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Abstract

Based on the work of Mauldin and Williams [ ‘On the Hausdorff dimension of some graphs’, Trans. Amer.
Math. Soc. 298(2) (1986), 793—-803] on convex Lipschitz functions, we prove that fractal interpolation
functions belong to the space of convex Lipschitz functions under certain conditions. Using this, we obtain
some dimension results for fractal functions. We also give some bounds on the fractal dimension of fractal
functions with the help of oscillation spaces.
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1. Introduction and preliminaries

The fractal dimension is one of the major themes in Fractal Geometry. Estimation
of the fractal dimension of sets and graphs has received much attention (see [5, 6,
10]). The study of dimensions of graphs began with the Hausdorff dimension of
Weierstrass-type functions (see [12, 17]). In [17], Mauldin and Williams considered
such a function,

Wyx) = ) b [O("x + 6,) — D),
n=—oco

where b > 1, 0 <a <1, ® has period one and 6, is an arbitrary number, and
established results on the Hausdorff dimension when the function satisfies a
convex-Lipschitz condition. This is the major motivation for our work. By using the
definition of a convex Lipschitz function, we introduce the convex-Lipschitz space and
estimate the Hausdorff dimension and box dimension of a general fractal interpolation
function (FIF).

The concept of FIF was introduced by Barnsley [5] using the notion of an iterated
function system (IFS). Recent related work on dimension theory can be seen in

The first author received financial support from CSIR, India with grant no: 09/1058(0012)/2018-EMR-I.

© The Author(s), 2022. Published by Cambridge University Press on behalf of Australian Mathematical
Publishing Association Inc.

470

® CrossMark
https://doi.org/10.1017/50004972722000685 Published online by Cambridge University Press


http://dx.doi.org/10.1017/S0004972722000685
https://orcid.org/0000-0001-5694-2011
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0004972722000685&domain=pdf
https://doi.org/10.1017/S0004972722000685

2] Fractal functions 471

[3, 4]. In [3], Barany et al. applied a result of Hochman [11] on self-similar sets with
overlaps, to compute the Hausdorff dimension of self-affine sets. They also studied the
dimension theory of diagonally homogeneous triangular planar self-affine sets in [4].

1.1. Fractal interpolation functions. We outline the construction of FIF and refer
to [5, 6] for the details.

Assume that {(x,,y,) :n=1,2,...,N} is a set of interpolation points. We write
I=[x,xy] and J ={1,2,...,N -1}, and let [; = [xj,x;.] for jeJ. Let L; : [ — I,
J € J, be contractive homeomorphisms with

Li(x1)) =x;, Li(xy) =xj41, JjE€J.
Let F; : I x R — R be a mapping satisfying, forj € J, r; € [0, 1):

1) Fi(xi,y1) =y, Fi(xn, yn) = Yjs1;
(i) |Fj(x,y) = Fi(x,y)| < rjly—y'|forallx € I and y,y" € R.

We consider
Li(x) = ax+b;, Fi(x,y) = ajy + gj(x).

Here, a; and b; can be determined by using the conditions L;(x1) = x;j, Lj(xy) = Xj;1.
The scaling factor «; satisfies —1 < @; < 1 and we set |@j| = max;{e;}. The ‘join-up
conditions’, which are imposed on the maps Fj, are given by g;j(x;) = y; — ;¥ and
qi(xn) = yjr1 — a;yy for all j € J for suitable continuous functions g; : / — R. Let us
define W; : I xR — I x R forj € J by

VVj(x, y) = (Lj(-x)7 Irj(xa Y))

Then I :={IxXR; W, W,,...,Wy_;} is the IFS. Barnsley [5] proved that J has a
unique invariant set which is the graph of a continuous function f : I — R, referred
to as a FIF, and that it satisfies the self-referential equation

f) = f @) + L @), xeljel.

There are various approaches to fractal dimensions of fractal functions. These
include the use of the mass-distribution principle, potential theory, Fourier transforms
and positive operators to compute or estimate the Hausdorff dimension of a set
[10, 18, 24]. Using the potential theoretic approach, Barnsley [5] gave results on the
Hausdorff dimension of an affine FIF. Falconer [10] also gave estimates for the
Hausdorff dimension of an affine FIF. Results on the Hausdorff dimension using
the positive operators approach are given in [18, 24]. This approach is used to discuss
the continuity of the Hausdorff dimension of the invariant set in [20].

Pandey et al. [19] considered the fractal dimension for set valued mappings using
the d-covering method. Jha and Verma [13] gave results for the fractal dimensions
of fractal functions and some invariant sets. They estimated fractal dimensions for a
class of FIFs, known as a-fractal functions. Agrawal and Som [1, 2] gave results for
a-fractal functions on Sierpiniski gaskets. Sahu and Priyadarshi [23] estimated the box
dimension of the graph of harmonic functions on Sierpifiski gaskets.
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Ruan et al. [21] estimated the box dimension of a new class of linear FIFs by using
the 0-covering method. Additionally, they established a relationship between the order
of a fractional integral and box dimensions of two linear FIFs. Estimates of the box
dimension of bilinear fractal interpolation surfaces are given in [14]. A recurrent FIF
is the generalisation of a linear FIF and the graph of a recurrent FIF is the invariant
set of a recurrent IFS. Ruan et al. [22] gave the construction of a recurrent FIF under
certain assumptions and estimated the box dimension of the self-affine recurrent FIFs.

Work on the fractal dimension of fractional integrals can be seen as a connection
between fractal geometry and fractional calculus. The bounded variation property
of a continuous function plays a significant role in estimating the box dimension.
Using this approach, Liang [15] gave interesting results on the box dimension of the
Riemann-Liouville fractional integral. He proved that if a function f is continuous
and of bounded variation on [0, 1], then dimg(f) = 1 and the box dimension of the
Riemann-Liouville fractional integral corresponding to f is also =1 [16]. Liang
estimated the exact box dimension of the Riemann-Liouville fractional integral of
one-dimensional continuous functions. We gave the fractal dimension of the mixed
Riemann-Liouville fractional integral on a rectangular region in [8] and estimated
fractal dimensions for various choices of continuous functions such as Holder
continuous function, functions having box dimension two and unbounded variational
continuous functions.

In Sections 2 and 3, we give dimension results on convex-Lipschitz space and
oscillation space, respectively.

1.2. Definitions. We complete Section 1 with some definitions and terminologies.
For further definitions related to the fractal dimension, we refer to [10].
Let F' # 0 be a subset of R". The diameter of F is given by

|F| = sup{llx =yl : x,y € F}.

If {F;} is a countable (or finite) collection of sets having diameter at most 6 which cover
the set £ C R”, then we say that {F;} is a 5-cover of E. For ¢ > 0 and a nonnegative real
number s, we define

e8]

HY(E) = inf{ N IE - (F) is a 6-cover of E} (1.1
i=1

DEFINITION L.1. The s-dimensional Hausdorff measure of E is H*(E) = lims_,o H3(E).

DEFINITION 1.2 (Hausdorff dimension). Lets > 0 and E C R". The Hausdorff dimen-
sion of E is defined as

dimy(E) = inf{s : H*(E) = 0} = sup{s : H'(E) = oo}.

DEFINITION 1.3 (Box dimension). Let E C R"” be bounded and nonempty and let
Ns(E) be the smallest number of sets of diameter at most 6 which cover E. The lower
box dimension of E is
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log N5(E
dim,(E) = lim inf 28 N0(E)
-0 —logo

and the upper box dimension of E is
T . log Ns(E)
d E)=1 —_— .
() = P e s

If both, lower and upper box dimensions are the same, then that quantity is called the
box dimension of E and it is given by
log Ns(E
dimp(E) = lim 2EVE),
-0 —logo

2. Convex-Lipschitz space

In this section, first we show that fractal functions associated with some IFS belong
to the class of convex Lipschitz functions. Then we estimate the Hausdorff dimension
and the box dimension of fractal functions in this class.

DEFINITION 2.1 [17]. Let 8 : R* — R*. A function f is called convex Lipschitz of
order 6 on an interval [a, b] provided there exists a constant M such that

|ACx, y,6)| := |f(x + 6y) = (6f(x +y) + (1 = 6) f(x))] < MO(y),
fora <x<x+y<band0 < § < 1. The convex-Lipschitz space of order 8 is
VoI = { f I — R: fisconvex Lipschitz of order 6}.

It can be seen that V? is a vector space over the field R. For f € VO(I), we define
If1lve = Iflleo + [fT*, where
. _ lf(x +6y) = (6f(x +y) + (1 = 6)f ()
[fT"=sup :

asx<x+y<b 9()’ )

It is easy to check that ||-||y» defines a norm on V¥(I).

LEMMA 2.2. If f:1— R and (f;) is a sequence of continuous functions which
converges uniformly to f, then [ f, — f1* < liminfy[f, — fi]*.

PROOF. By using the triangle inequality,
Ifa(x +6y) — fx +6y) = [6fux + ) —of(x+y) + (A - 6)fu(x) — (1 =& fW)]|
00)

. 1
= /<11_>I£lo Q_(y)”fn(x +6y) — fulx + 6y)
I+ 3) = S filx +3) + (1 =800 — (1 = AW
<liminf sup  ——(IfuCx+ 6y) — fiCr + 5y

k—co  y<xaxty<h 9()’)
—[6fux +y) = 6 fix +y) + (1 = 8) fu(x) — (1 = 6) (DI}

This completes the proof. |

https://doi.org/10.1017/50004972722000685 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972722000685

474 S. Chandra and S. Abbas (5]

THEOREM 2.3. The space (VU(I), |||ly#) is a Banach space.

PROOF. Let (f,) be a Cauchy sequence with respect to ||-||ys in V?(I). This means that

for any € > 0, there exists a natural number ng such that ||f, — filly» < €for all n, k > ny.
From the definition of the norm [|-||ye, it follows that || f, — fill. < € for all n, k > ny.

Because (C(I),||/l») is a Banach space, there is a continuous function f such that

Ilf, = fllo — 0asn — co. We claim that f € V() and ||f, — fllyv — 0 as n — oo.
Let n > ngy. In view of Lemma 2.2,

Wfo = fllve = Mlfa = flloo + Lfa = ST < Timinf{lfi = filloo + [fu = fil")

< sup [lf = fillw < €

k>ng
Hence, we obtain f — f,, € V(I). Consequently, f = f — fo, + fn, € V/(I) and we
have ||f, — fllye < € for all n > ny. This completes the proof. O

DEFINITION 2.4 [10, Section 2.5]. Let E C R" and suppose that the dimension
function 6 : R* — R* is increasing and continuous. Analogously to (1.1), we define

Hg(E) = inf{ Z O(|F;)) : {F;}is a 6-cover of E}
This leads to a measure, by taking H%(E) = lims_,o HY(E). If 6(t) = #*, it is the usual
definition of an s-dimensional Hausdorff measure.
THEOREM 2.5 [17]. Let 8 : R* — R be a continuous map such that:

i) 6@ >O0fort>0;
(i) limsup,_,t/6(t) < co and
(iii) there is a B > 0 such that lim,_q 6(ct)/6(t) = c* for all ¢ > 0.

If f is a continuous map on [0, 1] and also convex Lipschitz of order 6, then f has
o-finite h measure, where h(y) = y*/0(y).

THEOREM 2.6. Under the hypotheses of the above theorem:

e if 6(y) = y* then dimgy(Graph(f)) < di_mB(Graph( ) <2-a;
* if0(y) = yIn(1/y) then dimy(Graph(f)) = dimg(Graph(f)) = 1.

PROOF. The results follow from Theorem 2.5 and the definitions of the Hausdorff
measure and Hausdorff dimension. O

THEOREM 2.7. Let g; € VoI and a; € (=1,1). Then the associated fractal interpola-
tion function f is in VO(I) provided that max{|@j|e, max; |a;|0(Y)/6(a;Y)} < 1.

PROOF. We first define VO(I) := {f € V/: f(x;) = y1, f(xy) = yn}. Since VO(I) is a
closed subset of VO(I), it follows that VY(I) is a complete metric space with respect to
the metric induced by the norm || - ||ye. Let us define amap T : V/(I) — VI(I) by

(TH) = f (L @) + gL (), xeljel.
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Here, L;(x) = ajx +b; and L;'(x) = x/a; - bj. Set X = x/a;—b; and Y = y/a;. The
mapping 7 is well defined and, for f, g € VO(I),

ITf = Tellve = IITf = Tglleo + [Tf — 1]

< lajloollf(X) = g(X)lo + max sup
Ja<aj(X+bj)<aj(X+Y+bj)<b

loll(f = )X +6Y) = (6(f =o)X + V) + (1 = 6)(f —g)X)| _ 6(Y)

oY) 8 0(a;Y)
oY
j
oY)
< max {Iajlm,mj?lx |aj|0(an)}“f = 8llye.

Since max{|e;|o, max; |a;|0(Y)/6(a;Y)} < 1, the mapping T is a contraction on %405}
From the Banach fixed point theorem, T has a unique fixed point f € V/(I). From
T(f) = f, we can write

fWLix) = a;f(Li(x)) + gi(x) forxel,jelJ. 2.1
ForjeJ:={1,2,3,...,N -1}, letus define W; : I X R — I xR by
Wix,y) = (Li(x), jy + q;(x)). (2.2)

We have shown above that the graph of f is an attractor of the IFS {I x R; W;,j € J}. By
using the proof of Theorem 1 in [5], we can show that the attractor associated with this
IFS is the graph of f. In fact, it is the graph of the fractal perturbation of f. To see this,
we take the functional equation (2.1), the definition of W; from (2.2) and I = (U;¢; L;(D),

and get
u W;(Graph(f)) = L){(L,,»(x), FL@)) tx ey
je je
= u{(x, f(x)) : x € Lj(I)} = Graph(f),
je
completing the proof. ]

By combining Theorems 2.6 and 2.7, we can estimate the fractal dimension of
certain fractal interpolation functions.

THEOREM 2.8. Let g; € V(I) and a; € (-1, 1) be such that
max{|ale, max; |a;16(Y)/6(a; )} < 1.

Then we have the following bounds for the fractal dimension of the graph of the
associated fractal interpolation function f.
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e If6(y) = y%, then dimy(Graph(f)) < ﬁg(Graph( <2 -a
* If0(y) = yIn(1/y), then dimy(Graph(f)) = dimg(Graph(f)) = 1.

EXAMPLE 2.9 (Weierstrass-type function). For more details on this example, we refer
to [17]. Let ® : R — R be a bounded function which is convex Lipschitz of order 1.
Forb > 1, 0 < a < 1, define

f) =) Db x +6,).
n=0
Then f is convex Lipschitz of order a. Consequently, dimgy(Graph(f)) <2 —a. If

a = 1, then dimgy(Graph(f)) = 1.

REMARK 2.10. Note that any continuous function f :[a,b] — R satisfies the
convex-Lipschitz condition with 6(y) = constant. For any continuous function f, we
have 1 < dim(Graph(f)) < 2. So, for constant 6, we cannot conclude any nontrivial
dimension estimates.

3. Oscillation spaces

We refer to [7, 9] for more details on oscillation spaces. Let Q C [0, 1] be a p-adic
subinterval, that is, Q = [jp™, (j + 1)p~™] for some integers j and m with m > 0 and
0 <j < p™™. The oscillation of a continuous function g : [0, 1] — R over Q is given by

Re(Q) = sup |g(xy) — glx2)l = sup g(x;) — xizr;l;g(xz),

x1.x02€Q x1€Q
and the total oscillation of order m is given by
Oscm,g) = Y Ry(Q),
Ql=p"

where the sum is taken over all p-adic intervals Q c [0, 1] having length |Q| = p™™.
The oscillation space VA(I), 8 € R, is defined by

Osc(m, g)
e g) <oo}.
p (

VAT = {g e C) : sup
meN
We also define
VA () ={geCU): g € VP <(I) for all € > 0}
and
VA (D) = {g e C() : g ¢ VP™(I) for all € > 0}.

THEOREM 3.1 [7, Theorem 4.1]; see also [9]. For a real-valued continuous function g
which is defined on I and 0 < 5 < 1,

RB(Graph(g)) <2-pB ifandonlyifge VP (I)
and

dimg(Graph(g)) > 2 -8 ifand only if g € VF*(I).
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0.2 0.4 0.6 0.8 1

FIGURE 1. Plot for a = 0.0.

THEOREM 3.2. Let g; € VA, a; € (-1,1) and max{|ajlw, Yjes lajlo} < 1. Then the
fractal interpolation function f € VA(I). Moreover, ﬁg(Graph( f)<2-p.

PROOF. Let Vf(l) ={f e VA : f(x;) = y1, f(xy) = yn}. It can be seen that the space
Vf is a closed subset of VA(I). It follows that V’f (1) is a complete metric space with
respect to the metric induced by the norm || - ||ys. Letus defineamap 7 : Vf ) — Vf )
by

(THX) = af (L' @) + (L (), xeljel.
Set X = x/a; — b, so that Lj‘l(x) = X. Then T is well defined and, for g, s € Vf(l),

Osc(m, Tf — Tg)
ITf = Tellys = I1Tf = Tell + sup = T2 T®)
meN P
Osc(m, f(X) — g(X))

< Hjlooll f(X) = 8Xlleo + ) jleo SUP -
J ; / meN pm(l IB)

< max {la’j|oo, Z |O/j|oo}||f — gllys.

jeJ

Since max{|ajleo, Xjes l¥jlo} < 1, the mapping T is a contraction on Vf (I). From the

Banach fixed point principle, 7 has a unique fixed point f € 1% (I), completing the
proof. ]

3.1. Graphs of fractal interpolation functions. Figures 1-4 give approximate
graphs of some fractal interpolation functions.
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FIGURE 2. Plot for @ = 0.3.
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FIGURE 3. Plot for @ = 0.6.

For this example, let g =19+ 8cos(3x) and ¢(x) = (1 — a(l +x*> — X)) - g(x),
x € [0,1]. We show the graphs of the fractal interpolation function f for scaling
factors @ = 0.0, 0.3,0.6, 0.9 in Figures 14 respectively.
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