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Abstract: In this paper, a comparative study has been made between different algorithms to find the
numerical solutions of the fractional-order clock chemical model (FOCCM). The spectral collocation
method (SCM) with the shifted Legendre polynomials, the two-stage fractional Runge-Kutta method
(TSFRK) and the four-stage fractional Runge-Kutta method (FSFRK) are used to approximate the
numerical solutions of FOCCM. Our results are compared with the results obtained for the numerical
solutions that are based upon the fundamental theorem of fractional calculus as well as the Lagrange
polynomial interpolation (LPI). Firstly, the accuracy of the results is checked by computing the
absolute error between the numerical solutions by using SCM, TSFRK, FSFRK, and LPI and the
exact solution in the case of the fractional-order logistic equation (FOLE). The numerical results
demonstrate the accuracy of the proposed method. It is observed that the FSFRK is better than those
by SCM, TSFRK and LPI in the case of an integer order. However, the non-integer orders in the
cases of the SCM and LPI are better than those obtained by using the TSFRK and FSFRK. Secondly,
the absolute error between the numerical solutions of FOCCM based upon SCM, TSFFRK, FSFRK,
and LPI for integer order and non-integer order has been computed. The absolute error in the case of
the integer order by using the three methods of the third order is considered. For the non-integer
order, the order of the absolute error in the case of SCM is found to be the best. Finally, these results
are graphically illustrated by means of different figures.

Keywords: fractional derivatives; fractional-order clock chemical model; shifted Legendre polynomials;
spectral collocation method; Lagrange polynomial interpolation; fractional Runge-Kutta method;
Newton-Raphson method

MSC: primary 34A08; 35A22; secondary 41A30; 65N22

1. Introduction, Definitions and Preliminaries

During the past several decades, the classical calculus has been generalized into fractional calculus.
The generalization was the result of a simple question that Leibniz asked in his letter to L'Hopital about
the derivative of order 4. In recent years, many researchers have caught the attention of modeling
real-world phenomena by using fractional-order derivatives. The dynamics of many applied problems
has been modeled and studied using the concept of fractional-order derivatives. Such problems
appear in, for example, biology and physics, ecology, engineering, and various other fields of applied
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sciences, and so on (see, for details, [1-3]; also see the recently-published survey-cum-expository
review article [4]).

The main goal of our study in this work is to find the numerical solutions of the fractional-order
clock chemical model, which is, we have presented a numerical study. In fact, most of the problems
related to the real world are not solved exactly. Hence, in order to verify an appropriate numerical
method to find the approximate solution of the fractional-order clock chemical model, a comparative
study is conducted between a number of applicable numerical methods. This is indeed useful for
many researchers who may use these methods in order to solve other systems and models. Moreover,
the fractional-order clock chemical model provides an application of a real-world problem and we
need to contribute toward finding its numerical solution, as followed by many researchers in this
field. To the best our knowledge, this fractional model has not been studied numerically so far,
except possibly in one of our recent papers (see [3]) and, of course, in this work. This justifies the
importance of our contribution.

One of the features of mathematical modeling of various biological phenomena is that the
mathematical model is represented as a mathematical function in time and the involved parameters.
Hence, in this case, we can find the numerical solution to the model and also the parameters that affect
this model can be appropriately controlled (see [5-18]).

In this paper, we first contribute toward studying the effect of changes in the order of the fractional
derivatives involved. We verify the accuracy of the approximate solution in the presence of a complete
solution to the fractional logistic growth model. We then employ different numerical methods in
finding approximate solutions for the fractional-order clock chemical model. We also numerically
analyze and graphically illustrate these results by means of different figures.

In this section, we give some basic definitions and properties of fractional calculus theory
(see, for example [1,2]).

Definition 1. For v > 0, the Liouville-Caputo fractional derivative of order v, denoted by LCa N DY,
is defined by

4
L DO = iy [ (6= )" D) 0

(n—1<v<mneN=1{123---}),

K, Df=D" (veN),

where D = di.

o\

The problem under study here is the chemical clock reaction model which is given by [3]. We now
replace the ordinary derivative in this model by a fractional-order derivative in the Liouville-Caputo
sense (see Definition 1 above), which we have chosen to use here for simplicity instead of Definition 1.
The fractional-order chemical clock reaction model is then given by

D¥a(¢) = pe™™¢ — a1 (Q)aa(©), @
D'ar(§) = an(@aa(@) ~ 2 (wy(0) +aa() ~ £ (1-e7) A1), ®
ws(0) = Q) +aa(f) ~ f (1= F) + A1 @

and
01(0) =0, ax(0)=1 and  a3(0)=A,>0. (5)
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For more details about this model, one may see its mathematical formulation of in [19,20] to
know the definitions for the chemical concentrations a1((), a2({) and a3({) and the parameters y, €,
0,and A.

The main structure of this paper is as follows. In Section 2, the fractional-order Logistic equation
and is exact solution are presented. In Section 3, the implementation the spectral collocation and
simulation are given. In Section 4, the generalized Runge—Kutta methods are proposed. In Section 5,
the numerical results and a systematic discussion are introduced. Finally, in Section 6, the conclusion
is presented.

2. The Fractional-Order Logistic Equation

In this section, we introduce the fractional-order Logistic growth model and their exact solution
for 0 < v < 1. The dual aspects of complexity, fractional growth and nonlinearly-induced saturation
emerge into the fractional-order logistic equation given by

D'a(Z) = K'a()(1-a(Z))  (a(0) = ao). (6)

West [21] (see also [22]) constructed an exact solution to the FOLE by using the Carleman embedding
technique. The exact solution of (6) is given by

a(g) = i (“0 — 1)nEv(—nKVCV), @)

n=0 &0
where . o
Ey(0) = n;() Tow+1)

is the Mittag—Leffler function.

3. The Spectral Collocation Method (SCM)

In this section, we apply the SCM for evaluating the numerical solutions of the (2)—(4). In many
scientific applications, orthogonal functions and spectral methods have been used to find approximate
solutions for fractional differential equations. Using these methods, we can transform the fractional
differential equations into a set of algebraic equations. Subsequently, the algebraic equations are solved
by one or the other of several known numerical methods (see [23-25]).

We begin by defining the shifted Legendre polynomials on the interval [0, 1] with the variable
z = 20 — 1. These polynomials have the following property:

Ps(g) = Ps(2§_ 1) = PZS(\/E)r

where the set {Ps(z) : s = 0,1,2,-- - } forms a family of orthogonal Legendre polynomials on the
interval [—1, 1] (see, for details [26]).
The analytic form of the shifted Legendre polynomials of degree s is given by

- S, (—1)tF (s +k)!
o= (k!))2 (s(—_'I;)!)

k=0

& (P(Q)=1P()=20—1;5=234, ). (8)

The function a({) € £]0,1] can be expressed and approximated as a linear combination of the
first (m + 1) terms of P;({), as follows:

“(g)ZQM(g):ZaiPi(g)/ m=1234,.--. )
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where the coefficients a; are given by
. 1 ~ .
6= Qi+1) [ w@P@A (=01,2:).

0

We now state the following useful theorem.

Theorem 1 ([27]). Let a({) be approximated by the shifted Legendre polynomials in (9). Suppose also that
v > 0. Then

m i
D'aQ)= Y Y axlct, (10)
i=[v] k=[v]
where
() _ (i+k)!T(k+1)

ik = (K2 (i—k)!T(k—a+1)

We now implement the SCM for treating the given problem numerically and convert it into a
non-linear system of algebraic equations. We will then solve the resulting system of algebraic equations
using the Newton iteration method (see [28]).

In order to achieve this implementation of the SCM to solve numerically the suggested model
given by (2)—(5), we approximate a1 (t), a2({) and a3(g) by a1, (t), €2, ({) and a3, (), respectively,
as follows:

arm(Q) = Y e Pe(Q), aom(Q) =) b Pe(Q), and a3u(C) = ) cx Pi(0)- (11)
k=0 k=0 k=0
The connection between the Equations (2)—(5), (10), and (11) leads us to the following consequences:
E L e -uesi- (Eano) (Luno), @)
i=[v] k=[v] k=0 k=0
Y Y ax)ir= (Dk Pk@)) (2 bkﬁk@)) —% (2 bkﬁk@))
i=[v] k=[v] k=0 k=0 k=0
' (Zbkpk(é)ﬂLZbkpk(@)—;(l—e€5§,>+A—1> (13)
k=0 k=0
and
“ 5 - 5 il 5 H —e57
Y B(Q) = Zﬂkpk(C)vLZkak(@)—Q(l—@ ) +A-1 (14)
k=0 k=0 k=0

Moreover, the collocation for the system given by (12)-(14) at m of the nodes {,, which is, the roots of
B(2), yields

m

YOY a0 - (Dkﬁk(ap)) (2 bkﬁk(ép>>, (15)
k=0 k=0

i=[v] k=[v]
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m i m N m
Y ) b x},”k) o= (Z ax pk(@p)) (2 bk pk(@p)) - % (Z b pk(Cp))
i=[v] k=[v] k=0 k=0 k=0
: (2 ax Pe(Zp) + Y bk Pe(Zp) — % (1 - e*“é'r,) +A— 1) (16)
k=0 k=0
and " . .
Yo Pu(ey) = Y mBlGy) + Y b Belgp) — H (1— 08 ) a1, (17)
k=0 k=0 k=0

Now, upon substituting from Equation (11) into the initial conditions given by (5), we obtain the

following three equations:
m

Z Ak aj = 0, (18)
k=0

m

Y Akt =1, 19)
k=0

m

Y Apcr=A, (20)
k=0

where
A =P (0) = (=) 2k +1)  (k=0,1,---,m).

Equations (15)—(17), together with the three equations in (18), provide a system of 3(m + 1) algebraic
equations. The involved unknowns ay, by, ¢y (k=0,1,---,m) will be obtained by solving the system
given by (15)-(18) with the help of the Newton iteration method.
4. Runge-Kutta Methods

In this section, we apply the fractional Runge-Kutta method of order 2 and of order 4, which
was used in [29,30], respectively. To this end, we construct the schemes for fractional model given by
(2)-(4) with these algorithms.
4.1. Two-Stage Fractional Runge-Kutta Method

The numerical solutions of Equations (2)—(4), which are based on TSFRK, are given by

v

21(Gny1) = a1(Gn) + m(Kz,l +Ka2), (21)
@2 (Gni1) = a2(Gn) + Zl"(ilerv)(MM + Ma2), (22)
13 (Gun) = 0 (@n) +02(Ga) = L (17 00) 42— 1, 23)
where
K2,1 = f(gi’l/ 0‘1(@1)/ “2(571))1 (24)

M2,1 = g(gi’l/ “1(Cn)/ WZ(Cn))/ (25)
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Kyp = f <Cn + fmhv,m(én) + mhvl(zmﬂéz(@n)
2r(1+v) ,
Trara” MM)' -
Mo =g (z;n R m (@) + By W K, 12(6)
r(1+v),,
Tt M2’1>' “
F(Ga(D),2(0)) = pe ¢ —ar(Daa() (28)
and
8(C,a1(0), #2(0)) = a1 (Q)aa(Q)
- “2((59 (41(0) +a2(0) - % (1-e8) +2-1). (29)

For further details about the derivation of this algorithm, see [29].

4.2. Four-Stage Fractional Runge-Kutta

In this subsection, we employ the algorithm that was derived in [30] on the fractional model given
by (2)—(4), as in the above section with TSFRK, such that

1
w1 (Cng1) = a1(Cn) + 6<K4’1 + 2Ky +2Ky3 + Ky a),

(30)
@ (Gn1) = a2(Gn) + %(Mzu +2Myp +2My3 + Myy) (31)
and
03(Gns) = 1 (6n) + 22(@n) = 5 (1= 00 ) 42 -1, (32)
where
hV
Ky = mf(gn/lxl(gn)/D‘Z(gn)))/ (33)
My = s 34
41 = mg(énzo‘l(én)IO‘Z(Cn))/ (34)
hY hv
Ky = mf (@n + m/‘xl(gﬂ) + % Ky1,a2(0n) + ;M4,1> , (35)
My, = s s 1 K 1M 36
42 = mg (én + mﬂl(én) + 5 41,%2(Cn) + 5 4,1) , (36)
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h hY
Ky3 = mf (Cn + mrﬂél (Cn) + %,Kz;,z,vcz(én) + ;le,z) ’ (37)
h h 1 1
Mysz = mg (gn + mr‘xl (gn) + > K4,2/“2(€n) + 2M4,2) ’ (38)
hY h
Kyy = mf (Cn + mzlxl(gn) + Ky3,02(Cn) + M4,3) (39)
and
h h
Myy = mg (gn + mrlxl (Cn) + Ky, 22(Cn) + M4,3> . (40)

For further details on the four-stage fractional Runge-Kutta (FSFRK) method, see [30].

5. Numerical Results and Discussion

In this section, we investigate the numerical solutions of the fractional-order chemical clock
reaction model by implementing the SCM, TSFRK, FSFRK, methods. We then compare the obtained
results with these methods with the results of Lagrange polynomial interpolation (LPI) in [3]. We first
conduct a test for all methods on fractional-order Logistic equation, which has an exact solution for
integer as well as non-integer order. Figure 1a—d graphically illustrate the absolute error between the
exact solution of FOLE and the corresponding numerical solutions by SCM, TSFRK, FSFRK, and LP],
respectively, for v =1, a(0) = 0.75, h = 0.03, m = 21 and K = 1. In these figures, we notice that the
absolute error based upon the FSFRK are much better than those of the SCM, the TSFRK, and the
LPI methods when the order of logistic equation is 1. In this case, the order of the error for FSFRK
is 10~14. In Figure 2a—d, we evaluate the absolute error for non-integer order of FOLE between the
exact solution of FOLE and SCM, TSFRK, FSFRK, and LPI, respectively. In this case, we set v = 0.9,
«(0) = 0.75, h = 0.03,m = 21 and K = 1. In these figures, the orders of the SCM and the LPI are better
than those of the TSFRK and FSFRK. The order of error for the SCM and the LPI is 1072, whereas,
in the case of the TSFRK and the FSFRK, is 10~!. Accordingly, based on this investigation, we can
take the LPI [3] as a method to compare our numerical solution of the fractional-order clock chemical
model based on the SCM, TSFRK and FSFRK. Additionally, we investigate in details the error in
Tables 1 and 2. Tables 1 and 2 represent the absolute error between the SCM, the TSFR, the FSFRK,
and the LPI methods, respectively, with the exact solution of fractional-order logistic equation. In these
table, the effect of the changing of the order of the differential equation from the integer order to the
non-integer order is the most important parameter in this work. This, in fact, is the aim of this work.
The effect of the parameter K is also studied. The time and parameters & and m are fixed. Through
Tables 1 and 2, we make the following observations:

1. In Table 1, we notice that the order of the errors are small in all of the methods used here.
Additionally, in the cases of the SCM and the FSFRK methods are much better than those in the
cases of the TSFR and the LPI methods.

2. In Table 2, we see that the orders of the errors for all of the methods are close to each other.
However, the SCM and LPI methods are better than the TSFRK and FSFRK methods. Therefore,
we cannot say here that one of the methods is the best absolutely, but we can say that some of
the methods are better than the other methods. In Figures 3-5, we compute the absolute error
between LPI and SCM, TSERK, and FSFRK, respectively. In these figures, wesetv =1, h =
0.03, m=21, A =2, e=1, y =2, 6§ =1 and the initial values are set as a1 (0) =0, a(0) =1
and a3(0) = A. From these figures, we observe that the order of the error for the SCM, TSFRK,
and FSFRK methods is 10~3. In Figures 6-8, we find the absolute error for the same caption
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as those of Figures 3-5, but with v = 0.9. In the non-integer order, we have obtained the same
results, as illustrated in Figure 2. The order of the error of the SCM is better than those of the
TSFRK and FSFRK. From this investigation, we can say that the numerical solutions based upon
the SCM and LPI methods are remarkably accurate and effective in the case of non-integer order.

Table 1. The absolute error between the exact solution (6) and the numerical solutions by spectral
collocation method (SCM), two-stage fractional Runge—Kutta (TSFR), four-stage fractional Runge-Kutta
(FSFRK), and Lagrange polynomial interpolation (LPI), respectively, forv =1, { =5, h = 0.003, m =
21 with different values of K.

K |Exact — SCM|  |Exact — TSFRK| |Exact — FSFRK| |Exact — LPI]|

02 153945 x 10~ 4.16541 x 1077 3.33067 x 10716 2.127988 x 10>
04 6.72001 x 10715 1.68964 x 108 1.88738 x 10715 4.166692 x 107>
0.6 6.696420 x 10713 2464570 x 10°8  3.663735 x 1071°>  3.946389 x 10>
0.8 6.34949 x 1011 2.3406 x 108 7.43849 x 1071 2.762099 x 107>
1.0 1.281608 x 10710 1.766755 x 108  9.325873 x 10~1°>  1.647932 x 10>

Table 2. The absolute error between the exact solution (6) and the numerical solutions by SCM, TSFR,
FSFRK, and LPI, respectively, for v = 0.8, { =5, h = 0.003, m = 21 with different values of K.

K  |Exact—SCM| |Exact — TSFRK| |Exact — FSFRK| |Exact — LPI]|
02 1126692 x 1073 1.08085 x 10! 1.080896 x 10~1  1.184387 x 103
04 2186600 x 1073 6576224 x 1072 6.576269 x 1072 2.257930 x 103
0.6 2480864 x 1073  4.453745 x 1072 4.453749 x 1072 2553845 x 103
0.8 2413834 x 1073 3.293829 x 1072  3.293830 x 1072  2.486642 x 1073
1.0 2227433 x 1073 2591927 x 1072 2.591927 x 10~2  2.301093 x 103
@ (b)
1.x1077F v=1, h=0.003
—10| —_
%6'X10 ES.XIO’E‘-
T 4.x1070} S 6.x107%
2 g 4.x107%}
€ 2 %1071} £
2.x 1078
01 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
4 4
©) @
5.x 10714F
" 0.0001¢ v=1l, h=0.003
— 4. %107}
g & 0.00008}
7 —14[
3 3% 10 T 0.00006}
2. x107 £ 0.00004f
S 1x1074} 0.00002}
OB . e 0.0000L: . . . . . . : : n ;
01 23 456 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
4 4

Figure 1. The absolute error between the exact and the numerical solutions of (6) based upon SCM (a);
TSFRK (b); FSFRK (c) and LPI (d), respectively, for v = 1.0, h = 0.03, m =21, K = 1.0, «(0) = 0.75.



Mathematics 2020, 8, 1436 9of 14

(b)
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(e]
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v=0.9, h=0.03, TSFRK

|@Exact—@TSFRK]
s o
=
ST
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(=]
_

oo000b V. . . . . . . o0k . . . .
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¢ ¢
(©)
0.04f d
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o
]
)

0.0015}

e
o
2

g 0.0010}

|Exact—@FsFRK]
|Exact—rpi|

=
o
—_

0.0005}

5
o
S

0000OR . . . . . . . . .
01 2 3 45 6 7 8 910
¢ ¢

Figure 2. The absolute error between the exact and the numerical solutions of (6) based upon SCM (a);
TSFRK (b); FSFRK (c) and LPI (d), respectively, for v = 0.9, h = 0.03, m =21, K = 1.0, a(0) = 0.75.

@) (b)
v=1l, h=0.003, m=21 0.0035F v=1, h=0.003, m=21
— 0005 — 0.0030}
= 0.004} 3 0.0025}
'Z 0.003k ?2 0.0020}
2 0.002} 5 000151
g < 0.0010f
— 0.001¢ =~ 0.0005}
00000 . . . . /| 00000k . . L Ty
012345678910 012345678910
¢ ¢
(©)
0.006} v=1, h=0.003, m=21
0.005}

0.004¢
0.003¢
0.002¢
0.001F
000OE__. . ., . ., , T
01 2 3 4 5 6 7 8 910
¢

Figure 3. The absolute error between the numerical solutions of (2) to (4) based upon the LPI and
the SCM forv =1, h =003, m =21, A =2, e =1, p =2, § =1 for the initial values
21(0) =0, a3(0) =1 and a3(0) = A ((a), (b) and (c), respectively).

|3, sem—as, el
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(a)

lary, TsERR—01, LPI]
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10 of 14

(b)
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0.0020¢
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v=1,

(©)

0123456780910
e

|3, TsERK—3, Lol

v=1,

h=0.003

{

0123 456 728 910

Figure 4. The absolute error between the numerical solutions of (2) to (4) based upon the LPI and
the TSFRK forv =1, h = 0.03, m =21, A =2, € =1, y = 2, § = 1 and for the initial values
21(0) =0, ap(0) =1 and a3(0) = A ((a), (b) and (c), respectively).

(a)

|y, TsFrRR—1, Lpi

0.005¢
0.004}
0.003¢
0.002
0.001

% h=0.003

1,

0.000L

01 2345678910
¢

|2, TSFRK—2, Lei

0.0035F
0.0030¢
0.0025¢
0.0020¢
0.0015¢
0.0010¢
0.0005¢
0.0000¢L.

(b)

v=1, h=0.003

012345678910
¢

|3, TsFRK—3, Lol

{

012 3 45 6 78 910

Figure 5. The absolute error between the numerical solutions of (2) to (4) based upon: the LPI and
the FSFRK forv =1, h =003, m =21, A =2, e =1, y =2, 6 = 1 and for the initial values
21(0) =0, a3(0) =1 and a3(0) = A ((a), (b) and (c), respectively).
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@ (b)
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¢
Figure 6. The absolute error between the numerical solutions of (2) to (4) based upon the LPI and
the SCM forv =09, h =003, m =21, A =2, e =1, p =2, 6 = 1 and for the initial values
21(0) =0, ap(0) =1 and a3(0) = A ((a), (b) and (c), respectively).

las, sem—as, Ll
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(b)
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01 23 456 7 8910
¢

Figure 7. The absolute error between the numerical solutions of (2) to (4) based upon the LPI and
the TSFRK forv = 0.9, h =0.03, m =21, A =2, e =1, y = 2, § = 1 and for the initial values
21(0) =0, a2(0) =1 and a3(0) = A ((a), (b) and (c), respectively).
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Figure 8. The absolute error between the numerical solutions of (2) to (4) based upon the LPI and
the FSFRK for v = 09, h = 0.03, m =21, A =2, e =1, uy = 2, § = 1 and for the initial values
21(0) =0, a3(0) =1 and a3(0) = A ((a), (b) and (c), respectively).

6. Conclusions

In this paper, we have presented three algorithms to find the numerical solutions of the chemical
clock model. We applied each of these algorithms to the fractional-order chemical clock reaction model.
In order to verify the efficiency of the results, which we have investigated in this paper, we introduced
the fractional-order logistic equation with its exact solution. We compared the numerical solutions
based on the SCM, TSFRK, FSFRK, and LPI, respectively, with the exact solution of the fractional-order
logistic equation for integer and non integer orders. We have noted that the error for all of the methods
were very small. However, the SCM and the FSFRK are better than TSFRK and LPI when the order of
the logistic equation was an integer. But, if the order is non-integer, the SCM and LPI are better than
the TSFRK and FSFRK. The order of error here, as is evident from the figures and the Tables, with
respect to SCM and LPI is 10~2. In the case of the TSFRK and FSFRK, the order of error is found to
be 101, For the fractional-order chemical clock reaction model, we have also compared the results
with the corresponding previously-published results for integer order and non-integer order. We have
thereby noticed that the error in the case of integer order for SCM, TSFRK and FSFRK are small for all
methods. However, for the case of non-integer order, the SCM is remarkably better than the TSFRK
and FSFRK. Finally, in this paper, we presented an analytical comparative study between four methods
to find the numerical solutions to fractional differential equations, and the accuracy of the Runge-Kutta
methods as compared to other methods was studied. As for the Runge-Kutta methods of finding
numerical solutions to fractional differential equations, they are still new. Additionally, as far as we
know, there are only two or three studies in this direction. Therefore, in our next work, we will use
these methods to find and study the behavior of the numerical solutions for systems of fractional
differential equations. The various results, which we have presented in this paper, have indeed been
numerically analyzed and graphically illustrated by means of different figures and tables.
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