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Abstract . 3

Determining the numerical solutions of a nonlinear fractional differential equation has been of interest for a long
time. This study presents an optimization method with Lagrange coefficients based on operational matrices
of derivatives to approximate the solution by selecting appropriate basis functions as a linear combination of
generalized Laguerre polynomials (GLPs). Achieving an exact solution using fewer basis functions is one of the
outstanding features of this method. This feature and high accuracy make the use of this method inevitable.
Finally, the application of the mentioned method is investigated in determining the approximate solution of the
nonlinear fractional time diffusion-wave equation for different values of « .
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1. INTRODUCTION

Fractional calculus is a part of mathematical analysis that studies derivative and integral operations on real numbers
or numbers with fractional order. In this way, differential equations with fractional derivatives can be defined and
physical systems can be modeled with it. Due to the importance and many applications of these equations, Various
numerical methods have been used to solve this category of equations, among which the finite difference method [22],
sub-equation method [23], Generalized fuzzy functions method [21] and the trapezoidal method [20] can be mentioned.

An important class of fractional equations are nonlinear fractional partial differential equations such as Klein-
Gordon’s equation, Sine-Gordon’s equation, the fractional convection-(or advection-) diffusion equation (FCDE; or
FADE) and diffusion-wave equation. Often, due to the presence of nonlinear and complex sentences in these types of
equations, it is difficult or impossible to find an analytical solution for them. The absence of an analytical solution
for such complex and nonlinear equations has led to the creation and expansion of numerical methods. The most
important parameters for evaluating numerical methods are speed and accuracy of solving the equation. Due to the
importance of using nonlinear fractional equations in physics and applied mathematics and the significant improvement
in the speed and capacity of information processing in processors and computers in the late 19th century, numerical
methods have also become more widespread and this improvement and expansion continues. Among the methods of
solving this category of equations are: method based on Fibonacci polynomials [7], Generalized shifted Chebyshev
polynomials [8], B-Spline functions [19], a new hybrid method resulting from the combination of Legendre polynomials
and piecewise Legendre polynomials [11] and the new finite difference method for variable-order nonlinear fractional
diffusion equation [14]. For a comprehensive list of the many methods available for the numerical solution of the
FCDE, see the compilation of Li and Wang [5]. Akbari-Ganji’s method (AGM) is a method that Ganji et al. have
used to find the analytical solution of Bagley equation and some other nonlinear fractional differential equations using
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polynomials [2]. Ordokhani et al. obtained the approximate solution to the fractional ray equations and fractional
Duffing-van der Pol oscillator equations using the Chelyshkov wavelets method [15]. In [16, 17], a technique based on
general Lagrange scaling functions for time-fractional diffusion-wave equations and variable order fractional partial
differential equations is described. In a study conducted by Bonyadi and colleagues, spectral shifted Jacobi collocation
method was used to approximate the solution of space-time fractional partial differential equations with variable
coefficients [4]. In [18], the author investigated approximate solutions to the Two-dimensional temporal fractional
advection-diffusion problem using the Sinc-Galerkin method. Recent studies by Lakstani et al. have been presented
on analytical soliton solutions of the space-time fractional nonlinear Schrodinger equations [13]. A Pseudospectral
approach based on Chebyshev functions has been used to solve fractional Sturm-Liouville problem by Afarideh and
colleagues [1]. Jannelli et al. also conducted research on the solution of fractional convection diffusion equation using
Lie symmetry [12]. In addition, Wang and other colleagues in 2023 investigated the solution of wavelet and propagation
equations by the wavelet method [24]. In recent years, optimization using polynomials and generalized polynomials
has become a common problem. Excellent algorithms with the above idea for fractional problems including nonlinear
variable-order diffusion-wave equation are presented by Hassani, dahaghin et al in [6, 9, 10]. Other examples of these
methods for solving fractional problems according to the most common types Polynomials, i.e. generalized Laguerre
polynomials, see in [3].

The wave-diffusion equation is one of the prominent mathematical equations that is often used to describe wave and
diffusion phenomena in the field of physics and engineering. Now, in order to introduce the studied problem, we define
the nonlinear time fractional diffusion-wave equations (N-TFDWE) along with the boundary and initial conditions as
follows:

C na 82V(:1c,7)

DXV (x,7) + Ve (2, 7) + p V" (2, 7) = o + F(z,7), (z,7) €[0,1] x [0,1], a € (1,2], (1.1)

{wx,m = fil@), Ve(,0) = fo(o), 12)
V(OvT) = gl(T)a V(laT) =02 T)'

Where p1, ue € R are constant coefficients, 7 = 2 or 3, respectively represent the quadratic or cubic nonlinear term.
f1(2), fa(x), g1(7), g2(7), F(z,T) are the known functions and ¢ D2 is the Caputo’s fractional derivative operator.

The aim of this study is to investigate the numerical solution of the nonlinear time fractional diffusion-wave equation
with the method based on the generalization of Laguerre polynomials. Based on this, the method is designed in
such a way that it is possible to calculate operator matrices for ordinary and fractional derivatives. After that, by
approximating the unknown function and its derivatives in the equation and using operator matrices, the remaining
function is obtained in terms of free coefficients and control parameters. By defining the quadratic norm and optimizing
it, in order to simplify the obtained nonlinear approximation and turn it into an algebraic equation system, the method
of Lagrange coefficients is used, which by calculating coefficients and unknown parameters, an approximate solution
for the studied problem is achieved. This paper is organized in several sections as follows:

The second part includes an overview of some definitions and features used related to key concepts. In the third part,
we will introduce the basic functions as the basis for the construction of the proposed method and the approximation
function of the solution. The next section is dedicated to the introduction of Operational matrices. In the fifth and sixth
sections, the design and implementation of the approximation method based on the previous sections are examined,
respectively. In the seventh part, we present the solution of some examples of the propagation wave Equations (1.1)
according to the optimization algorithm to confirm the correctness and efficiency of the method. In the last part, we
will express the general result.

2. BASIC CONCEPTS

In this section, we will introduce the basic concepts about Caputo fractional derivative (CEFD).

(=)=
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Definition 2.1. The CFD operator, ¢ D of order n — 1 < a < n corresponding to function f(7) is [10]:

; T _ n—a—1 p(n) _
€ Do f(r) = F(n—a)/a(T 9) Lrmydy, o€ (n,n—1), 7>0,

f(n)(’r)’ =T,

(2.1)

in which I'(.) is the gamma function and for it we have I'(z) = [ 7°~le™"dr, 2z € C, R(z) > 0. It is noteworthy that

0
for n € Z*, we will have I'(n) = (n — 1)!.
Proposition 2.2. Let k € NU{0} and n — 1 < a < n, then we have
F(k + 1) k—a
C na k T ’
GDeTF =S T(k+1-a)
0, n > k.

n<keN,

3. BASIS FUNCTIONS (THEIR DEFINITION AND PROPERTIES)

In this section, along with the definition of Laguerre polynomials, we will introduce an important class of generalized
polynomials (GPs) called generalized Laguerre polynomials (GLPs). In the following, by using GLPs, we obtain the
approximation of the solution function and the operational matrices related to their derivatives.

3.1. Laguerre polynomials. The Laguerre polynomials are as follows:

- —1)kn!
Ln(r) = Z (k:!()2(n)—k:)!Tk’ (3.1)

k=0
and according to this

Lo(1) =1,

Li(r) = —7+1
1(7) 1T;r : 652
Ly(m) = (7% — 41 4+ 2),
Ls(t) = (=% + 972 — 187 + 6).
For any arbitrary function u(7) € L?[0,1], using the first n + 1 Laguerre polynomials, we can write:
n
u(t) =Y a;Li(r) = A"Ly(r) = ATBT,(r), (3.3)
i=0
where
A=lag a1 ... an]T,
Lo(t) =[Lo Ly ... Ly)" = BTu(7), Tu(r)=[17 ... 7,
and
— 1))
DR
B = [bOO bo1 bo2 .. b0n|b10 bi1 big ... bln‘ - |bn0 b1 bpa ... bnn]a b” = (]l) (Z 7])!
0, Otherwise.

3.2. GLPs and function approximation. Generalized Laguerre polynomials, ¢,,(7), are easily obtained by substi-
tuting the invariant variable 7¢+% (i + 8, > 0) instead of 7¢ in (1.1). Therefore, the relation (1.1) becomes as follows

n

—1)kn!
(1) = Z (k!()Z(lri — '/{)!Tk—wk’ (3.4)

k=0
in which By are control parameters. Note that for g, = 0, GLPs are the same as Laguerre polynomials.
an
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Now, according to the expansion of the V(7) function using GLPs, we have

V@ﬁcziévﬂxﬂ::VTﬂnﬁ):\ﬂﬁJG@j
1=0

where
V=[vovi ... va]",
Lo(r)=[to €1 ... £,)" = MO(r), O(1) =[0o(r) O1(7) ... Ou(D)]", O,(r)=7"*5, j=0,1,..,
and
M: [moo mop1 Mo2 ... mon\mw mi1 M2 ... m1n|...|mn0 mp1 Mp2 ... mnn],
with
—1)7,!
W s
myy =9 (997 (2= 9)!
0, 1< ).

Similar to what was mentioned above, an arbitrary function V(x,7) € L%([0,1] x [0, 1]) can be expanded in term of
the GLPs as follows:

niy n2

V(w,7) = > irsli(2)ls(7) = Pry ()" pQn, (1) = (CRy, (2)) (DR, (7)), (3.5)

k=0 s=0
where the vectors P, (x) and Q,,,(7) are as follows:

P, (z) =[1 2 ly(x) ... Lo, (#)]" = CRy, (2), (3.6)

Quy(7) = [1 £2(7) Lo(7) ... Loy()]" =DR,, (1), (3.7)
and

ni (@) = [ro() T1(2) o ray (@) (3.8)

, , , , T

wa(7) = [r0() 1(7) ()] (3.9)
with

rz(w){iz;kl Z:g; » (3.10)
and

T]+S]7 J= 1,2,...,712,

ri(r) = {TJ’ 1=0 (3.11)

where k, and s, are control parameters (CP).
Besides these, p is the matrix of free coefficients of the order (ny + 1) x (n2 4+ 1) that is calculated and defined by:

K= [Moo Mol Ho2 - -- H0n2|M10 M1 pH12 .- M1n2|--~|Mn10 Hnyil Mnqg2 - Mn1n2]7
and
C= [1 00 ... O|0 10 ... O|C20 Co1 C22 ... 02n1|...\cn10 Cnyl Cny2 oo Cn1n1]7 (312)
D= []. 00 ... 0|d10 d11 d12 e d1n2| e |dn20 dn21 dn22 e dn2n2] 5 (313)
with
—1)74! —1)74!
DM G
Gy =19 )" (=) diy =9 ()" (= !
0, 1< 7, 0, 1< ).
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4. THE OPERATIONAL MATRIX OF FRACTIONAL AND ORDINARY DERIVATIVES

In this part, first, by using definition (2.2) and calculating the fractional derivative of the desired function, we
calculate the related operational matrix. Then, by calculating ordinary derivatives with respect to x and 7, we obtain
their operational matrices.

Consider the function r; (1) defined in (3.11), using (2.2), we arrive at the following equation

0, 1=0,
C na,)’
D=0 LTI ot 19y, e
F—a+1+s)
Now, to calculate the operational matrix of the function R;Z (1), we can write
CDIR,, (1) = DR, (7), (4.2)

(@) _ [qo
where ©; 7/ = [dm] (ma+1)x(ma+1) "’

and its entries are:

is called the operational matrix corresponding to the fractional derivative R;nz (1)

I'(y+ Sj—l)
dYy =77 ST —a+s)-1)
0, Otherwise.

=1,2,...,n9, 7=1,
J 2, J (4.3)

Considering the functions r;(z) and r;» (7) defined in (3.10) and (3.11) and derivation with respect to « and 7 respectively,
we obtain

d?ri(z) _ {0, 1=0,1, (4.4)

dx? (14 k) —1+k)r 2tk =237 ny,

and

dry(r) _ {o, =0, 45)

(¢7+S‘7)7—]71+S]’ ]: ]‘727"'777’2,
In this case, we will have operational matrices D¢ and D corresponding to the vectors R, (z) and R;Lz (1) as

follows:

d*R,, (z)
dx?

dR,,, ()

= Q;Q)Rnl (1")’ d
T

=9WR,, (1), (4.6)

and D = [d!

(2) _
where D5’ = w] (n2+1)x(n2+1)’

2 . .
[ Z]] (D)X (n1+1) ° are operational matrices and for each we have

respectively:
2 — (l+kl)(zfl+k1)7 Z:2337"'7n1a =1
dyy =" . (4.7)
0, Otherwise,
and
13 J= ]-, J=1
d’Llj :T71 ]+SJ7 ]:2,37...,7’1,27 J=1 (48)
0, otherwise,

(&)
ENE
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5. ALGORITHM METHOD

The purpose of this section is to present the technique of problem solving using basis functions and operational matri-
ces introduced in the previous section. For this purpose, considering the approximation function (3.5) and inserting in
Equation (1.1), as well as using the operational matrices obtained in (4.2) and (4.6), we calculate ¢ D2V (z, 7),Vyr (2, T)
and V;(x,7) as follows:

CD2V(w,7) = (CRy, (2))T (DDIR,,, (7)), (5.1)
Vaw(@,7) = (CDP Ry, (2))" (DR, (7)), (5.2)
Vr(2,7) ~ (CRp, (2))" w(DDMR,,, (7)) (5.3)

Now by applying the initial and boundary conditions of equation (??) in (??), we can write:

Ai(z) = (CRy, ()" (DR, (0)) — fo(z) =

(z) = (CRy, (w))Tu(DRng( ) — hi(z) ~
A3(1) = (CRx, (0))" e (DR’ (7)) = 90(T) =~
Ay(1) = (CRy, (1))" B(DR,,, (1)) — g1(7) =
At this stage, in order to find the coefficients and parameters of the problem that are unknown by putting Equations
(3.5), (5.1), (5.2), and (5.3) in Equation (1.1), we first define the residual function Res(z,7) as follows:

Res(z,7) = (CRy, ()" [;m;a) + i pdWM — (@9) u} (DRInQ (T))

- , d (5.5)
iz | ((CRu @)D, (7)) - P
Now, using ||Res(z, 7)||, and optimizing the problem under the following conditions, we have:
1
N (pi ko, ks, ooy kny; $2,83, vy Spy ) = / / Res®(z, 7)dxdr, (5.6)
o Jo
min N [w; ko, k3, oy kiny 5 82,83, <oy Snol (5.7)
-1
Al(ln ):Oa 1=2,3,...,n1,
1
-1
AQ(,L ):0) Z:2a3a y 11,
jn—l]. (5.8)
Ag(n ):0,j:1,2,.. Tl2+1
2
-1
A(T==)=0, j=1,2,.n0 + 1.

The above optimization problem is minimization with respect to coefficients and control parameters using A =
[)\1, A2y eny )\(n1+n2)] Lagrange coefficients. Thus, we have:

LF = [[J/; ko, ks, ..., k‘nl;Sg, 83,y euey Snz;/\] = N[N; ko, ks, ..., knl;SQ, 83, euey Snz] + )\A7 (59)
oL* *
oe_, or
=0, :=2,3,...,n1, (5.10)
(9/6ZK
oL

=20, 7=2,3, ..., n0,
3sj y J 2
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where, A = [A; Ay A3 Ay)" includes the restrictions defined in (5.8). By solving the nonlinear equations of the above
system according to the proposed algorithm, the unknowns can be obtained and from there, the approximate solution
V(z, ) corresponding to (3.5) is obtained.

6. CHECKING THE PERFORMANCE OF THE METHOD

At this stage, we would like to check the effectiveness of the above optimization technique. In this regard, we
examine the solution of some examples of equations in form (1.1) by implementing the above method step by step.
The following formulas are used to measure the accuracy of the results:

1

(o) n Sn 5 N . - 2\ 2
B} = max V'(z,7)=V'(x,7)|,  Ej= max Axnz_:l@ (2,7) = P (x’T)) .

Example 6.1. As an example of Equation (1.1), consider the following diffusion-wave equation for the p; = 2, pg =1
and 1 = 3 under the given initial and boundary conditions:

V(x,0) =0, V;(r,0)=0,
1
V(,7) =0, V(l,7)= 57'2 sin(1),

and
I'(3)

Fem) = s =w

)

1 Py
2" %sin(z) + 27 sin(z) + <27'2 sin(z)) + 57'2 sin(x).

2

1
The analytical solution to the problem is V(z,7) = —7°sin(z). The maximum calculated error resulting from the

solving of this equation according to the proposed method, taking into account m; = 3, ms = 2 and the different values
of a is reported in Table 1. To better understand the significant effectiveness of the above optimization method,
the diagram of the approximate solution and the absolute error for @ = 1.8 is drawn in Figure 1. The analytical
solution compared to the results presented in this research, which determines the solutions with the optimal choice of
parameters, indicates that the structure of this method is very effective in solving non-linear fractional equations and
the approximate solution corresponds with the analytical solution with high accuracy.

1

TABLE 1. The absolute error for various o, m; = 3, mg = 2 and fixed Az = 15555 for Example 6.1.

AT; a=14 a=1.6 a=1.38
1/40 8.3208E-09 1.1007E-10 4.4203E-13
1/80 2.9211E-09 3.2902E-11 1.0292E-13
1/160 1.0114E-09 9.6829E-12 2.3878E-14
1/320 3.4676E-10 2.8151E-12 5.5173E-15
1/640 1.1804E-10 8.1051E-13 1.2689E-15
1/1280 3.9978E-11 2.3149E-13 2.9029E-16
1/2560 1.3486E-11 6.5680E-14 6.6001E-17
1/5120 4.5363E-12 1.8530E-14 1.4897E-17

CPUtime(s) 432.091” 404.760” 489.032"
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FIGURE 1. diagrams of the approximate solution (left) and the absolute error (right) with o = 1.8
for Example 6.1.

Example 6.2. In this example, consider another type of Equation (1.1) with pu; = g =1, n =3 corresponding to
the following boundary and initial conditions:

42—

e DV (@, ) + Ve (2, 7) + V¥ (@, 7) = Va2, 7) + (P(?’—_O‘)

) 22 442’ ¥ (2:1727'2)3 — 472 (x,7) € ]0,1] x [0,1],
V(z,0) =0, V.(z,0)=0,
V(0,7) =0, V(1,7)=272
where V(z,7) = 22?72 is the exact solution of the problem. By solving the problem and finding an approximate
solution, the maximum absolute error is obtained for different values of « the results of which are reported in Table 2.
The high accuracy of these results shows the effectiveness of the mentioned method. Based on this, it should be said
that this method is very accurate among other methods presented for solving nonlinear fractional equations, so it is
very desirable to use this proposed method to achieve the desired numerical solution. In confirmation of the above,
the diagram related to the approximate solution and the error of the method for e = 1.8 is drawn in Figure 2.

TABLE 2. The absolute error for various a, m; = 3, msy = 2 and fixed Az = Wloo for Example 6.2.
AT; a=14 a=1.6 a=1.8
1/40 6.2898E-09 3.9941E-18 8.3801E-23
1/80 1.7943E-09 2.1520E-18 3.7900E-23
1/160 5.0562E-10 1.1543E-18 1.4835E-23
1/320 1.4106E-10 6.1783E-19 5.4039E-24

1/640 3.9032E-11 3.3036E-19 1.8870E-24
1/1280 1.0726E-11 1.7657E-19 6.4128E-25
1/2560 2.9303E-12 9.4352E-20 2.1393E-25
1/5120 7.9652E-13 5.0412E-20 7.0437E-26
CPUtime(s) 545.707" 384.136" 218.729"

7. CONCLUSION

The method presented in this work can be used to solve various types of fractional problems, including the aforemen-
tioned nonlinear fractional problems. In fact, this optimization method is based on Generalized Laguerre Polynomials
an
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FIGURE 2. diagrams of the approximate solution (left) and the absolute error (right) with o = 1.8
for Example 6.2.

and operational matrices, which approximate the numerical solution of the problem by minimizing the system of
nonlinear equations resulting from the implementation of the method. This method is among the most efficient and
common methods for approximating numerical solutions, because it works very powerfully and and effectively, both
theoretically and practically, even with a small number of basic sentences.

In a recent study titled Application of Generalized Laguerre Polynomials in Solving Fractional Differential Equa-
tions, a comparison between this method and other methods has been made and the results of this study have been
reported. In the future, we plan to use the proposed method to solve some practical problems such as the wave problem,
the telegraph problem, nonlinear fractional differential equations of variable order and optimal control problems.
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