 20l
< 1), vi(n) = @), vyl + 8[1Fj(x, y, 2)
- Fj(x,y, z)| + |y, z) - BEi(x, Y, 2)]
<G l|06y) = (YOI + 66idx = X + Aily = y'| + [lall»lz = 27]]

B B

<Gjllo6y) = Y+ 6 EIX - X+ ﬁb’ — Y1+ llalllz - 2

< (aj + BOIIGY) = (Y0l + dllalls|z = 2]

< maxjsup(ci; + B8), [|alle (Ll y) = S Y)| + 8|z - 2]

i

By the choice of 6, we have supi’j(cl-,j + BS) < 1. Hence, for each (i, j) €N x N, W is a contraction with respect
to the metric ds. Consequently, the Hutchinson operator ‘W : H(X) — H(X) is a contraction map (see also
Theorem 2.4). The rest of the proof follows from the Banach fixed point theorem. O

Assume that for each (i,j) € N x N, the function F; : X — K further satisfies the following, the so-called
matching conditions:
(@) for alli €N and x* = u;7(x;) = u3(xy),

Fj(x*,y,z) = Fnj(x*y,z) Vy€],z€K, and (3.16)
(2) forall j €N and y* = v;'(y;) = Vi),
Fj(x,y*,z) = Fj.(x,y*,z) Vx€l,z€K. (317

Furthermore, we assume that the following limits exist for each fixed (x, y, z) € X.
AlmFE;(x,y,z), Vj€N and 3IlimF;Xx,y,z), VieEN, (3.18)
i J

Let us denote by C(I x J) the set of all real-valued continuous functions defined on I x J. Consider the set
C*IxJ)=theCd x]): h(xx,y,) =z forall k,1 € {0, »}},

endowed with the uniform metric. It is plain to see that:

Lemma 3.7. The metric subspace C*(I x J) is closed in the complete space C(I x J), and hence, it is complete.
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For each h € C*(I x J), we define T(h) : I x ] > R as follows:
Fj(u7' (), v '), h(u (0, v ()
if (x,y) €l xJ; for some (i,j) €N x N,
lim £ (7 /(0), d, h(u(0), d):
Jjooo
T(h)(x y) = if x € I; for some i € N, andy =d, (3.19)
lim F j(b, v;'(y), h(D, v;'(y))):
[— 00
if x=>b, and y e]j for some j €N,

Zoooo:
if x=bandy-=d.

In what follows, we intend to show that T:C*(I x J) » C*(I x J) defined by h = T(h) is well defined.
We begin with a few comments on the definition of T(h) above.

Remark 3.8. The existence of limits in the definition of T'(h) is guaranteed by (3.18). Furthermore, note that
X; € L+ N L, it appears that T'(h)(x;, d) receives two expressions, namely,

T(h)(x, d) = im F(u; " (0), d, h(w; ' (0), d)),
Jjooo
T(M(x, d) = im Fu (i (00, d, h(uizi00), d)).
Jjooo

However, condition (3.16) enables to determine T (h)(X;, d) uniquely. Similarly, T(h)(b, y/») is defined univocally
for each j EN.

Next we state an elementary result from analysis [40], crucial for the continuity arguments in the
upcoming lemma, but omit the proof.

Lemma 3.9. Let f: (a, b) x (¢c,d) » R and A € (c, d). Then the following hold.

(D) lim,y)- @1 f(x,y) = L ifand only if for any non-decreasing sequence (1) in (a, b), wherer, - b, and for any
sequence (t,) in (c, d), where t, — A, the sequence (f(r,, t;)) converges to L.

(2) limy y)~@,2 f(x,y) = L if and only if for any non-decreasing sequence (r,) in (a, b), wherer, — b, and for any
monotone sequence (t,) in (c, d), where t, — A, the sequence (f(ry, t,)) converges to L.

(3 limyyy-pa f(X,y) = L if and only if for every pair of non-decreasing sequences (1) in (a, b) and (t,) in (¢, d)
such that r, = b, t, — d, the sequence (f (1, tn)) converges to L.

Lemma 3.10. For each h € C*(I x J), the function T(h) : I x | = R is well defined. Moreover, T(h) € C*I x J)
whenever h € C*(I x J). That is, the operator T : C*(I x J) — C*(I x ) is well defined.

Proof. It follows from (3.16) and (3.17) that T'(h) is well defined on the boundary of I; x J; forall (i,j) EN x N,
For instance, let us note the following. Set Y1 £y <. Then (X, y) € (Ii-1 % ]j) N (I; x J;). Treating (Xi-1, ¥)
as an element in f_; x ]j, we have

T(W)(Xi-1,Y) = F-1;i(X-0), Vi), h(uii(X6-1), vi'()). (3.20)
On the other hand, treating (x;-1, y) as an element in [; x J,, we obtain
T(W)(Xi-1, ) = F i Xi-1), Vi), h(u (1), vi' (). (321

From (3.6), one has u;7(Xi-1) = si-1a + sb = u;(x;-1). Hence, using (3.16), it follows, according to (3.20)
and (3.21), that T(h)(x;-1, ¥) is uniquely determined.

It is obvious that T(h) is continuous on [a, b) x [c, d). Next we will prove the continuity of T(h) at (b, y),
where y €]. For this purpose, let us consider a sequence ((ry, ty)) in [a,b) % [c,d) such that (1)
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is monotonically increasing and (1, t,) — (b,y) as n — «. We have to show that T(h)(r,, t,) = T(h)(, y).
Two cases can occur.

Case 1. Let y < d. Then y € J; C [c, d) for some j, € N.
For eachn = 1,2,..., letiy,j, €N be such that (1, ta) € I;, x J; .

Subcase 1.1. Assume that y € (yjo_l,yjo). Since t, - y, one can find N € N such that ¢, €J, for alln > N.
Letn = N. Then

T(h) (s tn) = Fi, (g, (), v (6, h(ug (1), v (6))). (3.22)
On the other hand,
T(h)b,y) = }gg Fi, (b, vi'(), h(b, vi' (). (3.23)

In view of (3.18), equations (3.22) and (3.23) with some basic algebra of limits provide
Lm|T(h)(rh, ) = T(h)(D, y)|
= lm|F; i (u;, 1), Vi (), h(ug (1), Vi (6))) = Fiy(b, v, h(b, v )
< hm[IFln o (), V), Ry (), Vi (6)) = Fiy gy (g (1), v (6), R(D, v OO

+ [Fy o 1), v (6), h(b, Vi) = Fiy jo(b, vi'(00), h(b, v ()]
hm[aln gl 1(I”n) V_l(tn)) = h(b, V'l(y))l + 0;,Ju; () - b| + ﬂjolv,;l(l‘n) - V];l()’)l]
L [2[{Ale i, + (b = @6, + A Vi) = vi O,

(329

IN

IA

where in the second step, we used the triangle inequality, the third step is consequent upon (3.10) and (3.11)
and the last step is plain. Now using (3.7), (3.8), t; —» y as n — «, and the continuity of v ];1, we have

lima;,;, =0, lim6;, =0, 11m|v‘1(tn) -V (y)| = 0.
n—o

n—oo
Consequently, (3.24) yields lim,_..|T(h)(1, t,) — T(h)(b, y)| = 0, and hence we infer that T(h) is continuous
at(b,y) for y € (y; 1, y))-

Subcase 1.2. Let y = Yj,-1- Let us suppose that (t,) is monotonically increasing and (13, t;,) — (b, y). Then one
can find Ny € N such that ¢, € (yjo_z, yjo_l] CJj for all n > N,. Then computations similar to that in (3.24)

provide
| T(R)(T, ta) = T(h)(D, y)
= hmIFln Jo-1U ), vi Ly (t), h(u ), vila(6) = Fijo-1(b, via(), h(b, v (y))I
< }lljg[lﬂn,jo-l(uin (1), v, L), Qg (1), v ()
Fyjy-1(ttg, (1), Vi, L), h(b, via OO + [F jy -1y (), v L), (D, v L))
Fi,jy-1(b, v}t 1(y) h(b, vj, 1()’)))I]
lim[a;, j -1lh(u;, (), Vi ta(t) = (b, v L ()]
* 0y lu; (1) = Bl + Ajyalvi Lyt = viLO)I]
rllij?o[2||h||wain,jofl + (b - @B, + Ajylvi L) - viLO)I]
0.

IA

IN
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Similarly, if (t,),en is monotonically decreasing, then there exists Ny € N such that ¢, € [y -1 yjo) cJ p for all
n = Np. By using a similar argument as earlier, we can prove that

Lim|T(h)(1, tn) = T(R)(b, y)| = 0.

By combining the two aforementioned subcases, we conclude that T(h) is continuous at (b,y) for
any y € [c, d).

Case 2. Let y = d. In this case, due to the previous lemma, we can assume that both (r;,) and (t,) are mono-
tonically increasing. For each n=1,2,... , let iy, j, €N be such that ,, € I, tn € ]jn. By using (3.7), (3.1D),

n’

and (3.12), we have as mentioned earlier

Lim|T(h)(r, tn) — T(h)(b, d)|

n—o

< %E?o[|Fin,jn(ui;l(rn): V]:ll(tn): h(ui;l(rn)’ Vj_nl(tn))) - Fi,,,j,l(b, d, h(ui;l(rn)) V];l(tn)))l
+ |Fy, (b, d, h(ui (1), v; ' (6))) = Fy,j (b, d, h(b, d))|+|F,,j, (b, d, h(, d)) = Zusw|]
’111_{510[91',[|ui;1('”n) = bl + A;,v; () - dl+a,; [ (), v; ' (t)) = h(b, D)]] + Um|F;,;, (b, d, Zow) = Zeor

IA

IA

}lim[ein(b —a) +A;(d - ¢) + 2a;, [ |h]lo] + rllimlzr(imm),f(;mw) ~ Zaw| = 0.

Similarly, we can prove that T(h) is continuous at (x, d) for all x € [a, b). We next prove that T(h)
interpolates the given bivariate CSD. To this end, let us note that for every (i,j) € N x N, by the condition
on 7 given in (3.1), we can choose (k, I) € {0, »} x {0, o} such thati = 7(i, k) and j = 7(j, ). By (3.2), it follows
that xx = u;'(x;) and y, = v,-‘l()?). Using (3.12) and (3.19),

T(h)(X., ¥,) = Fj(Xi Y, M6 3)) = Fj(Xio Yy Zia) = Zeik,e() = Zij-

The continuity of T'(h) further implies T(h)(xx, ;) = ziq for k, 1 € {0, »}. Consequently, T maps C*(I x J)
into itself. This completes the proof. O

Theorem 3.11. Let {X, Wj; : (i, j) € N x N} be the CIFS defined through (3.1)-(3.13)and (3.16)—(3.18). Then there
exists a unique continuous function g : I x ] = R such that g(x;, y;) = z;; for all i, j € Ng x Ny, and the graph
of g, namely,

G={(xy,805y): (x,y) EI %]},

is the attractor of the CIFS defined earlier.

Proof. By the aforementioned lemma, we have T : C*(I x J) — C*(I x J) is well defined. We shall prove that it
is, in fact, a contraction map. To this end, let hy, h, € C*( x J). For (x, y) € [a, b) % [c, d), choose (i,j) EN x N
such that (x,y) € I; x Ji
IT(h)(x, y) = T(h)(x, Y)| = 1Fj(ui (%), vi' (), b 00, vi'(0))) = Fj(ui (), vi ' (»), hau (), vi ' ())

< gl (U0, vi'(y) = a7 (), v ()

<|alle| [Py = Rofeo-
By the continuity of T(h;) and T(h,), the aforementioned inequality holds for all other (x,y) € I x J as well.
Therefore,

IT(hy) = T(h)lleo < [|alfeo|[Py = Polloo-

That is, T is a contraction map. In view of Lemma 3.7, the Banach fixed point theorem now ensures that there
exists a unique g € C*(I x J) satisfying

T(g) = g. (3.25
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Now, let G = {(x,y,8(x,y)) : (x,y) €I x ]} be the graph of g and G = {6y, 806, y) : (x,y) € [a, b) x
[c,d)} C G. For (x,y) € [a, b) x [c, d), there exist iy, j, €N x N such that (x, y) € [, x I Thus, by (3.25),

06y, 806, Y)) = (6., Figjy (i (0), vi' (), 8w (), vi'))
= Wiy, (i, 00, v (), 8w, (), v; 1 (1)) € Wy (G).

Hence, G C Ui, 21W;,j(G). Taking closure on both sides, we obtain G C U j»1W;;(G).
Conversely, for (x,y) € I x J and (i,j) €N x N, we have u;(x) € I; and vi(y) € ;- Therefore

Wi, y, 806, ¥)) = (wi(x), vi(¥), Fj(x, ¥, %, ¥))) = (i), vi(y), §(wi(x), vi(¥))) € G.

Since G is closed, one has

U W](G) C G,
ij21
and so,
G = U W;(G).
ij21
This concludes the proof. O

Remark 3.12. As mentioned in Section 1, the motivation for the aforementioned construction of FIS corre-
sponding to a countably infinite data set comes from the construction of FIS in the case of finite data set given
by Ruan and Xu [31]. The interested reader is encouraged to compare the above construction with that
in [31, Theorem 3.1], in particular, the conditions imposed on the maps F;; and the definition of the Read-
Bajraktarevi¢ operator T. In the setting of a countable bivariate data set, establishing the continuity of T is
a more subtle matter, for which relatively stronger conditions that we imposed on F; came to our aid.
On the other hand, for the construction of a parameterized family of fractal functions, which forms the subject
matter of the second part of this article, these assumptions on F;; are easier to come by.

3.2 Approximation of the attractor of countable IFS

Let (X, d) be a compact metric space. For (i, j) € N x N, let w;j : X —» X be contraction maps with contractivity
factor r;; such that sup; ;fij < 1. Consider the CIFS {X, (w;j)ijen}. Assume that m,n € N. Let us refer
to {X, (wij)ijen.xn,} as the partial IFS associated with the CIFS {X, (w;;);jen}. We will denote the attractor
of the aforesaid partial IFS by A, ,. Our aim is to prove that the double sequence (Amn)mnen provides
an approximation of the attractor of the CIFS in the space H(X) endowed with the Hausdorff-Pompeiu
metric.

Let us begin with the following theorem:

Theorem 3.13. Let (X, d) be a complete metric space and (Km n)mnen be a double sequence of compact subsets

of X.

(1) Assume that Kmn C Kms1n and Kmpn C Kyt for all m, n € N. If the set K = Up n=1Kmn is relatively com-
pact, then

K= Knn= lim Ky p.

m,nz1 m,n—e
(2) If Kpsin C Kn and K1 C K for allm, n € N, then
C= N Kpn= lim Ky,

m,n1 m,n—oo

Proof. It can be proved similar to [34, Lemma 2.4]. O
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Lemma 3.14. For every m,n € N, we have Apn C Apsin, Amn C Amnsr and Ay n C Apainer-
Proof. Choose i, i,..., i, € {1, 2, ...,m},jl,jz,...,jq € {1, 2, ...,n}. Define the functions Wiyl fy oy - X->Xby
wilizmip,jljzqu(x) = wiljl ° .. ° (x)iqu(X).

Obviously, Wity by Jy -y is a contraction map with contractivity factor at most I'Iﬁzll'lﬁzlrik i <L Let @i, iy j,... i
be its unique fixed point, then following [2,§ 3.1 (3)], we have

Am,n = {ailiz..4ip,j1f2...jq : il) iZ) ---)ip € Nmrjl;jz; -'-)jq € Nn}-

The proof follows immediately from the aforementioned observation. O

Lemma 3.15. [34, Lemma 2.2] If (Ey)xex is a family of subsets of a topological space, then

The following theorem is analogous to [34, Prop. 3.6].

Theorem 3.16. The set A = Up p214m,n in H(X) is the attractor of the CIFS {X, (w;;);jen}

Proof. For every m, n € N, we have

- m n 00 00
U wi,j(Am,n) =uUu wi,j(Am,n) uu u wi,j<Am,n)
= 1

ij21 i=1j=1 i=m+li=n+ (3 26)
=ApnU U U wij(Amn)
i=m+1 i=n+1
By Lemma 3.15, we have
u u w;j(Amn) = U U w; j(Am.n)
ij21m,n=1 m,n21 i,j21
= U Uwy@Emnn)
m,n21 i,j21
3.27)
= U Am,nU ) U U wi,j(Am,n)
m,n=1 izm+1 jzn+1
= UJdnp,U U U U wi,j(Am,n)-
m,nx1 m,n21 izm+1 j2n+1
By Lemma 3.14, we obtain
U U U wjl& € U Ann.
m,nz1 izm+1 j2n+1 l’]( m,n) m,n21 i (3.28)
By combining (3.27) and (3.28), we obtain
U U wi,j(Am,n) = U Am,n- (3.29)
ij21 m,nz1 m,n1
Now, using the continuity of w;; for each i,j € N,(3.29) and Lemma 3.15, we have
U Wi U Ann|C U Wi j U Amn
ij21 m,nx1 ij=1 m,n21
= Uwl U Anp (3.30)
ij21 m,n=1

u u wi,j(Am,n) = U Ann.

ij21 mnx1 m,n=1
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Conversely, by using (3.29), we have

U Amyn =uU U wi,j(Am,n)

m,n=1 ij21 mn=1
= iglwi,j m,L,leA’”’" (331
C Uwy| U Amnl-
ij=1 m,nz1
Equations (3.30) and (3.31) together yield the following:
Uwiy U Ann|= U Amn
ij21 m,nz1 m,nz1
Since X is compact, and A = Um n>14mn € X is closed, it follows that A is the attractor. O

The aforementioned theorem in conjunction with Theorem 3.13 and Lemma 3.14 provides the promised
approximation of the attractor of CIFS by the attractors of the partial IFSs. To be more precise, we have
the following result.

Theorem 3.17. Let A be the attractor of the CIFS {X, (w;j);jen} and (An,n) be the double sequence of attractors
of the associated partial IFSs {X, (w;})jien, =N} Then

A= lim App,

m,n—o

where the limit is taken with respect to the Hausdorff-Pompeiu metric.
As a special case of the previous theorem, we have the following.

Corollary 3.18. Let us consider the CIFS {X, (W, )); jen} defined in the construction of our countable FIS (see (3.13))
and denote by G its attractor obtained in Proposition 3.6. For m, n € N, let G, , be the attractor of the partial IFS
X, (W) jennxn,}- Then

limy p-wGm,n = G,

where the limit is taken with respect to the Hausdorff-Pompeiu metric.

4 A parameterized family of bivariate fractal functions
and associated fractal operator

As mentioned in the introduction, in order to explore some approximation theoretic aspects, we consider here
a special case of the countable bivariate FIF constructed in the previous section. This is influenced
by the notion of a-fractal function [13], an offspring of the univariate FIF for a finite data set.

Definition 4.1. Let I x ] = [a, b] % [c,d] C R%. We say that 4 = {x;: i = 0,1,2, ...} x {y] :j=0,1,2,..}CIx]
is a partition of I x J if

(1) the sequences (X;)ien, and (yj)iENO are strictly increasing such that xo = a and y, = c,

(2) lim;j~wX; = b = X and limjm)ﬁ =d=Yy,.
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Let Lip(Z x J) C C{ % J) denote the set of all Lipschitz continuous real-valued functions defined on I x J.
That is, f € Lip(I x J) if there exists a constant [ > 0 such that

FO6Y) = f(s, O < Ll ) = (8,0l YGp), (s, 8) €% ].

Definition 4.2. Let a € Lip( x J) and A be a partition of I x J. For each (i,j) €N x N, define [; = [x;-1, X,
J; = V1,1 and set

Qi = ||l gy = sUP  |a(x, Y)I.
()€l

We say that a is a scaling function if the following conditions are satisfied:
(6)) limi,jai,j = limi(supjai,j) = limj(supiai,j) =0;

@ llallo = supgy yyepglatx, y)I = sup; ai; < 1.
Remark 4.3. The aforementioned conditions imposed on the scaling function a coincide with those in (3.8).

Fix f€ Lip(I x J). We refer to f as the germ function or seed function. Consider the countable data set
D = {06y, f(%,))) 1 1] € No},

where 4 = {(x;y;) : 1,j € No} is a partition of I x J. We construct a class of bivariate FIFs corresponding
to the countable data D = {(x;, j, f(x;, ;) : 1, j € No} by choosing appropriate maps u;, v; and F; that constitute
the countable IFS defined in the previous section.

Fori € N U {0}, as mentioned earlier, let us denote s; = %_Dl
(1) Consider the affine function u; : I - [ satisfying (3.2). That is,

ui(a) = Si-1X;-1 + SiX;, Ui(h) = SiXi-1 + Sis1X;,
ui(x)=ax +c¢; Vxel.

(2) For j € N, we consider the affine function v; : J - ]1 satisfying (3.3), that is,
Vi(€) = Sy * S vi(d) = SYi-1 * Sj+1)s
vi(y)=by +d; Vy€].
(3) Assume that L : Lip(I x J) — Lip(I x J) is an operator satisfying the boundary conditions
L(f )X y;) = f(xa,y,) forall k, 1 € {0, e, 4.1

Let K be a sufficiently large compact interval containing the set {f(x;, yj) 1,j=0,1,2,..}and X=1x%x ] x K.
Choose k > 0 such that
|zl <k VzE€eK.
Fori,j €N, define Fj : X - K by
Ej(x,y, 2) = ai(), i)z + fwix), vi(y) = a(u(x), viO)Lf), y). 4.2)
Let us consider the CIFS {X, W; : (i,j) € N x N}, where
Wi, ¥, 2) = (W), v(y), Fj(x, y, 2))

as in the previous section. In what follows, we will denote by I, the Lipschitz constant of a func-
tion g € Lip( % J).

Theorem 4.4. Assume that the partition 4, scaling function a and operator L are fixed. Then corresponding
to each f € Lip(I x ), there exists a unique continuous function f* : I x | > R such that

(1) f* interpolates f at the points in A, that is, f*(x;, yj) = f(x;, yj) for all (x;, y].) E A,

(2) the graph of f* is the attractor of the CIFS {X, W; : (i,j) € N x N} defined earlier.
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Furthermore, f* satisfies

fO6Y) + aboy)(F* = LU0, ;')

if (x,y) €] x]jfor some (i,j) EN x N,
fOd) + alx, d(f* = LU (0, d)

if x€Ifor somei €N, andy =d,
f®,y) + ab,y)(f* = LD, vi' ),

if x=Db, andy € J; for some j €N,
fb, d),

if x=bandy =d.

f*x,y) = 4.3)

Proof. Consider the countable data set
D ={(x Yy, f(X);))  1,] € No}.

We shall first prove that the functions F; satisfy (3.10)-(3.11), and the matching conditions (3.16)-(3.17)
prescribed in Theorem 3.11. To this end, let (x, y, z), (x’,y’,z) € X = I x | x K, we have
|Fj(x, y,2) = F;j(x", y", 2)| = |[[a(ui0), vi(y)z + f(ui(x), vi(y)) = a@i(x), i(IL(f)X, y)]
- [a(i(x), vi(yNz + f(w:(x), vi(y) = a(uix), vy DL, y)I
< V2Kl[ladlx = x| + [Billy = Y11 + V2l lladix = x| + [Billy - y'1]
* N2Zalipllx = X1+ 1y = Y11+ V2Ll lelladlx = xT+ IBlly = 1]
<[V2lai(kla + I + LlIL(Plle) + V2 lapsup ajix - x|

+ [V2bjl(Klg + I + LJ|L(P)]) + \/EIL(f)SQP a1y -y’

Thus, the map F; given in (4.2) satisfies:
(1) condition (3.10) with

0; = V2| ai|(kly + I + L|IL(P)|le) + \/EIL(f)SQP aij,
j

A = N2 bj|(Klg + U + L|IL(f)]lo) + V21 pysup aij;
i

(2) condition (3.11) with
Qij = [|Alloxg; = sup  Jalx, y)l;
(Y)ER];
(3) conditions required in (3.7), since by the definition of scaling function
lima;; = suplima;; = suplima;; = 0;
i i jod

Y =Y
d-c

and since |aj| = 2= |by| =

g provide

liml-|ai| = hm|b]| = 0;
J

(4) interpolation condition at the four vertices of the rectangle I x J, given in (3.12), with
Ej0 Y, f X6 3)) = f g, Vo) VK, 1 E {0, o}

(5 matching conditions (3.16)-(3.17);
(6) the existence of limits in (3.18).

Consequently, by Theorem 3.11, there exists a continuous function f* interpolating the data set D,
and the graph of f* is the attractor of the CIFS {X, (W;); jen}. The self-referential equation for f* also follows
from Theorem 3.11. O
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Definition 4.5. Emphasizing its dependence on the function a, the function f* is referred to as the (countable
bivariate) a-fractal function associated to the germ function f, with respect to the parameters a, 4 and L.
To indicate its dependence with parameters a, 4 and L, we shall denote f* by f/,.

Remark 4.6. In fact, we obtain a family of fractal functions { fZL} corresponding to each germ function f,
obtained for different choices of parameters a, 4, and L. Note that each member of the family { fZL} inter-

polates the germ function f at points in 4, that is,

leII,L(Xi’))]') = f(xia)}j) Vl)] € NO; and fZL(Xk’yl) =f(Xk)yl) fOI‘ k) l € {O) 00}

Remark 4.7. The fundamental impetus for the definition of parameterized family of fractal functions reported
above was Navascues’s construction of the a-fractal function, which is widely recognized in the approximation
theory of univariate fractal functions (see, for instance, [13,14]). The difference here is that the germ function
is bivariate and that the sampling of the germ function is done at a countably infinite number of points
in the domain. Also, we do not make a standing assumption that L is a bounded linear operator.

As in the context of univariate a-fractal function, we consider the self-referential function f* = f', as the

image of a given (non-fractal) function f under an operator 7§ ;, thus associating with f its self-referential
counterpart f;',. More precisely, we have

Definition 4.8. Let a, 4, and L be fixed. The operator
Far:Lipdx)cCdx])=CAx]), Fuf)=Ff

which assigns to each f€ Lip(I xJ) its self-referential counterpart fy, is called the a-fractal operator
on Lip(I x J).

The following results, which point to the error committed in “fractalizing” the germ function f,
is well known in the univariate setting [13].

Proposition 4.9. Let f € Lip(I x J) be the germ function and fy be the a-fractal function associated with f
corresponding to the partition A, scale function a, and parameter map L. Then we have the following inequality:

P2, = FIl < Nlalkellf2, = Lo

Proof. Choose (x,y) € [; x ]] for some (i,j) € N x N. From the self-referential equation (4.3), we have
5L 06Y) = FOI = laCo I, = LN 00, vir O < llalkollff, = L
If x € I; for somei €N and y = d, then
Iff, 06 ) = FOx DI = lal DI, = LUN@T 00, DI < lalkollff, = L
Similarly, if x = b and y € J; for some j € N, one has
FaL(®:y) = f, )] < llalls [If = L)l
Also, fZL(b, d) = f(b, d). Consequently,
Wfar = fll, < llalkollfgy = Ll

completing the proof. O
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Corollary 4.10. Let f € Lip(I x J) be the germ function and fy, be the a-fractal function associated with f
with respect to the parameters a, A, and L. Then we have the following inequality:

o

Iy = DI, = T

If = L(OIl o
In particular, if L = Id, the identity operator on Lip(I x J), then ¥ ; = Id.

Proof. We have
IFS, = LCON_=IfL, = f+f = LPII
<IFe, ~fll_+ If - L(P
<llall s, = ZON + I = LU

Therefore,

a 1 —
Iy = O, = T ar W = LDl

completing the proof. O

Corollary 4.11. Let f € Lip(I x J) be the germ function and fXL be the a-fractal function associated with f
corresponding to a, A, and L. Then we have the following inequality:

llalle:

Wy, = fll, < - |lall- If = L)l -

Proof. From Proposition 4.9 and the triangle inequality
Wfar = fll, < llallsllfy, = LOON, < Ny, = Il + If = LOOI)
proving the claim. O

As an immediate consequence of the previous corollary, we obtain sequences of fractal functions conver-
ging uniformly to a prescribed bivariate Lipschitz continuous function, as specified in the upcoming result.

Corollary 4.12. Let f € Lip(I x J) be the germ function.

(1) Assume that the partition A and scale function a are fixed. Let (Ly)ney be a sequence of operators
on Lip(I x J) such that L,(f)(Xx,y;) = f(a,y,) for k,1 € {0, ©} and for each n € N. We further assume
that Ln(f) — f uniformly. Then the sequence ( fj‘, L nen of a-fractal functions associated to f converges
uniformly to f.

(2) Assume that the partition A and the operator L : Lip(I x J) — Lip(I x J) are fixed. Let (a™),en be a sequence
of scale functions such that ||a"||. — 0 as n — . Then the sequence ( fﬂ)nEN converges uniformly to f.

The proof of the following proposition is similar to its univariate counterpart in [13], but included here
at the referee’s behest.

Proposition 4.13. If L : Lip(I x J) — Lip(I x J) is a linear operator, then ¥4 ; is a linear operator.

Proof. Let f, g € Lip(I x J) and ¢, ¢ € R. By using the functional equation for fy, and gXL, we have
fi06Y) = FO6Y) + abo y)(fy, = LU 00, vi' (),
gi,06Y) = g06y) + ale y)gy, = LUNW 00, vi'()),
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for all (x, y) € I; x J;. On multiplying the aforementioned expressions by ¢ and ¢, respectively, and adding,
we obtain

(leZL + ngAa,L)(X,_y) = (C1f+ CQg)(X’_y) + a(Xsy)(leZL + CQgX,L - L(C1f+ C?g))(ui_l(x)s V‘_l()’)),

for all (x, y) € I; x J;, where (i,j) € N x N. Similar expressions for the other points (x, y) € I x J. This shows
that (afy, + ag,,) is the fixed point of the RB-operator associated with the construction of (¢ f+ &g)j .-
Hence, by the uniqueness of the fixed point of the RB-operator, we obtain

(afi,*+egy ) =(af+ a8

as desired. O]

Remark 4.14. As noted earlier, when the germ function is univariate and 4 is finite, the notion of a-fractal
function and associated fractal operator are well studied. Further, in the literature, the fractal operator is
studied with the standing assumption that the parameter map L is a bounded linear operator [13,14,18,19,33].
Consequently, the fractal operator is widely investigated only within the confines of the theory of bounded
linear operators. Here, we do not assume L to be linear or bounded, thereby enhancing the scope of the fractal
operator.

Proposition 4.15. Let Lip(I x J) C C(I x J) be endowed with the uniform norm. If L : Lip(I % J) — Lip(I x J)
is a continuous operator (not necessarily linear), then so is the operator ¥ ;.

Proof. Let (f,)nen be a sequence of Lipschitz functions such that f, — f in Lip(I x J). By using the self-
referential equation and by routine computations, we have

1 I| [l
W = fll +
1=l ™ = llafl

The aforementioned inequality in conjunction with the convergence of (f, )nen and the continuity of L estab-
lishes that 74 ;(f;,) = ¥4 (f). This guarantees the continuity of % ;. O

173,000 = FalPll, IL(f) = L e

Proposition 4.16. The a-fractal operator ¥ ;, : Lip(I x J) = C(I x J) is an L-bounded operator with the L-bound
llatlleo
1= lafle*

not exceeding

Proof. According to Corollary 4.11, we have

|| ll=

P8 =TS T

T o Wl ILC )

Thus,
|| [l

= lalles

175NN < 7= Wflle + 7~ L)l

IlaII

proving the claim. O
Corollary 4.17. If L is a norm-bounded nonlinear operator, that is, p(L) < o, then ¥ Z, ;. 1s also norm-bounded.

Proof. From the previous proposition, we have

|| =

1721 < 7 Iflle + -

” - Tt e

Since L is norm-bounded, we have

1L e
retip@reo ke

<p(Ll)<e
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Consequently,

F9q oo 1 alle

17 2..COl < Ll (L),

retipaxnfzo o 1-flalle 1~ [lafl
Hence, we have
1F 3,
pFS) =max] sup  —— [[FG (0] f <,

fELipUIx]),f+0 Hf”w

as required. O

Similarly, one can prove the following.

Corollary 4.18. If L is a topologically bounded operator, then so is the fractal operator 4 ;.

Proposition 4.19. The operator 7§ ; is L-Lipschitz with the L-Lipschitz constant less than or equal to 1!7":‘00.
Proof. By using similar computations as in Proposition 4.15, one obtains
a -F4 < e & -
17 4. - Far@ll, < 72 If = 8lle + —— IL(F) = L)l @4
1= lafl. 1= lafl
proving the claim. O

Corollary 4.20. If L : Lip(I x J) C C(I x J) — Lip(I x J) is a Lipschitz operator, then so is the fractal operator
¥ 4 1. Furthermore,

1+ lafls|L]

Gl s =
7ol = T

Proof. The assertion follows clearly from the aforementioned computations. O

Proposition 4.21. If L : Lip(I x J) C C(I x J) - Lip(I x J) is a Cauchy-continuous operator (that is, L maps
Cauchy sequences to Cauchy sequences), then ¥ ; is not a closed operator.

Proof. Let us assume on the contrary that the fractal operator ¥§; is closed. Choose a function
fecd x\Lipd x J), and consider a sequence (f,)nen in Lip( % J) such that f; = f as n — «. Since L
is a Cauchy-continuous operator and (f;,),ey is a Cauchy sequence in Lip(I x J), it follows that (L(f,))nen
is a Cauchy sequence. By using (4.4) with f = f, and g = £, one can infer that (¥ § ;(f,))nen is a Cauchy sequence
in the Banach space C(I xJ). Assume that ¥4 (f,) - g By the fact that 3, is closed, it follows
that f € Lip(I x J) and g = ¥ 4 ;(f), which contradicts the choice of f. |

Proposition 4.22. If L : Lip(I x J) - Lip(I x J) is a closed operator, then the operator ¥§ ; is L-closed.

Proof. Let (f, )nen be a sequence of Lipschitz functions such that f, - f, L(f,) » g and ¥4 ;(f,) > hasn - «,

Since L is a closed operator, f, — f, L(f,) — g together imply f € Lip(I x J) and g = L(f). By (4.4), we have
llt]le
W = flle + 7 L) = Ll

1= lafl 1= lafl

Consequently, 74 (f,) = Fa:(f) as n — . By the uniqueness of the limit, h = 75 ;(f) and hence, the
assertion. O

1720f) = FaulDll., <

Similarly, one can prove the following result.

Proposition 4.23. If L : Lip(I x J) - Lip(I x J) is a closable operator, then the operator ¥ ; is L-closable.
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5 Extension of fractal operator and some properties

In this short section, we extend the fractal operator ¥4 ; to the whole of C(I x J), and we shall refer to this
extension operator as the a-fractal operator on C(I x J). The following lemma is a standard result [41].

Lemma 5.1. Let A : D(A) C X — Y be a Lipschitz operator with Lipschitz constant |A|, where X, Y are metric
spaces, the second one being complete. Then there exists a Lipschitz extension A : D(A) C X - Y of A such
that |A| = |A].

The operators L : Lip(I x J) > C(I x J) and F§ : Lip(I x J) —» C{U x J) are densely defined. Therefore,
if L is a Lipschitz operator, then, by the aforementioned lemma and Corollary 4.20, we have Lipschitz extensions
L:cdx])-Cdx])of L and ¥ Z,L :CU xJ) - Cd % J) of F§, preserving their respective Lipschitz con-
stants. By a slight abuse of notation, we denote this extension of the fractal operator ¥4, also by #74;.
This observation is formally recorded in the following proposition.

Proposition 5.2. If L : Lip(I x J) C C(I % J) — Lip(I x J), is a Lipschitz operator, then the a-fractal operator
Far:LipdxJ)cCUx])—> CIx]) has a Lipschitz extension ¥4, :CUI x J) - CU x J) with Lipschitz
constant

1+ laflo|L]

q s =
7ol = T

Definition 5.3. For a prescribed germ function f'€ C(I x J), the function f7, = #7(f), where 73 is the

Lipschitz extension in the previous proposition, is called the (countable bivariate) a-fractal function associated
to the germ function f with respect to the parameters a, 4, and L.

Remark 5.4. If L is a bounded linear operator, then ¥4 ; : C( x J) = C{I x J) is also a bounded linear operator.
In the setting of univariate functions, the bounded linear fractal operator ¥4, : CI x J) » C{UI x J) is well
studied [13,14,16,19].

The notion of invariant subspace is fundamental in operator theory. We next provide a class of proper
closed invariant subspaces for the bounded linear fractal operator 775 ; : C(I x J) = C{ x J). Recall that the
dual of C([a, b] x [c, d]) is isomorphic to the space of all Borel measures equipped with total variation norm,
and it is a non-separable Banach space; see [42, §1V.6.3, Theorem 3] for details. Consider the non-zero linear
functional ¢, . € (C([a, b] x [c, d]))* given by Y, (f) = f(a, ¢) for all f€ C([a, b] * [c, d]).

Theorem 5.5. The subspace Wiy,y,) = {f € Cllxo, Xe] % [¥9, D) : f (x5, ;) = 0} is invariant for the fractal operator
F 4.1 foralli,j € Ny U {oo}, for permissible choices of a, A and bounded linear operator L.

Proof. For any partition 4, scale vector a, and bounded linear operator L and any f € C([Xo, Xo] X [Y, Y 1),
we have

(F80 Wy ) = By * F5uF)
= w(xi,yj)(fZL)
= fr ()
= f0y)
= w(xi,yj)(f)'
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Consequently,
((?TZ,L)*)m(w(xi,yj)) = w(xi,yj) vmeN,
and hence, by Lemma 2.20,

Span{%q,yj), (7:Z,L)*(¢(xl»,y].))’ ((f%,L)*)z(w(xi%))y w}= Span{lﬁ(xi,yj)}

is a non-trivial closed invariant subspace of (C([Xo, X=] X [y, Y% 1))*. Now, from Lemma 2.21, it follows that
(Span{w(x,-,yj)})J_ = Wy

is a non-trivial closed invariant subspace for 77 ;. O

Remark 5.6. Along with the proof of the previous theorem, it is perhaps worth recalling that the closed
invariant subspace Y* in Lemma 2.21 can be trivial. For example, consider the space X = ¢ and take Y = ¢,
the space of all real sequences convergent to zero. Then, Y is a closed invariant subspace of the identity
operator Id : 4. — f». However, the preannihilator of Y is zero.

Theorem 5.7. Let A = {x;: 1 € Ng} x {y] :J €Ny} be a partition of the rectangle [a,b] % [c,d], and L be
a bounded linear operator. Then

W= {fEC([a)b] X [C’ d]) 5f(xi:yj)=0; V(l)])ENO XNOJ f(a: C)=f(a,d)=f(b, C)zf(b:d)zo}

is a non-trivial closed invariant subspace for the a- fractal operator ¥ § .

Proof. By the above theorem, we have Wy, are non-trivial closed invariant subspaces of 77
for k, 1 € {0, «}. The result follows immediately by taking the intersection of these subspaces. O

6 Concluding remarks

Fractal interpolation is one of the few methods of interpolation that can produce both smooth and nonsmooth
functions interpolating a prescribed finite set of univariate data. The apparent intricacy of the definition of
fractal interpolation belies the remarkable richness of its structure so much so that the theory of fractal
interpolation has developed at a rapid pace and continues to flourish. Extensions of Barnsley’s original
framework of FIF in two ways — considering a countably infinite one-dimensional data set and considering
a finite bivariate data set — have been one of the topics of further research studies in fractal interpolation. On
the other hand, another area of study in the theory of fractal interpolation is the concept of a-fractal function,
which is an offspring of the FIF. The a-fractal formalism paved the way for fruitful interactions between fractal
interpolation and other branches of mathematics. By combining these three lines of research, in this article,
we investigated fractal interpolation for a bivariate countably infinite data set for the first time in the
literature and studied the associated notion of a-fractal function. The concept of fractal operator that emerges
quite naturally with the notion of a-fractal function is studied in a more general setting of nonlinear operators.
In contrast to the countable univariate and finite bivariate counterparts, the countable bivariate situation
considered in this article required some additional considerations and assumptions, making the analysis less
straightforward. Overall, the present article makes some modest contributions to the field of fractal approx-
imation theory by studying certain generalizations of fractal interpolation. As in the case of univariate fractal
interpolation and fractal surfaces, it is felt that the countable bivariate fractal interpolants developed in the
present work can find applications in the approximation theory, the theory of sampling and reconstruction,
and in the interface of fractal interpolation and operator theory.
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