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Abstract

In this article, we provide a rigorous study on the fractal dimension of the graph
of the mixed Riemann-Liouville fractional integral for various choices of continu-
ous functions on a rectangular region. We estimate bounds for the box dimension
and the Hausdorff dimension of the graph of the mixed Riemann-Liouville fractional
integral of the functions which belong to the class of continuous functions and the
class of Holder continuous functions. We also show that the box dimension of the
graph of the mixed Riemann-Liouville fractional integral of two-dimensional con-
tinuous functions is also two. Furthermore, we give the construction of unbounded
variational continuous functions. Later, we prove that the box dimension and the
Hausdorff dimension of the graph of the mixed Riemann-Liouville fractional integral
of unbounded variational continuous functions are two. Moreover, we illustrate our
results by using some examples.

Keywords Box dimension - Hausdorff dimension - Riemann-Liouville fractional
integral - Holder condition - Bounded variation
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1 Introduction

Fractional calculus (FC) and fractal geometry (FG) have become rapidly growing
fields in theory as well as applications. In the past, mathematics was primarily
concerned with sets and functions on which classical calculus methods could be
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applied, and the study of irregular and non-smooth sets or functions has been ignored.
Although irregular sets are much better at representing certain natural phenomena
than the figures of classical geometry do. FG provides a broad context for study-
ing such irregular sets. Since the last few decades, several researchers have been
fascinated by the graph of a function, its Hausdorff dimension, and box dimension.
The study of dimensions of graphs began with Weierstrass type functions. Readers
may encourage to see [5, 11, 21], for the details of Hausdorff dimension and the
box dimension of Weierstrass type functions. We refer the books [2] and [8] on FG,
for more details. FC deals with the concept of non-integer order differentiation and
integration and it is as old as classical calculus. In FC, generally, fractional deriva-
tives are represented in terms of fractional integrals, for instance, we refer to [17,
18, 20]. Since random fractals are better examples of irregular functions and for ana-
lyzing such functions, FC is the best mathematical operator. We have also seen by
using some examples and graphs that it smoothen the irregular functions. Nowadays
researchers are very much interested in the fractal dimension of graph of fractional
integrals and derivatives. A connection between FC and fractal dimension can be seen
in [13-16, 19, 22, 24-26]. In the smoothness analysis of any irregular function, the
box dimension plays an important role. Now, we will look over some of the available
results on fractional calculus and fractal dimension. A linear relation between the
order of the fractional integral of Riemann-Liouville (R-L) type and fractal dimen-
sion such as box dimension, K -dimension, Packing dimension is given in [25]. Liang
[16] investigated the box dimension of the graph of the fractional integral of R-L type
corresponding to a function having box dimension one. We know that in the study
of rectifiable curves and integrals, the bounded variation property of any function
plays a significant role. An important result on box dimension of a function which
is of bounded variation and continuous is given in [14]. In [14], Liang proved that if
f € C([0, 1]) and of bounded variation on [0, 1], then dimp Gr(f, [0, 1]) = 1, and
dimp Gr(Z" f, [0, 1]) = 1, where

1 X
T'f0 = ros /O (x — )" £ (s)ds,

is the fractional integral of R-L type. Now, we are interested in the notions of bounded
variation for several variables and we will see that how these notions play an impor-
tant role in the study of fractal dimension of the graph of the fractional integral of
mixed R-L type. Clarkson and Adams introduced the new notions of bounded vari-
ation such as Hahn, Peirpont, and Arzeld in [6] and related properties are given in
[1]. Using the bounded variation property in Arzeld sense, Verma and Viswanathan
established the results for the fractional integral of mixed R-L type in [23]. Addi-
tionally, they proved that if f € C([a, b] x [c,d]) and f is of bounded variation
in sense of Arzeld on [a, b] X [c, d], then dimp Gr(f, [a, b] x [c,d]) = 2, and
dimg Gr(Z” f, [a, b] X [c, d]) = 2, where

1 X ry
IV f(x,y) = m/ﬂ /L ="y — )7 f(u, v)dudv,

with y = (y1,12); y1 > 0,92 > 0, is the fractional integral of mixed R-L type.
Although some examples can be found of two-dimensional continuous functions
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which are not of bounded variation in [23]. Barnsley [3] developed the theory of
fractal interpolation functions (FIFs). Ruan et al. [19] introduced a new method to
compute the box dimension of linear fractal interpolation functions (FIFs) and by
using this they have established a relation between the order of fractional integral of
R-L type and box dimension of two linear FIFs. This is also motivation of this work
and we try to estimate box dimension of bivariate case of fractional integral in other
aspects. Feng [9] studied some properties of the variation and oscillation of bivariate
continuous functions. Also, he investigated the Minkowski dimension of the fractal
interpolation surface (FIS). Feng and Sun introduced a new construction method of
FIS by considering arbitrary interpolation nodes in [10], and they estimated the box
dimension of FIS. The generalized notion of FIS and its exact box dimension can be
seen in [4]. We proved that the fractional integral of mixed R-L type of FIS is again
FIS in [7].
From the above discussion, it is natural to arise the following questions:

(i) What is the bounds of the box dimension and the Hausdorff dimension of the
graph of ZV f when f € C(I x J), where C(I x J) denotes the set of all
continuous functionson I x J.

(ii) What is the bounds of the box dimension and the Hausdorff dimension of the
graph of Z7 f when f € H*(I x J), where H"* (I x J) denotes the set of all
u-Holder continuous functions on 7 x J.

(iii) What is the box dimension and the Hausdorff dimension of the graph of Z7 f
when f is unbounded variational continuous function.

(iv) What is the box dimension of the graph of Z" f when f is two-dimensional
continuous function.

Above Questions (i), (ii) and (iii) are based on analytical aspects in the sense that we
are using fundamental properties of function f. Question (iv) is based on dimensional
aspects in the sense that we are using the dimension of function f to compute the
dimension of the graph of Z? f. In this work, we investigate the above-mentioned
points and give a detailed analysis. Moreover, we also analyze both analytical and
dimensional aspects. To the best of our knowledge, not much literature is available
on the fractional integral of mixed R-L type. Our results are new for the fractional
integral of mixed R-L type and improve the exiting results as well.

This article is arranged as follows: Definitions of the mixed R-L fractional inte-
gral, box dimension, Hausdorff dimension and other basic terminologies are given
in Section 2. In Sections 3 and 4, we provide bounds for the box dimension and
the Hausdorff dimension of the graph of the fractional integral of mixed R-L type
of various choice of functions. In Section 5, we estimate the box dimension of the
graph of the fractional integral of mixed R-L type of a continuous function having
box dimension two. Section 6 is devoted to the construction of unbounded variational
continuous function and the fractal dimensions of its fractional integral of mixed R-L
type. Section 7 is devoted to the graphical representation of the fractional integral of
mixed R-L type. In Section 8, some open problems are formulated.
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2 Preliminaries

Let us recall basic definitions and other terminologies which act as a prelude to this
article.

Definition 2.1 [20] Let a function f which is defined on a closed rectangle [a, b] x
[c,d]and a > 0, ¢ > 0. Assuming that the following integral exists, mixed Riemann-
Liouville fractional integral of f is defined by

1 x
T f.) = fooes / / (= 0" (y = 072 fu, v)dudv,

where y = (y1, y2) with y1 > 0, y» > 0.

Definition 2.2 [8] Let E # (J be a bounded subset of R”. Let the smallest number
of sets which can cover E is denoted by Ns(E) having diameter at most &. Then

log N5(E)

dimg,(E) = lim ——————  (Lower box dimension) 2.1
§—~0 IOg 3
and
dimp(E) = lim—————  (Upper box dimension). 2.2)
-0 —logé

Ifdimg(E) = dimp (E), the common value is called the box dimension of E. That is,

log N (E
dimg (E) = lim 28 V8(E)
>0 —logd

For the definition of the fractal dimensions, the reader may follow [8].
Definition 2.3 For a function f : A =: [a, b] X [c, d] — R, the maximum range of
f over A is defined by

R¢[A] = sup | f(t1, ) — (x, ¥)I.
(t1,12),(x,y)€A

Lemma 2.4 [23] Let f € C(I x J) and
|f(z1. 1) = f(z2. )| < Cllz1. 1) — 2. Iy, V(21,01 (2. 02) € I x J, (2.3)

forC >0and0 < pu <1.Then2 < dimyGr(f, I xJ) < di_mBGr(f, IxJ)<3-—
. This remains true if (2.3) (Holder condition) holds with ||(z1, t1) — (z2, 02)|l2 < §
for some § > 0.

If © = 1, then f is called Lipschitz continuous.

For 0 < u < 1, we can rewrite Lemma 2.4 as below:

Lemma 2.5 ForO<u < land C > 0, let

HUY(I x J) ={f(x,y): |f(x+ki,y+k) — fx, )| < Cllki, k)l
V&x+ki,y+ky), (x,y)el x J}
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If f € CU x J) and belongs to H*(I x J), then

2 <dimyGr(f, I x J) <dimpGr(f, 1 x J) <3 — p.
The reader may refer [1] for the definition of bounded variation in Arzel4 sense.
Theorem 2.1 [1] (Necessary and sufficient condition)
A function g : [a, b] X [c,d] — R is said to be of bounded variation in the sense

of Arzeld if it can be written in the difference of two bounded functions g1 and g;
satisfying the inequities

A1ogi(x,y) 20, Apigi(x,y) >0, i=1,2,

where Ayog(xi,y;) = g&xit1,y;) — &, y;), Aoigxi,yj) = gxi, yj+1) —
g(xi, yj).

Following notations are also used in this article: Gr(f) represents the graph of f.
I x J =la, b] x [c,d]. C is absolute constant and it may have different values even
in the same line at different occurrence. Sometimes, we use the abbreviation “the
fractional integral of mixed R-L type” in the place of “the mixed Riemann-Liouville
fractional integral”.

3 Fractal dimensions of Z7 f(x, y) with f(x,y) € C(I x J)

In this section, we establish the bounds for the fractal dimensions of the fractional
integral of mixed R-L type corresponding to the continuous functions.

Theorem 3.1 For 0 <a <b <00, 0 <c <d <ooand0 < y1,y» < L. If
f :la, b] x [c,d] — R is continuous, then

dimy Gr(Z? f, 1 x J) <dimpGr(Z” f, I x J) <3 —min{y;, y»}.
Proof Let0 <a<x <x+4+k; <b; 0<c<y<y+ky <d.Then

@V H)(x + ki, y + ko) — (7 f)(x, y)

1 x+ky  py+ko
= m/ f (x + ki —u)“_l(y—l—kz—v)”z_lf(u,v)dudv
a C

1 rory
—_— x—w)" 'y — )27 fu, v)dudv = Ly + Lo + L3 + Lua,
F(m)rm)/a / g / S
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where
_ 1 Y —1 —1 —1 -1
Li=rooros | [ [ =m0t =027 =07 o =02 e vduds

1 X py+k
Ly=————— ki — )" Ly + ky — )27 f(u, v)dud
2 F(VI)F(VZ)./a /y (x+k =) (v + k2 — )7 f(u, v)dudv

x+ky y
Ls / (ki — "y + k= )7 f (. v)dudy
)

1
T Ty () /x

1 x+kj y+ko x y—1 k y—1 dud
Li=gonrgn ] Gk om0k o vdude
Because of continuity of f on [a, b] x [c, d], there exists M such that | f(t1, 1) <

MN(t, ) € la, b] x [c,d].
Now, we estimate the bound for L as below:

1 ¥ ey
- - _ =y, oyl _ -l _ -l
Ly < r(yl)r(n)/u / R R e e e TR L AR S Ll |
Fu, v)|dudv < L/X /)- [(x—u)y‘_](y—v)yz_l —+hk =" Ny +k —u)Vz—l]
’ ST Jo L. : ’
M Xy
- Wil —y2—1 _ o wi—ley -l
dudv = F(Vl)F(Vz)fa /C. [(x W' (y —v) x4k =) (y—v)
R T L ) L g T L R SE) Ll
_ M * ’ _ n—1 _ -1 _ _ -1
dudv_m[/a /;(y V) [(x W = (x +kp — )" ]dudv

+/X /y(x—i-kl — ! [(y—u)yz—' —(y+kz—v)V2_']dudv:|.

Let J; and J; defined as follows and by using Bernoulli’s inequality (1 + u)" ' <
14+ 7r'ufor0<r"<1andu > —1, we obtain

J1 = /X [(x — u)”‘_1 —(x+k — u)y‘_l]du

Vi[(x +k =0 —(x+k—a)" + x—a)]
1

1

= ” [k = (x + ki —a)" + (x —a)""]
1

N

h o= /y [(y —0)? 7 — (y 4k — v)”_l] dv

c

1
E [ +hk =) —(+k =)+ (y — )]

1
W -0tk —0m 4 0 - 07]
V2
<2
V2
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By using the values of J; and J;, we get

M Ky ky [*
L] <—"—— L/ (y—v)Vz—lvar—/ (x + ki —u)" " du
FyDl(r2) [7/1 c v2 Ja

<
“ Ty | v
Therefore for a suitable constant C, we obtain

ILy| < CUY +K52).

M k)’l kVZ
[ ! (d—c)y2+i<b—a)yl].
Y12

Now, we estimate L, as follows:

|Ls|

1 X prytky
_ 1 o .
F(Vl)r(yz)/a/y (x + ki — )"y 4 k2 = 0)? 7 f (w, v)|dudy

M x py+k | |
S (x+ki — )" (y + ko — v)"?" dudv
F(Vl)F(Vz)/u />

(b—a)y"k}?
<— =
Yiy2
For suitable C, we get

|La| < CKY.
Similarly
IL3| < Ck]".

In similar way, we estimate L4
1 x+ky y+ko | )
Li < mf f (ki — 0"y k= 02 f s v)ldudy
x y

M x+k y+ka
= m/ / k=" ke = v dudv
* y
v
Yiy2
For suitable C, we have
Yigv2
|La| < Cky k"

Say @ = min{yi, y»}. For suitable C and sufficiently small positive constants
k1, k2, o, we get

@V )+ ki, y +ko) = (T 0] < L1l +|La| +|L3] +|La| < C*k' +K3°) < C(k§ +K5).

Since k1 and k» are sufficiently small, we have k; < ,/klz + k% and kr <,/ kl2 + k%.

Consequently, we get
TV Hx + ki, y +ka) = (Z7 e, I < Clli(x + ki, y + ko) — (2, IS
The proof follows from Lemma 2.4. O
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Now, we prove a very important property of such integrals which is called the
semigroup property. This property will be used to prove the further results.

Theorem 3.2 [Semigroup property] Let y1 > 0,y > 0,2 > 0,y, > 0and 0 <
a<b<o00,0<c<d<oo Let f:la,b] x [c,d] - Risan integrable function
for which the fractional integral of mixed R-L type TY1-Y2) f exists, then

I(Vl,Vz)I(V(J/z’)f — I(}/1+V|',J/2+Vz')f‘

Proof From the Dirichlet technique and Fubini’s theorem , we have

oo 1 x y X y ’
TV ) 77y y) = //[// _ oW1, _ -l
( DE = o romroprap J Lo UL ) G0

O —w)”  w— t)”z/’ldvdw] F(s, dsdt

v—s
X—v

With the change of variable z; = , we have

X 1
’ ’ /1
/(x—v)yl_l(v—s)yl_ldv =(x—s)y‘+yl_1/ (1 -z 12 dzy
s 0

Ty (y))
Cni+v)’
according to the known formulae for the beta function [12, 17].

Similarly, we can estimate with z; = ;"_—_Utj,

(x — S)V1+J/f*1

y , , 1 1
= wr = de = -0t [ e
0

C(»2)I(v))
INCZE I

t

=(y— t)V2+V2/—1

Consequently, we get

B 1

a Cy + V{)F(VZ + )/2/) a
— (I(VIJFV(VVZ*Vg/)f)(x’ y),

(I(J/I ,Vz)I(Vf,VZ') £x, y)

X y , ’
[ (r =)Ly — A f (s, s
;

which completes the proof. O
Theorem 3.3 Let f : [a, b] X [c,d] — R is continuous and 0 < a < b < 00,0 <
c<d < oo
(1) IfO < y1,y2 < 1, then
2 <dimygGrZ¥ f, I x J) <dimg Gr(ZV f, I x J) <3 — min{yy, y2}.
@) Ifyi,y2=1, then
dimyGr(Z¥ f, I x J) =dimpGr(Z f, I x J) = 2.

The proof of the above theorem follows from Theorem 3.1, Theorem 3.2 and from
the relation between fractal dimensions.
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4 Fractal dimensions of Z7 f(x, y) with f(x,y) € H*(I x J)

In this section, we establish the bounds for the fractal dimensions of the fractional
integral of mixed R-L type corresponding to the p-Holder continuous functions.

Theorem 4.1 Let f(x, y) is continuous on I x J and f(x,y) € H*(I x J) with
f(0,0) = (0,0) and provided that the fractional integral of mixed R-L type of f
exists. Then

dimy Gr(Z” f, IxJ) < dimpGr(Z¥ f, IxJ) <3—u, 0 <y, <1,0<pu < 1.

Proof let0 <a <x <x+4+k1 <b,0<c<y<y+4+kr<dand0<y,y < 1.
Then

@7 HHx + ki, y + k) = TV Hx, y)

1 x+ky y+ko
= m/ [ (x +kp —u)y‘fl(y-l-kz—v)yz*lf(u,v)dudv

1 /x/'y —1 —1
—— =" (y =) fu,vydudv=1L+ DL+ 5+ 1~ I,
F(VI)F(VZ) a Je

where
a+k; c+ky | |
= x4k =) (y + k=) f(u, v)dudv
F(VI)F(VZ) / /

a+k; y+ka | |
x+ki =) (y+ky— ) f(u, v)dudv
F(VI)F(JQ) f /c+k2 ! yrR f

x+kq

c+ko
- x+ki —w)" 'y +k — )" Fu, v)dudv
F(Vl)r‘()/z) a+ky /c

x+ky  py+ko | |
x+k =) N (y+k— )7 f(u, v)dudv
F(VI)F(VZ) a+k; /—‘rkz

N I
W(m)F(n)A/c(x W) (y =) f(u, v)dudv.

By change of variable in /s, we have

, x+ki y+ko | 1
x+ki =W (y+ky— )2 f(u— ki, v—ky)dudv.
r(mrm) [ o / o : Y /

x+ki pytka ) |
Is— 1= Is = [ b — 0 e o

F()/J)F()/z) /Jrkl ey
.[f(u —ki,v—k2) — f(u,v)ldudv.

x+ky pyt+k . .
[ —"— f / |+ — 0" (ke — 0
F()/J)F()/z) +hy Jethy

Af(u—ki,v—ky)— f(u,v)]|dudv.
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Since f(x,y) € H*(I x J) on [a, b] x [c, d], we have

Cll(ki, k)5 /”’ﬂ /sz 1 1
ky — uy ky — v)” " V\dud
I =0T 0 Sty Sy (TR m 0T dudy

_ Clitki, k)5
Ty + DL + 1)

For (x, y) € [a, b] X [c, d], we get

Clitkr, k) Iy

T +DI'(e+ 1)

[Is| <ClI(k1, k2)|ly, where C =

=) (y— )"

(b—a)'(d—c)".

1| <

b—a)''(d —c)?
T+ DL+ 1)
Now for the bound of 11, we apply similar steps as done above.

1 a+ky c+ko 1 1
i smf / (G k1 — " (4 ks — 021 F(w v) — £(0,0)[dudv

Clitki, k)5 /“*k‘ /”“‘2 . .
<—= x+k —u +ky — )27 |dudv
= TOoNTOn) j I 1 ="y + ke —v)?T

Cll(ky, k I a+ky c+ky
Clita 2)”2/ f [(a+ki — )" (e + ko — v)?> "V |dudv

c

Tl L
__ ClL k)l
T+ DLGa+ 1) 27

So, we have
V1LY
k11k22 .

Fiyi+ D2+ 1
In similar way, we obtain the bounds for I and I3 as follows

k'(d — o)
Cyi+ DT+ 1)

b —a)"k}?
Cyi+ DT+ 1)

[ <Cllk1, k2)ly, where C =

|l2| <C||(k1, k)5, where C =

|I3] <C||(k1, k2)|ly, where C =

Consequently, we get for a suitable constant C
(T f)(x + ki, y + ko) — TV )(x, ] <IN+ 2] + 3]+ 14| + | 5]
<C||(k1, k)15 -
In view of Lemma 2.5 the proof follows. O
Remark 4.1 If f(x, y) is any fractal function having box dimension 3 — i, then upper

box dimension of the fractional integral of mixed R-L type corresponding to f(x, y)
is non-increasing. Since,

dimgGr(f,I x J) =3 — .

We have
dimgGr(Z?” f, I x J) <3 —p

@ Springer



Numerical Algorithms (2022) 91:1021-1046 1031

That is
dimgGr(Z” f, 1 x J) <dimgGr(f, I x J) =3 —p

Theorem 4.2 Let f(x,y) be a continuous function defined on [a, b] X [c, d] with
f(0,0) = (0, 0) and satisfies Lipschitz condition, then for 0 < y1, y» < 1,

dimyGr(Z¥ f, I x J) =dimpGr(Z” f, I x J) = 2.

In view of Lemma 2.4 and Theorem 4.1 the proof of the Theorem 4.2 follows.

5 Fractal dimension of Z? f(x, y) of 2-dimensional continuous
functions

So far we have estimated the bounds for fractal dimensions. Now a question arises:
For which class of continuous functions the box dimension of the fractional integral
of mixed R-L type is equal to two. The answer of this question is given below. First,
we give the following Lemma 5.1 which acts as a prelude for the main Theorem 5.1
and then we corroborate our result with the help of existing results.

Lemma 5.1 Let f : [0, 1] x [0, 1] — R is continuous and 0 < § < 1, % <m,n <

1+ %for some m, n € N. If the number of §-cubes that intersect the graph Gr(f) is
denoted by N5(Gr(f)), then

n m

ZZ {Rf[A[/] 1} <N5(Gr(f)) <2mn—|— ZZR]‘[AM

j=1i=l ]111

where A;; is the (i, j)-th cell corresponding to the net under consideration.

Proof If f(x,y) is continuous on I x J, the number of cubes having side § in the
part above A;; which intersect Gr(f, I x J) is at least

max{M’ 1}

8
and at most
2+ Rrldyl ].
)
By summing over all such parts we get the required result. O

Theorem 5.1 Let a non-negative function f(x,y) € C([0, 1]1x[0, 1)) and0 < y; <
1,0<pym<l.
If

dimp Gr(f, [0, 1] x [0, 1]) = 2, (CR))
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then, the box dimension of the fractional integral of mixed R-L type of f(x,y) of
order y = (y1, y2) exists and is equal to 2 on [0, 1] x [0, 1], as

dimg Gr(Z” f, [0, 1] x [0, 1]) = 2. (5.2)

Proof Since f(x,y) € C([0, 1] x [0, 1]), Z? f(x, y) is also continuous on [0, 1] x
[0, 1] (from Theorem 4.2 in [23]). From the definition of the box dimension, we can
get

dimzGr(Z7 £, [0, 1] x [0, 1]) > 2. (5.3)
Now, to prove (5.2), we have to prove the following inequality

dimgGr(Z” f,10, 1] x [0, 1]) < 2. (5.4)

Suppose that 0 < § < %, % <m,n < 1+% and Ns(Gr(f)) is the number of §-cubes

that intersect Gr(f). From (5.1), it holds
log Ns(Gr(f)) _
§—0 —logé B
Let Ns(Gr(Z" f)) is the number of §-cubes that intersect Gr(Z" f). Thus, (5.4) can
be written as
—log Ns(Gr(Z”
T o2 s(Gr(1Y f)) <

5.5
§—0 —logé (5-3)

Now, we are ready to prove (5.5).
Let f(x,y) € C([0, 1]1x[0, 1]) and 0 < y1, y» < 1.Ifk; > 0,k > Oand x+k; <
1,y +ky <1, then

DT [T H&x + ki, y + k) — T fx, y)]
x—+ky y+ka
=f / (x + kg —u)yl_l(y+k2 —v))’z_lf(u,v)dudv
0 0
- /X /y(x — )" Yy =) f(u, v)dudo.
0 JO

By integral transform, let

and

(a)=
yt+k)

dudv = |J|dsdt,

Then
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where

= (x +k)(y +k2).

Thus, we have

T DT ) [T Hx+ ki, y + k) — (T )x, )]

- /01 /ol(x FED (1= + k) (1= 0271 f (4 kD (6 + ko)) dud

_/OI /ley‘ﬂ — w7y (1 =) f (eu, yo)dudy

N /0] /()‘(x D=y + k) (L= )27 f (Ot kD (3 + ko)v) dudv

,/Ol /Ol(x FEDI (=" (5 + k)2 (1 — 0)7= ) f (e, yo)dudy

+/01 /ol(" + kD7 (=" (5 k) (1= 0 f o, yv)dudy

_/OI /0' XA ="y (1= )7 f (xu, yv)dudy

:/Olfolﬂ — )" =027 @+ k)Y (k) [ (6 + kD, (3 + k2)v) — f @, yv) dudv

1 1
+/ / (1 — w71 — )27 f e, yo) [+ kDY (Y + k)P — x71 y"2 ] dudv.
0 Jo

<m,n <1+ %, let non-negative integers i and j such that
n.

For0 < § < %,
j Then

1
]
0<i=m0<j<

T DT )Ry r[Aij] = sup [(ZY £)(x + ki, y + k) — TV fHx, y)l,
(x+ky,y+ka), (x,y)€A;j

where A;; = [i6, (i + 1)8] x [j§, (j + 1)é].
Here,

=@ P+ ki y + k) = @ OGS G+ kD O+ k)|

1 1
| [ = wnta= on g ke 0+ k) = fG o duds
0 JO

1 1
+(G+ DG+ D" —iVleZ))aV1+V2/ / A—w" 1 = v)27 f(xu, yv)dudv.
0o Jo
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Leti > 1, j > 1. On the one hand

1 1
‘/ / A —wy =1 -y [f((x+k1)u,(y+k2>v>—f<x”vy“)]d”d”‘
‘/ /M (=) ~1 0= 0727 L (4 ks v+ ko) = G, yo)ldudy

J 1
) [T [T a0 s O k) = o) duds|
0
=

1 JT
][ [T AT = G O k) = o) duds|
g=1 " i+ 0
+11 p+1
i+
+ZZV4 / — A= 0 (xR, 3+ K)o — G, yo)] dudo
g=1p=1" T+

1
—_— 0,6 0,6
S(l+1)(j+1)Rf[[, 1% [0, 8]]

J 1
————— (R/ 100, —1)8, p8ll + Ry [10. 8] x [ps. (p + 18
+;(i+l)(j+l)( 100,81 x [(p = DS, psTI+ Ry [10, 81 x [p8, (p + D811

1
+X_: m(Rf [[(g — D$, q8] x [0, 811 + R¢ [lgd, (g + 18] x [0, 81])
Z (R [[(g — D)3, gd] x [(p — )3, péll + Ry [[(g — 1)3, g8] x [pd, (p + 1)d]]

+Ry [[g8. (g + D8] x [(p — 1)8, pd]] + Ry [[g8. (g + 18] x [pé, (p + 1)3]D.

By using Bernoulli’s inequality (1 + W' <1+rufor0<r <landu > —1, we
can see that

1 1
AT O[T 1
/ - /’“ A=y ' =) dudy < ———
0 0 G+DG+1’

On the other hand

1 1
(G+ DG+ D —injry) 5V1+V2/ / (1 =)= == f(xs, yt)dsdr
0 Jo

maxo<(x,y)<1 f(x, y)
Yiy2 '

<@{+DN (+ 1)}’25)/1+V2
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From Lemma 5.1, we have

n m
1

N5 (Gr(Z" f)) < 2mn + Z Z Rz f[Aij] < 2mn + — Z Z (me [[0. 81 x [0, 811

1111

/ 1
— (R [0,6 — 18, pé R/ ([0, 8 S, 06
+;(i+1)(j+l)(/[[ 1% [(p = D8, p8l1 + Ry [[0, 81 x [ps, (p +D811)

i 1
+Z_j TG R @ — D881 x 10,811+ Ry [lgs. (g + 18] x [0. 81D

1
— (R 1)8, g8 —1)8, pé R —1)8, g8
+;;O+l)(]+l)( 7 (g — 18,81 x [(p — D3, ps11 + Ry [[(g — 18, g81x

[P, (p + D311 + Ry g8, (¢ + D3] x [(p — 13, pd1l + Ry [[g8. (g + 131 x [ps, (p + 1)311))

L ZZ(‘+1)M G+ Drenn maxo<(r,y)<1 S (*, ¥)
J izt Yir2

1
_ 0,8 0,8
8( +ZZ(<:+1)</+1) 7 110, o110, ol

j=li=l

1
————(R/I[0,8 —1)8, ps11+ R+ [0, s s ns
+;§<i+1><j+1>(f“’“[(l’ )8, p81l + Ry (10,81 x [, (p +Dé1)

d 1
+Z: T DG+ Rrlla=1D3.q81> 10,811+ Ry [lg8. (g + D31 x [0, 511

1
S —1)8, ¢ —1)8, psl]+ R —1)8,¢8
+;;(1+1)(1+1)( rll(g — 18, g8 x [(p — DS, ps11 + Ry [[(g — 1)8, 8]

x[ps, (p + D3I + Ry [[g8, (g + D8] x [(p — D8, p81l + Ry [[g8, (g + D8] x [ps, (p + D81)))

C n m 1 n m
=5 (ZZ(, s YE 1)) (ZZRf[Al,]) 5 lOgm)(lOgn)ZZRf[A,]]
Jj=0i=0 j=0i=0 j=01i=0
< C(logm)(logn)Ns(Gr(f)).
Therefore, we get

log Ns(Gr(Z” f)) _ log{C(ogm)(logn)Ns(Gr(f)}

—logé - —logé
- logC log(logm) = log(logn) log Ns(Gr(f))
—log$ —log$ —logé —logs
So, we obtain
—log Ns(Gr(Z”
dimpGr(Z” £,10, 11 [0, 1)) = Tim Og 5(Gra’ /)
—logéd
< Tm logC log(logm) log(log n) log Ns(Gr(f))
-0\ —logé —logé —logé —logé
——log Ns(Gr(f)) .. logNs(Gr(f))
< lim = lim =
§—0 —logéd 50 —logé
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Thus, Inequality (5.5) holds. By combining Inequalities (5.3) and (5.5), we get the
desired result. O]

Corollary 5.2 Letr f : [0, 1] x [0, 1] = R be a continuous function and 0 < y; <
1, 0 < y» < 1. If f is of bounded variation in Arzeld sense, then

dimg Gr(Z" f, [0, 1] x [0, 1]) = 2.

Proof From Remark 3.13 in [23], if f : [0, 1] x [0, 1] — R is continuous and of
bounded variation in Arzela sense on [0, 1] x [0, 1], then

dimpg Gr(f, [0, 1] x [0, 1]) = 2.
Thus, by using Theorem 5.1, we get
dimp Gr(Z" £, [0, 1] x [0, 1]) = 2.

This completes the proof. O

Remark 5.2 Thus, Theorem 4.5 of [23] follows from our Theorem 5.1. In [23], Verma
and Viswanathan proved that the box dimension of the fractional integral of mixed
R-L type of a continuous function which is of bounded variation in Arzeld sense
on [0, 1] x [0, 1] is 2. Their results are more concerned with analytical aspects in
the sense that they are using the notion of bounded variation. But in Theorem 5.1,
we have proved that if a continuous function has box dimension two, then the box
dimension of its fractional integral of mixed R-L type is also two. Here, we are
using the dimension of function to compute the dimension of its fractional integral
of mixed R-L type. So, our results are more concerned with dimensional aspects.
From Theorem 5.1, we conclude that the fractional integral of mixed R-L type of any
two-dimensional continuous function preserves its dimension.

Now, we are going to corroborate Theorem 5.1 by using existing results.

Lemma 5.3 [23] Let a function h : [c,d] — R be continuous. Considﬂ a set as
H = A{(x,y,h(y)) : x € [a,bl,y € [c,d]} witha < b. Then it holds, dimp(H) <
dimp(Gr(h)) + 1.

Remark 5.4 Let hy : [a,b] — R and hy : [c,d] — R are two continuous maps.
Now, define g1, g2 : [a, b] X [c¢, d] — R such that

g1(x,y) = hi1(x) +ha(y), and go(x,y) = h1(x)h2(y).

From Lemma 5.3, we get dimpGr(g)) < dimpGr(hy) + 1 and dimpGr(gy) <
dimgGr(hy) + 1.

Remark 5.5 Let g : [a,b] — R be a continuous function which box dimension
is 1. We define a bivariate continuous function f : [a, b] X [c,d] — R such that
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f(x,y) = g(x). From definition 2.1, we have

1 Xy
TV f(x,y) = —F(m)l“(yz)/a /L x — )" Ny — )27 f(u, v)dudv.

For y» =1, we get

'fen = %Vl)/x/y(x — )" f(u, v)dudv.

By definition of f, we obtain

T fx) = £ / (= )"~ g(u)du,

So, we have a relation between the fractional integral of R-L type of g, namely

1 X
g0 = o [ g,
F(Vl) a
and the fractional integral of mixed R-L type of f as

IV f(x,y) = (y — )TV g(x).

Now, from remark 5.4, we know that dimpGr(Z? f) < dimpGr(Z" g) + 1. Since,
dimp Gr(g) = 1, from Theorem 3.1 in [16], it follows that dimp Gr(Z"' g) = 1, and
hence dimp Gr(Z" f) = 2. This corroborates Theorem 5.1.

6 Fractal dimension of Z? f(x, y) of unbounded variational
continuous functions

To study the fractional integral of mixed R-L type of unbounded variational (UV)
continuous functions with examples, we follow the construction from [24].

Construction of UV continuous functions Consider [0, 1] x [0, 1]. Let lim;,— 50 @, =
1, where (a,) is the increasing sequence of real numbers in [0, 1]. For our con-
struction, we take a sequence (a,),>0 by considering ap = 0 and a, = % + 2% +
e + 2%, n € N. Let us define a continuous function ®(x, y) = x(x — 0.5)y on
[0, 0.5] x [0, 1] such that

©0,y) =0(0.5,y), Yyel0,1].
We shall refer ® as generating function. Let Y}, be map from [a,_1, a,] onto [0, 0.5]
given by

Tu(x,y) =2V (x —a,y).

Let us define G1(x, y) = O(x, y) for (x, y) € [0,0.5] x [0, 1]and n > 2,

1 —1
Gulr.y) = ~O(T,(x). y) + ”T@«), y) for (x, y) € [an_1, an] x [0, 11.

Now, we denote that F,,(x, y) is the composed of G (x, ¥), G2(x, y), ..., G, (x, ¥).
Let

M(x,y) = nlggo Fu(x,y).
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Fig.1 M(x,y)

The graph of M (x, y) is given in Fig. 1.

Theorem 6.1 The function M is not of bounded variation on [0, 1] x [0, 1].

Proof It can be seen that ® is non-constant function along the line y = yp for some
yo € [0, 1]. For C > 0 and some uy, us € [ag, a;] with u; < uy, we have

[®uy, yo) — O(uz, yo)| = C.
Choose wy, wy € [ag, a1], w; < w» such that
|G (wi, yo) — G1(w2, yo)| = [O(uy, yo) — O(uz, yo)| = C.

We can choose w3, w4 € [ay, az], w3 < wy such that

1 C

|G2(w3, yo) — Ga(wy, yo)| = §|®(u1, yo) — ©(uz, yo)| > X

We can see that fori > 1, w; = Ti__ll (u1) and wij41 = Ti__ll (u2). By proceeding in

similar way, we get a collection P’ = {w; : w1 < wy < w3 < ... < wy,}. Now, we

take partition P of [0, 1] such that P’ C P. The variation of M along the line y = yq
denoted by V (M, [0, 1], yo) is

2n

V(M. 0,11, y0) = > _|M(wit1, yo)—M (wi, yo)| > ZIG (wit1, ¥0)—Gi(wi, yo)| = Z—.
i=1 i=1 i=1
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Since C > 0 and Z;’=1 ,l = 00, restriction of M, M|y—y,, is not of bounded variation
on [0, 1] along the line y = yo. So, M|y—y, can not be written as difference of two
increasing functions g1, g2 : [0, 1] — R along the line y = yo. That is, M|y—y, =
g1 — g2 with Ajogi(x, yo) > 0, i = 1, 2 does not hold. Now, by using Theorem 2.1,
it is clear that the function M is not of bounded variation on [0, 1] x [0, 1] in Arzela
sense. O]

Lemma 6.1 [23]f f(x,y) € C([0, 1]1x [0, 1]) and of bounded variation on [0, 1] x
[0, 1] in Arzeld sense, then IV f(x, y) € C([0, 1] x [0, 1]) and of bounded variation
on [0, 1] x [0, 1] in Arzeld sense.

The following theorem gives the box dimension and the Hausdorff dimension of
IYM(x,y).

Theorem 6.2 Let 0 < y; < 1, 0 < y» < 1. Then IV M (x, y) is finite on [0, 1] X
[0, 1] and

dimy Gr(Z" M, [0, 1] x [0, 1]) = dimg Gr(Z" M, [0, 1] x [0, 1]) = 2.

Proof ForO0 < y; <1, 0 < 5 < 1, we have

[ZYM(x,y)| = ’m/ox /(;y(x—u)V‘_l(y—v)”_lM(u,v)dudv

T - W1 7{e o0 pepe— —
F'yi+DI'(n+1) (x,)€[0,1]x[0,1] 'm+DI'r+1)

This shows that Z¥ M (x, y) is finite on [0, 1] x [0, 1]. Since M (x, y) is a continu-
ous function and of bounded variation on [0, 1) x [0, 1), then from Lemma 6.1 we
know that Z” M (x, y) is continuous and of bounded variation on [0, 1) x [0, 1) for
O<pyi<1,0<pym<l.
Let 0 < § < 1 and a positive constant C, when (x, y) € [0,1 — §) x [0,1 — §),
IY M (x, y) is of bounded variation. Let the smallest number of sets of diameter §
which can cover graph of ZV M (x, y) is 5% Now, when (x, y) € [1,1-6) x[1, 1-§),
then the number of §-cubes that intersect graph of ZV M (x, y) is at most 5i2
Hence, the smallest number of sets of diameter § which can cover graph of

Y M(x, y) is at most % Thus, we have

7 7 log 1L
T Gr(ZV M. [0.1] x [0, 1]) = To 22 Ne(Cr@M, [0, 11 [0, 1) _ o T8 F5r
5—0 —logé s—~0 —logé
From Definition 2.2 and Lemma 5.1, we know that
di_mBGr(IVM’ [Ov 1] X [O’ 1]) = 2.
This implies that
dimg Gr(Z" M, [0,1] x [0, 1]) = 2. (6.1)

Also, we know that
2 <dimyg Gr(ZV M, [0, 1] x [0, 1]) < dimp Gr(Z" M, [0,1] x [0, 1]).  (6.2)
From (6.1) and (6.2), we get the required result. O
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Remark 6.2 From [23], we know that if a function is continuous and of bounded
variation in Arzeld sense, then its fractional integral of mixed R-L type is also contin-
uous and of bounded variation in Arzela sense and its box dimension and Hausdorff
dimension is two. From Theorem 6.2, we conclude that the box dimension and the
Hausdorff dimension of the fractional integral of mixed R-L type of unbounded varia-
tional continuous function is also two. So, M is such example which is of unbounded
variational continuous function but the fractal dimension of its fractional integral of
mixed R-L type is two.

7 Graph of Z¥="172M(x, y)

In Section 6, we give the construction of M (x, y). Now, we calculate its fractional
integral of mixed R-L type and draw the following graphs.
If (x, y) € [0, 31 x [0, 1],

2 1 1
I'M(x,y) = (_x)/1+2 _ —xVI-H) <—yn+l) .
Clyi+3) (1 +2) L2 +2)

Fig.2 ZOLODp(x, y)
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Fig.5 ZO70D M (x, y)
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Fig.6 2091 (x, y)
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If (x, y) € [5. 31 x [0, 1],

1 1 1\l
T'M(x,y) = )’1+2_—xyl+l_—<x__>

X
Ly +3) 2Ly +2) iy +2) 2

+2
+# (x _ l)yl (;ylffrl) )
C(y1 +3) 2 [y, +2)

If (x, y) € [3, 1 x [0, 1],

1 1 \"+!
M, y)=|——x"? - —— <x - —)
Ly +3) 2l (y1 +2) Ly +2) 2
2 1\ "*2 7 3\ 1+l
= x—-= - x— =
Ly +3) ( 2) 6I'(y1 +2) < 4)
2
Y (x _ §>”+ ( 1 yy2+1> ‘
3r(y1 +3) 4 L'(y2+2)
0
-0.005
-0.01
-0.015 |
0

0.8

04 06

Fig.7 ZU019p1(x, y)
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If (x, ) € [§, 121 x [0, 1],

1 1 \"+!
— 7xy1+2 _ 7xy1+1 - (x _ 7)
Ly +3) 2T (y1 +2) 'y +2) 2

2 n\"+2 7 3\ 20 3\ +?
|-z - | o
C'(y1 +3) ( 2) 6I'(y1 +2) ( 4) 3C(y1 +3) ( 4)

5 7\ ! 64 7\ 1
3r(vi+2) 8 3r(n+3) 8 F(+2)

Similarly, we can calculate Z¥ M (x, y) for other G, (x, y) on (x, ¥) € [an—1, an] X
[0, 1] but above values are sufficient for the smoothness analysis of the graphs (Figs.
2,3,4,5,6and 7).

TV M(x,y)

Remark 7.1 As we can notice from the graphs of the fractional integral of mixed R-
L type that increments in y will give more smooth surfaces, that is, the bigger the y,
the smoother the Gr(Z¥ M, [0, 1] x [0, 1]). So, we can say that fractional integrals
are the best mathematical operator to study the smoothness of irregular functions as
we discussed in the introduction part.

8 Open problems

It will be interesting to explore the following problems:

(i) The box dimension of the graph of the fractional integral of mixed R-L type of
fractal functions.

(i) The box dimension of the graph of the fractional integral of mixed R-L type of
a continuous function having the box dimension greater than two.

Conclusion Calculating fractal dimension of the graph of a function not simple even
for real-valued functions. While in this article, we compute fractal dimension of the
graph of the mixed Riemann-Liouville fractional integral. Various estimates, and in
some special cases the exact value of the box dimensions and the Hausdorff dimen-
sion of the graph Gr(Z” f) of ZV f are given which depend on y = (y1, »2) and f.
For a typical result, if f is u-Holder with f(0, 0) = (0, 0), then dimy Gr(Z? f) <
dimp Gr(Z” f) < 3—pu provided that 0 < y1, y» < 1. There are other results when f
has the graph of dimension 2, and when f is of bounded variation. Particular empha-
sis is given to the cases where dimp Gr(ZY f) = 2; this is the minimum possible for
a surface and this is the case where an exact value is found. There is an example of a
function that is not of bounded variation but with the graph of the Riemann-Liouville
integral function nevertheless equal to 2; these surfaces are illustrated for various
choices of parameters.

Let us conclude this report with some remarks. Theorem 3.1 is more general hav-
ing fewer restrictions. We can construct a continuous function (Weierstrass type, for
instance, we refer to [24]) having 2.1-dimension, in this case, we can give bounds for
fractal dimensions of the fractional integral of mixed R-L type by using Theorem 3.1
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but we cannot use Theorem 5.1 for this case. Now, let f be a Holder continuous func-
tion with Holder exponent 0.5 and dim f = 2.5, in this case, we can use the Theorem
4.1 and also the Theorem 3.1 for the bounds of the fractal dimensions of the frac-
tional integral of mixed R-L type by we cannot apply the Theorem 5.1 for this case.
Similarly, we can illustrate other theorems. So, from the above discussion, we can
conclude that each theorem has special attention and importance. This work is also
an attempt to give geometric and physical interpretations to the fractional integrals
by using fractal dimension as a suitable tool. Overall, this paper may be viewed as
a contribution to link two fields-fractional calculus and fractal geometry. The paper
should be of interest to a broad readership including those interested in fractional
calculus and fractal geometry.
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