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Abstract In this paper, we mainly explore fractal dimensions of fractional calculus of continuous
functions defined on closed intervals. Riemann-Liouville integral of a continuous function f(z) of order
v(v > 0) which is written as D" f(z) has been proved to still be continuous and bounded. Furthermore,
upper box dimension of D~Y f(x) is no more than 2 and lower box dimension of D™" f(z) is no less
than 1. If f(x) is a Lipshciz function, D™" f(z) also is a Lipshciz function. While f(z) is differentiable
on [0,1], D77 f(z) is differentiable on [0, 1] too. With definition of upper box dimension and further
calculation, we get upper bound of upper box dimension of Riemann—Liouville fractional integral of
any continuous functions including fractal functions. If a continuous function f(x) satisfying Holder
condition, upper box dimension of Riemann—Liouville fractional integral of f(z) seems no more than
upper box dimension of f(x). Appeal to auxiliary functions, we have proved an important conclusion
that upper box dimension of Riemann-Liouville integral of a continuous function satisfying Holder
condition of order v(v > 0) is strictly less than 2 — v. Riemann-Liouville fractional derivative of
certain continuous functions have been discussed elementary. Fractional dimensions of Weyl-Marchaud
fractional derivative of certain continuous functions have been estimated.

Keywords Hoélder condition, fractional calculus, fractal dimension, bound, variation
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1 Introduction

In [4], Riemann-Liouville fractional integral of a continuous function f(x) of bounded vari-
ation on a closed interval has been proved to still be a continuous function with bounded
variation. It is obvious that both f(z) and its Riemann-Liouville fractional integral are 1-
dimensional. Zhang discussed Riemann—Liouville fractional integral of certain 1-dimensional
continuous function of unbounded variation [25]. Riemann—Liouville fractional integral of any
continuous functions which have finite points of unbounded variation still are 1-dimensional [9].
There exist continuous functions whose box dimension are bigger than 1, such as Weierstrass
function [1], Besicovitch function [17], linear fractal interpolation functions [15]. More details
about functions of unbounded variation and definition of fractal functions can be found in [6].
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An important problem is to estimate fractal dimensions, such as box dimension or Hausdorft
dimension, of Riemann—Liouville fractional integral of fractal functions [6]. In [5], author proved
that upper box dimension of Riemann—Liouville integral of order v of any continuous functions
on closed intervals are no more than 2 — v when v € (0,1). We will prove this conclusion by
a simple method in this paper. We mainly deal with fractal dimensions of Riemann—Liouville
fractional integral of continuous functions defined on closed intervals and especially explore
fractal dimensions of Riemann-Liouville fractional integral of continuous functions satisfying
Holder condition. Definition of Hausdorff dimension, box dimension and Riemann-Liouville

fractional integral are given as follows.
Definition 1.1 ([1, 17]) Let F € R™ and s > 0. Hausdorff dimension of F is
dimg(F) =inf{s: H*(F) =0} = sup{s : H*(F) = oo}. (1.1)

Definition 1.2 ([1, 17]) Let F(# ¢) be any bounded subset of R™ and let Ns(F') be the smallest
number of sets of diameter at most § which can cover F. Lower box dimension and upper box

dimension of F' respectively are defined as

. _ . log Ns(F)
dimg(F) = él_)n% " logs (1.2)
and log Ns(F)
. . log N;
dimp(F) = }li% “logs (1.3)
If (1.2) and (1.3) are equal, we refer to the common value as box dimension of F
: _log Ns(F)
F)y=1 . 14
dim 5 (F) im0 — log § (14)

Definition 1.3 ([12, 14]) Let f(z) be a continuous function on a closed interval [a,b]. Let
v>0 and D7Vf(0) =0. We call

D™Vf(z) = F(lv) /Ox(x — T f(t)dt, @ € [a,b] (1.5)

Riemann—Liouville integral of f(x) of order v on [a,b].

Definition of other fractal dimensions and fractional calculus can be found in [1, 12, 14]. In
the following several sections, we will give estimation of fractal dimensions of Riemann—Liouville

fractional calculus of continuous functions on I.

Definition 1.4 Let f(z) be continuous on [a,b]. If for a positive constant C' and 0 < a < 1,

[f(2) = f(y)| < Cle =yl 2,y € [a,b], (1.6)
we say f(x) satisfies a-Holder condition. When o =1, (1.6) is called a Lipshciz condition.

Throughout the present paper, let I = [0,1]. C denotes the set of continuous functions on

I. C} denotes the set of functions having continuous derivative functions on I. Denote

(1) ={(x, f(x)) : z € I}

as graph of f(z) on I. Let C be a positive absolutely constant that may have different values
at different occurrences even in the same line.
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2 Basic Properties of D™ f(x)

Let f(x) € C;. Thus f(x) is unanimously continuous and bounded on I. In other words, there
exists a positive number M such that |f(z)] < M for any € I. D" f(x) is Riemann-Liouville
integral of f(z) on I of order v(v > 0) which is

D7V f(x) = 1“(11)) /Oz(x — 1) f(Hdt, x €l (2.1)

First we have the following basic conclusion about D" f(x) on I.
Proposition 2.1 Let DY f(x) be defined as (2.1).

(1) D7V f(x) is bounded on I for any positive order v.

(2) D7V f(x) is continuous on I for any positive order v.

Though D7 f(z) is unanimously continuous on I, we do not know whether D~ f(z) is
derivative on I or not. By Weierstrass theorem [27], we know D~?f(z) can be approximated

by certain continuous functions which is differentiable on I. Thus, we have the following results.

Proposition 2.2 Letd > 0,0<d <z and 0 <v < 1. Write

1 x
D;? = §—t)U () dt, I, 2.2
P = gy [ @rE =0 a2 (22)
—v _ 1 v v—1
Dy f(x) = r) /0 (x =)' f(t)dt, zel. (2.3)
Then both Dy " f(x) and Dg" f(x) are differentiable on I. Meanwhile,
tim [D=" f(x) ~ ;" f(x)] = . (2.4
i [D7" (@) = D3 ()] = . 25)
Proof Let 0<v <1, >0,0<¢ <zandx e l. Then by (2.2) and (2.3),
dd Ds " f(x) / F@®)(z+06—1t)"" th—l—r( )f(ac)dvfl,
d _v—1 - v—2 1 "N s(Nv—1
D@ = 1 / FO =2+ g Fo = 80507,
Furthermore,
|D; " (z) — D™V f() :‘ / fO(@+06—t)tat - / f@®)(x—t)" 1dt‘
. v—1 v—1 2M v
_‘I‘(v)/o fOz+d—)"" —(x—1t) ]dt’gr(qj)é.
Thus (2.4) holds. Similarly, we can get (2.5). O

f(z) € Cr satistying Lipshciz condition means that
[f(2) = fWI<Clz—yl, zyel

Then, D" f(x) still is a Lipshciz function on I with the following proposition.
Proposition 2.3 Let D~ f(x) be defined as (2.1) and v € (0,1).
(1) If f(=x) is a Lipshciz function on I, D" f(x) is also a Lipshciz function on I.
(2) If f(x) is differentiable on I, D™ f(x) is differentiable on I too.
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We give an example in the end of this section.
Example 2.4 Let f(z) =0 when 0 <z <1land f(z) =2 —1when 1 <z <2. f(z)isa
Lipshciz function on [0,2] and dimgy I'(f,I) = dimp'(f,I) = 1. Let 0 < v < 1. If 0 < z < 1,
D7Vf(z)=D"0=0.Ifl <z <2,

D17@)=Féyéqx—ﬂ”lﬂﬂﬁ

1 ! v—=17y
:F(v)/1 (@ — )" (t = 1)dt
1 v 1 * v 1 v
~rw+n@ Y +I‘(U—|—1)/1 (@=t)'dt = )@= 1)
1 v
:F(v—&-Q)(x_l) +1

Thus D~ f(z) is not only a Lipshciz function, but also a differentiable function on [0, 2].
Let 0 < v <1,0< A< land v+ A <1 If welet f(z) = 0 when 0 < 2z < 1 and
f(z) = (z — 1) when 1 < x <2, D™V f(x) is not differentiable at point 1.

3 Fractal Dimensions of DY f(x) with f(x) € C;

Riemann integral of a continuous function on I is smoother than function itself. So we discuss
fractal dimensions of fractional calculus of continuous functions defined on I. By numerical
simulation, we find Riemann-Liouville fractional integral of any continuous functions on I
seems smoother than functions themselves. So we will investigate upper box dimension of

Riemann-Liouville integral of f(z) € C of order v. First we give two lemmas as follows.

Lemma 3.1 ([1]) Let f(x) € Cr. Suppose that 6 € (0,1) and n is the least integer greater
than or equal to 5~ 1. Then, if Ns is number of squares of 5-mesh that intersect T'(f, 1),

n—1 . . n—1
1
ZmaX{Rf[lé’ ((; + 1)) 1} <Ny <2046 Rylis, (i 4+ 1)3]. (3.1)
i=0 i=0
Lemma 3.2 Let f(x) €Cr and0 < a < 1. If
‘f(x)_f(y)‘ SCV|:L‘_:Z/|OL> .’L',yEI, (32)
then
1 <dimgT(f,I) < dimpl(f,I) <2 —«a. (3.3)

With Lemmas 3.1 and 3.2, we can give the following theorem which shows upper box
dimension of Riemann-Liouville integral of any f(xz) € Cr of order v is no more than 2 — v
when 0 < v < 1.

Theorem 3.3 Let f(x) € Cr and D™V f(x) be defined as (2.1). Then
dimpD(D™"f, 1) <2—v, 0<uv<l. (3.4)

Proof Let 0<z<x+h<1. Then for 0 <wv <1,

D+ 0) = D@ = | [ n= 00 = @ -0

z+h
+/ ' (x4 h—t)"" f(t)dt
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= Il + IQ.
Since f(z) € Cf, there exists a positive number M such that |f(z)] < M for Vz € I. Thus,

1 ¢ _ p\v—1 _ T — v—1) |
N A e R RO

M /1 -1 -1
< z—1)""" —(x+h—1t)"""]dt
roy =07 = @ n=
< M h".
“T(v+1)
Meanwhile,
1 z+h L
I, < h—1)"" t)|dt
2 [ @R
M x+h
< h—t)""tdt
ey AR
< M hY.
“T(v+1)
We have
|ID7 f(x+h)—D " f(x)| <1+ 12 < 2M h*.
- “Tw+1)
From Lemma 3.2, (3.4) holds. O

If box dimension of D~? f(z) exists, then
dimy T(Df,I) < dimpT(D*f,]) <2—v, 0<uv<Ll
With definition of box dimension and Hausdorff dimension, we know
1 < dimyg T(D~"f,1) < dimp (D" "f, 1) <2—v, 0<v<l.

If v =1, it is obvious that box dimension of D~ f(z) exists and

dimg (D7 f,I) =dimg (D™ f,I)=1=2—v (3.5)
for any f(z) € Cy. In fact, D~! f(x) which is Riemann integral of order 1 is a differentiable
function on I, then it is of bounded variation on I. By [4], we know (3.5) holds.

In Theorem 3.3, there is a condition that orders of Riemann-Liouville integral belong to

(0,1). From Definition 1.3 and Theorem 3.3, we can get the following result.
Corollary 3.4 Let f(z) € Cr, DV f(z) be defined as (2.1).

(1) Ifo<wv<l,

1 < dimy D(D~Vf,1) < dimpD(D~"f,1) < 2 — .
@) o>,
dimy T(D™Vf,1) = dimp T(D~"f, 1) = 1.
From discussion above, we know D~V f(x) € HY when
HY ={f(x): [f(x) = f(y)| < Clz —y[", 0 <v < L Va,y € I} (3.6)

If f(x) € Cr belongs to H* when 0 < a < 1, we will discuss fractal dimensions of of Riemann—
Liouville integral of f(x) of order v (v > 0) in the next section. Here we give certain example

about Riemann—Liouville fractional integral of continuous functions on I.
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Example 3.5 Let 0 =29 <z--- <y =1i€5={12,...,N} and L;(z) be the linear
map satisfying
Li(0) =z, Li(1)=z; Q€S

Let K =1 x R and {y;}X, be a certain data set. A continuous map F; : K — R is defined as
Fi(0,y0) =yi-1, Fi(Lyn) =y, 1€S5.
For a € (0,1), F; satisfies
|Fi(z,t) — Fi(z,u)| < alt —u|, VxelVt,ueR,ieS.

Let functions ¢; : K — K be defined as v;(x,y) = (Li(z), Fi(z,y)),i € S. Then {K,; : i € S}
is an iterated function system and it has a unique attractor G = vazl ¥i(G). T(G,I) can be

looked as graph of a continuous function g : I — R which satisfies
g(x;)) =vy;, 1€S8. (3.7)

Functions defined as (3.7) is called as fractal interpolation functions. For i € L, let |d;| < 1, ¢;
be continuous and F;(z,y) = d;y + ¢;(x). Then, a fractal interpolation function g(z) defined as

above is called a linear fractal interpolation function. In [15], the authors chose
Lz(x):azx—i—b“ a; =x; —Ti_1, bij=mx;_1, 1€S.

Let g(z) be determined by {L;(z), F;(z,y)}~ ;. Suppose Zfil le;l > 1 and ¢; is continuous
and of bounded variation on I for any i € S. They proved that dimp I'(f,I) = D({a;,¢;i}),
whereD({a;, ¢;}) is the unique solution s of the equation Zi\; ait|c;| = 1. Then for 0 < v <
D({a;,¢;}) — 1, it holds

dimp (D™ f,I) = dimg T'(f,I) — v.

Since dimp I'(f,I) < 2,
dimg (D™ f, 1) <2 —w. (3.8)

From Theorem 3.3, we can also directly get (3.8).

4 Fractal Dimensions of Fractional Integral of f(x) € H*
For 0 < a<1,let

H® = {f(z) : [f(x) = f(y)| < Clz —y|*,Va,y € [}
which is defined similarly as (3.6). If a continuous function f(z) on I belongs to H®, thus
1 <dimgT(f,I) < dimpl(f,I) <2 —«a.

D" f(x) is Riemann-Liouville integral of f(x) of order v. We will give some estimations of

fractal dimensions of D~? f(z). First we give upper bound of upper box dimension of D" f(x).

Theorem 4.1 Let f(x) € H*, f(0) =0 and D~ f(x) be defined as (2.1). Then
1<dimgI'(D7°f,I) <dimpl'(D™"f,I)<2—-¢«a, O0<v<l
Proof Let0<zx<x+h<1and0<wv<1. It holds

D f(x+h) - D~ f(a)



1500 Liang Y. S. and Su W. Y.

_ 1 $+hx _ \v—1 _ 1 acx_ v—1
SRRy A R R (O Ty (I CE R R (O

1 z+h 1 1 h 1
= x+h—t)""[f(t) = f(t—h)]dt + / x4+ h—1)"""f(t)dt
r @@ = fe= e+ @
=13+ Iy
Since |f(z) — f(y)] < Clz — y|* holds for any x,y € I, then |I3] < F(ﬁl)ha. For f(0) =0, we
can get |I4] < F(ng)ha - h¥. Thus,
|D™"f(x +h) = D™ f(x)| < Ch*.
By Lemma 3.2,
dimpl(D™Vf,I) <2 —a.

Combine Definition 1.1 with the above inequality, we know the conclusion of Theorem 4.1
holds. O

If f(x) is a 2 — a-dimensional regular fractal function [6], upper box dimension of Riemann—

Liouville fractional integral of f(x) is non-increasing. We know
dimpT'(f,I) =2 — a.
While
dimpT(D™f, 1) <2 —«a.
That is,
dimp T(D~"f,1) < dimp T(f,I) =2 — a.

With Theorem 3.3, we can get the following corollary.

Corollary 4.2 Let f(z) € H*, f(0) = 0 and D" f(x) be defined as (2.1). Then for0 < v < 1,
dimg (D™ f,I) < dimpl(D~"f,I) < min{2 —v,2 — a}.

Certain example is given as follows.

Example 4.3 ([21]) Let 0 < a < 1, A > 4. Weierstrass function W(z) is defined as

W(z) = Z A" sin(Mz).

j>1
Then
dimpT(W,I) =2 -«
and for v < 1 — a,
dimpT(D™*W,I) =2 —a—v <min{2 —v,2 — a}.

We expect to get that upper box dimension of Riemann-Liouville integral of f(z) € H* of
order v (< 1 — ) is no more than 2 — o — v. Though it is difficult to get the inequality

dimpI'(D™"f, ) <2—a—-v, v<l-«

when f € H*(0 < a < 1), we still can get a well estimation about fractal dimensions of

D=7 f(x) by the following discussion.
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Lemma 4.4 Let D™ f(x), D;" f(x) be defined as (2.1) and (2.2) respectively. For f(x) € H,
|DyY f(x) — D" f(z)| < C6", x€l,§>0.
Proof Let x € I and § > 0. By Proposition 2.2, we can directly get the result of Lemma 3.4.

Now we give the main result of our paper.

Theorem 4.5 Let D™ f(x), D;" f(x) be defined as (2.1) and (2.2) respectively. For f(x) €
H* f(0)=0,0<a,v<1and a+v <1, it holds

[D™"f(x) =D~ f(y)] < CO"(1 + 6w —y]), x,yel,6>0. (4.2)
Proof Let § >0,z,y € I. By Lemma 4.4, for 0 < a,v <1 and a+v < 1,
D™ f(z) = D" f(y)| < [D™"f(x) = Dy " f(x)| + D" f(y) — D5 " f(y)|

+|Dy " f(x) — D5 f(y)]
< 08" + D5 f(x) = Dy f(y)]

= 051; + 15.

Since I is differentiable on I by Property 2.3, then
d
< v —
< |(nors@)| e
for certain £ € I. Now we estimate [ D;* f(z). That is,
d xT
D)y, D5 f(@) = (0= 1) [ f@)(a+8 -0 2t + f(a)5"!
0

—-1) [ fO@ o0
(1) /Ox F@) (@ + 6 — )" 2dt + f(2)(@ + 5)*
== 1) [ O = f@la+ 8- 2 + [1(e) ~ FOa+ 0

For a+v < 1,
r d r
) D;Vf(x)| < c/ (z — )%(x + 0 — )" 2dt + Ca(x + 6)*
1—wv|dx 0
< C’/ (x+46-— t)‘”””dt + C(z +6)>tvt
0
S Caoﬁval 4 O(I +6)a+071 S O(Sa+v71.
So
I5 < Cé'ori-v—l.
This means (4.2) holds. O

In Theorem 4.5, let § = |z — y|. By appropriate modification, it holds
D™V f(x) e H’, 0<wv<Ll
In other words, there exists certain constant C' such that

ID7f(x) =D f(y)| <Clz—y|’, 0<v<l,Va,yel.
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By Definition 1.2,
dimyg (D7 f,I) < dimpl'(D™°f,z) <2—-v, 0<wv<l1. (4.3)

From the following Theorem 4.6, we can get a conclusion better than (4.3).

Theorem 4.6 Let D~ f(x), D;" f(x) be defined as (2.1) and (2.2) respectively. For f(x) €
H* f(0)=0,0< a,v <1 and a+v < 1, it holds

D™Vf(x) € H* 1-a. (4.4)
Proof By Theorem 4.4, for 0 < a,v <1 and a4+ v < 1,
D™ f(2) = D™ f(y)l < C"(1+ 6z —yl), Va,yel.
Let § = |z — g 1o Then,

ID™"f(z) = D" f(y)| < Clz —y| ==

Thus, we get (4.4). O
Remark 4.7 From Theorem 4.6,
dimy D(D™"f,1) < dimpD(D~"f,0) <2 " .
Since 0 < v < 1,
dimy (D™ f,I) < dimpl(D™"f,z) <2 —wv. (4.5)
(4.5) is better than (4.3). If we choose 6 = |z — y| v,
dimg (D™ f,I) < dimpl(D7"f,2) < 2 — a. (4.6)

Thus we know upper box dimension of Riemann—Liouville integral of certain continuous
functions of order v is strictly less than 2 — v, not no more than 2 — v. A best conclusion
maybe upper box dimension of Riemann-Liouville integral of f(z) € H*(0 < a < 1) of order
v(0 < v < 1) is no more than 2 — & — v when o + v < 1. Now we explore Riemann-Liouville
fractional integral of f(x) € H® with o + v > 1. Similar argument with Theorem 4.5, we have

the following result.

Theorem 4.8 Let D~ f(x), D;" f(x) be defined as (2.1) and (2.2) respectively. For f(x) €
H* f(0)=0,a4+v>1and 0< 4§ <1, it holds

dimyg (D7 f,I) =dimp (D™ "f,I)=1, 0<v<1 (4.7)
Proof Since 0 < 6 <1 and o+ v > 1. Similar discussion with Theorem 4.5,
[D7f(x) =D f(y)| <C6" +Clz —vy|, =z,yel. (4.8)

Let & = |z —y|+. (4.8) equals to

(D™ f(x) = D" f(y)| < Clo —yl. (4.9)

This means Lipschiz function D=V f(z) € H'. By [4], if a continuous function is of bounded
variation on I, its box dimension is 1. Since D~?f(z) is of bounded variation on I by (4.9),
then

dimp (D~ f, 1) = 1.
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From Definition 1.1,
dimp (D™ f,I) > dimg (D™ f,I) > 1.

Thus (4.7) holds. O

Box dimension of a continuous function f(z) € H* on I maybe exist or not, but by The-
orem 4.8, box dimension of Riemann-Liouville integral of f(x) of order v when oo+ v > 1
exists. Furthermore, box dimension of D~"f(x) is 1. It is obvious that box dimension of

Riemann—Liouville integral of f(x) of order v is 1 for any 0 < aw < 1 when v > 1.

Remark 4.9 From Theorem 4.8, Riemann—Liouville fractional integral of a continuous func-
tion belong to H* when 0 < o < 1 and a4+ v > 1 is continuous and bounded. Furthermore,
box dimension of Riemann-Liouville integral of f(z) of order v > 1 — a still is 1. In fact, by [4],
Riemann-Liouville integral of a continuous function with bounded variation of any positive or-
der v still is a continuous function with bounded variation. f(z) € H' is obviously of bounded
variation. Thus its Riemann—Liouville fractional integral still is of bounded variation by [4].
Here is an important problem that whether D=7 f(z) with f(z) € H® is differentiable on I
when a + v > 1. Let f(x) € C; be a Lipchsiz function. Thus for any v(v > 0), box dimension
of Riemann-Liouville integral of f(x) of order v(v > 0) is 1 by Theorem 4.8. It is also given in
the following example.
Example 4.10 Let f(x) € H! be continuous on I and D~ f(z) be Riemann-Liouville integral
of f(x) of order v (v > 0). Since 1+ v > 1 for v > 0, by Theorem 4.8, D~V f(z) € H' and

dimy D(D™Vf, 1) = dimp D(D~"f, 1) = 1. (4.10)
In fact (4.10) in Example 4.10 also holds by Remark 4.9. We can regard (4.10) as a special

result of the following theorem.

Theorem 4.11 ([4]) Let f(x) € Cr be of bounded variation. If D~ f(z) is defined as (2.1),

it is a continuous function with bounded variation on I and
dimy (D7 f,I) =dimp (DY f,I) =dimyg T'(f,I) = dimp ['(f,I) = 1.

If a continuous function f(z) € H', it is of bounded variation. While f(z) is of bounded
variation on I, it maybe belong to H' or not. So the condition of Theorem 4.11 is weaker than
that of Example 4.10. But the conclusion of Example 4.10 is better than Theorem 4.11. In [9],
the author proved that box dimension of Riemann—Liouville fractional integral of a continuous

function defined on I which has at most finite points with unbounded variation is 1.

5 Fractal Dimensions of Fractional Derivative of f(x)
In the above several sections, we mainly discuss fractal dimensions of Riemann-Liouville frac-
tional integral of continuous functions. Here we explore fractal dimensions of Riemann—Liouville
fractional derivative of certain continuous functions on I elementary. Definition of Riemann—
Liouville fractional derivative of f(z) € C7 is given as follows.
Definition 5.1 ([11, 12]) Let f(z) € Cr and > 0. We call

DH f(z) = ml_ﬂ) di/o (x— B~ f ()t (5.1)

Riemann—Liouville derivative of f(x) of order u if (5.1) exists.
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For convenience, let f(0) = 0. Now we consider fractal dimensions of D* f(z) when f(z)
has a continuous derivative function f’(x) on I of order u (0 < p < 1). From (5.1),

r-wpt i@ = o [w-orswa= L[ ode -

1 d - -
— Ll = OJ+1_udx/0<x e
1 d * 1—p gt — ¢ T —t)THf
:1—udx/0 (z— )\ f (t)dt = /0( £~ f(t)dt
That is,
DFf(z) = P(l_—l M)/O (2 — ) f (1) dt. (5.2)

(5.2) means Riemann-Liouville derivative of f(x) of order u exists when 0 < p < 1. Thus
we have the following basic property.

Proposition 5.2 If f(x) has a continuous derivative function on I, Riemann—Liouville deriva-
tive of f(x) of order (0 < p < 1) is continuous and bounded on I.

Similar argument with Theorem 3.3, we give estimation of fractal dimensions of Riemann—

Liouville fractional derivative of f(z) which has a continuous derivative function on I.

Theorem 5.3 If f(x) has a continuous deriwative f'(x) on I and f(0) = 0, upper box dimen-
sion of Riemann—Liouville derivative of f(x) of order 11 (0 < u < 1) is no more than 1+ p.

Proof Let0<p<1land0<zx,x+h <1 Then by (5.2),
D" f(z + h) — D f(z |_‘/ (@4 h— )" (1) dt — /z(a;—t)“f’(t)dt‘
\/ @b i [ —t><1-~>-1f'<t>dt\.

Similar argument with Theorem 3.3,
D f(x +h) = D* f(x)| < Clz —y[' 7.
With Lemma 3.2, we have
1 <dimg T'(D*f,I) < dimpT(D*f,I) <1+ p. (5.3)

By (5.3), upper box dimension of D" f(x) is no more than 1+ g when 0 < p < 1. O

From Proposition 5.2 and Theorem 5.3, Riemann—Liouville fractional derivative of a contin-
uous function which has a continuous derivative exists. Furthermore, its upper box dimension
has been proved to be no more than 1 + p.

Except for Riemann—Liouville fractional calculus, there are many other definition of frac-
tional calculus, such as modified Riemann—Liouville fractional calculus [2], Hadamard fractional
calculus [14], g-fractional integrals [13], Caputo fractional calculus [12], Griinwald fractional cal-
culus [14] and so on. Here we discuss fractal dimensions of Weyl-Marchaud fractional derivative
of certain continuous functions defined on R elementary. Definition of left-sided Weyl-Marchaud

fractional derivative has been given as follows.
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Definition 5.4 ([14]) Let f(x) be a continuous function defined on R and 0 < p < 1. Write

DM f(z) 1_ /f f@=1), (5.4)

ti+n
as left-sided Weyl-Marchaud derivative of f(x) of order u when (5.4) exists.
Estimation of fractal dimensions of D* f(x) is given as follows.

Theorem 5.5 Let f(xr) € H* onR. For0 < p<a <1,
dimgl'(D*f, 1) <2 — a + p. (5.5)

Proof Let h>0and0<u<oz Then,

( )04 pe 1) - Do)

[0 =)= a0
) e
_(/ / )fx—i—h f(w)+f1(x—t)—f(x+h—t)dt
Htn
=1 + L.
Since f(z) € H* on R,
[f(z) = fy)| < Clz—y|*, VryeR
We have,
i [ VORS00 a0l o [* oy,
T R R L Py ey

Thus, it holds
|D* f(z+h) — D*f(x)] < Ch*™#, xR

By Lemma 3.2, (5.5) holds. O

Remark 5.6 From Theorem 5.5, upper box dimension of Weyl-Machaud derivative of a
continuous function f(z) € H*(0 < a < 1) of order y is no more than 2—a+p when 0 < p < a.
Let f(z) be a continuous function defined on R and f(z) = 0(z € R/I). Thus we can discuss
properties of Weyl-Machaud fractional derivative of f(z) on I as that of Riemann-Liouville
fractional calculus. More details can be found in Ref. [26].

6 Conclusions

In classical calculus, integral of f(x) € C; seems smoother than f(z) itself. While derivative
of f(z) having a continuous derivative on I seems coarser than f(x) itself. For example, let
a positive integer n € Z. Integral of a continuous function of order n seems more and more
smoother when n increases. If derivative of a continuous function of order n exists, it seems
more and more coarser when n increases. n which is order of calculus is integer here. So we
are interested in the corresponding results when n is not an integer, for example 0 < n < 1.
We try to deal with fractional calculus, such as Riemann-Liouville fractional calculus and

Weyl-Marchaud fractional calculus, of continuous functions on I. Fractal dimensions, such as
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Hausdorff dimension and box dimension have been used to describe those functions. According
to classical calculus, the right problem is to investigate fractal dimensions of fractional calculus
of continuous functions on closed intervals. In the present paper, we mainly consider upper
bound of fractal dimensions of Riemann-Liouville fractional integral of continuous functions on
I. Tt has been proved that upper bound of upper Box dimension of Riemann—Liouville integral
of any continuous functions on closed intervals of order v is no more than 2 —v when v € (0, 1).
Upper box dimension of Riemann-Liouville integral of any continuous functions which satisfy
a-Hoélder condition on closed intervals of order v € (0, 1) is no more than 2—« when 0 < o < 1.
An important conclusion maybe that upper box dimension of Riemann—Liouville integral of any
continuous functions which satisfy a-Holder condition on closed intervals of order v € (0,1) is
strictly less than 2 — o when 0 < a < 1 and a4+ v < 1. There are also many other important

conclusions about fractal dimensions of fractional calculus of certain continuous functions.

A special case is box dimension of f(x) € Cr is 1. Thus lower box dimension of Riemann—
Liouville integral of f(z) of positive order v is naturally no less than 1. We only to estimate
upper box dimension of Riemann-Liouville integral of f(x) of order v € (0,1). Since box
dimension of f(z) is 1 and upper box dimension of Riemann-Liouville integral of f(z) of
positive order v seems no more than that of f(z), we insist that box dimension of Riemann—
Liouville integral of f(z) order v must be 1. This work seems very obvious, but it is difficult to
prove the conclusion. Box dimension of Riemann-Liouville integral of f(x) of any continuous
functions with bounded variation on I of any positive order v is 1. Furthermore, box dimension
of Riemann—Liouville integral of f(x) of any continuous functions which have at most finite
points with unbounded variation on I of any positive order v is 1 too. But there are many
other 1-dimensional continuous functions on I. For example, there exists a 1-dimensional
continuous function with infinite points of unbounded variation on I and measure of these
points maybe strictly bigger than 0. The latest work about estimation of fractal dimensions of
Riemann—Liouville fractional integral of continuous functions on closed intervals can be found
in [4, 9, 25].

Another problem is to investigate Riemann—Liouville fractional derivative of f(z) € Cj.
Since Riemann—Liouville fractional derivative is derived from Riemann—Liouville fractional in-
tegral, some conclusion about Riemann—Liouville fractional integral can be used on estimation
of fractal dimensions of Riemann—Liouville fractional derivative of continuous functions such as
discussion of the present paper. It is obvious that Riemann—Liouville fractional derivative of
continuous functions maybe not exist. Since D*f(x) = DD*~!f(z), we should first consider
whether D#~! f(x) is differentiable or not when 0 < u < 1.

In short, we discuss the relationship between fractal dimensions of continuous functions
and their fractional calculus. [21, 22, 24] got the linear connection between fractal dimensions
of Weierstrass functions and their Riemann—Liouville fractional calculus. [3] explored fractal
dimensions of Riemann-Liouville fractional calculus of Besicovitch functions. Certain fractal
curves such as Von Koch curve and its fractional calculus had been investigated in [8, 16, 18].
Linear relationship between fractal dimensions of linear fractal interpolation functions and their
Riemann-Liouville fractional integral [15] and derivative [10] had been discussed respectively.

In [25], the authors made research on Weyl-Marchaud fractional derivative of a type of self-
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affine functions. More details and other work about fractal dimensions of fractional calculus
of continuous functions can be found in [7, 19, 23]. According to classical calculus, we think a

right fractional calculus must satisfy the following conclusion.

Conjecture 6.1 (Fractional Calculus Theorem) Let f(z) be an s-dimensional regular fractal
function [6] on I for 1 < s < 2. DV f(x) is fractional integral of f(x) of order v(0 < v < 1)
and D™" f(x) is fractional derivative of f(z) of order p (0 < pu < 1) on I. Then,

dimg (D™ f,I)=s—v, 0<v<s—1,
dimpI'(D*f,I)=s4+u, 0<p<2-—s.

In short, if definition of fractional calculus is well given, it must satisfy the conclusion which
is given in Fractional Calculus Theorem above. Meanwhile if Fractional Calculus Theorem holds
for certain fractional calculus, we regard this fractional calculus as the right fractional calculus
according to classical calculus. Up to now, Riemann-Liouville fractional calculus maybe the

fractional calculus which satisfies Fractional Calculus Theorem.
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