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Abstract: In order to further research the relationship between fractals and complicated networks in
terms of self-similarity, the uniform convergence property of the sequence of fractal interpolation
functions which can generate self-similar graphics through iterated function system defined by affine
transformation is studied in this paper. The result illustrates that it is can be proved that the sequence
of fractal interpolation functions uniformly converges to its limit function and its limit function is
continuous and integrable over a closed interval under the uniformly convergent condition of the
sequence of fractal interpolation functions. The following two conclusions can be indicated. First,
both the number sequence limit operation of the sequence of fractal interpolation functions and the
function limit operation of its limit function are exchangeable over a closed interval. Second, the two
operations of limit and integral between the sequence of fractal interpolation functions and its limit
function are exchangeable over a closed interval.

Keywords: complicated network; affine transformation; fractal interpolation function; limit function;
uniform convergence

MSC: 05C82

1. Introduction

The fractal of complicated networks and self-similarity have been paid more and more
attention by researchers because many networks with small-world characteristics have self-
similarity under a certain length scale and self-similarity is an important feature of fractals;
for example, the internet, social networks, cellular reticulum, and so on. In the 1930s, the
boxing dimension method was used in calculating the fractal dimension of complicated
networks by some researchers who defined the scale of boxes and these boxes” nodes
to cover the whole network without overlapping. A Complicated network with fractal
features, it has a fractal dimension called the self-similarity index [1]. Chaoming, Song,
Shlomo, Havlin, and Hernan A. Makse pointed out how to judge whether a complicated
network is self-similar [1]. That is, to renormalize the network with the box covering
method. If the scale of the moderate distribution in this process remains unchanged, the
network is self-similar. Song, Havlin, and Makse discussed the origin of the fractal structure
of complicated networks. The authors think a fractal network generally has small-world
characteristics, Scale-free features, and a hierarchical structure. The fractal structure is
derived from the growth of a related self-similar module, rather than the uncorrelated
growth of the preferential connection model [2,3]. The appearance of self-similar fractal
networks is caused by the strong mutual exclusion of hub nodes on all length scales. In other
words, hub nodes grow by preferentially connecting those nodes with fewer connections
to generate a more robust fractal topology [2]. Song, C. M., Havlin, S., and Makse, H. A.
do not strictly distinguish between the concepts of the fractal and self-similarity, which
are basically the same, but the emphasis expressed is different. Self-similarity focuses on
describing scale invariance, and the whole is similar to the part, and the part is similar to
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the part. However, the fractal focuses on describing overall topology and robustness [1,2].
Soon after, Gallos, Song, and Makse cooperatively wrote a paper about fractal networks
and self-similarity. In this paper, the following six questions are answered. First, the
fractal refers to self-similarity on different scales. Second, the fractal and the small-world
networks can coexist at the same time. Third, the method of judging network fractal is
the box covering method. A fractal network has a finite dimension, while the dimension
of a non-fractal network tends to infinity. Fourth, although the traditional fractal theory
does not strictly distinguish between fractal and self-similarity, the two properties are quite
different in the field of complicated network research. In other words, a fractal network
refers to a situation where the dimension takes a finite value, while self-similar networks
refer to those with scale invariance in the process of renormalization. Fifth, all fractal
networks belong to scale-free networks. Sixth, fractal structure influences the network in
robustness, network flow, and modularity [2,3]. Self-similarity is a very important feature
of fractals. Firstly, researchers have established a hyperbolic, iterated function system,
which is a compressed mapping functions sequence. Secondly, the functions sequence is
called the fractal interpolation function sequence, which converges to its limit function.
Finally, the limit function of the fractal interpolation functions sequence defined by affine
transformation is an attractor of an iterated function system, which is a self-similar but
highly irregular graphic [4-8]. Figure 1 shows an image of the fractal interpolation curve
and Figure 2 shows an image of the fractal interpolation surface, which is generated by a
hyperbolic iterated function system. Fractal calculus is implemented on fractal interpolation
functions and Weierstrass functions, which may be non-differentiable and non-integrable
in the sense of ordinary calculus [9].

Figure 2. A fractal interpolation surface.

The sequence of self-similar fractal interpolation functions defined by affine mapping
can uniformly converge to its limit function in this paper, which can provide theoretical
support for complicated networks. The following conclusions can be obtained. Firstly, it
is proved that the sequence of fractal interpolation functions uniformly converges to its
limit function according to the Cauchy uniform convergence criterion of function sequence.
Secondly, it is proved that the limit function of the uniform convergence function sequence
is continuous over a closed interval. Finally, it is proved that the limit function of the
uniform convergence function sequence is integrable over a closed interval.

2. Materials and Methods

The main theorems and conclusions are theoretically proved in the paper. Through
the following methods and proof processes, these theories can be proved. First, it is
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proved that the sequence of fractal interpolation functions can uniformly converge to its
limit function through the Cauchy uniform convergence criterion of function. Second,
it is proved that the limited operation of function and that of number sequence can be
exchanged by the definition of uniform convergence and the Cauchy convergence criterion
of number sequence. Third, the limit function of the sequence of fractal interpolation
function is continuous over a closed interval, which can be proved by the exchange of the
function limit operation and number sequence limit operation. Finally, it is proved that the
limit function of the fractal interpolation function is integrable on a closed interval through
the definition of number sequence limit and the inequality property of definite integrals.
To sum up, in this paper, we mainly use the methods of theoretical proof to prove these
results and conclusions.

3. Main Concepts and Lemmas

The main concepts and lemmas that need to be used in the paper will be listed below.

Definition 1 ([10,11]). Suppose {fu(x)} is a sequence of functions. If there is a real number x,
such that the sequence of number { f,(x)} converges to f(x), then the x is called a convergent point
of the sequence of functions of { fn(x)}. The set of all convergent points of { fn(x)} is called the
convergence region of { f(x)}, which is recorded as the symbol D. When the moving point x takes
all points in D, the function f(x) is called the limit function of { f(x)}.

Definition 2 ([10,11]). Let { f,(x)} be a sequence of functions and D is a convergence region of
{fu(x)}. If € is an arbitrary number greater than 0, then there exists a positive integer N, such that
the following inequality is true

|fu(x) — f(x)| <e forallm > N, forallx € D,
which is called a sequence of functions { f,(x)} uniformly converges to its limit function.

Definition 3 ([4-6]). A (hyperbolic) iterated function system consists of a complete metric space
(X, d) together with a finite set of contraction mappings w; : X — X, with respective contractivity
mappings factors s;, fori = 1, 2, -- -, n. The abbreviation “IFS” is used for “iterated function
system”. The notation for the “IFS” just announced is

{Xw;i =1,2,---, n}.

And the contractivity factoriss = max{s;:i = 1,2, ---, n}.

Definition 4 ([5,6]). Let {(x;,y;) € R2:i =012--- ,N'} be a set of points, where xo < x; < --- < x,
An interpolation function corresponding to this set of data is a function f : [xo, xn] — R such that

f(xz):]/wl:O/l/z//N (1)

Theses points { (xi,yi) € RZ:i =012 ---, N } are called interpolation points. It
is called that the function of f interpolates the data and that the graph of f passes through
the interpolation points.

Lemmas 1 ([10,11]). (Cauchy uniform convergence criterion) Suppose { f,(x)} is a sequence of
functions which converges to function f(x) over the convergent region D, then { f,,(x)} uniformly
converges to f(x), if and only if, for an arbitrary number € which is greater than zero, then there
exists a positive integer N, for all n,m > N and for all x € D, such that the following inequality
is true.

fu(x) = fn(x)] <e
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Lemmas 2 ([4,6]). Let n be a positive integer greater than 1. Let
{Rzlwlll = 1/ 2/ Tty 7’1}
denote the IFS defined above, associated with the data set

{(xi,yi) S thi =0,12,--- ,N}

Let the vertical scaling factor d; obey 0 < d; < 1fori = 1, 2, ---, n. Then there is
a metric d on R?, equivalent to the Euclidean metric, such that the IFS is hyperbolic with
respect to d. In particular, there is a unique nonempty compact set G C R?, such that

G = U wi(G). (2)

Then G is the attractor of the IFS and the graph of a continuous function f.

l; : [x0,xn] = R, which interpolates the data {(x;,y;) € R?:i = 0,1,2,---,N}. Thatis,
G = {(x,f(x)): x € [x0,xn]}, where f(x;) = y; fori = 0,1,2, ---, n.

In particular, an [FS of the form {Rz; w;,i=1,2,---, n} is considered, where the
mapping is the affine transformation of the special structure

x\ (a4 0) (x) <ei)
w; — + 3
l (y) <Ci di)\y) = \fi ®
The transformations are constrained by the data according to

w; (xo) = (%‘1) and w; (xN> = (xi) fori =1,2,---,n 4)
Yo Yi-1 YN Yi

a;, c;, e;, fi can be solved from the equations above (3) to (4) in terms of the data and vertical
scaling factor d;

Xi—Xi1
a; =
! XN —XQ
e; = XNYi1TINX
1 5)
e = Yiz¥iz1 _ dilyn—yo)
1 XN —XQ XN—X0
£ = I Xoy d; (XnYo—Xoyn)
! XN—X0 XN—X0

Lemmas 3 ([5,6]). Suppose F is a continuous functions which satisfy

f:[x0,xn] = Roand f(x9) = yo, f(xn) = Y.

The metric is defined by the following formula
d(f,g) = max {[f(x) —g(x)|}, forall f,g € F,
x€[xq,xN]

then (F,d) is a complete metric space. Let the real numbers a;,¢;, ¢;, f; be defined by
Equation (5). Define a mapping T : F — F by

(Tf)(x) = Cllfl(x)+dlf(l;1(x>)+fl/ X e [xO,X[\/}, l == 1/ 2/ e, n, (6)
where [; : [xg, xn] — [x;_1,%;] is the invertible transformation

li(x) = a;x +e¢; 7)
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and ‘e
(x) = - LN xm) = xo, I Hx) = aw, (8)
1

then Tf is continuous over the interval [x;_1, x;] and T is a contraction mapping on (F,d),
so T possesses a unique fixed point in F. In other words, there exists f € F such that

(Tf)(x) = f(x)forall x € [xg, xn]. )

The function f is called the fractal interpolation function. The “FIF” is used as an
abbreviation for “fractal interpolation function”.

So a sequence of functions {f,+1(x) = (Tfu)(x)} converges to the fixed point f of
the mapping T: F — F.

4. Main Theorems of Uniform Convergence of Sequence of Fractal Interpolation
Functions and Properties

Theorem 1. Suppose { (T fn)(x)} is the sequence of fractal interpolation functions generated by
affine transformation from Equation (3) to (5), which converges to the attractor (Tf)(x) of IFS
defined above, then {(T f,,)(x)} uniformly converges to (T f)(x). Proof On the one hand, since
{(Tfn)(x)} converges to (Tf)(x), for an arbitrary € greater than zero, for all x € [x, xn], so that

[(Tfn)(x) — (Tf)(x)| < eis true.
In the direction of horizontal transformation,
lanx 4+ en — (amx +em)|< |an —al|xn| + |am — al|xn| + |en —e] + |em —e] < €
In the direction of vertical transformation,

[(Tfa)(x) = (Tfu) (%)= |enly ' (x) +duf (11 (%)) + frr = (cmby (%) + dinf (L (%)) + fn)|
<enlyt(x) — 71 (x)| + ‘cmlrgl(x) — cl_l(x)‘

+ldnf (L1 (%)) —df (7H(x)] + |duf (L, (x) = df (17 (x))]

+fo = fl+ | fm — fl<e

Therefore, from the Cauchy uniform convergence criterion, the sequence of fractal
interpolation functions {(T f,,)(x) } uniformly converges to (Tf)(x).

Theorem 2. Suppose the functions sequence {(T f,)(x)} defined above uniformly converges to
(Tf)(x) over the interval [xg, xN]. If n belongs to positive integer set and there is the following
limit formula

lim (Tfy)(x) = An, forallx’ € [xo, xn],

X—X

then both limit lim Ay and lim (T fy,)(x) exist and they are equal.
n—oo

x—x!

Proof. At first, it is proved that the limit lgn A, exists.
n (o)

In fact, the functions sequence {(Tf,)(x)} uniformly converges to its limit function
(Tf)(x). That is, for all real numbers ¢ > 0, there exists a positive integer N such that, for
all integers n > N and an arbitrary positive integer p, for all x € [xg, xy], the following
formula is true.

[(Tfa) (%) = (Tfusp) (%))
Cnly 1 (%) +duf (L1 (%)) + frr = (entplty (%) + duipf (L, (%)) + fn-l-p)’
el 1 (x) — cn+plnﬁ}p(x)’ + |emlpt (x) = 71 (x)|

dnf (1)) = s f (12, ()| + f = fap| < &

<

_|_
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Let x infinitely tend to x/, there exists the following inequality.
lim |(Tfu)(x) = (Tfup) ()] = |An— Auig| <6,

which illustrates the number sequence { A, } is a convergent number sequence according to

the number sequence convergence Cauchy criterion. Let the limit of {A, } is B. The result

that the limit lim (Tf)(x) is equal to B can be proved. In fact, since {(T f,)(x)} uniformly
x—x

converges to its limit function (Tf)(x) and nlgn A, = B. In other words, for arbitrary ¢

greater than zero, there exists a positive integer N, so that for all n > N, for all x € [xq, xn],
the following formula is true.

[(Tfu) (x) = (Tf)(x)]
= Jenly ' (x) +dnf (11 (x)) + fu = (171 (x) +df (I (x)) + f)] < 5.

And |A, - B| < §.
Especially, choosen = N +1,

[(Tfn) (x) = (TF) ()
= [en sl () + dna fURL () + faven = (@71 (x) +df (71 () + )|
= Jensaliha (v) = el 10|+ s R (1) = dF 0T ()| + I — £ < 5.

And |AN+1 — B| < %
On the other hand, since the following limit formula is true.

J}EI;/(CNHIK]L(X)+dN+1f(lR;11(x))+fN+1) = AN41-

For the same ¢ above, there exists a real number 6 > 0 such that the following inequality
holds for all x satisfying 0 < |x — xo| < .

_ _ &
’CN+1ZN}~.1<x) +dnf (I (X)) + frer — AN+1‘ <3

According to the inequality, the following inequality is true.
[(T)(x) = B| = [} (x) +df(I""(x)) + f — B|
< el @) + dFUT () + f = (ensalihy () + dna fURL (1) + fivsn)
+(enrlyhy (0) +dna fURL (0) + fvea) — Angt + Angr — B)
< [l () + dFU () + £ = (ensalyhy (6) + dna fURL () + fvsa)|
+)CN+11X11+1(X) +dnif (I (%) + fas1) — Anga|+|An41 — B
<§Hiti<e

which illustrates when x — x’ the limit of the fractal interpolation function (Tf)(x) exists
and its limit is equal to B. That is, lim (Tf)(x) = B. Theorem 2 describes, under
x—x!

the uniform convergence condition of fractal interpolation functions sequence, both the
independent variables x and n can exchange limit operations order. That is,

lim lim (Tf,)(x) = lim lim (Tf,)(x).

x—x/n—o0 n—0yx—yx!
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Theorem 3. The fractal interpolation functions sequence {(T f,)(x)} converges to limit func-
tion (Tf)(x) and each of {(T fn)(x)} is continuous over the interval [xy, xn|, then (Tf)(x) is
continuous over the interval [xg, xN].

Proof. Since each of {(Tf,)(x)} is continuous over the interval [xo, xy], that is, for all
x € [xo, xN], such that the following limit formula is true.

lim (Tf) (x) = lim (cnly ! (x) +dnf (I (x)) + fo)

= el N () + duf (I, 1(X) + fa= (Tfa) ().

From Theorem 2,

lim, (Tf)(x)= lim (cI™!(x) +df(I"}(x)) + f)

x—x!

= lim lim (c,l; 1 (x) +dnf(I;1(x)) + fu)

x—x/n—00

= lim hn; (cnly Y (x) +dnf (L1 (%)) + fn)

n—ooy

= lim (cul, ' () + duf (1, (2)) + fu)

=) +df (TN (x) + f
= (THK),

which implies the limit function (Tf)(x) of the fractal interpolation functions sequence
{(Tf)(x)} is continuous on the point x’ and because of the arbitrariness of x’ on the
interval [xg, xn], the limit function (Tf)(x) of the fractal interpolation functions sequence
is a continuous function over the interval [xg, xy]. O

Theorem 4. Let {(Tf,)(x)} be the sequence of fractal interpolation functions defined by affine
transformation uniformly converges to (T f)(x) and each of the { (T f,)(x)} is continuous over the
interval [x, xn|, then the following formula is true.

Ja (=t () + df (171 (x) + fdax
= lim [3 (el (x) + duf (1 (1)) + fu)dax

Proof. Because (Tf,)(x) = culy'(x) +dnf(l;'(x)) + fu uniformly converges to (Tf)(x)=
o= Y(x) +df(I71(x)) + f and each of (Tf,)(x) is continuous over the interval [xg, xy]. From
Theorem 2, the sequence of fractal interpolation functions (T f,,)(x) and its attractor (T f)(x)
are integral functions over the interval [x¢, xx].

Since the sequence of fractal interpolation functions {(Tf,)(x)} uniformly converges
to the function (Tf)(x), then for any given real number & > 0, there is a positive integer N
so that for all integers n > N, the following inequality is true.

[(Tfu) (x) = (TH()]= [enly (x) + duf (1,1 () + fu = (el (x) +df (171 (x)) + f)]
< JenyH(x) = 71 ) [+ [dnf (1 (x)) = df 1 () |+ fu — fI<

&
XN—Xo®

According to the inequality property of integral, as n > N, it follows that

o (Tha) () = [ (TF)(x)dx
o (enliy () + (157 () + fu)dx = [ (el 7 (x) +df (171 (x)) + fdx]
< Jilenhy () = 1 00) + dnf (157 () = AU + o =)

XN
— JX0 xN X0

dx = ¢,
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That is,

[ B ety )+ a7 (0) + fuddx= Jim [ (ol )+ duf (7 () + fu)i.

g N n—oo f

O

This completes the proof. Theorem 4 illustrates that both the limit and integral
operations can be exchanged under the condition of uniform convergence of the sequence
of fractal interpolation functions.

In sum, from Theorem 1 to Theorem 4, the following results have been studied. It is
clarified that the fractal interpolation functions sequence is uniformly convergent and the
limit function of the sequence of uniform convergence fractal interpolation functions is
continuous and integrable over a closed interval.

5. Discussion

It will be very important that uniform convergence of fractal interpolation functions
sequence is applied in researching complicated networks, for example, the speed of uniform
convergence in the small-world network. Another example, the uniform convergence of
the fractal interpolation functions sequence is used to prove the stability of complicated
network systems and so on.
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