Bhrawy and Al-Shomrani Advances in Difference Equations 2012, 2012:8 ® Advances in Difference Equations
http://www.advancesindifferenceequations.com/content/2012/1/8 a SpringerOpen Journal

RESEARCH Open Access

A shifted Legendre spectral method for
fractional-order multi-point boundary value

problems

Ali H Bhrawy'*" and Mohammed M Al-Shomrani'~

* Correspondence:
alibhrawy@yahoo.co.uk
'Department of Mathematics,
Faculty of Science, King Abdulaziz
University, Jeddah, 21589 Saudi
Arabia

Full list of author information is
available at the end of the article

@ Springer

Abstract

In this article, a shifted Legendre tau method is introduced to get a direct solution
technique for solving multi-order fractional differential equations (FDEs) with
constant coefficients subject to multi-point boundary conditions. The fractional
derivative is described in the Caputo sense. Also, this article reports a systematic
quadrature tau method for numerically solving multi-point boundary value problems
of fractional-order with variable coefficients. Here the approximation is based on
shifted Legendre polynomials and the quadrature rule is treated on shifted Legendre
Gauss-Lobatto points. We also present a Gauss-Lobatto shifted Legendre collocation
method for solving nonlinear multi-order FDEs with multi-point boundary conditions.
The main characteristic behind this approach is that it reduces such problem to
those of solving a system of algebraic equations. Thus we can find directly the
spectral solution of the proposed problem. Through several numerical examples, we
evaluate the accuracy and performance of the proposed algorithms.

Keywords: multi-term FDEs, multi-point boundary conditions, tau method, colloca-
tion method, direct method, shifted Legendre polynomials, Gauss-Lobatto

quadrature.

1 Introduction
Fractional calculus, as generalization of integer order integration and differentiation to
its non-integer (fractional) order counterpart, has proved to be a valuable tool in the
modeling of many phenomena in the fields of physics, chemistry, engineering, aerody-
namics, electrodynamics of complex medium, polymer rheology, etc. [1-9]. This mathe-
matical phenomenon allows to describe a real object more accurately than the classical
integer methods. The most important advantage of using FDEs in these and other
applications is their non-local property. It is well known that the integer order differ-
ential operator is a local operator, but the fractional-order differential operator is non-
local. This means that the next state of a system depends not only upon its current
state but also upon all of its historical states. This makes studying fractional order sys-
tems an active area of research.

Spectral methods are a widely used tool in the solution of differential equations,
function approximation, and variational problems (see, e.g., [10,11] and the references

therein). They involve representing the solution to a problem in terms of truncated
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series of smooth global functions. They give very accurate approximations for a
smooth solution with relatively few degrees of freedom. This accuracy comes about
because the spectral coefficients, a,, typically tend to zero faster than any algebraic
power of their index n. According to different test functions in a variational formula-
tion, there are three most common spectral schemes, namely, the collocation, Galerkin
and tau methods. Spectral methods have been applied successfully to numerical simu-
lations of many problems in science and engineering, see [12-15].

Spectral tau method is similar to Galerkin methods in the way that the differential
equation is enforced. However, none of the test functions need to satisfy the boundary
conditions. Hence, a supplementary set of equations are needed to apply the boundary
conditions (see, e.g., [10] and the references therein). In the collocation methods
[16,17], there are basically two steps to obtain a numerical approximation to a solution
of differential equation. First, an appropriate finite or discrete representation of the
solution must be chosen. This may be done by polynomials interpolation of the solu-
tion based on some suitable nodes such as the well known Gauss or Gauss-Lobatto
nodes. The second step is to obtain a system of algebraic equations from discretization
of the original equation.

Doha et al. [18] proposed an efficient spectral tau and collocation methods based on
Chebyshev polynomials for solving multi-term linear and nonlinear FDEs subject to
initial conditions. Furthermore, Bhrawy et al. [19] proved a new formula expressing
explicitly any fractional-order derivatives of shifted Legendre polynomials of any degree
in terms of shifted Legendre polynomials themselves, and the multi-order fractional
differential equation with variable coefficients is treated using the shifted Legendre
Gauss-Lobatto quadrature. Saa-datmandi and Dehghan [20] and Doha et al. [21]
derived the shifted Legendre and shifted Chebyshev operational matrices of fractional
derivatives and used together spectral methods for solving FDEs with initial and
boundary conditions respectively. In [18,22,23], the authors have presented spectral tau
method for numerical solution of some FDEs. Recently, Esmaeili and Shamsi [24]
introduced a direct solution technique for obtaining the spectral solution of a special
family of fractional initial value problems using a pseudo-spectral method, and Pedas
and Tamme [25] developed the spline collocation method for solving FDEs subject to
initial conditions.

Multi-point boundary value problems appear in wave propagation and in elastic sta-
bility. For examples, the vibrations of a guy wire of a uniform cross-section, composed
of m sections of different densities can be molded as a multipoint boundary value pro-
blem. The multi-point boundary conditions can be understood in the sense that the
controllers at the end points dissipate or add energy according to censors located at
intermediate points. Rehman and Khan [26] introduced a numerical scheme, based on
the Haar wavelet operational matrices of integration for solving linear multi-point
boundary value problems for fractional differential equations with constant and vari-
able coefficients. Moreover, Rehman and Khan [27] derived a Legendre wavelet opera-
tional matrix of fractional order integration and applied it to solve FDEs with initial
and boundary value conditions. In fact, the numerical solutions of multi-point bound-
ary value problems for FDEs have received much less attention. In this study, we focus
on providing a numerical scheme, based on spectral methods, to solve multi-point
boundary conditions for linear and nonlinear FDEs.
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In this article, we are concerned with the direct solution technique for solving the
multi-term FDEs subject to multi-point boundary conditions, using the shifted
Legendre tau (SLT) approximation. This technique requires a formula for fractional-
order derivatives of shifted Legendre polynomials of any degree in terms of shifted
Legendre polynomials themselves which is proved in Bhrawy et al. [19]. Another aim
of this article is to propose a suitable way to approximate the multi-term FDEs with
variable coefficients subject to multi-point boundary conditions, using a quadrature
shifted Legendre tau (Q-SLT) approximation, this approach extended the tau method
for variable coefficients FDEs by approximating the weighted inner products in the tau
method by using the shifted Legendre-Gauss-Lobatto quadrature.

Moreover the treatment of the nonlinear multi-order fractional multi-point value
problems; with leading fractional-differential operator of order v (m - 1 <v < m), on
the interval [0, t] is described, by shifted Legendre collocation (SLC) method to find
the solution uy(x). More precisely, such a technique is performed in two successive
steps, the first one to collocate the nonlinear FDE specified at (N - m + 1) points; we
use the (N - m + 1) nodes of the shifted Legendre-Gauss-Lobatto interpolation on the
interval [0, ¢], these equations together with m equations comes form m multi-point
boundary conditions generate (N + 1) nonlinear algebraic equations, in general this
step is cumbersome, and the second one to solve these nonlinear algebraic equations
using Newton’s iterative method. The structure of this technique is similar to that of
the two-step procedure proposed in [18,20] for the initial boundary value problem and
in [21] for the two-point boundary value problem. To the best of the our knowledge,
such approaches have not been employed for solving fractional differential equations
with multi-point boundary conditions. Finally, the accuracy of the proposed algorithms
are demonstrated by test problems.

The remainder of the article is organized as follows. In the following section, we
introduce some notations and summarize a few mathematical facts used in the remain-
der of the article. In Section 3, we consider the SLT method for the multi-term FDEs
subject to multi-point boundary conditions, and in Section 4, we construct an algo-
rithm for solving linear multi-order FDEs with variable coefficients subject to multi-
point boundary conditions by using the Q-SLT method. In Section 5, we study the
general nonlinear FDEs subject to multi-point boundary conditions by SLC method. In
Section 6, we present some numerical results. Finally, some concluding remarks are

given in Section 7.

2 Preliminaries and notations
2.1 The fractional derivative in the Caputo sense
In this section, we first review the basic definitions and properties of fractional integral
and derivative for the purpose of acquainting with sufficient fractional calculus theory.
Many definitions and studies of fractional calculus have been proposed in the past two
centuries (see, e.g., [8]). The two most commonly used definitions are the Riemann-
Liouville operator and the Caputo operator. We give some definitions and properties
of the fractional calculus.

Definition 2.1 The Riemann-Liouville fractional integral operator of order u (4 > 0)
is defined as
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X
1
JHf(x) = /(x — )" f(t)dx, uw>0 x>0,
(w) ) @
I°f (%) = f (x).
Definition 2.2 The Caputo fractional derivatives of order u is defined as
DFf(x) =J" D" f(x)
X
1 g d” 2
= Fm— ) /(x—t)m K’ dtmf(t)dt, m—1<u<m x>0,
0
where D™ is the classical differential operator of order m.
For the Caputo derivative we have
0, for B € Noand B8 < [u],
B _
Diafi=y T+ su forgeNyand > [u] or ¢ Nand > L) . 3)
rB+1—p)

We use the ceiling function 41 to denote the smallest integer greater than or equal
to p, and the floor function | 4] to denote the largest integer less than or equal to u.
Also N = {1,2,...} and N, = {0,1,2,...}. Recall that for y € N, the Caputo differential
operator coincides with the usual differential operator of an integer order.

2.2 Properties of shifted Legendre polynomials
Let L,(x) be the standard Legendre polynomial of degree i, then we have that

Li(—x) = (-1)'Li(x),  Li(-1)=(-1),  Li(1)=1. (4)

Let w(x) = 1, then we define the weighted space L2(—1,1) = L?(—1,1) as usual,
equipped with the following inner product and norm
1

mw=/¢ummwwm, = ().

-1
The set of Legendre polynomials forms a complete L*(-1, 1)-orthogonal system, and

2

LI =hi= 5

(5)

If we define the shifted Legendre polynomial of degree i by
Lyi(x) = Li(3* — 1), t > 0, then the analytic form of the shifted Legendre polynomials
L, ,(x) of degree i is given by

(i +k)1x"

i— k)R k- ®)

wm=2eﬁﬂ
k=0

Next, let w/(x) = w(x) = 1, then we define the weighted space Li,l[O, t] in the usual

way, with the following inner product and norm
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t

(1, V), = / u@vE@w()dx, Il = ()’ )

0

The set of shifted Legendre polynomials forms a complete Lit[O, t] -orthogonal sys-

tem. According to (5), we have
t
IL@)];, = Jhi = ®)

The shifted Legendre expansion of a function u(x) € L3, [0, 1] is

u(x) = Y ajlej(x),

j=0

where the coefficients a; are given by
t
1
4=, /u(x)Ll,j(x)dx, j=0,1,2,.... 9)
Lj
0

In practice, only the first (N + 1)-terms shifted Legendre polynomials are considered.

Hence we can write

N
un(x) >~ Za,—Lt,]-(x). (10)

j=0
Lemma 2.1 Let L, (x) be a shifted Legendre polynomials then
D*L,(x)=0, i=0,1,...,Tul—1, wu=> 0. (11)

where
DA = ey [ 6= 0P 0 =1 <=, a2
0

is the usual Caputo fractional derivative of order u of the function f(x) and Tul
denote the smallest integer greater than or equal to .

Proof. This lemma can be easily proved by using (6).

Next, the fractional derivative of order g in the Caputo sense for the shifted
Legendre polynomials expanded in terms of shifted Legendre polynomials can be
represented formally in the following theorem.

Theorem 2.2 The fractional derivative of order u in the Caputo sense for the shifted
Legendre polynomials is given by

D'Lyi(x) = Y (i, DLy(x),  i=[ul, [ul+1,..., (13)
=0
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where

i i+k .
MG, 1) = Z (=D)"™@I+1D)(+kR)I(E—=1—pn+1) (14)
k=

” (i—k)RT(k—pu+1)(k—p+1),,

(For the proof, see, [19].)

3 A shifted Legendre tau method

Prompted by the application of multi-point boundary value problems to applied
mathematics and physics, these problems have provoked a great deal of attention by
many authors (see, for instance, [28-34] and references therein). In pursuit of this, we
use the shifted Legendre tau method to solve numerically the following FDE:

r—1

D'u(x) + Y yiDPu(x) + yu(x) = g(x), inxel=[0,1], (15)

i=1
subject to the multi-point boundary conditions

ul)(0) = so, ul (x;) = s, u91)(1) = 5,0_1,
x; €]0,t[,i=1,2,...,m—2, (16)

OSQO141,~-~,Qm—1 Sm_lr

where 0 <f; <f; < ... <B,.1 <v, m - 1 <v < m are constants. Moreover, D"u(x) = 1" (x)
denotes the Caputo fractional derivative of order v for u(x), ¥, i = 1, 2,.., r are constant
coefficients, so,..., 5,,,.1 are given constants and g(x) is a given source function.

The existence and uniqueness of solutions of FDEs have been studied by the authors
of [33-36].

Let us first introduce some basic notation that will be used in the sequel. We set

Sn[0,t] = span {Lo(x), L1 (x), ..., Lyn(x) } (17)
then the shifted Legendre-tau approximation to (15) subject to (16) is to find uy €

Snl0,¢] such that

r—1

(D"un, Lia(x)),,, + Y vi(DPun, Liw(x)),, + v (un, Lee(2)),,, 9
i=1

= (@ Lek(®) e k=01, N=m,

and

u[(f,"’)(o) =S, u[(f,"')(xi) =5, u[(f]’"’l)(t) = Sp_1,
x;i€]0,t[,i=1,2,... m—2.

(19)

Here, the main idea is that we employ a truncated series of shifted Legendre polyno-
mials to approximate the unknown function, and the fractional-differential operator of
this truncated series is expanded by shifted Legendre polynomials themselves (see,
Theorem 2.2), and then the coefficients of this series are taken to be equal to the coef-
ficients of the right-hand side expansion. Let us denote

Page 6 of 19
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N
un(x) = Y aily(x), a=(aoar,... )",

j=0
gkz(glLt,k)w,r k=0! ]-/-~-/N_m/

T
g = (g()r.gl/ .. ~r.gN7mr507517 e rsmfl) ’

then (18), (19) can be written as

r—1
Za] |: D L,](x) Ltk(x) t Z% DﬂlLt](x) sz(x))

j=0 (20)
#11(Lj (), L), | = (8 Lk(®),,,0 R =0,1,.. N =m,
Za]L(qO)(O) = 5o,
Za]L(ql)(xl =5, i=1,2,...,m—2, (21)
Za]L(ﬂm 1)(t) = Sp_1.
We define the following square matrices
A = (ax)o<kjeN, B'= (bij)0<k,j<N;i=1,2 44444 r—1
C = (crj)o<kj=n, D = (dij)o<kj=<N-
Therefore (20) and (21), are equivalent to the matrix equation
r—1 .
(A +Y yiB + % C+ D) a=g (22)
i=1

where the nonzero elements of matrices 4, B, i = 1, 2,.., 7 - 1, C, and D are given
explicitly in the following theorem.
Theorem 3.1 If we denote

agj = (DL j(x), Leje (%)), b;zj = (DﬂiLt,j(x)th,k(k))wtz cj = (Lij(x), L (x))w,, for 0 < k

< N-m, 0 < j < N, then the nonzero elements of (ay), (b;;]-), (ckj) are given by

akj:ht,k Hl/(jrk)r k:O,l,_._,N—m,j=m,m+1,...,N, (23)

sz=ht,k Hﬁi(j/k)/ k=0/1/~-~/N_m/j= |—/3i-|/|—/3i—|+ll~-~/Nl
i=1,2,...,r—1,

(24)

Ckk=ht,kr k=0,1,..., N—m. (25)

Moreover, if we denote by dyj, 0 < k, j < N the elements of the square matrix corre-
sponding to the multi-point boundary conditions, then the nonzero elements of d; are
given by

Page 7 of 19
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(1)U 0+ go + 1)

AN—ms1i = ,j=0,1,...,N,
N = g (= go + 1)T(qo + 1)
j H l_qle—N+m—1
y L+ 1+ 1), o
dkj - Z (_1)] 1 l ) k—N+m—1 ,
y U0 = 1+ DF(+ DO = Gt + 1) (26)
=(dk—N+m—1
k=N-m+2,N—-m+3,...,N—1,
NG 1 +1
dn,j U dnr + 1) i=0,1,...,N,

" 0 T = Gy + D) (G +1)"
Proof. The square matrix A is defined from the bilinear form:

(D"Lyj(x), Lig(x)),,, k=0,1,...,N—m, j=0,1,...,N,
ap: = t
o, k=N-m+1,...,N,j=0,1,...,N,

and its nonzero elements are

t
i = (DL (%), Li(x)),, = / DY Lj(x) Lo (s (x)dx,
0

k=0,1,...,N—m, j=0,1,...,N,

Immediately, if we set 4 = v in Theorem 2.2, and we consider the only the first (N +
1)-terms shifted Legendre polynomials in relation (13), then we obtain

LN
arj = / D TG DLy ()L (X)wi(x)dx,  k=0,1,...,N—m,
1=0

j=Tv],[vl+1,...,N,

where I1,(j, /) is given in (14). By the orthogonality of the shifted Legendre polyno-
mials (8), we immediately with direct calculation observe that the nonzero elements of
aj; can be given as (23). The matrix Bifori=1,2,.,r-1and C defined by the

bilinear forms:

b - (DPLj(x), Lik(x)),, k=0,1,...,N=m, j=0,1,...,N,
y 0, otherwise,
(Lij(x), Lig(x)), . k=0,1,...,N—m, j=0,1,...,N,
Crj = W .
0, otherwise,

then due to (7) and making use of the orthogonality relation of shifted Legendre
polynomials (8), and after some manipulation, one can show that the nonzero elements

of bfgj;i =1,2,...,m—1, and ¢ are given explicitly as (24) and (25), respectively.

The matrix D corresponding to the treatment of multi-point boundary conditions

(21), its elements can be written as

0, k=0,1,...,N—m, j=0,1,...,N,
D@L ;(0), k=N-m+1,j=0,1,...,N,

DWL;(x;), k=N—-m+2,N-m+3,...,.N—1, j=0,1,...,N,
D(q’“")LL'j(t),k=N,j=0,1,...,N,

dy; =
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or in more convenient form

0, k=0,1,....N—m, j=0,1,...,N,
Qi DU@=xwm-1L, :(0), k=N-m+1,j=0,1,..., N, 27)
N7 DN L (N1 ), k=N —m+2,N —m+3,..., N-1, j=0,1,..., N,
DU-nwm-1)L, (L), k=N,j=0,1,..., N,

If we use the analytical form of shifted Legendre polynomial of degree i (6) and in
virtue of (4), then it can be easily shown that

(1) T(j+qo+1)

qog . = 28
PO = e = g0 + )P (g0 + 1)’ 29
J : TG+1+ 1) "
diT . (x:) = _ 1y 1
D¥Le(xi) leqv DG — s )ras ra—gi+ 1y’ 29
quilLt,j(t) _ LG+ dm-+1) (30)

tqm—lF(j — (qm-1 + l)F(qm,l + 1)

The substitution by (28), (29), and (30) into (27), gives the nonzero elements of d;; as
mentioned in (26).

4 A quadrature shifted Legendre tau method
In this section, we use the Q-SLT method to solve numerically the following FDE with
variable coefficients

r—1

DVu(x) + Z Yi(x)DPu(x) + yr(x)u(x) = g(x), «inl=]0,t], (31)
i=1

subject to the multi-point boundary conditions (16).

It is worthy to mention that the pure spectral-tau technique is rarely used in prac-
tice, since for variable coefficient terms and a general right-hand side function g one is
unable to compute exactly its representation by Legendre polynomials. In fact, the so-
called pseudospectral-tau (quadrature-tau) method is used to treat the variable coeffi-
cient terms and right-hand side, (see for instance, Funaro [17]. In fact, Doha et al. [37]
used a quadrature Jacobi dual-Petrov-Galerkin method for solving some ordinary dif-
ferential equations with variable coefficients but by considering their integrated forms.
Moreover, Bhrawy et al. [19] introduced a quadrature shifted Legendre tau method for
developing a direct solution technique for solving multi-order fractional differential
equations with variable coefficients with respect to initial conditions.

If we denote by xy,(x;n), 0 < j < N, and @y (W), (0 < j < N), the nodes and
Christoffel numbers of the standard (respectively shifted) Legendre-Gauss-Lobatto
quadratures on the intervals [-1, 1] and [0, ], respectively. Then one can easily show
that

t
Xt,N,j = (xN,' + 1)'
A 0<j<N, (32)

WDNj = 2 WN,j»r

Page 9 of 19
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and if Sy[0, t] denotes the set of all polynomials of degree at most N, then it follows
that for any ¢ € Son, 1[0, 2],

t 1
[ o= [ (e ) as
: ) &3
t N t N
=, Z oN,jP <2 (xnj + 1)) = Z @,NjP(X,N)-
=0 =0

According to Legendre-Gauss-Lobatto quadrature, xp;; are the zeros of (1 - x%)0, L,
and

2 1

NN+ D) (o) O

ZD'N,]' =

We define the discrete inner product and norm as follows:

N
(V)N = Y u(x N )VE N BN Ul = \/ (1, 1), - (34)
k=0
Obviously,
(u, V)N = (W, V)w, YU, ve Sn_1. (35)

Thus, for any u € Sy[0, ], the norms lull,, n and [lull,, coincide.
Associating with this quadrature rule, we denote by I[L\; the shifted Legendre-Gauss-

Lobatto interpolation,
L, .
Igulxin,) = ulxng), 0<j<N.

The quadrature tau method for (31) subject to (16) is to find ux € Sx[O, ] such that

r—1

(D"un, Lyi (%)), o+ Z (vi(x)DPrun, L‘rk(x))w,,N + (vr(x)un, Lt,k(x))me 6
i=1

= (8 L), v k=0,1,...,N—m,

and
Za]L(qO)(O) = So,

Za]L(q‘)(x, =5,  i=1,2,...,m—2, (37)

Za]L(ﬂm 1)(t) =Sy 1.

Page 10 of 19
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where (.,.) is the discrete inner product defined in (34). Let us denote

N
un(x) = Y _ajLij(x), a=(apay,...,an)",

j=0

then equation (36) can be written as

N r—1
[(D Lij(x), L)), + 3 (n(0)DPL(x), L)),
j=0 i=1 (38)

+(r (¥)Lej (%), Lt,k(x))wl'N:I = (& Lip(®) v k=01, N —m,

Now it is not difficult to show, by using (13), that the variational formulation (38) is
equivalent to

N r—1 N
[(D Lij(x), Lie(x)),, + Z (y,'(x) > TG, l)L[,l(x),Ll,k(x))
wy, N

j=0 i=1 1=0

(Lo (x), L)), N] (8 Lk(x)) s k=01, N —m,

(39)

subject to (37) which may be written in more convenient form (27). Let us denote

8k = (gl Ll,k)wl,Nl k= 0/ 1,... IN —m,
g= (80181, e 8N—msS0s - - - /Sm—l)Tr

Ei = (e;'gj)0<k,j<N;i=1,2 ..... —1, F= (fkj)O<k,j<Nr

where
N . .
(y,-(x) > g, l)Lt,l(x),Ll,k(x)) ,k=0,1,...,.N—m, j=0,1,...,N
e;‘{, = 1=0 wy, N
1 i=1,2,...,r—1,
0, otherwise,
fi = (v (¥)Lej(x), Lek(x)) v k=0, 1,... ,N=m, j=0,1,...,N,
77 1o, otherwise.

Thereby, we can write (39) and its multi-point boundary conditions in the following

matrix algebraic system form

r—1
(A+ZE1’+F+D>a=g, (40)

i=1

where A and D are given in Theorem 3.1, while E5; i = 1, 2,..., 7 - 1, and F are given
explicitly in the following theorem.

Theorem 4.1 If we denote e;;j = (¥i(x)DPLyj(x), Leje(%))won, k= 0, 1, ., N - m, j =
0,1,.,N,i=12,..,r-1, and fkj = ()/r(x)Lz,j(x),Lt,k(x))w,,N, k=01, N-m j=01,.,

N, then the nonzero elements of (e;;j); i=1,2,..,r-1and (cy) are given by

Page 11 of 19
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1=0
j=T1Bi1.181+1,....N, i=1,2,...,1—1,

N N
€l = Y @i vilkenp) (Z g, (s l)L:,z(xt,N,p)) Lor(xenyp), k=0,1,...,N—m,
p=0

N
fii = > i pve(xinp)Loj(xinp)Lie(Xing), k=0,1,...,N=m,j=0,1,...,N.
p=0
Proof. The proof of this theorem can be accomplished by following the same proce-
dure used in proving Theorem 3.1.
Remark 4.2 In the case of yi(x) = 0, i = 1, ..., r, the linear system (40), can be solved

=1
by forming explicitly the LU factorization; i.e., A+ Y E'+F+ D =LU. The expense of
i=1

calculating LU factorization is O(N°) operations and the expense of solving the linear
system (35), provided that the factorization is known, is O(N?).

5 A shifted Legendre collocation method for nonlinear multi-order FDE

Since the collocation methods approximate differential equations in physical space, it is
very easy to implement and adaptable to various of problems, including variable coeffi-
cient and nonlinear differential equations (see, for instance [16]). In this section, we
use the shifted Legendre collocation method to numerically solve the nonlinear multi-
order FDE with multi-point boundary conditions, namely

D"u(x) = F(x, u(x), D' u(x), ..., D*u(x)), xel, (41)
subject to (16), where m1 - 1 < v < m, 0 <d; <y < = <y <V.
We approximate the solution in the form un(x) = g{;ath,j(x), then, making use of
i=
formula (13) enables us to express explicitly the derivatives
DVu(x), D®'u(x), ..., D%u(x) in terms of the expansion coefficients a; and the shifted

Legendre polynomials.
The shifted Legendre collocation method for (41) is to find ux(x) € Sy[0, £] such that

N N
Z aiD" Ly j(xe,N—ms1,k) = F | %eN—met s Z Ly j (Xt N—m+1,k) s
j=0 j=0

(42)

N N
ZajDlet,j(xt,N—mafl,k)/ R ZajDskLl,j(xz,N—mH,k) , k=0,1,..., N—m.
=0 =0

The previous equation means (41) is satisfied exactly at the collocation points

xg‘[’\f_)m%k, k=0, 1,.., N - m. equation (42) constitutes a system of N - m + 1 non-

linear algebraic equations in the unknown expansion coefficients aj; j = 0,1,..., N, also
the treatment of the multi-point boundary condition (16) constitutes m linear algebraic
equations in the unknown expansion coefficients a; j = 0,1,..., N (see, equation (21)),
the combination of these two algebraic systems can be solved by using any standard
iteration technique, like Newton’s iteration method.

Remark 5.1 The algorithms introduced in this article can be well suited for handling
general linear and nonlinear fractional-order differential equations with initial or two-
point boundary conditions.
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6 Numerical results
In this section, we give some numerical results obtained by using the algorithms pre-
sented in the previous sections.

We consider the following examples.

Example 1 Consider the linear fractional differential equation

D'u(x) + aD"u(x) + bD"" + cu(x) = f(x),

(43)
O<v <1, 1<v$y<2 3<v<<4,
and
2 2b b
flx) = 4 X2V 4 2 x4 C(JC2 —Xx),
3 —mwn) r3s—mw) re2—-mwm)
subject to the following three types of four-point boundary conditions:
« The first type:
u(0)=0, u/(0.25)=-0.5, u/(0.50)=2, u(1)=0. (44)
o The second type:
u'(0) =2, 4/(0.35)=-03, 1/(0.75)=0.5 u'(1)=2. (45)
o The third type:
u(0) =0, 1/(0.35)=-03, u"(0.75)=2, u”(1)=0. (46)

The analytic solution of this problem is u(x) = 2% -« Regarding problem (43) subject
to the three types of multi-point boundary conditions (44)-(46), we study two different
cases of a, b, ¢, v 1, Vo, and .

eCaselia=1,b=1,c=1,v; =077, v, = 144, and v = 391.
eCasell:a=6,b=-3,c=-4,v, =05 vy,=15 and v = 3.5.

Table 1 lists the maximum absolute errors using SLT method, with various choices
of N, for solving equation (43) subject to the first type of multi-point boundary condi-
tions (44) and the two previous cases. While in Table 2, we present the maximum
absolute errors using SL'T method, with various choices of N, for equation (43) subject

Table 1 Maximum absolute error using SLT of (43), (44) for Case | and Case Il and
various choices of N

N SLT for Case 1 SLT for Case 2
4 182 x 107 126 x 10
8 375 x 10° 222 % 10°
16 197 x 107 201 x 10°
24 109 x 107 133 x 10°
32 491 x 10°® 392 x 107
40 273 % 10° 175 x 107
48 185 x 108 129 x 107
56 126 x 10°® 723 x 10%
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Table 2 Maximum absolute error using SLT of (43)-(45) for Case | and Case Il and
various choices of N

N SLT for Case 1 SLT for Case 2
4 121 x 107 192 x 107
8 130 x 10° 598 x 10
16 195 x 10™ 870 x 10
24 7.90 x 10° 262 x 10
32 378 x 10° 110 x 107
40 232 x 10° 573 x 10°
48 115 % 10° 333 x 10°
56 104 x 10° 210 x 10°

to the second type of multi-point boundary conditions (45). Moreover, the maximum
absolute errors, using SLT method for equation (43) subject to the third type of multi-
point boundary conditions (46) and the two cases of a, b, ¢, vy, v,, v with various
choices of N are presented in Table 3.

Example 2 Consider the initial value problem of fractional-order

D"u(x) +u(x) = x* + F(32— v)xz_”, u(0) =0, (47)

whose exact solution is given by u(x) = x%

In the case of v = 0.01, 0.10, 0.50, 0.99, the maximum absolute errors of u(x) - ux(x)
for the initial value problem (47) by using the SLT method with various choices of N
is shown in Figure 1.

Example 3 Consider the boundary value problem for fractional differential equation
with variable coefficients

1
D"'u(x) + sin(x)D2 u(x) + e*u(x) = f(x), (48)
subject to the following two types of three-point boundary conditions:
o The first type:

w(0)=0, u(0.5)= —2;6, (1) =1, (49)

Table 3 Maximum absolute error using SLT of (43)-(46) for Case | and Case Il and
various choices of N

N SLT for Case 1 SLT for Case 2
4 183 x 107 762 x 107
8 962 x 10° 564 x 107
16 133 x 10° 123 x 10*
24 443 x 107 517 x 10°
32 229 x 107 268 x 107
40 130 x 107 158 x 107
48 911 x 10% 103 x 10”
56 634 x 10% 718 x 10°
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2 g

—+—— v=001

—— v=0.10

& y=050

~ Ln (maximum absolute error)

—a—— v=0.99

N (N from 4 to 48)

Figure 1 Maximum absolute error of u(x) - uy(x) for different values of v and various choices of N
for Example 2.

» The second type:
/ 3 7
u(0)=0, u'(0.5)= “ca U (1) = 14, (50)
and

sin(x) (32768 15 2048 13
f(x) = 336x° — 210x° + ¥ (x® — x7) () < 2 — x2 ) )

+ X
Jm \ 6435 429
One can easily check that u(x) = x® - x” is the unique analytical solution.

In Table 4, we list the LLZUL,L;’,OL, and HLIUL errors of (48) subject to the first type of

boundary conditions, using the Q-SLT method with various choices of N. It is notice
that only a small number of shifted Legendre polynomials is needed to obtain a satis-
factory result. The results of L}, , Ly, and H,, errors of (48) subject to the second
type of boundary conditions is given in Table 5. The approximate solution obtained by
the Q-SLT method at N = 8 for (48) with the second type of boundary conditions is
shown in Figure 2 to make it easier to compare with the analytic solution.

Example 4 In this example, we consider the following nonlinear differential equation

D*?u(x) + DPu(x) + D*u(x) + u(x)® = f(x), (51)

O<a<l1l 1<B=<2,

Table 4 L7 , L%, and H], errors using Q-SLT method of (48), (49) for N = 4, 8, 12, 16

N L2-error Leo-error H,-error

4 318 x 107 487 x 107 1.05 x 10°
8 277 x 107" 244 x 107" 128 x 107°
12 463 x 107" 485 % 107" 470 x 10"

16 414 x 107'° 145 x 10'° 643 x 107°
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Table 5 L , L, and H, errors using Q-SLT method of (48)-(50) for N = 4, 8, 12, 16

N L2-error L™-error H,-error

4 179 x 107 147 x 107 693 x 10"
8 145 x 107" 336 x 1072 127 x 107
12 841 x 10"° 442 x 107 551 x 1074
16 407 x 107'° 776 x 107° 523 x 107°

where
208 2538 253 %
f(x)

Tr(1.8) ' r@-g) rd—a) 27’
subject to the following three types of three point boundary conditions
« The first type:

u(0)=0, u'(0.6)= 295, u(l) = ; (52)

o The second type:

u’(0)=0, u(0.6)= 295, u(1) = ; (53)

o The third type:

u(0)=0, u(0.7)= ;4090, u’(1)=2. (54)

3
The exact solution of (51) is u(x) = 3; .

0.00

— Exact Solution

—=0.01

Spectral Solution

-0.02

u(x)

—-0.03

—0.05 L L L L L L L L L L L L L L L L I L L L I

X

Figure 2 Comparison of the approximate solution uy(x) at N = 8 and u(x) for Example 3.
A
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8.x10°8 F . . . . . . . . . . . . . . . -

6.x1078 = 3

4.x1078 -

Absolute error

2.x107%

0.0 ‘ ‘ ‘ 0.2 ‘ ‘ ‘ 0.4 ‘ ‘ ‘ 0.6 ‘ ‘ ‘ 0.8 ‘ ‘ ‘ 1.0
Figure 3 Absolute value of u(x) - uy(x) for the first type of boundary conditions at N = 20 for
Example 4.

In this example we take o = 1.25, and 3 = 0.75. The absolute errors of u(x) - up(x)
for (51) subject to (52) and (53) for N = 20 are shown in Figures 3 and 4, respectively.
Absolute errors between exact and numerical solutions of (51) subject to (54), using
the SLC method for various choices of N, are introduced in Table 6.

7 Conclusion

We have presented some accurate direct solvers for the multi-term linear fractional-
order differential equations with multi-point boundary conditions by using shifted
Legendre tau approximation. The fractional derivatives are described in the Caputo

1.x107 -
8.x107% -

6.x1078 -

Absolute error

4.x107%

2.x107% -

00 02 s TTee o TTTTTas T T
Figure 4 Absolute value of u(x) - uy(x) for the second type of boundary conditions at N = 20 for
Example 4.

A\
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Table 6 Absolute error of u(x) - uy(x) using SLC of (51) subject to the third type of
boundary conditions for various choices of N

N SLC for N =4 SLC for N = 12 SLT for N = 24
00 138 x 107 142 x 107 162 x 107"
0.1 484 x 107 787 x 10° 184 x 10°
0.2 894 x 10 142 x 10 332 x 10™
03 122 x 107 191 x 10* 446 x 10°
04 147 x 10° 225 % 10% 530 % 10°
05 164 x 107 249 x 107 585 x 107
06 173 x 10° 262 x 10 6.16 x 10°
0.7 176 x 10° 266 x 10 6.25 x 10™
08 174 % 10° 262 % 10° 6.17 x 10°
09 167 x 10° 251 x 10 593 x 10°
10 159 x 107 235 % 107 555 % 107

sense. Moreover, we developed a new approach implementing shifted Legendre tau
method in combination with the shifted Legendre collocation technique for the numer-
ical solution of fractional-order differential equations with variable coefficients. To our
knowledge, this is the first study concerning the Legendre spectral methods for solving
multi-term FDEs with multi-point boundary conditions.

In this article, we proposed a numerical algorithm to solve the general nonlinear high-
order multi-point FDEs, using Gauss-collocation points and approximating directly the
solution using the shifted Legendre polynomials. The numerical results given in the pre-
vious section demonstrate the good accuracy of these algorithms. Moreover, the algo-
rithms introduced in this article can be well suited for handling general linear and
nonlinear mth-order differential equations with m initial conditions. The solutions
obtained using the suggested algorithms show that these algorithms with a small num-
ber of shifted Legendre polynomials are giving a satisfactory result. Illustrative examples
presented to demonstrate the validity and applicability of the algorithms.
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