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Abstract: We extend the operational matrices technique to design a spectral solution of nonlinear
fractional differential equations (FDEs). The derivative is considered in the Caputo sense. The
coupled system of two FDEs is considered, subjected to more generalized integral type conditions.
The basis of our approach is the most simple orthogonal polynomials. Several new matrices are
derived that have strong applications in the development of computational scheme. The scheme
presented in this article is able to convert nonlinear coupled system of FDEs to an equivalent S-lvester
type algebraic equation. The solution of the algebraic structure is constructed by converting the
system into a complex Schur form. After conversion, the solution of the resultant triangular system
is obtained and transformed back to construct the solution of algebraic structure. The solution of
the matrix equation is used to construct the solution of the related nonlinear system of FDEs. The
convergence of the proposed method is investigated analytically and verified experimentally through
a wide variety of test problems.

Keywords: approximation; numerical simulation; iterative methods

1. Introduction

Fractional calculus has a long and rich history. Its wide range of applications made
this field an active area of mathematical research. Frequently investigated properties of
FDEs include existence and uniqueness problems, multiplicity of solutions, stability of
solutions and analytical study of the analytical properties of solution. Parallel to these area
of research, one of the most explored and interested areas of research in this field is the
design of new numerical methods for finding the approximate solutions to problems of
this category. Many scientists and mathematicians are trying to design efficient and reliable
techniques to find possible estimates to solutions of FDEs or their coupled systems.

There are many analytical, semi-analytical, numerical, and spectral approximations
of solution to FDEs and their coupled systems. Among others, one of the easiest method
is the differential transformation method (DTM). In [1], DTM is successfully applied to
solve simple nonlinear FDEs with simple initial conditions. In [2], DTM is designed to
solve the fractional-order counterpart of Korteweg De Vries (KDV) equation. The method
is further improved for the solution of fractional-order boundary value problems in [3].
Solutions to fractional-order boundary value problems are also attempted with analytical
methods such as the homotopy perturbation method; see for example [4-6]. The Adomian
decomposition method is also a powerful analytical method [7-9]. Spectral methods have
gained the attention of scholars in recent decades. Compared to other methods, spectral
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methods are easy to design and implement [10-20]. The availability of a wide range of
orthogonal polynomials makes this method more interesting. They have the ability to solve
fractional order problems, whose solutions are difficult or sometimes impossible to obtain
with other traditional methods. For new readers, we strongly recommend studying the
results obtained in [21-26] for a clear understanding and developing a good base. However,
to the best of our knowledge, the spectral method becomes difficult and sometimes fails to
handle the situation when boundary conditions are given in more complicated forms such
as local conditions, nonlocal m-point terminal conditions, integral type terminal conditions,
and radiation boundary conditions. Such conditions have solid application in various
problems of traveling waves, heat conduction and electromagnetism. One can find a good
example of application of integral type boundary condition to heat conduction phenomena
in a rod of fixed length in a recent article [27].

Nonlocal FDEs arise in mathematical modeling of various problems in physics, en-
gineering, ecology, and biological sciences [28-30]. Some of the numerical investigations
regarding FDEs with nonlocal constrains are discussed in [31-35]. Numerical approaches
such as finite difference and radial base function also remain a focus of interest. Application
of these methods to one-dimensional heat-like equations has been studied in [32,36-38].
Two-dimensional diffusion problems [33,39,40] and Laplace equations with integral con-
straints are explored in [31].

Keeping in view the increasing interest of mathematicians in fractional calculus, we
are strongly motivated to design a new spectral approximation technique for complicated
problems such as

7

‘Du(t) = f(u,0,u1),0(12)
‘D2o(t) = g(u, o, u(mM), y(12)),

u(0) = uy, u(t) =m /0“’1 s(u(t)dt, 0 <wy <7, .

Wy

v(0) = vy, o(t) = m2/0 r(t)o(t)dt, 0 < wy <T.

where 0 < 71,72 < 1,1 < 01,00 <2, t € [0, 7]. The scalar functions u(t) and v(t) are the

solution to be determined. f and g are nonlinear functions of u(t), v(t) and its fractional

order derivatives and is assumed to be in such a form that the solution of the problem exists.
We start our discussion by introducing some definitions and preliminary results.

2. Preliminaries

The following definitions and notations are important for our further analysis. More
details and theoretical understanding of these results, see [41-45].

Definition 1. The Riemann—Liouville a—order integral of ¢ € (L'[a,b], R) is defined by the
following relation.

I*¢(t) = r(la) /at(t — ) Lp(s)ds,

Definition 2. For ¢(t) € C"[a, b], the a order Caputo derivative is defined as

t (n)
cDa¢(t) — 1 ) /a ( 4) (S) dS,

I'(n—ua t—s)atl-n

n—1<a<n,né€N,

where n = [a] 4 1.
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From the above definition, it is easy to extract b = r(rl(i;ri)a) e fora > 0,k > 0,
‘D*C =0, and
F(1+b) ,_
cprh = = "7 b g b > al. 2
T(1+b—a) orb > [a] @

The Shifted Legendre Polynomials (LP)

These polynomials play a central role in approximation theory. Generally, these
polynomials are defined on the domain [0, 7], which is given by

I
HOED IS (©)
=0

where
1 (—=1)*0 (1 + b)!
o) = (1 = b)1eb(br)2

These polynomials enjoys a very important property of orthogonality on the domain [0, 7],
which is expressed mathematically as

(4)

[ orena = FF HE20 ®)
o ' 0, ifi #j.
By using Equation (5), any s(t) can be expressed in terms of LP as
m T
s(t) ~ Y cpf(t), where = @/ s(t)pf (t)dt. (6)
1=0 0
The above equation has an equivalent vector representation given as
s(t) ~ CmAM(?), )
where .
Au(t) = [ p5(t) p1(8) - pf(t) -+ pu(t) ] ®)
and
CM:[CO €1 - G - Cm] )

The following useful constant is important in the derivation of the operational matrices.
We only recall the definition of the constant. The detailed derivation of which can be found
in [25].

Lemma 1. The integral of product of any three LP is a constant, represented by, o115, defined as

‘ (i)
|| T 0er @i ar = oi",

where
k

R
Pl =33 Y TawTimIin Yapn:

a=0p=0r=0
1) are as defined in (4) and

e

r(at+p+r+l)

Yaps) = (a+p+r+1)

The constant defined above is important in the solution of FDEs. We recall one more
important result of the Legendre polynomials, which is their application in the study of
convergence and developing of error bounds.
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Theorem 1 ([21]). Let [Ty be the space of M terms Legendre polynomials and let u(t) € C™|[0,1],
then uy, (t) is in space [1yy; then, for the m term approximation,

= io ot (1),

there exists a constant C such that

ok = 1™,

and

. 2 - 2

-y api (O < ) Awc,

i=0 k=m+1

where A1 T
ck=4%§fé w(Opr(Hdt, Ay =k(k+1).
C is constant and can be chosen in such a way that u®™) belongs to [Ty, where u(™) is

defined as

ul™ = z(um=y = zm(u)

where Z. is storm livoliel operator of legendre polynomials with u©) = u(t).

In the next section, we first recall some of our previously designed operational matrices
and then develop new operational matrices.

3. Operational Matrices (OP)

OP acts as a basic block in developing approximation techniques. The purpose of
operational matrices is to replace a given derivative term with its matrix notation. The
following matrices are important in our further investigation.

Lemma 2 ([24]). Let A},(t) be the function vector; the a order integration is generalized as

I (A () ~ S A (8),

where H} 7, \, is the OP of integration, defined as

HX/ID‘XM - [ ®i,j,‘r ]’

where
T(a+1)
I]T_Zs(a,] (i,a) a+a+l)
where
s (2]+1 i 1)]+l(]+l) (T)a+l+zx+1
(af) = ()G -D2@a+l+a+1)

Corollary 1. The error |Epg| = |1*u(t) — CpH L AL, ()| is bounded by the following relation

o0 m
|Eml <1 ). a{)_Ouc}
a=m+1 i=0

Proof. Consider .
t) =) caps(t)
a=0

Then, using the previous result, we get
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) m
t) = Z Ca Z @a,j,rP]'T(t)
a=0 j=0
Simplifying the above estimate
2 Ca 2 O j,0j (t Z Ca Z Oj b (¢
j a=m+1 j=0
In matrix notation
I“u(t) — CpvHGL, AR (E Z Ca Z O2p; (t)
a=m+1 j=0
Using the fact | p]T(t)| < 1fort € [0, 7], therefore, we can write
[1*u(t) — CuH ppAM ()] < | Z Ca Z®u]’f|
a=m+1 j=0

O

Lemma 3 ([24]). Let A}(t) be the function vector as defined in (8); then the derivative of order o
of A},(t) is generalized as
‘DY(A3 (1) = Gy A (D),

where Gy, \, is the operational matrix of derivative of order o, and G} ,, is defined as
Gitxm = [ Pijir ]
where .
- I'(k+1)
Dije= Y, Su) ik T ey
7 ©NERT (k=0 +1)

with CDi,j,T =0ifi < [o].
Furthermore, 1 v is similar as defined in (4) and

2] + 1 j ]+l(] + l)!(T)k-‘rl—O'-‘rl
5 (k,j) Z z :
= (G-I (k+1—-0+1)
Corollary 2. The error |[Ey| = |*D7u(t) — CpmG 7, A, (8| in approximating D”u(t) with
operational matrix of derivative is bounded by the following.

o0 m
Eml <1 Y. wd ), ®ijc}l
k=m+1  i=[o]

Proof. The proof of this corollary is similar as Corollary 1. [

Lemma 4 ([24]). Let u(t) and ¢y, (t) be smooth functions that are well-defined on [0, T]. Then
¢n(t) “D7u(t) = WyBg A (t).

where W is the Legendre coefficients vector of u(t) as defined in (7) and

o _ T,0 T/(/’n
B GMXM]MXM'
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=805

where .
~ =~
O = ,;) D)

The matrix G}, is the operational matrix of derivative as defined in Lemma 3; the entries of

matrix ];f;M are defined by the following relation

2j+] m (ilj
2 Ci ,,])_
i=0 v

Qquj =

and c; = [y ¢n(t)pi(t)dt.

Corollary 3. Theerror [Ep| = |¢n(t)°Du(t) — CpBg A}, ()| inapproximating ¢n (t)°Du(t)
with operational matrix of fractional derivative with variable coefficient is bounded by the following.

i M e
[Eml <1 ) ) Ol
k=mtl =0

Proof. Consider

u(t) = Y cepf (1),
k=0

Then, using the relation above, we get

Truncating the sum and writing in modified form we get

m m ,./\\ [o¢] m —
Pn(H)D7u(t) = ) ck } Ouppi ()= Y ) Oy pf(t).
k=0 j=0 k=m+1  j=0
We can also write it in matrix form as
o] m ’_/\\
¢n(H)°D7u(t) — CuBg, Al() = ) ok ) O p; (1)
k=m+1  j=0

sl M e
|@n(H)°D7u(t) — CuBG AL(D] < | Y ) O .
k=m+1 j=0

Furthermore, hence the proof is complete. [J

The above matrices have been successfully applied to solve fractional-order differential
equations (FDEs) under the effect of initial conditions. However these matrices do not
have the ability to solve FDEs with integral types of boundary conditions. Therefore, the
invention of new matrices that can easily handle integral types of boundary conditions are
of basic importance. In the forthcoming discussion, we will design two new operational
matrices having the ability to deal with integral type boundary conditions.
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Lemma 5. Let s(t) be a known function well defined on [0, T] and ¢! (t) = ct" be a polynomial
then, for a function vector Ay, (t) as defined in (8), the following result holds

#(0) [ At = QAT ()

(£)

. c,n,s . .
where the matrix Q. is given as

Qoo Qo) Qo,m)
Q Q Q
c,n,s (1,0) (1) )
@MXM) = :
Qmo) Qmy) Qm,m)

where
Tcd Tr+n+l:[ )

j
Oy
() = ; 2i+1) r—l—n+1)’

d; is the Legendre coefficients of the function s(t) and 1; ) is as defined in (4).

Proof. Let s(t) be approximated with Legendre polynomials, as
m
=) dig!(t)
=0
We can write the i*" term of ¢! (¢ fo t)dt as

t”/ Zdlpl dt—ct"Zd, /T [(H)pF (t)dt,

B Tcdlt”
2417
The polynomial T;lil can be expressed as a series of Legendre polynomials as

Ted;t" i
2i+1 2 Gt
]:

where the constant (); ;) is given by

Ted; [T
Q(i,]) = 21 T 1 p ( )i’ndt

Using the definition of p]T(t) and after simplification, we can write

r+n
Q) = 21+1 ”/t dt,

TCd Tr+n+1j

J
; 2i+1) r—f—n—f—l)'

Simulating the result fori = 0: M and j = 0 : M completes the proof of the Lemma. O

Lemma 6. Let ¢! (n) = ct" be a polynomial then for a function vector A}, (t) as defined in (8);
the following holds

e (AM(T) = Ry A ()
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The matrix R};;), is defined as

3 0, f(o,l) e §(O,m)

REMT S0 S 0 Sm)
MxM — . . . .

Smoy Sy Smm)

Furthermore, the entries are defined as

T k+n+l+1j :l(

i
Sip = ;; n+l+1

]r)'

Proof. The general term of the equality can be written as

(Pc( ijk)T ct".

It can be approximated with Legendre polynomials

2 JapTiet" = ¥ 07 (1)
k=0 j=0
where .
T 1
Sij) :/0 Zj(i,k)rkct”p]?(t)dt.
k=0

Using the definition of Legendre polynomials we can write

j CTk+”+l+1:l(4 )](‘

_ ii ik)=(j.1)
_k:m:O n+l1+1 :

which completes the proof of the lemma. [

4. Application of Operational Matrices

The operational matrix method for the solution of fractional differential equations
is, in fact, a spectral method. The main aim of the spectral method is to convert a typical
differential equation to system of easily solvable algebraic equations, which can be solved
to obtain the solution in the series form of some orthogonal polynomials. The application of
these methods to nonlinear differential equations results in a nonlinear system of algebraic
equations, which can be solved using some iterative algorithms (the Newton—-Raphson
method is a frequently used method), see for example [46-53].

In this paper, we implement a different approach. We first use the Taylor series
method to linearize the nonlinear part f and g to convert the nonlinear fractional differ-
ential equation into a recurrence relation of linear fractional differential equations with
variable coefficients.
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4.1. Linear FDEs with Variable Coefficients

We first consider the following coupled system of linear fractional differential equa-
tions with variable coefficients

D7u(t) = co(t)u + c1(H)u" + ca (v + c3(t)oM) + h(t),
“D2u(t) = do(t)u + dq (H)ul") + dy(t)o + d3(£)o") + (1),
w(0) =up,  u(t) = m /0 “s(Bu(t)dt, (10)

v(0) = vy, o(T) =my /OT r(t)ov(t)dt,

where m; and mj; are some real constants. 0 < 71,72 < 1,1 < 0,00 < 2,t € [0, 7] and
ci(t),d;(t),s(t),r(t),h(t) and k(t) are bounded, continuous, and well-defined functions on
the domain [0, 7].

Assume the solution of (10) in terms of shifted Legendre polynomials, such that the
following hold

Du(t) = KpyAL(t), “DZo(t) = LyyAl(f). (11)

Applying fractional integral of order o on the first equation of (11) and making use of
Lemma 2, we can write

u(t) = KpHy L ARi(t) + eo + gt (12)

By the application of initial conditions, we get ey = 1, and to get the value of ¢;, we use
the integral-type boundary conditions, and after simplification it follows that

KMHX/[U;M (T) +ugt+eT =
T
m Ky HL /O s(t) AT ()dt

T T
+m / s(B)uodt + myey / s(D)tdt,
JO 0

er = — (KyHy T A (1)

T
— Ky HE /O S(DAL(H)dt — so),

51

where s; = (m fo t)tdt — 1) and sg = my fo (t)updt — uy.
Now using the Values of eg and e; in (12), we can write u(t) as

u(t) = KpyHyb AR () + uo+
t

T
; (KMH}—\;IU;MAR/I(T) — leMH;{?M S(t)AX/I(t)di’ — SO) ,
1 0

(13)

In view of Lemma 5 and Lemma 6, we can write Equation (13) as
1

u(t) =KuH A ()+KMH&”;MRZQX'MAT<>

- KMH;}&MQMxM Mm(t) +Frp A (t).

ml

where 1y — ss%t = F;A}(t). For simplicity of notation, we can write the above equations as

u(t) = Ky E® pr AL (1) + Fy AL (8). (14)
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where
(1) T 1,s(t)
EV MM = HMxM IMXM+RM><M QMXM

Repeating the same procedure for v(t), we can get analogous representation as
0(t) = LME® AL (1) + Fap Al (1) (15)
where y
) oL Ar(®)
EMixm = HX/I(EM(IMXMJFRMXM QMxM

Now, in view of (15), (14), (11), and Lemma 4, the equivalent matrix form for system (10) is
given as

KR (1) =KuE )y (B + BRI ) AR (D) +

Fu (B0 + By ) Ala(6)+

LMEJ(VI)XM (BﬁxM + B;\%E\/I)AX/IU)"'

Faus (B3 + B ) AR(8) + ZumAR (1),
LatAR (1) =KuE o (Bl + BTy ) AR(D)+

Fim (B?\BI,SM + B%’Z}w) A (B)+

LBy (B u + B3 ) AR(D)+

d
Faus (B30 + By T3 ) AR(8) + ZamAR (1)

(16)

Canceling out the common term and after simplification of notation, we can write

_ (1) co, Ly
Kum _KMEMXM (BI\%XM + B]\}lel\/I) +

B 0 B2

LMEMxM( Mxm T+ M><M) + Y1y

doo dl/h
M><M M><M

(17)
Ly =KyE{ (B

(2 d ds,y
L EMXM(BI\/ZIXM +BA§I><§\/I) + Yaum,
where

Yan = Fan (B5D yy + B3y ) +

Fum (B + BSiT ) + Zaw,
and . .
Yopm = Fapm (B 20+ BI&IZ?\/I) +
do,0 dq,
Fun (BYY 2y + BT ) + Zam
The above equations can also be written as
[Kyv Lm | =[Ku Ly |
EM (BCO/O + Bflm) ED (B0 4 Bd1m
E(?) (B2 + Be312) E(2) (B920 L Bds.72

+[ Yam Youm |

(18)



Entropy 2021, 23, 1154

11 of 24

We see that (18) is a linear system of matrix equations. By solving (17), we will get
the required coefficients vector Kjs and Lj;, which can be used in (14) and (15) to get
approximation to the solution of the main problem.

4.2. Nonlinear FDEs

Nonlinear FDEs cannot be directly solved using the OP method; however, combining
it with the quasilinearization method makes it easy to recursively solve nonlinear FDEs.
The procedure of this technique is as given as follows.

e  Approximate the initial solution, the solution of the linear part, by the method pre-
sented in previous section and name it 1 (t) and vy(t).

*  Linearize the nonlinear part at uo(t) and vo(t). This will convert the system of nonlin-
ear FDEs into a system of linear FDEs that is easily solvable with the method devolved.
Solve it and name the solution as u1(¢) and vy (¢).

*  Repeatstep 1.

Consider the following nonlinear FDEs.

‘Dlu(t) = f(u,0,um),0(12)),
‘D%2u(t) = g(u,v,uM),p(12)),

— _ [~ (19)
u(0) = ay, u(t) = s(Hu(t)dt, 0 < w1 <T,
0
w
v(0) = by, o(T) = / ’ r(t)o(t)dt, 0 < wy < T.
0
separating the linear and nonlinear parts, we get

CD”lu(t) — Ll(u’ v, u(’){l),v(’)?)) + Nl(u, 0, u(’h)’v(qq)),

(20)
CDUZU(t) — Lz(u’ v, u(/)/l)’ 0(72)) + Nz(u, v, u(f)/l), U(VZ) ),
First solve the linear part:
‘D%u(t) = Ly (u, U,u('Yl)/v('YZ)), o
CDUZU(t) — L2<u, 0, u(’h)’ 0(72) ),
Its solution is named u(t) and vg(t). The next step is to linearize the nonlinear part.
‘DM uy(t) = Ly(uy, 01, uﬁ”l),vg'”)) + Ni (1o, vo, uéﬁ),v(()”))
oN; oON;
+ (ug — MO)TMO + (01 — vO)TZ)()+
WM ) N (o) _ o)) Ny
oulr) PYNGEY
( )0 (72) ( 0) (72) (22)
‘D%vy(t) = Ly(uy,v1,uy"",0;") 4+ Na(ug, vo, uy"™, vy7*’)
N, N,
+ (u1 — MO)TMO + (o1 — Uo)aT)O+

ON, oN,
(ug’h) . u(()“n)) = + (0(72) - 0(72))

o, ! 0 av(()”) '
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We get a system of FDEs with variable coefficients. The whole process can be expressed as

‘D7uyiq(t) = L1(trg1, 041, uilll)/ vﬁlz]) )+
(71)’U£72))

Nl (ui’/ Oy, ul’

oN oN
+ (g1 — u,)aT: + (0r41 — vr)a—v:+
(1) _ ,(n)y_ 9N (12) _ (1)) 9N1
(i = ur ™) anl (041 =or™) 300
2
CDUZ’UI“Fl( ) - LZ(ur+1/ Or41,U £+1)/ ’05121))"‘ ( 3)
Na (ity, vy, 1t (’Yl) (72)) 4 (g — Mr)%
ou,
N2 () () 9N2
+ (0111 _UY)W + (U —uy )W
(12) _ (1)) ON2
+ (04 — v )avﬁm
The boundary conditions can be written as
w1
Uy41(0) = ag, ty41 (T) = / s(t)ity1 (H)d,0 < wy < T,
: (24)

w3
011(0) = b, 2 (7) = [ r(Bopsa (D0 < wp < .
It can be easily noted that (23) is fractional differential equation with variable coefficients.

5. Error Bound of the Approximate Solution and Convergence

In this section, we calculate a upper bound for error of approximation of solution with
the proposed method.

5.1. Error Bound for Single Differential Equation

Consider the following fractional differential equation.

Du(t) = co(t)u(t) +cr(H)u(t) +h(t), (25)

subject to the following initial and boundary conditions

u(0) = up, u(t) =m /()Ts(t)u(t)dt.

Our aim is to derive an upper bound for the proposed method. We have to calculate Ry,
defined as

Ry = [“D7u(t) = KmGpl A (B)]- (26)

The solution of the above problem can be written in terms of shifted Legendre series
such that

[e9)

‘Du( Zukpk =KuAy () + Y wpi(t). (27)
k=m-+1

Applying a fractional integral of order ¢, using an operational matrix of integration and
using Corollary (1), we can write

Ll(t) —Ccp—Ct = KMHMXM -i- Z Ck Z®zker . (28)
k=m+1 i=0
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Which can be simplified as

e} m
u(t) = KuHy Al (H) +ootert+ ) ue ) Oigerpi (1), (29)
k=m+1 =0

We know from (14) and the integral type boundary conditions that we can conclude,

u(t) = KmEmxmAp (f) + Fim Ay (f) + Z ukz®zkrpl ,
k=m+1 i=0

Assume that X = KyEprx a1 + Fi. Using Lemma (3) and Corollary (2), we can write

a(u(t)") = R BIAL (1) + 2 ukz z@m o Tm) (30)
k=m+1 i=0i'=

Approximating h(t) = A (t) + Yp_,, 41 feep (t) and using (30) in (25) we get
KiAj (1) = KB ARy (1) — X5 BE AR (1) = BAR () = Ru(b).

where Ry(t) is defined by relation

RM(t): Z ukpk( Z ”kZZ®1kT kl’sz()
k=m+1 k=m+1 i=0i'=
[e] /_/\ [eS]
D ukZZ@)zkr e+ Y fepR(®)
k=m+1 i=0i'= K'=m+1
Ry(t) = Z +ZZ®”{T lepz()
k=m+1 i=0i'=
Zz®lk’f kZ/Tpl )]+ Z fk’P;f/(t)
i=0i'=0 K'=m+1

Using the bounded property of Legendre polynomail, it follows that

[e9)

|RM(t)|S Z |uk||1+zz®lk‘[ le"’ZZ@zkr kz’ ‘+ Z |fk’ (31)

k=m+1 i=01'= i=0i'= kK'=m+1

In view of Theorem (1), it is evident that if the function u(t) and f(t) are sufficiently
smooth functions, then the sequence that defines their coefficient is convergent to zero.
Hence, we conclude that as m — oo the coefficients u,, — 0 and f,, — 0. Hence it can be
easily observed that the error |Rys(t)| — 0. Equation (31) also establishes an upper bound
of the error between the exact and approximate solution.

5.2. Error Bound for Coupled System of Fractional Differential Equations
Consider the following system of FDEs.

D7u(t) = co(H)u(t) + c1 (H)o(t) + ca(H)u () + c3(H)o () + h(t),

(32)
D70(t) = do(t)u(t) + dq(t)o(t) + da(H)u(t) ) + da()o(t) V) + g(t),
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subject to the following initial and boundary conditions

w0) =uo,  u(t) =m /()Ts(t)u(t)dt.

2(0) = 2o, o(t) = my /0 F(E)o(t)dt.

Our aim is to derive an upper bound for the proposed method. We have to calculate R},
and Rj,;, defined as

Rjy = "D7u(t) = KmuGyf, A (1),

M (33)
RY, = [*D70(t) — LG, AL (1)

We know from (14) that

u(t) = KmEmxmAp (f) + Fim A (f) + Z ukZ@)szpl ,

k=m+1 i=0
[ee]
0(t) = LMEpxmAy (1) + Fap AL (H) + ) o Z Oj,0; (£),
kemil =0

Assume, X = KyEyxm + F and Y = LyEpyxm + Fo. Using Lemma (3) and
Corollary (2), we can write

a(tu(t)") = K BIAY (1) + 2 ukzz@,h k”m)

k=m+1 i=0i'= (34)
0T BT AT SR ek S0
di(tyo() " = YIBI AL+ Y oe ). Y Ok Op) o ().
k=m+1  i=0i'=0

Approximating h(t) = DiA}(t) + X2, dkpf () and g(t) = DAY (t) + X324
dipf (t) and using (30) in (25) we get

KnARy (1) = KB, ARy (1) — Yy Be, Af () — Xy BL AL (1) — Yy BE AR (1) — D1AR (1) = Riy(h),
LiAj () — XiBY, Afa () — YiyBg Afa(H) — KB Ajy(H) — Yiy B Af(t) — DaAjy(t) = Ry (1)

where RY,(t) and R},(t) is defined by the relation

RK/I(t): Z ukpk + Z ukZZGIkTGkI’sz/ Z Ukzz®lk1—®kl,’rpl/()
k=m+1 k= m+1 i=01i'= k= m+1 i=0i'=
D “kZZ@lkT o PT(E) + Y Ukzz@m Lei+ Y dipf(t),
k=m+1 i=01'= k=m+1 i=0i'= k=m+1
0 0 /-/\\ 0 /-/\\
Z)M(t): 2 Z)kpk Z “k22®lkT kzrpl’ 2 vkzz®lkT kzrpl’<>
k=m+1 k= m+1 i=0i'= k= m+1 i=0i'=
(o)

). “kzz@zkr A ORE 2 kaZ@)sz OB 2 dipi (1)

k=m-+1 i=0i'= k=m+1 i=0i'= k=m+1
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Using the bounded property of the Legendre polynomial, it follows that

m m /'A\
|Ru ‘< Z |ukHl+ZZ®sz®](“T+ZZ®1kT le
k=m+1 i=01'=0 i=01'=
(e ] m m (0 f""\ [e]
Z |vk||22®zkr®k1/ +22®lk’f kzr|+ Z |dk|r
k=m+1 i=01'=0 i=0i'= k=m+1 (35)
o0 /-/\N
|RZI</I(t)‘S 2 |vk||1+zz®zkr +Zz®zkr /
le
k=m+1 i=0i'= i=01i'=
00 f-/\'\ /-/\\ o
Z |”kH ZZ@)zkr kz’ JFZZ@sz@kl/ ]|+ Z |d|
k=m+1 i=01'= i=01'=0 k=m+1

The above equation establishes an error bound for the solution u(t) and v(t). It also ensures
the convergence of the proposed method for the solution of coupled system of FDEs.

6. Test Problems

We solve one single equation, three systems of linear FDEs with variable equations,
and two systems of nonlinear problems, and analyze the convergence of the approximate
solution by measuring the following error norms.

1Bl = ¢ [ aa(t) — u(o)a

and
| Eullmax = maxyepo|Unm(t) —u(t)].

We check the accuracy of the boundary condition by measuring the following error norms.

Eally = () =y [ Una(e

In the above bounds, the quantity Uy,(t) represents the m— term approximation to the
solution u(t).

Test Problem 1.

“DY2u(t) = (1 +sin(t))u(t) + (2t — £)u7 (1) + f (1),

1
w(0)=4,  u(l) = 1.1216/ cos(H)u(t)dt,
0
where the exact solution u(t) = t3 + >+t + 4, and the source term
4
38683084397149375 5 (50 235 t+21 : N (d 32
f(t) = 378302368699(121664 ) - (sin(t) +£2) (#* — £+ 2 +4) -

13
150543064388819875 £ 10 (2t—+3) (400 £2—330 £+253)
22218508761632342016 :
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Test Problem 2.
‘D7u(t) = (t+1)u(t) + (1 — )u® (t) + (2t)ov(t)
+ () (1) + £(b),
‘Do(t) = (> + Du(t) + (1 — 3)ur (t) + (3t)o(t)
+ (P (1) + g(b),
w(0) =1,  u(l) =2.1270 /O sin(f)u(t)dt,
0(0) = -1, o(1) = —1.8925 /01 cos(#)v(t)dt.

where the exact solution u(t) = 2 + 3 + ¢f and v(t) = t* — t3 — ¢!, and the source term
f(t)=6t+e +2t (el =2+ ) —(t4+1) (e + 2+ )+ (t—1) (2t +e' +312) + 12 (e =2t 4 312)
+2 and g(t) = 3t(el =2 +1) —el —6t+ 13 (e! =2t +32) — (2 +1) (e +2+8) + (2 - 1)
(2t+e'+31%) 2.

Test Problem 3.
‘Du(t) =sin(t)u(t) + cos(t)u” (t)+
(sin(t) + cos(t))v(t) +sm(2t)v'( )+ f(1),
‘D%v(t) =(cos(2t)))u(t) + (tsin(t))u’(t)
+ (teos(t))o(t) + (Psin(t))0' () +g(t),
u(0) =0 u(l) =0.8 A eXsin(t)u(t)dt
v(0) =1 v(1) = 071 01 e~ 2cos(t)v(t)dt

where the exact solution u(t) = e'sin(t) and v(t) = e~fcos(t), and the source term f(t) =
2e! cos(t) — el sin(t)? — cog(t) (ef cos(t) +e! sin(t)) + sin(2t) (e ™! cos(t) +e ! sin(t)) — e cos(t)
(cos(t) +sin(t)) and g(t) = 2e~* sin(t) — te cos(t)* — t sin(t) (ef cos(t) +e! sin(t)) — cos(2) et
sin(t) + 2 sin(t) (e~ cog(t) + e ! sin(t)).

Test Problem 4.
D7u(t) = eBu(t) + e Hu (1) +
() e o(e) + 20/ (1) + (1),
“D7o(t) = (2 u(t) + (tel)u” (1)
+<f€“> (8) + () (1) + (1),
u(0) =1, 705/ (1= £)e2tu(t

0(0) = 1, o :10/0

where the exact solution u(t) = t*(2 — )% and o(t) = (£*)(3 - ) and the source term f(t) =
et (4t3 (t72)3+3t4(t72)2) — 1282 (t—2)° — 248 (t—2)2 - <t3 (2t— 6)+3t2(t73)2) -
342t —4) +tret (t-2)° — B (et +ef) (t—3)* and g(t) = 6t(t73) + 612 (2t—6)+28 —
tet (t—3)2% — £ sin(t) (t3(2t76)+3t2(t73)2) + e 2 (t-2) + tet (4P (t—2)° + 3¢
(t—2)%).
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Test Problem 5.
Du(t) = u(t) +o(t) +u?(t) + o ()’ (t) + f(¢),
‘Do(t) = u'(t) + o' (t) +o(t)* + u(t)u'(t) + g(t),
1(0) = 0, u(1) = 5.4069 /0 Csin(tyu(t)at,
v(0) =1, v(1) = 0.
where the exact solution u(t) = (#> +1)t? and v(t) = £3(1 — t), and the source term f(t) = t3 (t — 1) +

BRE-1)+£) 2t (P+1)+28) =2 (P +1) =4 (P +1)° + 122+ 2and g(t) =312 (t— 1) —

20(R41) 0 (t—1)2 —6t(t—1) =642 — 8B — 2 (R +1) (24 (R +1) +28).

Test Problem 6.
D7u(t) =(t+ Dult) + (1 — t)u'(t) + 2tv(t)
+ 120/ (1) +u(t)? +0' (' (1) =0 (1) + £(1),
D70(t) = (£ + 1)u(t) + (1 — £2)u' () + 3to(t)
+ 839 (1) + o(t)? + u()u' (1) — ut () + g (1),
u(0) =0, u(1) :0.6173/O (2t + 1)u(t)dt,
v(0) =1, o(1) = 0.7311/01(3t+1)v(t)dt.

where the exact solution u(t) = sin(t) and v(t) = ¢, and the source term f(t) = 3! —sin(t) +
cos(t) (t—1) — 2et — et cos(t) —sin(t) (t+1) —sin(t)? — 2tef and g(t) = ef —e2f — P et — cos(t)
sin(t) + sin(t)* + cos(t) (2 —1) —sin(t) (2 +1) —3te'.

7. Results and Discussion

The first test problem is solved using the proposed method. The problem is linear and is
relatively easy to solve. We compare the approximate solution with the exact solution of the problem.
We observe that by increasing the scale level of approximation, the approximate solution draws
closer to the exact solution as expected; see for example Figure 1a. At M = 8 the approximate
solution (black line) coincides with the exact solution (red dots). In the second part of the same
figure, we plot the absolute difference of the exact and approximate solution considering different
scales. Tt is observed that at M = 11, the absolute error is less than 10~9. This means accuracy
up to the ninth decimal place is achieved. We also calculate all the three error norms at different
scales. The results are displayed in Table 1. One can easily note that at M = 5, the value of is
[|Eu||2 = 0.1314 x 1071, ||Ey||max = 0.6431 x 10~! and ||E, ||, = 8.0032 x 10~17. While increasing
the scale levels, these values start to decrease with great speed. At M = 13, these values become
4.5147 x 10719, 2.4318 x 10~ and 2.4362 x 10~", respectively.

Table 1. Error norms of Test Problem 1 at scale level M = 5 : 13.

M ||Eu||2 ||Eu||mux ||Eu||b

5 0.1314 x 10! 0.6431 x 101 8.0032 x 10717
6 1.1355 x 102 9.3415 x 10! 0.4367 x 10716
7 2.3631 x 103 8.3640 x 1073 3.0669 x 10716
8 3.9474 x 107> 3.6641 x 104 9.2291 x 10~
9 1.5963 x 10~ 0.5933 x 107> 8.3432 x 10~V
10 1.6057 x 10~ 0.5364 x 10~° 7.7554 x 10~17
11 1.5823 x 107 1.0592 x 107 6.9857 x 10~/
12 7.4855 x 10~? 9.0092 x 10~8 5.4743 x 10~
13 45147 x 10710 24318 x 107° 24362 x 10~
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u(t) ‘ |“‘(f) - “’m(t‘)‘
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406} — e ] —M=
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398}
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0 o.‘2 014 o_‘e o.‘s 1

(a)

Figure 1. (a) Comparison of exact and approximate solution at different scale levels of Test Problem 1.
(b) Absolute difference in the exact and approximate solutions at different scale levels of
Test Problem 1.

The analysis of the second problem is given in Table 2. We fix the orders of equation to o = 1.8
and y = 0.8 and solve the problem using scale level ranges from M = 5 to M = 13. We observe that
the error norm decreases rapidly with the increase in scale level. For example, the value ||E,||; at
M =5is1.1044 x 10~ and at M = 13, this value drops to 4.5177 x 10719, which is very high accuracy.
At the same scale, the value of ||Ey || is 1.3237 x 10710, The value of norms ||E, || max and ||Eo||max
are 1.4501 x 1077 and 2.2449 x 1071, respectively. Similarly the approximate solution satisfy the
boundary condition with high accuracy. The errors in the boundary condition are 9.7194 x 1017 and
6.2399 x 10716, The error in the boundary condition is observed to be constant, that is, we have the
same accuracy at all scale level. The accuracy of the proposed method for all possible values of oy
and o0y are analyzed by calculating the error norm ||Ey ||, . The error norm for the solution u(t) and
v(t) are displayed in Figure 2. We observe that the method produces excellent approximation to the
solution at almost all values of parameters.

Table 2. Error norms of Test Problem 2 at scale level M = 5 : 13.

M ||Eu||2 ||Ev||2 ||Eu||max ||Ev||max ||Eu||b ||Ev||b

5 1.1044 x 101 4.3598 x 1072 3.6499 x 10! 6.5235 x 1072 79467 x 1077 6.2402 x 1016
6 1.9005 x 102 9.3636 x 1073 1.6085 x 101 1.6796 x 1072 9.7023 x 10716 6.2370 x 10716
7 2.3621 x 1073 7.6605 x 107%  7.5980 x 1073 1.6380 x 1073 9.7237 x 10717 6.2396 x 1016
8 3.9834 x 107> 49422 x 105 1.0331 x 104 1.0113 x 104 9.7191 x 10°Y  6.2400 x 1016
9 1.4293 x 10~° 5.3436 x 107®  4.5571 x 107> 8.6999 x 10~° 9.7195 x 10~ 6.2400 x 1016
10 1.9227 x 10~° 5.0884 x 10~7 6.1295 x 10~° 73992 x 1077 9.7194 x 10~ 6.2399 x 1016
11 1.2515 x 107 31891 x 1078  4.0112x 1077 62640 x 1078 97194 x 10717  6.2399 x 1016
12 7.1330 x 10~° 1.9583 x 1072 22596 x 1078  3.6441 x 102  9.7194 x 10717  6.2399 x 106
13 45177 x 10719 13237 x 10710 14501 x107° 22449 x 10719 97194 x 10717  6.2399 x 1016
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Figure 2. Errornorm for different values of o' and ¢ in Test Problem 2.

The same analysis is performed for Test Problem 3 and Test Problem 4. The results
are shown in Tables 3 and 4. The same conclusion is reached for these two examples. The
error bounds are shown in Figures 3 and 4. We observe that the method yields an almost
accurate solution for all values of these parameters. In Figure 2, we can easily see that the
error norm is less than 1073, Note that for these problems we have set M = 5. It is always
possible to get a more accurate solution by selecting the highest choices of scale level.

\ e

Lol

Ll

I

A

Figure 3. Errornorm for different values of ¢! and ¢ in Test Problem 3.
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Figure 4. Error norm on boundary for different values of ¢! and ¢ in Test Problem 4.

Table 3. Error norms of Test Problem 3 at scale level M = 5: 13.

N ||Eu||2 ||Ev||2 ||Eu||mux ||Ev||mux ||Eu||b ||Ev||b

5 6.5505 x 1073 5.1204 x 10~* 1.5519 x 102 8.6002 x 10~*  7.0670 x 10717 1.8084 x 10~18

6 3.2583 x 104 2.8746 x 1075 7.7139 x 10~* 47281 x 107>  7.0336 x 10717  1.6297 x 1018

7 4.6407 x 10~° 4.3808 x 107 1.0949 x 105 71483 x 1077  7.0320 x 10717 1.6203 x 10~18

8 4.6870 x 1077 4.6599 x 10~8 1.1065 x 10~ 78519 x 107%  7.0320 x 10717  1.6201 x 10~18

9 43761 x 10~8 3.4302 x 1077 1.0365 x 107 5.7780 x 10~? 7.0320 x 10~ 1.6201 x 10718

10 1.3030 x 10~° 1.1448 x 10710 3.0748 x 1077 1.8688 x 10710 7.0320 x 10717  1.6201 x 1018

11 12252 x 10711 11526 x 10712 2.8927 x 10711  1.8785x 10712  7.0320 x 10717  1.6201 x 10718

12 72561 x 10713 72734 x107* 17118 x 10712 11828 x 107  7.0320 x 10717  1.6201 x 10~18

13 46262 x107* 36748 x 107>  1.0959 x 10713 61876 x 107>  7.0320 x 10717  1.6201 x 1018

Table 4. Error norms of Test Problem 4 at scale level M = 5: 13.

N ||Eu||2 ||Ev||2 ||Eu||mux ||Ev||mux ||Eu||h ||Ev||b

5 0.0108 0.0036249 0.030961 0.0095518 —3.5187 x 10~V 3.7849 x 10715
6 0.0048582 0.0020882 0.01299 0.0075678 3.4932 x 10~V 3.78 x 1015

7 0.00055459 0.00024661 0.001525 0.00089155 34845 x 107V 37773 x 1071°
8 9.6413 x 10716 75388 x 10716  1.8345x 1015  1.2652 x 1071° 3.486 x 10717 3.7777 x 10715
9  6.8784x1071 14702 x1071 13601 x 10715  2.8364 x 10715 34861 x 10°Y 37777 x 101
10 45115x 1071 56863 x 1071¢ 1.302 x 1014 8.6167 x 1016 34861 x 10°Y 37777 x 101
11 84757 x 10717 27414 x 10716 1.6027 x 10716 4.7286 x 1016 3.4861 x 10~ 3.7777 x 10715
12 15906 x 1071* 31092 x 107> 46821 x 107*  6.3783 x 10~ 1° 34861 x 10°Y 37777 x 101
13 4926 x 101 1.0866 x 10—15  1.4378 x 10714 2.0953 x 10~1° 3.4861 x 10~ 3.7777 x 10~

The nonlinear Test Problem 5 is solved with the proposed iterative scheme. We use
three different choices of the parameters ¢ and < and calculate the the error norms ||E,||>
at different iterations. We use seven iterations for the approximation of solution. The
results are displayed in Figures 5 and 6. We observe that the error decreases with respect
to the number of iterations and is highly convergent. Note that for this example, we fix the
scale level M = 10. It is clear form the figure that the proposed method is highly efficient,
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especially in the solution of nonlinear equations. The same phenomenon is observed for

Test Problem 6. The results are displayed in Figure 7.

‘10'5 T T T T T T T T T

Error Norms

1 1 1 1 1 1 1 1 1

1

1

1

1

1

1

1

1

1
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1 1 1 1 1

10-10

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Figure 5. Error norm of Test Problem 4.
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Figure 6. Error norm of Test Problem 5.
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Figure 7. Error norm of Test Problem 6.

8. Conclusions and Future Work

This article presents a new algorithm for the solution of fractional order differential
equations. The Newton Raphson method is combined with the operational matrix method
for the solution of these problems. The convergence of the proposed method is checked
analytically and is confirmed by solving several test problems. It is found that the approxi-
mate solution is highly accurate, and one can get high accuracy by using high scale levels.
The mathematical proof of convergence and error analysis is our future plan of research.
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