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Abstract ( )
In this paper, fractal differential equations are solved numerically. Here, the typical fractal equation is considered

as follows:

d:tg) = f{t,u(®)}, a>0,

f can be a nonlinear function and the main goal is to get u(¢). The continuous and discrete modes of this method
have differences, so the subject must be carefully studied. How to solve fractal equations in their discrete form
will be another goal of this research and also its generalization to higher dimensions than other aspects of this
research.
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1. INTRODUCTION

The concept of distinctive non-local operators has attracted the interest of mathematicians around the world [1-
8, 11, 17]. The fractal equations can be solved by different methods such as variational iterative method [14, 16], two
step Adam-Bashforth numerical scheme in Laplace space [16], Fourier spectral method based on alternative approach
[19, 20]. These methods are not very suitable for an engineer to model complex real-world problems. For example,
an engineering problem in a discontinuous environment can be modeled with a new derivative. In fact, these physical
events exhibit fractal behaviors. The fractal derivative is actually a natural generalization of Leibniz’s derivative to
the discontinuous fractal medium [10, 14, 16]. The fractal differential equations are introduced by Chek et al. As
follows: Models with different fractal operators, despite their complexity, are of great importance in many fields of
science and technology. Therefore, to predict the timely behavior of these models, it must be solved judicially or
analytically. However, several methods have been proposed by researchers in this branch of science. New numerical
methods seem to be more efficient and accurate.
In the context of applied mathematics hand in mathematics in general, there is a non-standard type of derivative
known as a fractal derivative in which the variable is scaled according to t. This non-standard derivative for modeling
is probably associated with physical problems; today the laws of classical physics are no longer appropriate. Such
physical problems are believed to be based on Euclidean geometry and cannot be applied in non-integral fractal
environments. On the other hand, we describe real-world problems, such as porous media, aquifers, turbulence, and
others that typically reflect fractal properties[12, 18]. Many real-world phenomena exhibit limited or statistical fractal
properties. Therefore, such cases face challenges that include fractal dimension measurement and are subject to
high technical turbulence. The search for numerical and experimental constraints is also evident in the total data.
However, this field has attracted the interest of many researchers and is growing rapidly. Because the fractal dimensions
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evaluated for similar statistical differentiation may have practical applications in several fields. For example, it can be
used in electrochemical processes, physics, neuroscience, image analysis, sound, and physiology. Some of the fractal
dimensions that are statistically similar to each other can be calculated by direct measurement, that is, by considering
mathematical models that are probably similar to the formation of a fractal in the real world. Ordinary differential
and integral operators cannot handle such a problem efficiently. Therefore, a new concept of differentiation has been
introduced in [13]. On the other hand, in recent years, the study and development of numerical methods for ordinary
fractal differential equations have been considered by many researchers, not all of whom can be mentioned here. To
our knowledge, there is no study in which the discrete Taylor series method is applied to a typical fractal differential
equation. Therefore, in this research, for the first time, we use Taylor’s method to solve a specific class of the fractal
ordinary differential equation in which these equations have exact solutions.

This work is organized into different sections. In section 2, definitions and theorems are expressed. Section 3, is devoted
to the proposed method for solving the fractal ordinary differential equation. In section 4, convergence analysis is
proved. The suggested method is applied to numerical examples and Mathematica codes in section 5. Finally, a brief
conclusion is presented given in section 6.

2. DEFINITIONS AND PRELIMINARIES OF FRACTIONAL DERIVATIVES

Definition 2.1. We assume that u(y) is on the (a,b) and a discontinuous medium can be described by fractal
dimensions. Chen et al. suggested a fractal derivative defined as [13]

du(y) _ . u(t) = uly)
dya t—y to — ya

, a>0. (2.1)

The more generalized version is given as
du B(t) — uP
leimw7a>o’ﬁ>0. (2.2)

dya t—y o — ya

Definition 2.2. [9] If u(t) is continuous and is differentiable a closed interval [a, b], then the fractal integral of u with
order « is defined as

¢
Frou(t) = a/ vy tu(y)dy, o> 0. (2.3)
0

Definition 2.3 (Taylor Polynomial-Single Variable). [21] Suppose that I C R is an open interval and that f: T — R
is a function of class C* on I. For a point a € I, the k-th order Taylor polynomial of f at a is the unique polynomial
of order at most k, denoted P, ;(x), such that

f(a‘> :Pa,k(0)7
f'(a) =P, 4(0),

(2.4)
") (@) =P 0).
Since the jth derivative of a polynomial evaluated at 0 gives the jth coefficient times j!, we can show that
x? zF
Pasla) =1(@) + f (@) + (@5 + -+ [0 @)
koo j (2.5)
DI
- VR
7=0

Taylor’s Theorem guarantees that P, ;(h) is a very good approximation of f(a+ h) for small h, and that the equality
of the approximation increases as k increases.
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Theorem 2.4 (Taylors Theorem-Single Variable). [21] Suppose that I C R is an open interval and that f : I — R
is a function of class C* on I. Let a € I and h € R such that a + h € I, let P, x(h) denote the kth-order Taylor
polynomial at a, and define the remainder, Ry (h), to be f(a+ h) — Py i(h) , then

. Rgr(h
lim }’fk( ) _o. (2.6)
When k =1, we have P, 1(x) = f(a) + f'(a)z, and so
Raa(h) = f(a+h) - f(a) - f'(a)h, (27)
and for k = n, we can write Py n(x) = f(a) + f'(a)z + -+ + f(”)(a)xn—?, then
h’ﬂ
Ran(h) = fla+ 1) = (£l@) + F @t o+ 10 @), (2.9
Moreover, if f has n + 1 continuous derivatives at © = a, the Taylor series of degree n about a is
nof(k) " (n)
S W6y = )+ r@e -0+ D0+ DOy (2.9
k=0 : ' !

Theorem 2.5. [21] Suppose f has n+ 1 continuous derivatives on an open interval containing a, then for each x in
the interval,

n
o f(k)(a) Kk f(nH)(C) n+1
f(x)—kzzo x (x—a) —I—m(a;—a) , de € (a,x), (2.10)
where Ry41(x) = %(x —a)" Tt is the error term of the Taylor series and is called the Lagrange formula for the

remainder.

The above formula approximates f(z) near a. Taylor Theorem gives bounds for the error in this approximation:

3. MAIN IDEA

Models with fractal differential operators are very complex and also very important in many fields of science and
technology Therefore, in order to predict the timely behavior of these models, they must be solved analytically or
analytically numerically; however, due to the complexity of these models, we rely on the numerical scheme. We will
pay attention to this point the existing numerical scheme can have limitations in the management of the mathematical
equation as indicated by natural events, therefore, a new numerical scheme, which must be more accurate and efficient,
is needed. In this section, we extract a new numerical scheme for solving ordinary fractal differential equations.
Consider the following typical fractal differential equation:

dgt(f) = f{t,u(®)}, ulto) = uo, to €[0,T], (3.1)

we have a relationship (3.1) with the integration by the parties:

T
w(T) = ulte) + o / 121 F (4 u(t) )t (3.2)
0
by placing T'=t,,_1 and T = t,, in relation (3.2), the following relations are obtained
th—1
u(tor) =utte) +a [ (k) (3.3)
0
tn
u(t) = ulty) + o / 1L (1 u(t))dt. (3.4)
0

(=)=
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Subtracting the ratio from (3.3) to (3.4), we have

u(t) — ulty 1) = a / " e () dt (3.5)

tnfl
or

u(ty,) :u(tn,l)+a/ ' t*Lf(t, u(t))dt. (3.6)

tn—1

The Taylor expansion of order nth of function f(¢,u(t)) at point ¢, around ¢,_; is obtained as follows

2!

TR (USRS / oty P H0) / e,
t=t,_1 t=E&n—1

(b, 1)) =F(tncr, ult ) + o L) / (1 tar) + oy 20 / (1~ 1)

n! ottt (n+1)!
(3.7)
On the other hand, the above Taylor expansion can be written by the following form
ftn; utn)) = Po(tn) + R (tn), (3-8)
and we can approximated (3.6)
wltn) = ultn 1)+ a /t " etp (1), (3.9)
ne1

4. ERROR ANALYSIS

In this section, the truncated error of the Taylor method is presented. The general conditions are considered, in
which case it will converge to the current method.
Theorem 4.1. If d;‘t(ﬁ = f(t,u(t)) for @« > 0 is a fractal ordinary differential equation that n + 1th derivative of
function f fort,_1 € R exists and f has n+1th continuous derivative at £ € I C R around t,,_1,then the approximated
method for the fractal ordinary differential equation is stable and

u(ty) =u(tn_1)—|—a/tn t*" P, (t,)dt + R, (4.1)
where
Palt) = Y e (8 u(t) / ot
= t=tns (4.2)
R% :a/ ' tail'rn(g)dta §€ (tn—lytn)7
and
ontl — b (n+1)
(€)= o 0, u(r) / b (4.
t=¢

On the other hand, by considering M = ||, (§)|| o, = supse(qp) [Tn(t)], we have
Rl < aMh® (n® —(n—1)%). (4.4)
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Proof. Since the function f has n + 1th continuous derivative at ¢, around ¢,,_1, so according to Theorem 2.4, we
can approximate f(t,u(t))

n

m _ m n—+1 _ (n+1)
fitut) = 3 gt / L Ay 0) / (€= tam)™ D)
t=t,_—1 t=¢

ot m! (n+1)! (4.5)
:Pn(tn) + rn(f)v
by applying the presented method, we conclude
tn tn
u(ty) —u(tp_ 1) = a/ t* 1P, (t,)dt + a/ t*tr, (&)dt, (4.6)
tn—1 tn—1

and by considering R%(£)

tn
fe a—1
IR, =a / L
tn (4.7)
<allra()l / 21t
<aM((tn)® — (tn-1)")
Since t; = tg + ih, then
175 (Ol oo <aM (n*h* — (n —1)*h?%)
<aMh® (n® - (n—1)%). (48)
0

5. NUMERICAL EXPERIMENTS OF THE TAYLOR METHOD

In order to validate the efficiency of the Taylor technique, we test several numerical experiments of fractal differ-
ential equations. The computation was done in the Mathematica programming. Moreover, the numerical results are
demonstrated by some tables and figures. To show the approximate solutions, we use interpolation of obtained points
by Taylor method and then compare the exact solution and the approximate solution in graphs and tables.

Example 5.1. Let us consider the fractal differential equation given by

EDeu(t) = —bu(t), a >0, (5.1)
with the function u differentiable. Equation (5.1) can be converted to

u/(t) = —abu(t)t* 1, (5.2)
so, we can write

Z((tt)) = —abt®!, (5.3)

and

Inu(t) = —bt®. (5.4)
Now, the exact solution is

u(t) = u(0)e ™", a > 0. (5.5)
In order to solve Equation (5.1), numerically and by considering o = 1, it is necessary to divide the interval [0,1]
as follows to the n subinterval [t;,t;y1], for i = 0,1,...,n. Using the iterative method with the Taylor expansion

technique, the numerical results calculated in Figures 1, 2, and 3 for discrete points are obtained for n = 10, n = 100
and n = 1000, respectively. By applying the interpolation of these computed points, we can draw the absolute errors.
These figures show the absolute error of the presented method. In Figure 4, the exact and approximate solutions are
an
BE
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0.081

0.06

0.021
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0.0002 |

0.2 0.4

FIGURE 1. |u1o(t) — u(t)| of Exam-

ple 5.1 with v = 1.

0.6 0.8

0.2 04

FIGURE 3. ‘ulooo(t) — u(t)| of Ex-
ample 5.1 with o = 1.

0.6 0.8

1.0

TABLE 1. Error comparison of Example 5.1.

Node

a=1

Exact solution

[uto(t) — u(®)]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1.000000
0.904837
0.818731
0.740818
0.670320
0.606531
0.548812
0.496585
0.449329
0.406570
0.367879

0.00x107°
1.48%x1072
2.77x1072
3.89x1072
4.86x1072
5.70x10~2
6.42x1072
7.05x10~2
7.58%x1072
8.04x1072
8.43%x1072

785
0.008
0.006
0.004
0.002}
02 04 10
FIGURE 2. |u1po(t) — u(t)| of Ex-
ample 5.1 with o = 1.
1.0
09}
Approx solution
081 = = = = Exact solution
07}
06}
05}
04 ‘ .
02 04 1.0
FIGURE 4. The exact solution and
the approximate solution wjooo(t)
of Example 5.1 with oo = 1.
luioo(t) — u(®)]  |uioo0(t) — u(t)|
0.00x107° 0.00x107°
1.41x1073 1.40x10%
2.64x1073 2.63x10~4
3.72x1073 3.70x10~4
4.66x1073 4.64x107%
5.47x1073 5.45x1074
6.18x1073 6.16x10~*
6.80x1073 6.77x10~%
7.83x1073 7.81x1074
7.79x1073 T7Tx 104
8.19x1073 8.16x10~4
[c [m]
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0.8
— a=0.95 — a=0.55
06! — a=0.85 — a=045
— a=0.75 — a=0.35
— a=0.65 a=0.25
0.4+
0.2+
0 2 4 6 8 10

F1GURE 5. Exact solutions of Example 5.1 with different values of fractal order «.

compared for « = 1 and n = 1000 which clearly shows the coordination and compatibility of the exact and approzimate
numerical solution. Assuming o = 1, the numerical results of the absolute errors are checked in Table 1. In Figure 5,
the numerical exact solutions are demonstrated for various values of fractal order.

Example 5.2. We consider the following equation

$Dgu(t) = f(t), a >0, (5.6)
where f(t) = et. The exact solution is given as

u(t) = §I7 f(1), >0, (5.7)
so, we have

u(t) = o [(—t)"*t* (D(ar) = D(er, —t))] , a > 0. (5.8)
According to Eq. (5.6), and by considering o = 0.95, we should divide the interval [0,1] to the n subinterval [t;,tit1],
fori=0,1,...,n. We use the iterative method with the Taylor expansion technique and calculate the numerical results

in Figures 6, 7, and 8. In Figure 9, the exact and approzimate solutions are compared for a = 0.95 which clearly
shows the coordination and compatibility of the exact and approximate numerical solutions. In Table 2, the absolute
errors are illustrated for o = 0.95. In Figure 10, the numerical exact solutions are demonstrated for various values of
a.

Example 5.3. Consider the following fractal differential equation

6 Difu(t) = f(t), a>0, (5.9)
where f(t) = cost. The exact solution is given as
u(t) = § I f(t), >0, (5.10)

so, we have

ult) = t° (qu [{a/Q}, {%, 1+ %}; —;D , a>0. (5.11)

Consider Equation (5.9) and o = 0.95, so, by using the presented method for n = 10, n = 100, and n = 1000, we
can calculate the numerical results in Figures 11, 12, and 13. In Figure 14, the exact and approximate solutions are
compared for a = 0.95. In Table 3, the absolute errors are illustrated for o = 0.95. In Figure 15, the numerical exact
solutions are demonstrated for various values of fractal order .

(=)=
E)NE
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0.014
0.12
0.012 ]
0.10
0.010
0.08
0.008
0.06
0.006
0.04 0.004
0.02 0.002
o2 o4 06 08 10 0.2 04 06 0.8 10
FIGURE 6. |u1o(t) — u(t)| of Exam- FIGURE 7. |u1po(t) — u(t)| of Ex-
ple 5.2 with oo = 0.95. ample 5.2 with o = 0.95.
0.0015 15 Approx solution
— — = - Exact solution
0.0010
0.0005
o2 04 06 o8 10 0.2 0.4 0.6 08 1.0
FIGURE 8. |u000(t) — u(t)| of Ex- FIGURE 9. The exact solution and
ample 5.2 with a = 0.95. the approximate solution wjooo(t)

of Example 5.2 with o = 0.95.

TABLE 2. Error comparison of Example 5.2.

a=0.95
Node Ezact solution luio(t) — u(t)] |uioo(t) —u(t)] |uiooo(t) — u(t)]
0.1 0.117853 - 3.46945x10~ 1  1.18x10~1  1.21x1072 1.35x1073
0.2  0.2893848 - 1.38777x10717i  1.12x107'  1.15x1072 1.29x1073
0.8 0.870165 + 2.77555x107'7i  1.04x107'  1.09x1072 1.23x1073
0.4  0.512309 - 0.00000x10~%%1  9.77x1072  1.01x1072 1.16x1073
0.5  0.667435 - 0.00000x107%i  8.98x1072  9.37x1073 1.08x1073
0.6  0.837160 - 2.77555x10717i  8.12x1072  8.52x1073 9.95x10~*
0.7  1.023170 - 2.77555x107 171 7.17x1072  7.59x1073 9.02x10~*
0.8 1.227280 + 2.77555x10717i  6.13x1072  6.57x1073 8.00x10~4
0.9  1.451450 - 2.77555x107171  4.99x1072  5.44x1073 6.88x10~4
1.0 0.117858 - 0.00000x107901  3.74x1072  4.21x1073 5.65x10~4
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101
— a=0.95
, — a=085
— a=0.75
— a=0.65
® — 4=055
— a=045
4 — a=0.35
— a=0.25
2
-
0 1

FiGURE 10. Real part of exact solutions of Example 5.2 with different values of fractal order a.

FIGURE 11. |uyo(t) — u(t)| of
Example 5.3 with o = 0.95.

0.0015 _///

0.0010

0.0005

0.2 0.4 0.6 0.8 1.0

FIGURE 13. |U1000(t) — u(t)| of Ex-
ample 5.3 with o = 0.95.

0.015 '\_/’/
0.010
0.005
02 04 o0s 08 10
FIGURE 12. |ujgo(t) — u(t)| of Ex-
ample 5.3 with o = 0.95.
08/

Approx solution

— = = = Exact solution

06
04!
02
02 04 06 08 10

FiGURE 14. The exact solution

and the approximate solution

u1000(t) of Example 5.3 with o =
0.95.
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TABLE 3. Error comparison of Example 5.3.

a = 0.95
Node Ezact solution  |u1o(t) — u(t)| |uioo(t) — w(t)| |u1000(t) — u(t)|
0.0 0.000000  0.00x107°  0.00x107° 0.00x107°
0.1 0.112021 1.12x107Y  1.26x1072 1.41x1073
0.2 0.2153866  1.13x107'  1.27x1072 1.42x1073
0.3 0.814018  1.14x107'  1.28x1072 1.44x1073
0.4 0.408049 1.16x107Y  1.830x1072 1.45x1073
0.5 0.497053  1.18x107'  1.32x1072 1.47%x1073
0.6 0.580475  1.21x107'  1.35x1072 1.50x1073
0.7 0.657725  1.24x107'  1.38x1072 1.53x1073
0.8 0.728220  1.27x107'  1.41x1072 1.56x1073
0.9 0.791409 1.31x107Y  1.45%x1072 1.60x1073
1.0 0.846792  1.85x107'  1.48x1072 1.64x1073

FIGURE 15. Exact solutions of Example 5.3 with different values of fractal order a.

6. CONCLUSION

The fractal differential equations numerically are solved. The continuous and discrete modes of the presented
method are considered. Also , solving the fractal equations in the discrete form and its generalization to higher
dimensions are studied.
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