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ential equation to system of algebraic equations. An algorithm is presented to compute
the coefficient matrix for the resulting algebraic system. Several examples with numerical
simulations are provided to illustrate effectiveness of the method.
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1. Introduction

Fractional derivatives and integrals are non-local operators since both of these operators involve integration which is a
non-local operator. This property makes these operators an efficient tool to describe long term memory effects, asymptotic
scaling and hereditary properties of various physical phenomena. Many mathematicians put their interest and efforts in the
field of fractional calculus and also developed their own definitions for derivatives and integrals of fractional order. The
most famous definitions in the world of fractional calculus are the Riemann Liouville, Caputo, Weyl and Grunwald Letnikov
definitions. In this paper, we have attached our attention only to Caputo fractional derivatives.

The increasing number of applications of fractional differential equations motivated many researchers and appreciable
work has been done to develop efficient methods for exact and numerical solutions of fractional differential equations.
Mathematical models are used to understand the behavior of physical phenomena. The best way to solve these models is
by using calculus. These are the analytic methods, because we use analysis to figure out the solution. But this tends to work
only for simple models. For more complex models, the solution becomes too complicated, it is often necessary to resort
to numerical techniques for solving the problem. Many numerical methods are developed to solve fractional differential
equations. These methods include homotype perturbation method [1], Wavelets methods [2-4]|, Adomian decomposition
method [5], extrapolation method [6], predictor-corrector method [7], homotype analysis method [8], fractional linear multi-
step method [9], generalized differential transform method [10], variational iteration method [11], finite difference method
[12], hybrid function method [13], multiquadric radial basis function [14], m-step Methods|[15] and fractional convolution
quadrature based on generalized Adams methods [16].

In this paper, we develop a numerical method for solving a class of fractional differential equations

D¥u(x) + AD?u(x) + Bu(x) = f(x), xela.b], (1.1)

* Corresponding author.
E-mail addresses: mujeeburrrehman345@yahoo.com, mujeeburrehman01@gmail.com (M.u. Rehman), ai_1219@hotmail.com (A. Idrees), umer.math@
gmail.com (U. Saeed).

http://dx.doi.org/10.1016/j.amc.2017.02.053
0096-3003/© 2017 Elsevier Inc. All rights reserved.


http://dx.doi.org/10.1016/j.amc.2017.02.053
http://www.ScienceDirect.com
http://www.elsevier.com/locate/amc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.amc.2017.02.053&domain=pdf
mailto:mujeeburrrehman345@yahoo.com
mailto:mujeeburrehman01@gmail.com
mailto:ai_1219@hotmail.com
mailto:umer.math@gmail.com
http://dx.doi.org/10.1016/j.amc.2017.02.053

M.u. Rehman et al./Applied Mathematics and Computation 307 (2017) 38-49 39

u(a) =up, u'a)=uy, u?P@=0, for i1, (1.2)

where «, 8 e R, > B, A,B € R and f(x) is known functions. We also discuss existence and uniqueness of solutions for the
problem (1.1) under some weaker assumptions on function f. Motivated by work in [17] we have adopted the technique of
combining quadrature rules. The quadrature rules we have combined are the trapezoidal rule and Simpson rule. The reason
behind combining these two rules is Simpson rule is only applicable to an even number of intervals and the trapezoidal
rule is less accurate. After combining these two rules we can implement it on any number of intervals and also the error
estimate can be minimized.

In the first section we have discussed some basic definitions and properties of fractional order derivatives and integrals.
Existence and uniqueness of solutions of the problem is discussed in the second section. The third section involves develop-
ment of numerical method. The fourth section sticks to convergence of the numerical method and the fifth section is about
implementation of numerical method to various examples.

2. Preliminaries

In this section we introduce some necessary definitions and mathematical preliminaries of fractional calculus [18,19].

Definition 2.1. Let o € R*. The operator I, defined on L[a, b] by

‘1 X
Pux) = =—— | (x—t)* lu(t)dt,
00 = gy L =07
is called the Reimann-Liouville fractional integral operator of order «.

Definition 2.2. Let « € R*, n = [a] and u € AC"[q, b]. The operator kD2, defined by

X (X_t)n—ot—l
dx" |, T(n—oa)

is called the Reimann-Liouville fractional derivative of order «.

Ripay(x) = u(t)dt,

Definition 2.3. Let « € R, n =[] and u € AC"[a, b]. Then the Caputo fractional derivative of u(x) is defined by
X (X _ t)n—oz—l
. T'(n—o)

Under natural conditions on the function u(x), for « — n the fractional derivative R'D¥ or D% becomes a conventional nth
order derivative of the function u(x). In the following, we state some important properties of fractional operators that will
be used in the sequel.

Deu(x) = u™ (t)dt.

Lemma 24. Let o« > 0, B > —1 and f(x) = (x—a)P, then 1% f(x) = rlz,s(ﬁ;l)l) (x — a)*+h.

Lemma 2.5. Let o, B € RT and u € Ly[a, b] then Ig‘Ifu(x) = If,“ﬂu(x) holds almost everywhere on [a, b].

Lemma 2.6. If o« € R* and u € ([a, b], then DYI¢u(x) = u(x).

Lemma 2.7. Let & > 0, n = [o] and u e AC"[a, b] then I$D%u = u(x) — >.}—, (x “)<u(") (a).

3. Existence and uniqueness

In this section we investigate the question of existence and uniqueness of solution for problems (1.1) and (1.2). The
existence and uniqueness of the solution to linear and nonlinear fractional differential equations have been thoroughly in-
vestigated in [18,19]. Particularly, the questions of existence and uniqueness of the solution to initial value problems (1.1) and
(1.2) have been discussed in [20]. It is to be noted that in [20] the function f{x) in Eq. (1.1) is assumed to be continuous. We
present here existence result for problems (1.1) and (1.2) under weaker assumptions.

Integral equations are extensively used to study the qualitative properties of differential equation. At this point we es-
tablish an equivalence result between (1.1), (1.2) and Voltera integral equation.

Theorem 3.1. Assume f € Lq|a, b], then a function u is solution of initial value problems (1.1) and (1.2) if and only if u is solution
of the integral equation

u(x) + /XK(X, tu(t)dt = F(x), (3.1)

where
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