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Abstract In the present paper, upper bound estimation of upper Box dimension of Riemann-
Liouville fractional integral of order v of any continuous functions on a closed interval has been
proved to be no more than 2 — v when 0 < v < 1. If a continuous function which satisfies a-Hoélder
condition on a closed interval, upper Box dimension of its Riemann-Liouville fractional integral is
no more than 2 — a when 0 < a < 1. Upper bound of upper Box dimension of Riemann-Liouivlle
fractional integral of certain type of fractal functions has been proved to be no more than Box
dimension of functions themselves.
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1 Introduction

Estimation of fractal dimension of fractional calculus of continuous functions, such as Weierstrass
function[1], Bescovitch function[10] and other fractal functions has been a goal of much recent research.
First work maybe Refs.[9,13] which discussed pictures and numerical results of fractional calculus of
certain fractal curves such as Von Koch curve. Ref.[11] investigated fractal dimension of Riemann-Liouville
fractional integral and derivative of Weierstrass function. The linear relationship between fractal dimension
and orders of fractional calculus has been set up. Fractal dimension of Riemann-Liouville fractional
calculus of Besicovitch function had been investigated in Ref.[2]. Other conclusions of fractal dimension of
fractional calculus of continuous functions can be found in Refs.[3,8,12,14]. Fractal dimension of fractional
integral of most functions seems no more than fractal dimension of functions themselves.

Though problems of fractal dimension of fractional calculus of fractal functions with certain expressions
have been extensively studied by authors, it seems to us that little has been known on fractal dimension of
fractional calculus of a type of fractal functions which have no expressions. In other words, those functions
discussed above often have good properties and special expressions, while there is little work about
fractional calculus of functions of certain fractal dimension without expression. Ref.[4] made research on
Riemann-Liouville fractional integral of continuous functions with bounded variation. Fractal dimension
of Riemann-Liouville fractional integral of any order of such functions has been proved to be 1. Fractal
dimension of Riemann-Liouville fractional integral of certain 1-dimensional continuous fractal functions
with unbounded variation on closed intervals have been discussed in Ref.[5].

Upper to now, most work discuss fractal dimension of fractional calculus of special functions such
as Weierstrass function, Besicovitch function, self-affine function, fractional interpolation functions,
Radmacher series, special fractal curves and certain complex-expressed fractal functions. The present
paper consider fractal dimension of fractional integral of a type of continuous functions which have no
expressions on closed intervals. Object of the paper is to prove that upper bound of upper Box dimension
of Riemann-Liouville fractional integral of a type of continuous functions on closed intervals is no more
than Box dimension of functions themselves.

In the present paper we use Box dimension, upper Box dimension and lower Box dimension which are
defined as the following Definition 1.1 to describe continuous functions or fractal functions on any closed
intervals.

Definition 1.1.[1,10] Let nonempty set F be a bounded subset of R? and Ns(F) be the smallest number
of sets of diameter at most § which can cover F. Lower Box dimension and upper Box dimensions of F
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respectively are defined as

. . log Ns(F)
F)=lim ——————=
dimp (F) = 0 =005

and log Ns(F)
—_— —108 IV§
F) = lim —————=. 1.
dimp (F) 550 —logd (1.2)
If (1.1) and (1.2) are equal we refer to the common value as Box dimension of F
log Ns(F
dimp(F) = lim 282 (1.3)

=0 —logd

Form Definition 1.1, we know upper Box dimension of any continuous functions on a closed interval is
no more than 2. Lower Box dimension of any continuous functions on a closed interval is no less than 1.
In other words, if Box dimension of a continuous function on a closed interval exists, it is no more than 2
and no less than 1.

With the following definition of Riemann-Liouville fractional integral, we can discuss fractal dimension
of Riemann-Liouville fractional integral of any continuous functions on closed intervals.

Definition 1.2[6,7]. Let f(x) be a continuous function. v >0 and D~ f(0) = 0, we call

| =0 rar
0

I'(v)

Riemann-Liouville integral of f(z) of order v.

D™ f(x) =

Now we are going to investigate upper Box dimension of Riemann-Liouville fractional integral of any
continuous functions on closed intervals. Especially, when a continuous function f(x) on a closed interval
satisfies Holder condition which is defined as Definition 1.3, we want to know upper Box dimension of
Riemann-Liouville fractional integral of f(x) decreases or not.

Definition 1.3.[1] Let f(x) be a continuous function on [0,1] and a € (0,1). If
[f(z) = f(y)l < Clz —yl*, z,y€[0,1]

where C is a positive constant, we say f(x) satisfies a-Hélder condition.

Throughout the present paper, all functions are continuous on the unit interval I = [0,1]. I'(f,I)
denotes the graph of a function f(z) on I. C is a positive constant that may have different values at
different occurrences even in the same line. Cjg 1 denotes all continuous functions on I and C[%,u is the
set of all continuous functions satisfying a-Holder condition on I.

2 Upper Bound of Upper Box Dimension of Riemann-Liouville Fractional
Integral of f(x) € Clo

In this section, we make research on upper Box dimension of Riemann-Liouville fractional integral of
any continuous functions on I. Estimation of upper bound of upper Box dimension of Riemann-Liouville
fractional integral functions has been got. If a continuous function satisfies a-Hélder condition which is
given in Definition 1.3, upper Box dimension of its Riemann-Liouville fractional integral is no more than
2 — a.. By Ref.[1], it can also be written as the following Lemma 2.1.

Lemma 2.1[1]. Let f(z) € Cfg ;. Then,
ﬁBp(f,I) S 2 —a.

If f(z) € Cjo,1), for 0 < v < 1, Riemann-Liouville fractional integral of f(z) of order v is given as
follows.

D (@) = 5 [ o0
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We know I'(D~Vf,I) denotes the graph of D~V f(z) on I. With Lemma 2.1, we have the following
conclusion which means upper Box dimension of Riemann-Liouville fractional integral of any continuous
functions on I is no more than 2 — v.

Theorem 2.2. Let f(z) € Cp 1, then
dimpl(D™f,1) <2 —v

when 0 < v < 1.

Proof. Let 0<z<x+h<1 ThenforO<wv<l,

x+h x
D" f(z+ h) — D" f ()] = Fiv) /0 (x4 h— )" F()dt — ﬁ /0 ( — £~ Lf(1)dt
1 * v—1 v—1
5 || e h=0 =@

x+h
+ / (x+h— )" f(t)dt

< | [ a0t = @i sa
x+h
+ ﬁ / (x+h—t)""Lf(t)dt
=1 + Is.

Since f(z) € Co,1), there exists a positive number M such that |f(x)| < M for Vo € I. For I; defined
above, it holds

1 ¢ v—1 _ T — v—1y
h<ps [ laen— =@t ol

gFJ‘({)) /0 (=)' = (a+ h— )" Vdt
:Mﬂ‘fv) [ + 1 — (& + h)"]
oM,
“I'(v+1)
Meanwhile,
x+h
b<rs [ @en—o o
Sr]\(i) /Hh(x +h— )P dt
M v
“I'(v+ l)h '

Thus, we have
I + I, < Ch".

This means
ID™"f(x +h) — D7V f(x)] < Ch".

So, we know
D™ f(z) € Cjy ;-
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From Lemma 2.1,

dimpl(D™"f,1) <2 — .

Conclusion of Theorem 2.2 holds.

From Theorem 2.2, upper Box dimension of Riemann-Liouville fractional integral of order v of any
continuous functions f(z) on I is no more than 2 — v when 0 < v < 1. If Box dimension of D" f(x)
exists,

dimp I'(D™"f,I)<2—wv, 0<wv<l.
With Definition 1.1, we know
1<dimpI'(D7’f,I)<2—v, 0<wv<l.
If v = 1, it is obvious that Box dimension of D~ f(x) exists and
dimp I'(D™"f,I) =1 (2.1)

for any f(z) € Cjo,1- In fact, D! f(2) is a differentiable function on I, then it is of bounded variation.
By Ref. [4], we know (2.1) holds.

In Theorem 2.2, there is a condition that the orders of Riemann-Liouville fractional integral belong
to (0,1). From the definition of Riemann-Liouville fractional calculus and Theorem 2.2, we can get the
following result.

Corollary 2.3. Let f(z) € Cjoy)-
(1) Ifo<wv<l,
Qmp(D~f,1) <2 — 0.

(2) Ifv>1,
dimp (DY f,1) = 1.

If dimp I'(f,I) = s and 2 — v < s, upper Box dimension of Riemann-Liouville fractional integral of
f(x) is no more than Box dimension of f(x). In the next section, we will prove upper Box dimension of
Riemann-Liouville fractional integral of a type of continuous functions is no more than Box dimension of
continuous functions themselves.

3 Upper Bound of Upper Box Dimension of Riemann-Liouville Fractional
Integral of f(x) € Cf

Let f(z) € C[%,l]' We discuss upper bound of upper Box dimension of Riemann-Liouville fractional
integral of f(z) when 0 < v < 1. If 2 — v < dimp I'(f,I) = 2 — «, we can still get upper bound of upper
Box dimension of Riemann-Liouville fractional integral of f(z) is no more than Box dimension of f(z) by
another method which is the following Theorem 3.1.

Theorem 3.1. Let f(z) € Cfg ;) and 2 —v < dimp I'(f,I) =2 — o. Then
dmpl(D™"f,1) <2 —a

when 0 < v < 1.
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Proof. Let 0 < z < z + h < 1. We calculate difference between D~?f(z + h) and D~ f(z) when
0 < v < 1. That is,

1 x+h
D™V f(x+h)— D Vf(x) :W /O (x+h—t)""Lf(t)dt

1 ¢ v—1
- / (x — 0" L f(t)dt

x+h x
/ (4 h — £V f(1)dt — / (- t)”‘lf(t)dt]
0 0

Let t = y(x + h). So

1 x+h

I'(v)

I3

S—

0

(z+h—y(z+h)"" fly(e+ h))dy(z + h) — /Ux(x - t)vlf(t)dt]

= | @m0 ot - s [ -0l

Let ¢t = yx. Then,

s :F(lu) [/0 (x+h)"(1 =) fy(z + h))dy — /Oz(x — yx)”lf(yx)dya;>
1 ' v v—1 . 1 v w1
=iy (] o e mpas = [t )
1 ' v—1 v

1
I = ﬁ /0 (1= )" L [Fypn(t) — Fa(t)]dt.

If f(x) satisfies Holder condition defined as Definition 1.3, it holds

55| :%U) /0 (1= 8)" " [Forn(t) - Fx(t)]dt‘
1 ! v—1 v v
=T /O (1= )" Eugn(t) — 2" f(t(x + b)) + 2" f(t(z + b)) — Fy(t)]dt

Since | f(z)| < M, then

1 ! v—1 v v
IIslém/o (A =8)°""|(z + h)"f(t(z + h)) — 2 f(¢(z + h))|dt

1

! -1
+F(v)/0 (1=t 2" f(t(x + h)) — f(tx)|dt
1

M
< v [e3%
_UF(v)h + vF(v)Ch
1 v [e4

By Definition 1.1 and Lemma 2.1,

dimp'(D™"f,I) < max{2 —v,2 — a}.
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Thus, we know upper Box dimension of Riemann-Liouville fractional integral of f(x) is no more than Box
dimension of f(z) itself.

Similar with Theorem 2.2, Theorem 3.1 gives an upper bound of upper Box dimension of Riemann-
Liouville fractional integral functions. We don’t know that upper Box dimension of Riemann-Liouville
fractional integral functions is no more than Box dimension of functions themselves or not. But we have a
better conclusion as the following theorem.

Theorem 3.2. Let f(x) € Cjg ;) and f(0) = 0. Then
dimgI'(D™"f,I) < min{2 — v,2 — a}

when 0 < v < 1.

Proof. Let0<zxz<zxz+h<1landO<wv<1. It holds

1 z+h
D Vf(x+h)— D Vf(z) :m /O (x+h—t)""Lf(t)dt

1 * v—1
‘nmﬁ““” F(t)dt

:%U) /Om(x b - P ()t
_ ng) /hﬁh(a: +h—t)"" f(t — h)dt
:Fayéﬁax+h—ﬂ”ﬂﬂﬂ—f@—mwt
+ ﬁ /Oh(x Fh— Pt
=1+ Is.

Since | f(z) — f(y)| < Clz — y|* holds for any =,y € I,

C
I < ——h~.
Il < vl(v)
Meanwhile f(0) = 0, so we have

C
Is| < ———h% - hY.
5] < vl(v)

Thus,
D™ f(z+h) = D7V f(z)| < Ch®.

By Lemma 2.1, o
dimp'(D™"f,I) <2 — a.

This shows upper Box dimension of Riemann-Liouville fractional integral of any continuous funcitons
satisfying Holder condition is non-increasing. Furthermore, according to Theorem 2.2, we have

dimp'(D™"f,I) < min{2 — v,2 — a}.

Theorem 3.1 shows there exists certain type of continuous functions whose upper Box dimension of
Riemann-Liouville fractional integral is no more than 2 — « when 0 < v < 1. Furthermore, we have the
following conclusion.

Corollary 3.3. If f(z) € Cf5 ;), f(0) = 0 and

dimp I'(f,I) =2 — a,
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then, upper bound of upper Box dimension of Riemann-Liouville fractional integral is no more than Box
dimension of f(x) itself.

Upper bound of upper Box dimension of Riemann-Liouville fractional integral of certain functions
defined as Corollary 3.3 seems not increase. If Box dimension of both a continuous function f(x) and its
Riemann-Liouville fractional integral function D~ f(x) exist when 0 < v < 1, we can get

dimp I'(D™f,I) <dimp I'(f,I), 0<wv<1.

Remark 3.4. From discussion above, we find a type of continuous functions whose Riemann-Liouville
fractional integral functions fractal dimension is no more than fractal dimension of functions themselves.
We think fractal dimension of Riemann-Liouville fractional integral of all continuous functions is no more
than fractal dimension of themselves.

Furthermore, the relationship between fractal dimension of Riemann-Liouville fractional integral of
certain continuous functions and fractal dimension of functions themselves is linear. A famous example
maybe Weierstrass function. In other words, fractal dimension of Weierstrass function from fractal
dimension of Riemann-Liouville fractional integral of Weierstrass function is equal to order of Riemann-
Liouville fractional integral.

With Definition 1.2 and discussion above, we have the following theorem.

Theorem 3.5. If f(z) € Co,1) and
dimB F(f, I) =S,

then
mBI’(D_”f, I)<s

holds for any v > 0.
If Box dimension of both D~ f(z) and f(x) exist,

dimp I'(D™"f,I) < dimp ['(f,I)
holds for any v > 0.

With the following definition of count a-Holder condition, we give Corollary 3.7.

Definition 3.6.[1] Suppose that there are numbers 6y > 0,0 < o < 1 with the following property: for
each x € I and 0 < § < §y there exists y such that |x —y| < 6 and

|f(z) — f(y)] = Cd.
Then
dimgpI'(f,I) > 2 —«.

If f(z) satisfies condition of Definition 3.6, we say f(x) satisfies count a-Holder condition and write it
as f(x) € C[BO{]. It is easy to get the following conclusion.

Corollary 3.7. If f(x) € Cjg ;) N Cp).

dimpl(D~"f,1) < dimp I'(f,I).

Thus we find a class of fractal functions without expressions whose upper Box dimension of Riemann-
Liouville fractional integral is no more than Box dimension of functions themselves.
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