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Abstract
In this paper, we discussed the non-local derivative on the fractal
Cantor set. The scaling properties are given for both local and non-
local fractal derivatives. The local and non-local fractal dierential
equations are solved and compared and related physical models are
suggested.
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1 Introduction

Fractional calculus became an important tool which was applied successfully
in many branches of science and engineering etc [II, 2, 3], [4, [5]. The models
based on fractional derivatives are crucial for describing the processes with
memory effect [6]. Local fractional has been defined on the real-line [7]. As it
is well known the integer, fractional and complex order derivatives and inte-
grals are defined on the real-line. Analysis on the fractal has been studied by
many researchers [§, @, [10]. The fractals curves and the functions on fractal
space are not differentiable in the sense of standard calculus. As a result, by
this motivation recently in the seminal paper the F“-calculus is suggested
as a framework on the fractal sets and fractal curves [I1| [12] [I3] [14]. The
F“-calculus is generalized and applied in physics as a new and useful tool for
modelling processes on the fractals. Newtonian mechanics and Schrodinger
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equation on the fractal sets and curves are given [15] [16] [I7]. The gauge in-
tegral is utilized to generalized the F'“-calculus for the unbound and singular
function [I8]. The fractal grating is modeled by F*®-calculus and correspond-
ing diffraction is presented [I8]. One of the important aspects of fractional
calculus was transferred recently to the fractal derivatives. Namely, the con-
cept of non-local fractal derivatives was introduced in [20]. In this manuscript
our main aim is to define the fractal non-local derivatives and study their
properties.

The plane of this work is as follows:

In Section Pl we summarize the basic definitions and properties of the the
local fractional derivatives. In Section [3] the scaling properties of local and
non-local derivatives are derived. More, in Section M we develop the the-
ory of fractal local and non-local Laplace transformations. In Section [l the
comparison of local and non-local linear fractal differential equations are
presented. In Section [0 we indicate some illustrative applications. Section [1
contains our conclusion.

2 Preliminaries

In this section we recall some basic definitions and properties of the local
fractal calculus (LFC) and non-local fractal calculus (NLFC) [LI], 20].

2.1 Local fractal calculus

In the seminal paper local F**-calculus is built on fractal Cantor set which is
shown in Figure [ [11].

Figure 1: We present triadic Cantor set by iteration.

The integral staircase function S%(x) of order « for the triadic Cantor set
F' is defined in [I1] by

Sa( ) Va(Fa CLQ,ZL’) if T Z ap
€Tr) =
" —v*(F,ap,z) otherwise,

(1)

where ag is an arbitrary real number. The graph of the integral staircase
function is depicted in Figure [2.
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Figure 2: We indicate the integral staircase function for a triadic Cantor set F'.

Then F*-derivative is defined for a function with this support as follows

1]

. f)—f(=) ;
F— hmy_m m if x c F, (2)

0, otherwise,

Dipf(x) = {

if the limit exists. For more details we refer the reader to [11].

2.2 Non-local fractal calculus

In this section, we review the non-local derivatives and basic definitions [20].
Definition 1. A function f(S%(z)), * > 0 is in the space Cp,, p € R if
there exists a real number p > p, such f(S%(z)) = S&(z)? f1(S%(x)), where
f1(S#(x)) € Cla,b], and it is in the CiS[a, b] if and only if

(D&)"f(Se(x)) € Crp,  neN. (3)

Here and subsequently, we define the fractal left-sided Riemann-Liouville
integral as follows

oL f(2)

Y f(t) .
= T) /g,g(a) (Sa(x) — se(nys " @)

where S%(z) > S%(a).
Definition 2. The fractal left-sided Riemann-Liouville derivative is defined

Dif(x)
= o =H " [, Gt O



Definition 3. For A f(z) € C*"[a,b], na—a < [ < an the fractal left-sided
Caputo derivative is defined as

D7 f(x)

= ! o S Se ()P (DY) f(t)d%t 6
._mfw (Sp(@) — SEO) P (D IO (6)

Definition 4. The fractal Grinwald and Marchaud derivative of a function
f(x) with support of fractal sets is defined as

“DF f (o) =

Py (70) s T
5?(930)) ‘

n

7 (st - &

Definition 5. The generalized fractal standard Mittag-Lefler functions is
defined as [20]

Eg,(z) = i _Spl)” n>0, veR (7)

The fractal two parameter n, v Mittag-Liffler function is defined as

E% (z):iﬂ n>0 vek (8)
P e Tk +v)] ’

Definition 6. For a given function f(S%(z)) the fractal Laplace transform
is denoted by F(s) and defined as [20]

Sg(00)

FSH) = L2l @) = [T f@e SOt Oae, )

S7(0)

where S%(s) is limited by the values that the integral converges. The function
f(S%(x)) is F-continuous and has following condition

VSEEDL 0 sae)em, Sg(a) > 0. (10)

SUP 5 ()53 (@)

In view of the above conditions the fractal Laplace transform exists for
all S%(s) > S%(c). We follow the notation as LE[f(z)] = Fp(S%(s)) and

Lilg(x)] = Gr(SE(s)).

Remark 1. We denote that if we choose = o then we have

apgf(z) = D%,xf(if)b:sg(a)- (11)



3 Scale properties of fractal local and non-
local fractal calculus

In this section we study the scale properties of the LFC and NLFC.

3.1 Scale change on the local fractal derivatives

A function f(S%(z)) is called fractal homogenous of degree-ma or invariant
under fractal rescalings if we have

f(Sp(Ar)) = A" f(Sp(x)), (12)

where for some m and for all A. The fractals have self-similar properties,
namely for the case of function with the fractal Cantor set support we choose
m=1and A\=1/3"n=1,2,... then

F(83(50)) = (5)"F(S3)) (13)
where o = 0.6 is the dimension of triadic Cantor set. The fractal derivative
of the fractal homogenous function f(S%(z)) rescaling as follows

D f(SE(Ax)) = A" f(SE(2)). (14)

3.2 Scale change on the non-local fractal derivatives
By a scale change of the fractal function f(S%(z)), we mean converts
T — A\r = Sp(Az) = \*Sh(x), (15)
and using Eq. () and choosing a = 0 we derive
0DL(f(SE(Ax))) = A% oD, (f(SE (M), (16)

which is called scale change on the non-local fractal derivatives.

4 Laplace transformation on fractals

Let us give some important lemmas which are useful for finding the fractal

Laplace transforms of function f(S%(z)).

Lemma 1. The fractal Laplace transform of the non-local fractal Caputo

derivative of order ma —a < f < ma, m € N is

Se(s))"Fi(s) — (Sg(s)™*f(SE(0))

a (Opf _ (SF F F F

F{O mf(x)} S%(S)ma_ﬁ

" —(Sg(s)™ 2 Dg f () [a=sa(0) — - - - — DF () la=s2(0)
1 .

(17)



Proof: We first compute the Laplace fractal transform of the fractal Caputo
fractional derivative of order 3 as follows

#{ 6 Dhf(x)}
= L3y (D)™ f(«)}
_ LR(D)™ [ ()]

Sma—ﬁ

(18)

In view of Eq. (28) which completes the proof.
Lemma 2. For a given ¢, > 0,5%(a) € R and S%(s)¢ > [S%(a)| the fractal
Laplace transform is

a,—1 S%(S)C_u
Er [S%(S)C T 5%(@)}
= S(0) B (—5%(a)SE(x)). (19)

Proof: Using the series expansion we have

Sa(s)k 1 1
- S

Si(s)¢ + Sg(a) St(s)" 1 +

The inverse fractal Laplace transform of Eq. (20) leads to
(= SR(a)" Sp(a) !
[%(nC + 1)
i1\ (—SE(a) Sp(x)o)"
~  TpnC+p)
= i)' B (=S (a)SE(2)°). (22)

n=0

= Sg(x)

Lemma 3. Suppose ¢ > p >0, S%(a) € R and S%(s)S™# > |S%(a)| then we
have

£ Lsg(s)c T S%ia)sl%(s)“)"“}

e —(Sp(a))*
2 T3 (k(C— )+ (n+ Q)

("3 ) e, (23)

= Sp(a)




Proof: Let us use following expression

(1+sa ) i(“n) (=S ()", (24)

k=0

Therefore we can write

1
(S(s)¢ + Sh(a)Sp(s)H)*
1 1

"SR (11 g e

s (1) (552)

The proof is complete.
Lemma 4. For ¢ > u, ¢ > &, S%(a) € R, S%(s)S7* > [S%(a)| and |S%(s)S +
S%(a)S%(s)*| we have

a,—1 S%‘(S>§ _
Lr {5% + Sila >Sa< >u+sa< J -
1 >< 53 (a))*

2 era Tt 1C—9)

n=0 k=0

n_l—k: « - n
( ) sy (29

Proof: Since we can write

Si(s)*
Si(s) + Six(a)Sq(s) + Si(b)
Sp(s)¢ 1

B S%‘(S>C _'_ S%(G)S%‘(S>M 1 + Sa(s)g+S§a(?Z)Sa (S)[,L
F F F

 SE(s)*(=SR0)"
Si(s)¢ + S (a)Sg(s)

(26)

n=0

according to the Lemma 3. the proof is complete.

Some important formulas of the local fractal calculus are given



below : [11I 20]:

L33 )) = ).
Sg(@)
o [ / f(S%(t))d%t] — £ [oI2F(S30)
S&(0)
_Fils)

LE[SE@)" f(SE(2))] = (=1)"(DE)" Fr(s),

S¢(x)
s / f(S%(x)—5%(15))9(5%@))61%15]
S%(0)
— FE(SH(5))GR(S(s), (27)

and

LE[(DE)" f(SE(z))]

= (Sp(8))"*Fp(s) — (Si(s))" ' f(S3(0))

— (SE(s)" 2 DEf () [a=s(0) — - -

— (D) (@) a=s3.0)- (28)

Remark 2. If we choose @ = 1 we obtain the standard result.

The important formulas of the non-local fractal calculus are as
follows [20]:

o LR+
0L (S3(x)) —W(SF(x)) 7,
DI(SH()) = %(Sﬂw—ﬂ.
D2 ) = 5 (h)
£t (o)) = T, (29

where ¢ is constant.
Remark 3. If we choose § = « then we arrive at to the local fractal deriva-
tive whose order is equal the dimension of the fractal.

5 Comparison between the local fractal dier-
ential and non-local fractal dierential

In this section, we compare the local and non-local fractal differential equa-
tions.



Example 1. Consider linear local fractal differential equation as
Dgy(x) +y(z) =0, (30)

with the initial-value
y(x)|m:.9%(0) = ]-7 (31)
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Figure 3: We plot the solution of Eq. (B30).

Hence the solution to Eq. ([B0) is
y(z) = e %, (32)

where a = 0.6309 is the v-dimension of the triadic Cantor set [11} 20].
In Figure Bl we give the graph of Eq. (B32).
Example 2. Consider linear non-local fractal differential equation as

6 Dy(x) +y(x) =0, (33)
with the initial condition
Y(@)|e=sa©) =1,  Dzy(r)|s=se@ = 0. (34)

In view of Eq. () we have

(SE(s))" Fi(s) — 1

,C%{(?fo(l’)} = S%(S)a_ﬁ

(35)



y(x)
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(a) If we choose = 0.33 in Eq. (33) (b) If we choose 8 =0.25 in Eq. (B8)
Figure 4: We draw the graph of Eq. (B8).

Applying the fractal Laplace transformation on the both sides of Eq. (B3]
and using Eq. (7)) we obtain

(S (s)* Fr(s) — 1

s TR =0 (36)
It follows that 5 )B
ar oy Pp(s)T"

using the fractal inverse Laplace transform Eq. (I9) we arrive at the solution
of Eq. (B3) as follows

y(z) = Sp(2)* " Ef g o (—S5(2)7) - (38)

In Figure @] we present the graph of Eq.( B]).

6 Application of non-local fractal differential
equations

In this section we give the applications and new models are given to the
non-local fractal derivatives [20].

Fractal Abel’s tautochrone: As a first example we generalized Abel’s
problem which is the curve of quick descent on the fractal time-space. Using
the conservation of energy in the fractal space the differential equation of the
motion a particle is

(o7 « daﬁa (0% (6% «
D55 = 28 — —\/202(S8(y) — St (wo)). (39)
F
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where s% is fractal arc length, and g% fractal space gravitational constant,
and y is the high particle from the reference of potential. As a result we have

1

\/E/ (y) = SE(n))

Se(T)

3% (40)

Let us consider
sp = h%(SE(0)), (41)

so that we have

Se(T) = = Sp(m)2Dg ha-(m)di. (42)

\/2gF

Utilizing D, h-(S5(y)) = f(SE(y)) we arrive at

= Sp(n) V2 F(SR(w)dgn. (43)

SF( \/E
It follows
\F/%S“( )= oD, f(y). (44)

The solution of Eq.(d4)) is called the fractal cycloid.

Fractal models for the viscoelasticity: We generalize the viscoelastic-
ity models to the fractal mediums in the case of ideal solids and ideal lig-
uids. Namely, the fractal ideal solids describe by

op(t) = Eper(t), (45)

which is called Hooke’s Law of fractal elasticity. Where o is fractal stress,
€% is fractal strain which occurs under the applied stress and Ef is the elastic
modulus of the fractal material.

The fractal ideal fluid can model and describe by Newton’s Law of fractal
viscosity as follows

op(t) = A\p Dieg(t), (46)

where A% is the viscosity of the fractal material. But in the nature we have
real martials which have properties between the ideal solids and ideal liquids.
It is clear that in the Hooke’s Law of fractal elasticity Eq. (0) fractal stress is
proportional to the 0-order derivative of the fractal strain and in the Newton’s
Law of fractal viscosity the stress is proportional to the a-order derivative of
the fractal strain. Therefore, more general model is

oi(t) = Ep(x3)" oDleg(t), Xk = 7o (47)

11



which is called fractal Blair’s model. Here, we suggest the fractional non-
local order fractal derivative 3 as an index of memory. Namely, if we choose
B = 0 in the process is nothing forgotten and the case of § = « the process
is memoryless. Hence if we choose 0 < [ < « it shows the processes with
memory on the fractals.

If we choose

€p(t) = X&, (48)
where % is characteristic function of the triadic Cantor set. In Figure [5] we
plot the €% (t).

0.8
0.6
0.4

0.2

Figure 5: We sketch €%(t) = x% which is characteristic function of the triadic
Cantor set.

Utilizing Eq. ([AT) we obtain the fractal stress as follows

s 1
(1= 5)

op(t) = Ex(xF) (SE(t)™" (49)

Figure 6: We sketch 0% (t) for the fractal stress substituting 5 = 0.5
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In Figure [6l we show the graph of o () fractal stress.
Remark 4. If we choose f§ = 0 and f = « in Eq. ({@7) we will have the
fractal stress and the fractal strain relations for the cases of fractal ideal
solids and the fractal ideal fluids, respectively.

7 Conclusion

In this paper we generalized the fractal calculus involving the non-local
derivatives. The scaling properties of the local and non-local derivatives
are studied because they are important in physical applications. Using an
illustrative example we compared the local and non-local linear fractal differ-
ential equations. We also suggested some applications for the new non-local
fractal differential equations.
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