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Iterative methods for solving fractional differential
equations using non-polynomial splines
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Abstract. In this work, a non-polynomial spline function is proposed to solve a linear
fractional differential equation where the derivatives are in the Caputo sense. This ap-
proach transforms the fractional differential equation into a system of linear equations.
The Gauss-Seidel and conjugate gradient methods are used to iteratively solve the lin-
ear system. Finally, to validate the method’s accuracy, several numerical examples with
known analytical solutions are tested. According to the numerical experiments, the find-
ings are in satisfactory agreement with the exact solutions.
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1 Introduction

Fractional calculus plays a vital role in a variety of areas due to its extensive ap-
plications in several fields of science and technology, including electromagnetism,
diffusion processes, signal processing, materials modeling, and mathematical eco-
nomics (see [2,6,8,21,22]). The general concept of fractional-order differentiation
has various definitions, such as the Caputo definition [14], Riemann-Liouville def-
inition [18], and the Grunwald-Letnikov definition [17]. Several approaches to
solving fractional differential equations (FDEs) have been developed by mathe-
maticians in recent years. These include the fractional explicit Adams method
[26], the homotopy analysis method [11], the fractional finite difference method
[16], the Adomain decomposition method [12], the B-polynomial basis approach
to solve FDE by Muhammad I. Bhatti and Md. Habibur Rahman [3], the spectral
Tau method investigated by Hari Mohan Srivastava et al. [20], the Taylor basis
function presented in [13], and the matrix approach method for solving FDE dis-
cussed in [5].

The spline technique is used by many researchers to solve differential equations
due to its accuracy and efficiency. For example, a sixth-order linear special case
boundary value problem was solved using a septic degree spline [19]. Hamasalh
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FK. et al. proposed a non-polynomial spline to solve fractional differential equa-
tions in [9].

The conjugate gradient method is a powerful technique for solving systems of
equations. The linear conjugate gradient method was proposed in the 1950s by
Hestenes and Stiefel to solve linear systems of equations with positive definite
matrices as an alternative to the Gauss elimination method [23]. Fletcher and
Reeves discussed the nonlinear conjugate gradient method in 1964 [7]. Faraidun
K.Hamasalh et al. used conjugate gradient method for solving FDEs [10]. The
conjugate gradient method is applied to the optimal solution of differential equa-
tions; more details can be found in [25].

2 Mathematical Formulation for Non-Polynomial Spline

In this study, we consider the fractional differential equation of the form

Y@ 4 p(2)y” +(x)y =T(2), =z € a,b], (1)

with the boundary conditions
y(a) =B, y(b) =B )

such that ¢(z), ¥(z), and 7(x) are functions of =, By and B, are constants. Then,
the interval [a, b] can be uniformly divided into j subintervals, the length of uni-
form subintervals can be defined as: Az = =% n = j — 1. In the existing
literature, we can modify the model of non-polynomial spline and the fractional

continuity by using Caputo type as follows:
S(z) = Si(z), =€ xi,wit1], 1=0,1,2,...,n. 3)
Here, the non-polynomial spline function with fractional order defined by
Si(x) = a; + Bi(x — x;) + yicosw(x — ;) + &; sinw(x — x;), 4)
where o, 35, Vi, 0; are constants for i = 0,1,2,...,n and w is a free parameter.

The function S;(x) interpolates y(x) at the points x; by depending on w. To find
the value of constants in equation (4), we impose the following conditions:

Si(x:i) = Yi, Si(Tit1) = Yis1, SZ-(I/Z)(%‘) = pi, 51-(1/2)(%+1) =pit1. (5
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After applying these conditions the values of constants «;, 3;, v;, d; in (4) are
obtained as follows:

o = ]\}[ Yi+1 + Ml—:/l& + }/];pwr\l/» ]\/[?piu
musm@ . A/mwsinf _ mV/@sinby,..
Bi = \/7M Yi+1 \/@Ml Yi + (Zf 2/2h M, )pz+1
VrwsinM,  V2msin(0+7)\
+( NN NG )Di, (6)
%= M%ym MLy, — el + 52,
62' yl+l+M1yZ+\2/J;lpZ+l+(\\/f*_%)pia i:071727"'7n
such that 8 = wh, M| = cos 0 + % sinf —1, M, = ZWhSizn(eJr%) — ﬁ\/%ne.
Substituting these values in (4) we obtain
S(Ll?) = ]\}[1 Yi+l + thyz + %/]\szﬂ ]\/ﬁpi
musm@ . \/asme VT w/Bsinby,
+( Van, it \ﬁ\/ﬁM, vi + (GUR ~ Svamar, Pitl
oM 27 sin (0+ T
AR - SR @ — ) 9
+(ar yz+ - Ml_HZh YEB by + 32 pi) cosw(a — ;)
+(= M1 Yit1 + M yi + }gpzﬂ + (% - %)Pz) sinw(z — ;).

Now, applying the fractional continuity conditions of the spline function .S;(x)
where the splines SZ(TI) () = S§m>(x), m = 1,1 are joined, we obtain the follow-
ing equations:

(i) = (ME — mVBsing | wi/mhy, | (J/TsindM, \/27sin(9+%>)

wh o 2v2hM T 2M, ) V2hMy . 2Vh (8)
(2~ Mg (L0 e (S

— YY)y
V2hM; Ml)y“

Vw o M V2hM;
Sl (x;) = (% - ’ZT\/%R}Q + F‘” (sinf + cos 6))p;
VrwsindM, V2msin (6+F ) V2 M w, 51n0
*+ N s W% ) cosf — =S )i ©
+(%3§;} — a7 (cos 6 +sin 0))y;
—(\/\;r;ihj\i;le 17 (cos 0 +sin6))y;

Equating (8) and (9), we obtain:
Cipit1 + Copi + C3yiv1 + Cayi + Cspi—y + Ceyi—1 = 0. (10)
From equation (1) we have
pit1 = —0ir1 ()Y — Viv1(X)yir1 + i1 (),
pi = —¢i(2)y] — bi(x)y; + 7i(x), (1)
pie1 = —bi—1 ()Yl — i1 (@)yio1 + Tic1 ().
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Using backward, central, and forward difference formulas for y;’ |, y;’, and y;’_,,
respectively, we obtain:

Yir1 —2¥i+yYi—1
yz+l - h2 )
_ Yir1—2Yit+Yyi—1
yi %7 (12)
_ Yir1 —2Yityi— L
yz 1 — h2

Substituting (11) and (12) in equation (10), we obtain:
a;yi—1 + biyi + ciyiy1 = F;. (13)

Then, a system of linear equations is formulated using equation (13) as follows:

Ay=F (14)
such that

(b e | [y ]

a b o Y2

az by Y3

A= y Y=
An—1 bn—l Cn—1 Yn—1

L a’/’L bn n L y’n a

and F = [F| —ajyo F» F3 - Fp_1 Fy — coyns1]’, where
Clo; Chp; Cspi—
=Ce + ',f) - 7,213) - 7522 - — Csthi,
b =COy+ 201(15”1 _ 2G¢i _ 205451 L Cyely,

C 7 C 7 C [
01_03+%—,§—§’—L—01w1+1,
Fy=-Ci1iq1 — Oy — Csmimy, 0=1,2,...,n

and

Cr =3 - A S

Cy = %ﬁle - m;ij/%e+%) +w(% — %) + ;\/%}3['19 + g‘*’(smﬁ + cosf) —
C3 = %Ee -

Cy = (1 +sin6 + cos ) — 2\/;@;;9,

Cs:“%jjjne—m;"&@* LW (\\; %f)cos@ wM]\z/[slinﬂ’

Co = 7-(sinf + cos 0) — \é;[l“’ sin 6.

71'
2vh?
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3 Numerical Experiments

In this section, the method is applied to several numerical examples of boundary
value problems for fractional differential equations and the results are compared
with exact analytical solutions to show the method’s efficiency. The computational
programs were written in MATLAB. We first present here the algorithms of Gauss-
Seidel and the conjugate gradient methods.

Algorithm 1. [4] Suppose that we have the linear system (14), where A is sym-
metric positive definite matrix. First, matrix A is decomposedas A= D+ L+ U
such that D is a diagonal matrix, L is strictly lower triangular matrix and U is
strictly upper triangular matrix. Then, the linear system (13) can be written as:

(D+L+U)y=F
or
(D+ L)yy=-Uy+F.
Since |D + L| # 0, we obtain
y=D+L)"'Uy+(D+L)"'F.

Then, the Gauss-Seidel (GS) algorithm can be written as:

« start with an initial guess y(©) € R";

« compute y"*) = (D +L)"'Uy® +(D+L)"'F fori=0,1,2,...

Algorithm 2. [23] The conjugate gradient (CG) algorithm is expressed as:
« choose yp € R™ and put dy = 19 = F' — Ayp;
e fork=0,1,2,...
— If di, = 0, stop and yy, is a solution of Ay = F.

— Otherwise, compute
7‘T’r‘k
— "k —
* 0 = g Ykt = Yt ondi,

1Tkl
* Tpgl =1 — apAdy, By = i,

TETR
* dipg1 = Ty + Brdy.

Example 1. [1] Consider the fractional differential equation

1 24 3

DX =gt AT A 0< A< (5
) ula) = o' =gt e st 0 <A< 1 )
with the boundary conditions (0) = 0, y(1) = J and the exact solution given by

y(z) = z* — 323
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The number of iterations and numerical results compared to exact values for
A=0.5,z €[0,1], h = 0.01 are tabulated in Tables 1 and 2, respectively.

Number of iterations
GS 450
CG 65

Table 1. The number of iterations for both methods applied to problem (15).

x | Exact solution | Numerical solution | Absolute error | Absolute error [1]
0.1 —0.0004 —0.00096 5.61 x 107 4.00 x 10~*
0.2 —0.0024 —0.00324 8.37 x 1074 1.1668 x 1073
0.3 —0.0054 —0.00498 4.19 x 1074 2.9299 x 10~*
0.4 —0.0064 —0.00259 3.8 x 1073 4.5080 x 10~*
0.5 0 0.008925 8.92 x 1073 2.2930 x 1073
0.6 0.0216 0.035829 1.42 x 1072 6.5464 x 1073
0.7 0.0686 0.097402 2.88 x 1072 1.5311 x 1072
0.8 0.1536 0.166854 1.32 x 1074 2.7885 x 1072
0.9 0.2916 0.290152 1.44 x 1073 4.5954 x 1072

Table 2. Exact solution, its numerical approximation, and absolute error in the nu-
merical solution of problem (15).

Example 2. [24] Consider the fractional differential equation

21,27/\

TR 0<A<I (16)

DWVy(z) +y(z) = 2% +

with the boundary conditions ¢(0) = 0 and y(1) = 1. The exact solution of (16)

is given by y(x) = 2.

The numerical result obtained for A\ = 0.5, x € [0,1], h = ]1@ is tabulated in

Table 3.
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x | Exact solution | Numerical solution | Absolute error
0.1 0.01 0.029064 1.9064 x 1072
0.2 0.04 0.075703 3.5703 x 1072
0.3 0.09 0.138792 4.8792 x 1072
0.4 0.16 0.216701 5.6701 x 1072
0.5 0.25 0.308459 5.8459 x 1072
0.6 0.36 0.413401 5.3401 x 1072
0.7 0.49 0.531033 4.1033 x 1072
0.8 0.64 0.660969 2.6909 x 1072
0.9 0.81 0.808386 1.6140 x 1073

Table 3. Exact and numerical solutions, and absolute error for problem (16).

Example 3. [15] Consider the fractional differential equation

y'(z) + DWVy(z) + y(z) =8,

0< A<l

with the boundary conditions y(0) = 0 and y(1) = 3.101906.

7)

The numerical solution for A = 0.5, obtained by using CG method, is presented

in Table 4.
x | Exact solution | Numerical solution | Absolute error | Absolute error [15]
0.1 0.03975 0.025277 1.4473 x 1072 1.24 x 1074
0.2 0.157036 0.138583 1.8453 x 1072 1.476 x 1073
0.3 0.347370 0.333777 4.8792 x 1072 6.255 x 1073
0.4 0.604695 602914 5.6701 x 1072 1.73 x 1072
0.5 0.921768 0.935951 5.8459 x 1072 3.82 x 1072
0.6 1.290457 1.320995 5.3401 x 1072 7.26 x 1072
0.7 1.702008 1.744681 4.1033 x 1072 1.2424 x 107!
0.8 2.147287 2.19264 2.0969 x 1072 1.9693 x 107!
0.9 2.617001 2.649994 1.614 x 1073 2.9427 x 107!

Table 4. Exact and numerical solutions, and absolute error for problem (17).
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4 Conclusion

This paper develops a trigonometric spline method for solving fractional differ-
ential equations in conjunction with the conjugate gradient method. The findings
related to non-polynomial spline functions are particularly interesting. The nu-
merical examples illustrate that the non-polynomial spline and conjugate gradient
approaches are more adaptive in approximating functions.
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