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Abstract

Integral equation has been one of the essential tools for various area of applied mathematics.
In this work, we employed different numerical methods for solving both linear and nonlinear
Fredholm integral equations. A goal is to categorize the selected methods and assess their
accuracy and efficiency. We discuss challenges faced by researchers in this field, and we
emphasize the importance of interdisciplinary effort for advancing the study on numerical
methods for solving integral equations. Integral equations can be viewed as equations which
are results of transformation of points in a given vector spaces of integrable functions by
the use of certain specific integral operators to points in the same space. If, in particular,
one is concerned with function spaces spanned by polynomials for which the kernel of the
corresponding transforming integral operator is separable being comprised of polynomial
functions only, then several approximate methods of solution of integral equations can be
developed.

This work, specially, deals with the development of different wavelet methods for
solving integral and intgro-differential equations. Wavelets theory is a relatively new and
emerging area in mathematical research. It has been applied in a wide range of engineering
disciplines; particularly, wavelets are very successfully used in signal analysis for waveform
representations and segmentations, time frequency analysis, and fast algorithms for easy
implementation. Wavelets permit the accurate representation of a variety of functions
and operators. Moreover, wavelets establish a connection with fast numerical algorithms.
Wavelets can be separated into two distinct types, orthogonal and semi-orthogonal.

The preliminary concept of integral equations and wavelets are first presented in Chapter
1. Classification of integral equations, construction of wavelets and multi-resolution
analysis (MRA) have been briefly discussed and provided in this chapter. In Chapter 2,
different wavelet methods are constructed and function approximation by these methods
with convergence analysis have been presented.

In Chapter 3, linear semi-orthogonal compactly supported B-spline wavelets together
with their dual wavelets have been applied to approximate the solutions of Fredholm integral
equations (both linear and nonlinear) of the second kind and their systems. Properties of these
wavelets are first presented; these properties are then utilized to reduce the computation of
integral equations to some algebraic equations. Convergence analysis of B-spline method
has been discussed in this chapter. Again, in Chapter 4, system of nonlinear Fredholm

integral equations have been solved by using hybrid Legendre Block-Pulse functions and
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Bernstein collocation method. In Chapter 5, two practical problems arising from chemical
phenomenon, have been modeled as Fredholm- Hammerstein integral equations and solved
numerically by different numerical techniques. First, COSMO-RS model has been solved by
Bernstein collocation method, Haar wavelet method and Sinc collocation method. Second,
Hammerstein integral equation arising from chemical reactor theory has been solved by
B-spline wavelet method. Comparison of results have been demonstrated through illustrative
examples.

In Chapter 6, Legendre wavelet method and Bernoulli wavelet method have been
developed to solve system of integro-differential equations. Legendre wavelets along
with their operational matrices are developed to approximate the solutions of system of
nonlinear Volterra integro-differential equations. Also, nonlinear Volterra weakly singular
integro-differential equations system has been solved by Bernoulli wavelet method. The
properties of these wavelets are used to reduce the system of integral equations to a system
of algebraic equations which can be solved numerically by Newton’s method. Rigorous
convergence analysis has been done for these wavelet methods. Illustrative examples have
been included to demonstrate the validity and applicability of the proposed techniques.

In Chapter 7, we have solved the second order Lane-Emden type singular differential
equation. First, the second order differential equation is transformed into integro-differential
equation and then solved by Legendre multi-wavelet method and Chebyshev wavelet
method. Convergence of these wavelet methods have been discussed in this chapter. In
Chapter 8, we have developed a efficient collocation technique called Legendre spectral
collocation method to solve the Fredholm integro-differential-difference equations with
variable coefficients and system of two nonlinear integro-differential equations which arise
in biological model. The proposed method is based on the Gauss-Legendre points with the
basis functions of Lagrange polynomials. The present method reduces this model to a system
of nonlinear algebraic equations and again this algebraic system has been solved numerically
by Newton’s method.

The study of fuzzy integral equations and fuzzy differential equations is an emerging area
of research for many authors. In Chapter 9, we have proposed some numerical techniques
for solving fuzzy integral equations and fuzzy integro-differential equations. Fundamentals
of fuzzy calculus have been discussed in this chapter. Nonlinear fuzzy Hammerstein
integral equation has been solved by Bernstein polynomials and Legendre wavelets, and then
compared with homotopy analysis method. We have solved nonlinear fuzzy Hammerstein
Volterra integral equations with constant delay by Bernoulli wavelet method and then
compared with B-spline wavelet method. Finally, fuzzy integro-differential equation has
been solved by Legendre wavelet method and compared with homotopy analysis method.
In fuzzy case, we have applied two-dimensional numerical methods which are discussed in
chapter 2. Convergence analysis and error estimate have been also provided for Bernoulli

wavelet method.
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The study of fractional calculus, fractional differential equations and fractional integral
equations has a great importance in the field of science and engineering. Most of the
physical phenomenon can be best modeled by using fractional calculus. Applications
of fractional differential equations and fractional integral equations create a wide area of
research for many researchers. This motivates to work on fractional integral equations,
which results in the form of Chapter 10. First, the preliminary definitions and theorems
of fractional calculus have been presented in this chapter. The nonlinear fractional mixed
Volterra-Fredholm integro-differential equations along with mixed boundary conditions have
been solved by Legendre wavelet method. A numerical scheme has been developed by
using Petrov-Galerkin method where the trial and test functions are Legendre wavelets basis
functions. Also, this method has been applied to solve fractional Volterra integro-differential
equations. Uniqueness and existence of the problem have been discussed and the error
estimate of the proposed method has been presented in this work. Sinc Galerkin method is
developed to approximate the solution of fractional Volterra-Fredholm integro-differential
equations with weakly singular kernels. The proposed method is based on the Sinc function
approximation. Uniqueness and existence of the problem have been discussed and the error

analysis of the proposed method have been presented in this chapter.

Keywords: Integral equation; Integro-differential equation; Integro-differential-difference
equation; Numerical approximation; B-spline wavelets; Legendre wavelets; Chebyshev
wavelets; Haar wavelets; Bernoulli wavelets; Bernstein polynomials; Block-Pulse
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Chapter 1
Preliminary Concepts

1.1 Introduction

For many years the subject of functional equations has held a prominent place in the attention
of mathematicians. In more recent years this attention has been directed to a particular kind
of functional equation, an integral equation, where in the unknown function occurs under
the integral sign. Such equations occur widely in diverse areas of applied mathematics
and physics. They offer a powerful technique for solving a variety of practical problems.
One obvious reason for using the integral equation rather than differential equations is
that all of the conditions specifying the initial value problem or boundary value problem
for a differential equation. In the case of PDEs, the dimension of the problem is reduced
in this process so that, for example, a boundary value problem for a practical differential
equation in two independent variables transform into an integral equation involving an
unknown function of only one variable. This reduction of what may represent a complicated
mathematical model of a physical situation into a single equation is itself a significant step,
but there are other advantages to the gained by replacing differentiation with integration.
Some of these advantages arise because integration is a smooth process, a feature which has
significant implications when approximate solutions are sought. Whether one is looking
for an exact solution to a given problem or having to settle for an approximation to it,
an integral equation formulation can often provide a useful way forward. For this reason
integral equations have attracted attention for most of the last century and their theory is

well-developed.

In 1825 Abel, an Italian mathematician, first produced an integral equation in connection
with the famous tautochrone problem . The problem is connected with the determination of
a curve along which a heavy particle, sliding without friction, descends to its lowest position,

or more generally, such that the time of descent is a given function of its initial position.
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1.2 Integral equation

An integral equation is an equation in which an unknown function appears under one or more

integral signs. For example, fora < x < b, a <t < b, the equations

[ K e = 7,
o) = [ Koy = 1)
b

and y(x) = [ K(w Oy,

a

where the function y(x), is the unknown function while f(x) and K(z,t) are known
functions and A, a and b are constants, are all integral equations. The above mentioned
functions can be real or complex valued functions in z and t. In this work, we have

considered only real valued functions.

1.3 Classification of integral equations

An integral equation can be classified as a linear or nonlinear integral equation as similar
in the ordinary and partial differential equations. we have noticed that the differential
equation can be equivalently represented by the integral equation. Therefore, there is a good
relationship between these two equations. An integral equation is called linear if only linear
operations are performed in it upon the unknown function. An integral equation which is not
linear is known as nonlinear integral equation. The most frequently used integral equations
fall under two major classes, namely Volterra and Fredholm integral equations. Also, we

have to classify them as homogeneous or non-homogeneous integral equations.

1.3.1 Fredholm integral equation

The most general form of Fredholm linear integral equations is given by the form

ooy(e) = £) ) [ K oloyar, 8

where a, b are both constants, f(z), g(z) and K(x,t) are known functions while y(x) is
unknown function and A is a non-zero real or complex parameter, is called Fredholm integral

equation of third kind. The K (z,t) is known as the kernel of the integral equation.

* Fredholm integral equation of the first kind: A linear integral equation of the form
(by setting g(x) = 01in (1.1))

b
flw)+ X [ K (@, y(t)de =0,
is known as Fredholm integral equation of the first kind.

2
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* Fredholm integral equation of the second kind: A linear integral equation of the
form (by setting g(x) = 11in (1.1))

b
y(@) = f@@)+ A [ K@y,
known as Fredholm integral equation of the second kind.

* Homogeneous Fredholm integral equation of the second kind: A linear integral
equation of the form (by setting f(x) = 0, g(x) = 1 in (1.1))

y@) = [ Kot

is known as the homogeneous Fredholm integral equation of the second kind.

1.3.2 Volterra integral equation

The most general form of Volterra linear integral equations is given by the form

g()y(a) = Fla)+ A [ K@y, (12)

where a is constant, f(z), g(z) and K (x,t) are known functions while y(z) is unknown
function and A is a non-zero real or complex parameter, is called Volterra integral equation

of third kind. The K (x,t) is known as the kernel of the integral equation.

* Volterra integral equation of the first kind: A linear integral equation of the form
(by setting g(x) = 0 in (1.2))

F)+ A [ Kyt =o,
is known as Volterra integral equation of the first kind.

* Volterra integral equation of the second kind: A linear integral equation of the form
(by setting g(x) = 1 in (1.2))

y(@) = f@)+ A [ K@yt
known as Volterra integral equation of the second kind.

* Homogeneous Fredholm integral equation of the second kind: A linear integral
equation of the form (by setting f(x) = 0, g(x) = 1 in (1.2))

u() =X [ Kyt

is known as the homogeneous Volterra integral equation of the second kind.
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1.3.3 Singular integral equation

A singular integral equation is defined as an integral with the infinite limits or when the kernel
of the integral becomes unbounded at one or more points within the interval of integration.

For example,

y(z) +A/ “le=ty () dt
and f(x) = /0

y(t)dt,0 <a <1

(z — t)a

are singular integral equations.

1.3.4 Integro-differential equation

In the early 1900, Vito Volterra studied the phenomenon of population growth, and new types
of equations have been developed and termed as the integro-differential equations. In this
type of equations, the unknown function y(x) appears as the combination of the ordinary

derivative and under the integral sign. For example,

' (z) +)\/ (& — Oy(D)dt, y(0)=0,4'(0) =1
Y (z) —i—)\/ (xt)y(t)dt, y(0)=1

The above equations are second order Volterra integro-differential equation and first order

Fredholm integro-differential equation, respectively.

1.3.5 Special kind of kernels

Kernel function is main part of the integral equation. Classification of kernel functions are

as follow:
« Symmetric kernel: A kernel K (z,t) is symmetric (or complex symmetric) if
K(z,t) = K(t,z)
where the bar denotes the complex conjugate. A real kernel K (x,t) is symmetric if

K(x,t) = K(t, ).

* Separable or degenerate kernel: A kernel K (z,t) is called separable or degenerate

if it can be expressed as the sum of a finite number of terms, each of which is the
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product of a function of = only and a function of ¢ only, i.e.,

K(r,t) =3 gi(@)hi(t).
i=0
» Non-degenerate kernel: A kernel K(z,t) is called non-degenerate if it can not be
separated as the function of = and function of ¢. For example, e*!, \/x + ¢ are the

non-degenerate kernels.

1.4 Wavelets

Wavelets theory is a relatively new and emerging area in mathematical research. It has
been applied in a wide range of engineering disciplines; particularly, wavelets are very
successfully used in signal analysis for waveform representations and segmentations, time
frequency analysis, and fast algorithms for easy implementation [1, 2]. Wavelets permit
the accurate representation of a variety of functions and operators. The concept of wavelet
analysis has been in place in one form or the other since the beginning of this century.
However, in its present form, wavelet theory drew attention in the 1980s with the work of
several researchers from various disciplines: Stromberg, Morlet, Grossmann, Meyer, Battle,
Lemarie, Coifman, Daubechies, Mallat, and Chui, to name a few. Many other researchers

have also made significant contributions.

In applications to discrete data sets, wavelets may be considered basis functions
generated by dilations and translations of a single function. Analogous to Fourier analysis,
there are wavelet series (WS) and integral wavelet transforms (IWT). In wavelet analysis,
WS and IWT are intimately related. Wavelet techniques enable us to divide a complicated
function into several simpler ones and study them separately. This property, along with fast
wavelet algorithms which are comparable in efficiency to fast Fourier transform algorithms,
makes these techniques very attractive for analysis and synthesis. Different types of
wavelets have been used as tools to solve problems in signal analysis, image analysis,
medical diagnostics, boundary value problems, geophysical signal processing, statistical
analysis, pattern recognition, and many others. While wavelets have gained popularity in

these areas, new applications are continually being investigated.

Wavelets may be seen as small waves v (t), which oscillate at least a few times, but
unlike the harmonic waves must die out to zero as t — +o0o. The most applicable wavelets
are those that die out to identically zero after a few oscillations on a finite interval, i.e.,
Y(t) = 0 outside the interval. Such a special interval is called the “support” or “compact
support” of the given (basic) wavelet ¢)(¢). We say a basic wavelet since it will be equipped

with two parameters, namely, “scale” a and “translation” b to result in a “family” of wavelets
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(0 (?) The construction of basic wavelets is established in terms of their associated
“building blocks” or “scaling functions” ¢(¢). The latter is governed by an equation called
the “recurrence relation” or “scaling relation”. In wavelet analysis, usually, a single scaling
function series is used to yield an approximated version of the given signal. Another series
of the associated wavelets is added to the former to bring about a refinement. The result is
a satisfactory representation of the signal. Once scaling functions are found, it is a simple
computation to construct their associated basic wavelets. The scaling functions or “building

blocks” are of paramount importance in the study of wavelet analysis in this chapter.

We consider, in this chapter, the space L*(R) of measurable functions f, defined on the

real line R, that satisfy
|l < .

In fact, we look for such “waves” that generate L?(IR), these waves should decay to zero at
+o00; and for all practical purpose, the decay should be very fast. That is, we look for small
waves, or “wavelets”, to generate L*(R). For this purpose, we prefer a single function
that generates all of L?(R). Since, 1 is very fast decay, to cover whole real line, we shift
1 along R. For computational efficiency, we have used integral powers of 2 for frequency

partitioning. That is, consider the small waves
V(2t—k), j ke

¥(27t — k) is obtained from a single wavelet function ¢(¢) by a binary dilation (dilation by
27) and a dyadic translation (of k£/27). Any wavelet function 1) € L?(R) has two arguments
as 1) and defined by

in(t) =222t — k), j k€L,

where the quantity 27/2 is for normality.

Definition 1.4.1. (Orthogonal wavelet) 4 wavelet ¢v € L*(R) is called an orthogonal
wavelet, if the family {1; .}, is an orthonormal basis of L*(R), that is,

<wj,k72/}l,m> = j,ldk,my j7 k? la m < 7.

Definition 1.4.2. (Semi-orthogonal wavelet) 4 wavelet 1y € L*(R) is called an
semi-orthogonal wavelet, if the family {1, .} satisfy the following condition,

<¢j,k7wl,m> = 07 .] 7£ l7 j7k7 l7m € 7.
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1.4.1 Multiresolution analysis (MRA)

Any wavelet, orthogonal or semi-orthogonal, generates a direct sum decomposition of

L*(R). For each j € Z, let us consider the closed subspaces
‘/j:...@Wj_Q@V[/j_l, JEL

of L*(R). A set of subspaces {V; } jez is said to be MRA of L*(R) if it possess the following

properties:
1.V, C Vi,V €Z,
2. Ujez Vj is dense in L*(R),
3. ﬂjeZ VJ = o,
4 Vin=V; oW,
5. f(t)eVy e f(2t) € Vi, Vj e L

Properties (2)-(5) state that {V;},cz is a nested sequence of subspaces that effectively
covers L?(IR). That is, every square integrable function can be approximated as closely as
desired by a function that belongs to at least one of the subspaces V;. A function ¢ € L*(R)
is called a scaling function if it generates the nested sequence of subspaces V;; and satisfies

the dilation equation, namely
o(t) =D prdlat — k), (1.3)
k

with p; € [? and a being any rational number.

For each scale j, since V; C Vj,1, there exists a unique orthogonal complementary subspace
W; of V; in Vj4;. This subspace W; = Span{i; |1, = ¥ (27t — k)} is called wavelet
subspace and is generated by ¢; , = ¥(27t — k), where ¢ € L? is called the wavelet. From

the above discussion, these results follow easily:
¢ %10‘/}27]'1 >j29
¢ lenWjZ :Oajl #j%

° ‘/j1 ﬂWJQ - Oyjl S j2-






Chapter 2

Numerical Methods and Function
Approximation

2.1 Introduction

This chapter provides a brief description of the numerical methods for solving linear
and nonlinear integral equations, integro-differential equations and systems. Typically,
these methods are based on the approximations like wavelets approximations, orthogonal
polynomials and orthogonal functions approximations. In this chapter, we introduce the
wavelet methods like B-spline wavelet method (BSWM), Legendre wavelet method (LWM),
Legendre multi-wavelet method (LMWM), Chebyshev wavelet method (CWM), Haar
wavelet method (HWM), Bernoulli wavelet method (BWM), polynomial approximation
via Bernstein polynomials, Legendre spectral collocation method, Legendre polynomial,
Block-Pulse functions, Sinc functions etc. which are applied to solve different types of

integral equations.

2.2 B-spline wavelet Method

Wavelets theory is a relatively new and emerging area in mathematical research. It has
been applied in a wide range of engineering disciplines; particularly, wavelets are very
successfully used in signal analysis for waveform representations and segmentations, time
frequency analysis, and fast algorithms for easy implementation [1]. Wavelets permit the
accurate representation of a variety of functions and operators. Moreover, wavelets establish
a connection with fast numerical algorithms. Wavelets can be separated into two distinct
types, orthogonal and semi-orthogonal [1, 3]. The research works available in open literature
on integral equation methods have shown a marked preference for orthogonal wavelets
[4]. This is probably because the original wavelets, which were widely used for signal
processing, were primarily orthogonal. In signal processing applications, unlike integral
equation methods, the wavelet itself is never constructed since only its scaling function
and coefficients are needed. However, orthogonal wavelets either have infinite support
or a non-symmetric, and in some cases fractal, nature. These properties can make them

a poor choice for characterization of a function. In contrast, the semi-orthogonal wavelets

9
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have finite support, both even and odd symmetry, and simple analytical expressions, ideal
attributes of a basis function [4]. We apply compactly supported linear semi-orthogonal
B-spline wavelets, specially constructed for the bounded interval to approximate the

unknown function present in the integral equations.

2.2.1 B-Spline scaling and wavelet functions

Semi-orthogonal wavelets using B-splines specially constructed for the bounded interval
and these wavelets can be represented in a closed form. This provides a compact support.

Semi-orthogonal wavelets form the basis in the space L?(R).

Using this basis, an arbitrary function in L?*(R) can be expressed as the wavelet series
[1]. For the finite interval [0, 1], the wavelet series cannot be completely presented by using
this basis. This is because supports of some basis are truncated at the left or right end points
of the interval. Hence a special basis has to be introduced into the wavelet expansion on
the finite interval. These functions are referred to as the boundary scaling functions and

boundary wavelet functions.

Let m and n be two positive integers and
=2 i1 = ... =20 < X1 < ... < Tpy =2Tpy1 = ... = Tpam_1 =0, (2.1)

be an equally spaced knots sequence. The functions

r—x; Tjim — X
ax (@) P— 1j.x (2) P 1j+1,.x(2)
j=—-m+1,..n—1 (2.2)
and
1 ,z=[rj,z0)
Byjx(x) = e (2.3)

0 ,otherwise

are called cardinal B-spline functions of order m > 2 for the knot sequence X =
{xi ;Li—m'rr:—ila and
Supp Bm,j,X(x) = [xja ijrm] m[au b] (24)

By considering the interval [a, b] = [0, 1], at any level j € Z*, the discretization step is 277,

and this generates n = 27 number of segments in [0, 1] with knot sequence

X0 = {0k = 1on—1. 25)
JE) E— g;gjrm_l —1

10
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Let jo be the level for which 270 > 2m — 1; for each level, j > j, the scaling functions of
order m can be defined as follows in [5]:

Bm:j07i(2j_j0x)7 1= _m+1,...,—1,
Pmji(®) = Byjowyomi(1 = 27002), i =2 —m+1,..,2 -1, (2.6)
Bmyjoﬁo(gjfjox — 2007), i=0,..2 —m.

And the two scale relation for the m-order semi-orthogonal compactly supported B-wavelet
functions are defined as follows:

2i+2m—2

2bm,j,i—m — Z Qi,kBm,j,k—m7 1= 17 ey, M — ]-7 (27)
k=1

2i+2m—2

¢m,j,z’—m = Z qi,kBm,j,k_m, Z =m,...,n—1m =+ 1, (28)
k=2i—m

n+i+m—1
wm,j,i—m - Z Qi,kBm,j,k:—ma t=n—m-+ 27 cy N, (29)

k=2i—m

where q; 1. = qr—2.

Hence there are 2(m — 1) boundary wavelets and (n — 2m+2) inner wavelets in the bounded
interval [a, b]. Finally, by considering the level j with j > j,, the B-wavelet functions in

[0, 1] can be expressed as follows:

wm:j07i<2j_j0$)7 1= —m + 1,...,—1’
Umji(T) = Ymgi—omp1—ig(1 — 279002), =2 —2m+2,..,2 —m,  (2.10)
Ui, jo,0(27 900 — 27003, i=0,..,2 —2m + 1.

The scaling functions ¢,, ;;(z) occupy m segments and the wavelet functions t,, ;;(x)

occupy 2m — 1 segments.

When the semi-orthogonal wavelets are constructed from B-spline of order m, the

lowest octave level j = jj is determined in [6, 7] by
200 > om — 1, (2.11)

so as to have a minimum of one complete wavelet on the interval [0, 1].

2.2.2 Function approximation

A function f(x) defined over interval [0, 1] may be approximated by B-spline wavelets as
[1,3]

11
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270 —1 co 27-2

@)=Y cioweion(@) + D D dinthjr(x). (2.12)

k=-—1 Jj=jo k=—1
In particular, for j, = 2, if the infinite series in equation (2.12) is truncated at M , then eq.
(2.12) can be written as [5, 7]

3 M 272
f(l') ~ Z ckg027k(:c) + Z Z dj,kwj,k<x) = CT\I/(iE) (213)
k=-1 j=2k=-1

where ¢, and 1;; are scaling and wavelet functions, respectively, and C' and V¥ are
(2M+1 4+ 1) x 1 vectors given by
C=lc1,¢0,.y03,dy 1, ... dap,d3 1, ..., d3g, ..., dpr 1, ~-~>dM,2MfQ]T7 (2.14)

U= [p2,-1, 92,01 s 2,3, 2,1, - V2,2, V3,15 s 3,65 oo Y011, ~-,¢M,2M—2]T7 (2.15)
with
1
= [ J@)papa)dr, k=-10,..3
0

1 N .
%k:/ ﬂ@%M@m;jzl&mﬂﬂk:—LQLmﬂW—Z (2.16)
0

where (55 (2) and );,(2) are dual functions of ¢y, and 1;, respectively. These can
be obtained by linear combinations of s,k = —1,....,3 and ¥;;,7 = 2,...., M,k =
—1,...,27 — 2, as follows. Let

¢ = [902,71(33), 802,0(95)> 902,1(37), 802,2(95)7 902,3(56’)]T> (2.17)

\I/ = [1#2,_1(513), ¢2’0(x), ceey 1/}M72M_2(1’>]T. (218)
Using egs. (2.6) and (2.17), we get

1
/@&mza: (2.19)
0

g o o o
L ]

o o o Rkl
S O Rlre- =
O Blro=Rl- ©
Rl-om-B- o ©

12
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and from eqgs. (2.10) and (2.18), we have

N4><4

1 _ _
/ VU7 dr — Py — ' , (2.20)
0 .

1
2M7_2N2M xo9M

where P, and P, are 5 x 5 and (2MF! — 4) x (2M*! — 4) matrices, respectively, and N is a

five diagonal matrix given by

2 1 1
27 96 864 0 0
11 5 _1
96 16 432 864
1 5 11 _ 1
864 432 16 96 864
N=| . . . . . . . (2.21)
1 5 1 5 _ 1
864 432 16 432 864
1 5 1 1
864 432 16 96
0 L 1 2
L 864 96 27 |

Suppose ¢ and ¥ are the dual functions of ® and U, respectively, given by
¢ = [652,—1(96), QEQ,O(@, Q~52,1($)7 ¢~>2,2($), &2,3($)]T7 (2.22)

U= [&2,71(55)7 ?/;2,0(37)7 e &M,QMfQ(x)]T' (2.23)
And combining the above two, we can get

= [9232,—1(@7 &2,0(96)7 ey &2,3(95), 152,—1@)71#2,0(%)7 ---7?/;M,2Mfz(x)]T~ (2.24)

Using egs. (2.17)-(2.18) and (2.22)-(2.23), we have
1 . 1~ _
/ 60Tdy = 1,, [ WUTdr = I, (2.25)
0 0

where I} and I are 5 x 5 and (2MF1 — 4) x (2M*! — 4) identity matrices, respectively. Then
eqs. (2.19), (2.20) and (2.25) yield

b =P7'd, V=Pl (2.26)

13
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2.3 Legendre Wavelet Method

2.3.1 Properties of Legendre wavelets

Wavelets constitute a family of functions constructed from dilation and translation of a single
function called mother wavelet. When the dilation parameter a and the translation parameter

b vary continuously, we have the following family of continuous wavelets as

1

= (t—b
U,p(t) = |a| 20 (

a

), a,beR, a#0 (2.27)

If we restrict the parameters a and b to discrete values as a = ag b= nboag Foag > 1,
bo > 0 and n, and k are positive integers, from eq. (2.27) we have the following family of

discrete wavelets: .

Vrn(t) = |ao| 2 (afit — nby),
where ., (t) form a wavelet basis for L*(R). In particular, when aq = 2 and by = 1,

then v, ,,(¢) form an orthonormal basis.

Legendre Wavelets v, ,,(t) = ¢ (k, 7, m,t) have four arguments. 7 = 2n — 1, n =
1,2,...,281 k € Z*, m is the order of Legendre polynomials and ¢ is normalized time.
They are defined on [0, 1) as

m+125P, (26 —f), Al << AdL
Unm(t) = Y(k,R,m,t) = \/72 ( b s 2* (2.28)

0, otherwise,

where m = 0,1,..,M — 1l and n = 1,2,..,2"1. The coefficient \/m + 1 is for

orthonormality, the dilation parameter is @ = 2~* and translation parameter is b = n27*.

Here P, (t) is Legendre polynomials of order m, which are orthogonal with respect
to weight function w(¢) = 1 on the interval [—1,1]. This can be determined from the

following recurrence formulae:

Po(t) = 1.
Pl(t) =1t,
F%+ﬂ)::(2jji>tPh@)—(njil) ), m=1,2.3, .

14
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The two-dimensional Legendre wavelets are defined as [8, 9]

AP, (282 — 2n; + 1) P, (22t — 2ny + 1),

wn1,m1,n27m2(xvt) = le 1 <z < 2k1 T, 2nk22 T St < 2k2 T, (2.29)

0, Otherwise,

where A = \/(m1 + %) (mz + %)legh, and ny = 1,2,...,2871 ny = 1,2,..., 2k
ki, ko € ZT, and my, my are the order of Legendre polynomials. ¥y, i, ny.ms (2, ) forms a
basis for L?([0,1) x [0,1)).

2.3.2 Function approximation by Legendre wavelets

A function f(x) defined over [0, 1) can be expressed by the Legendre wavelets as

=2 Cam¥nm(), (2.30)

n=1m=0

where ¢, = (f(2), Yn.m(x)), in which (., .) denotes the inner product. If the infinite series

in eq. (2.30) is truncated, then eq. (2.30) can be written as
2k—1 pf—
) = Z Z CrmWUnm(z) = CTU (), (2.31)
where C' and V(z) are (Qk‘lM X 1) matrices given by

T
C= {01,0761,1, =y CLM—1,C2,05 -5 C2,M 15 --+5 C2k—1 0, --~762k71,M71} ) (2.32)

T
U(z) = [151,0(@71/11,1(1')7 s Y11 (), oy Yor-1 o (), ~-;1/)2k71,M—1($)} : (2.33)
A function f(x,t) defined over [0,1) x [0,1) can be expanded by two dimensional

Legendre wavelets as [§]
= Z Z Z Z Cn17m17n27m2¢n1»m17n27m2 (33, t)' (234)
n1=1m1=0n2=1mo=0

If the infinite series in Eq. (2.34) is truncated, then it can be written as

2k1=1 Ay —1 2k2—1 Mp—1

= Z Z Z Z Cn1,m1,n2,m2wm,m1,n2,mz($at)

ni1=1 m1=0 na=1 mo=0

= CT(z, 1), (2.35)

15
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where C' and W(x,t) are (2’“1‘12"'2_1M1M2 X 1) matrices given by

C =[1,0,1,05 -+, C1,0,1,Mo—15 ---
o0y €1,0,2k21 My—15 -+

T
e c2k1*1,M171,2k2*1,M271] ’ (2.36)

W(vxa t) :[1/]1,071,0(1', t)7 ceey ¢17071,M2—1($, t)’
"'7w170,2k2—17M2_1(x,t),

AR PSRRI C )] (2.37)
2.3.3 Operational matrix of derivative by Legendre wavelets
The operational matrix of derivative for Legendre wavelets, D can be defined as follow

'(2) = DU (x),
V' (z) = D*U(x),

TP () = DPU(x),

where

H 0 0 ]
0 H 0
0 0 H (2.38)

0O 0 0 . H

in which H is (M + 1) x (M + 1) matrix and its each element is defined as follow

H 2 J(2r —1)(2s—1), r=2,..,(M+1), s=1,.,r—1, and(r+s)odd,
" 0, otherwise.

16
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2.3.4 Operational matrix of integration by Legendre wavelets

The operational matrix of integration for Legendre wavelets () can be defined as follow
| v@)dr = Qua)

// (z)drdr = Q*¥(x),

// / r)dade...d = Q"V(x),

p— tzmes

where Q is a (2’“*1M x 2k=1)f ) matrix and defined as follow

X W W . W
Sloox woow

Q=g |0 0 X W (2.39)
00 0 . X

where X and W are (M x M) matrices defined as

W =
0 0 0 0
and
r 1
1 7 0 0
1 1
v B v
0 __1 0 _1
V3V5 V5T
X - . .
1
0 0 2M —3v2M—1
_ 1 0
L oM —1/2M—3

17
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2.3.5 Properties of Legendre Multi-Wavelets

Legendre multi-wavelets are very similar to Legendre wavelets. The Legendre
multi-Wavelets are defined on the interval [0, 7] where T is any positive integer. Legendre
multi-wavelets ¥, ,,, (t) = 1(k, n, m, t) have four arguments. n = 0,1, 2, ...,2*—1, k € Z™,
m is the order of Legendre polynomials and ¢ is normalized time. They are defined on [0, T')
as [10]

JT T

0, otherwise,

k
2m+1<22)Pm A , ﬂ§25<7("+1)T,

(2.40)
wherem =0,1,...M —landn =0,1,2,...,2" — 1.

The coefficient /2m + 1 is for the orthonormality , the dilation parameter is a = 27*T

and translation parameter is b = n27*T.

Here P,,(t) are the well-known shifted Legendre polynomials of order m, which are

defined on the interval [0, 1], and can be determined with the aid of the following recurrence

formulae:
Py(t) =1,
Pi(t) =2t —1,
2m +1 m
P(t) = % —1)P,(t) — (——— ) Pp1(t), m=1,2,3,...
S R e P
A function f(t) defined over [0, 7) can be expressed by the Legendre multi-wavelets as
f(t) = Z Z Cn,mwn,m(t)a (241)
n=0m=0

where ¢, ., = (f(t), ¥nm(t)), in which (.,.) denotes the inner product. If the infinite series
in eq. (2.41) is truncated, then eq. (2.41) can be written as

2k—1 M

FO 2D comtbam(t) =CTU(), (2.42)

n=0 m=0
where C' and V() are (2’“ (M +1) x 1) matrices given by

T
C = {00,0700,17"'7CO,M761,07"-7CI,M7"'7C2’9—1707"'762’“—1,M} ) (243)

U(t) = [?/10,0(15)7 Yo,1(t), s Your (t), s Yar_10(t), .., wzk—l,M@)}T- (2.44)

18
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2.4 Chebyshev Wavelets Method

2.4.1 Properties of Chebyshev wavelets

Wavelets constitute a family of functions constructed from dilation and translation of a single
function called mother wavelet. When the dilation parameter a and the translation parameter

b vary continuously, we have the following family of continuous wavelets as

t—>
a

U, y(t) = |a| 20 ( ) . a,beR, a#0. (2.45)

If we restrict the parameters a and b to discrete values as a = ag b= nboag koag > 1,

bo > 0 and n, and k are positive integers, we have the following family of discrete wavelets:
Y (t) = lao|2 0 (akt — nby), n,k € ZF,

where 1y, (t) forms a wavelet basis for L?(R). In particular, when ag = 2 and by = 1,

then v, ,,(¢) form an orthonormal basis.

Chebyshev wavelets ¢, .,(t) = v(k,n,m,t) have four arguments, where n =
1,2,...,281 k € Z*, m is the order of Chebyshev polynomials and ¢ is normalized time.
They are defined on the interval [0, 1) as [11]

k
25./2U,, (2"t —2n+ 1), 2L <t < 2o,
U (t) = VaUn ( ) St (2.46)

0, otherwise,

wherem = 0,1,...,M —1landn =1,2,...,2F 1

The coefficient \/g is for the orthonormality, the dilation parameter is @ = 2% and

translation parameter is b = (2n — 1)27F,

Here U,,(t) are the well-known m" order second Chebyshev polynomials with respect
to weight function w(t) = /1 — ¢2 which are defined on the interval [—1, 1], and can be

determined with the aid of the following recurrence formulae

Uppsr () = 26U (t) — Ui (), m =1,2,3, ...

We should note that in dealing with the second Chebyshev wavelets the weight function
w(t) = w(2t — 1) have to dilate and translate as w,, (t) = w(2¥t — 2n + 1).
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Chebyshev polynomials of second kind are orthogonal with respect to the weight /1 — ¢2
on the interval [—1, 1] and defined as

/_11 Up () Un (£)V1 — t2dt = 0 m#n,

T/2, m=n.

2.4.2 Function approximation by Chebyshev wavelets

A function u(z) defined over [0, 1) can be expressed by the Chebyshev wavelets as

= i i CnmWn,m(T), (2.47)
n=1m=0
where 1
Cnm = (U(), Un (X)) 1 (2) :/0 Wy (2)u(2) Y m (z)dz, (2.48)

in which (., .) denotes the inner product in Lfﬂn(x) 0, 1]. If the infinite series in eq. (2.47) is

truncated, then the eq. (2.47) can be written as

k=1 pr—1

x) = Z Z CrnmWUnm(T) = CTW(z), (2.49)

n=1 m=0

where, C' and U(x) are (2k_1M X 1) matrices given by

T
C= {01,0701,1, <y CLM—1,C2,05 -+, C2, M —1, -+-5 Cok—1 0 ---702’“*1,M—1} ) (2.50)

V() = [10(2) P11 (0), oo Brar1(2)s oo U1 g(@), e Uiy (2)] - (25D)

Lemma 2.4.1. (Bessel’s inequality ) Let H be a Hilbert space and suppose that eq, es, €3, ...
is an orthonormal sequence on H, then for any x in H

o
>z, e)l® < [l
=1

where (., .) denotes the inner product in the Hilbert space H.

Theorem 2.4.2. Let u(z) € L2(R), the series solution

u(z) = i i Cr.m¥nm ()

n=1m=0
defined in eq. (2.47) using Chebyshev wavelet method converges to u(x).

Proof. Letu(x) € L2(R) and L2 (R) be the Hilbert space and 1,, ,,, defined in (2.46) forms
an orthonormal basis with respect to the weight function w(z) = v/1 — x2.

Let u(z) = S8 ot () Whete e = ((2), V(7))

Let us denote 1, ., () = 9;(x) for a fixed n and let a; = (u(x ) ( ).

Now, we define the sequence of partial sum {.5,, } of {c;1); (a:)}]>1, let S, = >0, aj;().
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Now

(u(z), S,) = <u<x>,ilajwj<x>> - Z a2

We claim that

n

150 = SullP = 32 JagP, n>m.

j=m+1
Now
n n n n
> apb @)= > agi(x), Yo ajpi@) = > |l
j=m+1 j=m+1 j=m+1 Jj=m+1
for n>m
Therefore,
n n
Y @)= > loyl?, for n>m.
J=m-+1 j=m+1

9, 2 . [ee] 23
From Bessel’s inequality, we have 232, || is convergent and hence

n

> ajp@)|P =0 as n— .
j=m+1

So,

n

I > eyl =0

j=m+1

and {5, } is a Cauchy sequence and it converges to s (say).
We assert that u(z) = s.

Now
(s —u(x), () =(s,9;(x)) — (u(z), ¥;(x))
={lim S,.,¢;(z)) —
This implies

(s — (), y(x)) = 0

Hence u(z) = s and >°7_, a;1);() converges to u(z) as n — oo.

O]

Lemma 2.4.3. If the Chebyshev wavelet expansion of a continuous function u(x) converges

uniformly, then the Chebyshev wavelet expansion converges to the function u(zx).

Proof. (see reference [12], Lemma 3.1)

O]

Theorem 2.4.4. A function u(x) € L2([0,1]), with bounded second derivative, say
|u"(x)| < N, can be expanded as an infinite sum of Chebyshev wavelets, and the series

converges uniformly to u(x), that is,

u(z) = i i Cr.nWn,m (7).

n=1m=0
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Proof. From eq. (2.48), it follows that
n= [ wum(@yun(o)da
2k 1
—2’“/2\/7/ uw(2)Up (252 — 2n 4 1w(282 — 2n 4+ 1)dx

1)/2k 1

If m > 1, by substituting 2*x — 2n + 1 = cos , we have
0+2n—1
Cnyn = /2\/—/ (W) sin(m + 1)6 sin 0d6

cosf +2n —1
= oo /2\/_ / <k> (cosmf — cos(m + 2)0) do

1 cosf +2n — 1\ [sinmf#  sin(m +2)0]"
_ w _
204172 /5 ok m m+2 |,
1 ™ ,[cosO+2n—1
T 2(3kz+1)/2ﬁ/0 u ok
<in g [sinm@ _ sin(m + 2)9] "
m m+ 2

(integrating by parts)

1 ™ cosf +2n —1
N 2(5k+1)/2ﬁ/o v ( 2¥ ) Yo (0)8

(again integrating by parts)

where
sinf (sin(m — 1) sin(m + 1)8
iy = 0 (s =10 _ st 1)
m -1 m—+1
_ sind (sin(m+1)0  sin(m +3)¢
m+ 2 m—+1 m+3
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Therefore,
1 ™ cosf +2n —1
nnl = |z [, <2k> T (B)d8)
1 ™ cosf +2n —1
e 2(5k+1)/2ﬁ|/0 U// < 2k > ’ym(0>d6‘

1 ™
< W/O |Vm (6|6

B A N R AR

—26kt/2 Im \m—-1 m+1 m+2\m+1 m-+3
N7 4

= st (T om 3)

Ny

- 20k=3)/2(m2 4 2m — 3)

Since n < 2~ we obtain

Ny

2n5/2(m? + 2m — 3)°

|Cnm| <

Now, if m = 1, we have

2/
el < Sareny 2ax [ ()]

Hence the series > 07 | >°>°_; ¢,.m 1s absolutely convergent.

Form = 0, {,,0}22, form an orthogonal system constructed by Haar scaling function
with respect to the weight function w(z), and thus >-°° ; ¢, 0% 0(2) is convergent.

On the other hand, we have

‘ Z Z Cn,mwn,m(x)‘ S | Z Cn,Own,()(x)’ + Z Z |Cn,men,m<x>’
n=1

n=1m=0 n=1m=1
0 0o oo

< | Z Cn,Own,O(I)’ + Z Z |Cn,m‘ < Q.
n=1 n=1m=1

Therefore, utilizing Lemma 2.4.3, the series .07, >0°_ ¢y mWUn.m(x) converges to u(x)
uniformly. ]

2.5 Haar Wavelet Method

2.5.1 Properties of Haar wavelets

Haar functions have been used from 1910 when they were introduced by the Hungarian
mathematician Alferd Haar. Haar wavelets are the simplest wavelets among various types

of wavelets. They are step functions (piecewise constant functions) on the real line that
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can take only three values, i.e., 0, 1 and -1. We use Haar wavelet method due to the
following features, simpler and fast, flexible, convenient, small computational costs and
computationally attractive.

The Haar functions are the family of switched rectangular waveforms where amplitudes can
differ from one function to another function. Usually the Haar wavelets are defined on the
interval [0, 1] but in general case these are defined on [a, b]. We divide the interval [a, b] into
m equal subintervals. In this case the orthogonal set of Haar functions are defined on the
interval [a, b] by [13, 14]

1, z€la,b]
ho(z) = (2.52)
0, otherwise
and
L &) <z < &)
hi(z) = (=1, &(i) <z < &) (2.53)
0, otherwise
where
Qi) —art kz_jl(b _a),
po 1
52(@) =a-+ 2j2(b—a),
&(i) =a+ ;(b —a),

where i = 1,2,....m — 1, m = 27, J is the positive integer, called the maximum level of
resolution. Here j and k represent the integer decomposition of the index 4. i.e. i = k+27—1,
0<j<iandl <k <2 +1.
Mutual orthogonalities of all Haar wavelets can be expressed as

(b—a)2™7, m=n=2+k,

/ B (2) B (2)d = (b — 0)2 Gy — (2.54)
a O7 m 7& n.

2.5.2 Function approximation by Haar Wavelets

An arbitrary function y(z) € L?[a, b] can be expanded into the following Haar series

+oo
y(xr) = Z cihi(x), (2.55)
i=0

where the coefficients ¢; are given by
b
¢ =(b— a)’12j/ y(x)h;(z)dz. (2.56)

a
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Eq. (2.55) can be approximated with finite terms as follows:
m—1
y(x) = Y cihi(x) = Clnham (), (2.57)

1=0

where the coefficient vector C(?n) and the Haar function vector h,,(x) are, respectively,

defined as

C’(j;n) = [co, €1, s Crm1],

himy (@) = [ho(2), B1(2), ooy hin—1 ()] (2.58)

2.6 Bernoulli Wavelet Method

2.6.1 Properties of Bernoulli Wavelets

Wavelets constitute a family of functions constructed from dilation and translation of a single
function called mother wavelet. When the dilation parameter a and the translation parameter
b vary continuously, we have the following family of continuous wavelets as

t—1>

a

U,(t) = |a| 20 ( ) . abeR, a#0. (2.59)

If we restrict the parameters a and b to discrete values as a = ag kp= nboag Foag > 1,

by > 0 and n, and k are positive integers, we have the following family of discrete wavelets:
Vkn(t) = |ao| 2y (akt — nby), n,k € Z*,

where 1y, ,(t) forms a wavelet basis for L?(R). In particular, when ay = 2 and by = 1,

then v, ,,(t) form an orthonormal basis.

Bernoulli wavelets ¢, ,,(t) = (k,n,m,t) have four arguments, where n =
1,2,...,21 k € Z*, m is the order of Bernoulli polynomials and ¢ is normalized time.
They are defined on the interval [0, 1) as [15]

k—1 ~

27 B (2 —n+ 1), gt <t < gty

0, otherwise
with
i L o
Bm(t) - 1
Cumlmn? (), m >0,
@m)! 2m

where m = 0,1,....M —landn = 1,2,..., 281,
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1

e,
k—1)

a = 2~* =1 and translation parameter is b = (n — 1)2~ (=1,

The coefficient is for the orthonormality, the dilation parameter is

Here 3,,(t) are the well-known m'" order Bernoulli polynomials which are defined on the

interval [0, 1], and can be determined with the aid of the following explicit formula [15, 16]

Blt) =3 (m) —

i—0 \ !

where o;, ¢ =0,1,...,m are Bernoulli numbers .

The two dimensional Bernoulli wavelets can be defined as

k1—1 ko—1 ~ ~
275 2% B, (2k1—1t g+ 1) By (2k2_1r g+ 1) :
wﬂhmhn%mQ (t7 T) = ;kll_—ll S t < ngil—la 316227_—::[[ S r< 21:;72—17
0, otherwise,

(2.61)
where my, = O,l,...,Ml — 1, mo = O,l,...,Mg — 1, ny = 1,2,...,2k1_1, and Ng =
1,2,..., 2k,

2.6.2 Properties of Bernoulli’s polynomial
Properties of Bernoulli polynomials are given as follows [16]:
1. Bp(1—=1t)=(=1)"Bu(t), meZt.
2. 8(t) =mB_1(t), meZ .
3. Jo Bn(t)Ba(t)dt = (1) s vy, My > 1
4. [ 1Bm(t)|dt < 16(27:)71777!1“, m > 0.

X _ ﬁm ($)_Bm (a)
5. Ja B(t)dt = Prsimamens,

6. SUD¢el0,1] | Bom ()] = |ovam|-

7. sup;eio) |Bamr1(t)] < 2 gy

2.6.3 Properties of Bernoulli number

The sequence of Bernoulli numbers (o, )men satisfying the following properties [16]:
L. agmy1 = 0, agm = Pom(1).
2. Bn(1/2) = (21"™ — 1)ayn.
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3. oy = m+1 S (mH)ak.

2.6.4 Function approximation

A function f(x) defined over [0, 1) can be approximated by Bernoulli wavelets as
2F—1 M—1
)= >3 omnm(z) = CTU(2), (2.62)
n=1 m=0
where C' and V(z) are (QkflM X 1) column vectors given by

T
C= {01,0701,17 <05 C1,M—15,C2,05 -y C2 M—15 -5 C2k—1 -'-vCQk—l,M—l} ) (2.63)

\If(x) = [w1,0<x)>w1,1($)7 7¢1M 1( ) oy Pon— 10( )7"'7w2k—1,M71(x)}T' (2.64)

The function f(z,t) € [0,1) x [0, 1) can be approximated by two dimensional Bernoulli

wavelets as

ok1=1 ppy—1 2k2-1 Mfp—1

= Z Z Z Z C”l,m17n2,m2wn1,ml,n27m2('x7t):CT\II(:C7t)7 (2.65)

ni1=1 m1=0 no=1 mo=0

where C' and U (x, t) are (2’“1*12’“2*1M1M2 X 1) matrices given by

T
C - [01707170, ceey 61,0717M2_1, ceey 0170’2k2—171\42_17 ceey 62k1_17M1—1,2k2_17M2—1:| 5 (2.66)

U(z,t) = [Yr010(@,1), s V101051, 1), oy Wy g gka—1 1p, 1 (2, 1), ...
ceey Q/}2k171’M171’2k2717M271(ZE, t)]T (267)

2.6.5 Convergence analysis

Theorem 2.6.1. If f(z) € L?*(R) be a continuous function defined on [0, 1] and | f (x)| < M,
then the Bernoulli wavelets expansion of f(x) defined in eq. (2.62) converges uniformly and

also A 16m
~ m/!
ol < Mgt et

1

_ -1 2
: 1);';'”)!(7”!) a2m

where A =

Proof. Any function f(z) € L?[0, 1] can be expressed by Bernoulli wavelets as

2k—1 pr—
Z Z Crm W m(
where the coefficients c¢,, ,,, can be determined as

Cnm = <f(x)7¢n,m(x)> .

27



Chapter 2 Numerical Methods and Function Approximation

Now forn > 0, m > 0,

1
f ¢nm dx
¢nm

A/ F(@)Bn(2 e — n + 1)da,

Ma-N\o

—1
where [, = [%, 2;%1)

Now, changing the variable 212 — n + 1 = ¢, we have

o [ 1)

Thus,

t+n—
ol < 2 [ | (B ) 1801

< —@M [ 180
273 0

- A - 16m!
2% (2m)m Tt

using the property of Bernoulli polynomials.

This means that the series Zn 1 Z o Cn.m is absolutely convergent and hence the series

M-

is uniformly convergent [17]. [

2.7 Bernstein Polynomial Approximation

2.7.1 Bernstein polynomials and its properties

The general form of the Bernstein polynomials of n-th degree over the interval [a, b] as
defined in [18-20] is given by

Bin(z) = (?) S ijba;f)n i=0,1,..,n.
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Chapter 2 Numerical Methods and Function Approximation

where (7;) = _n

in—a)!"

Note that each of these n + 1 polynomials having degree n satisfies the following properties:

Bin(x) =0, 4if i<0 or i>n,
Bin(a) = Bin(b) =0, for 1<i<n-—1,
ZBLn(ZL') =1.

i=0

For n = 10, the Bernstein polynomial basis functions over the interval [0, 1] are given as

follows and the graph of all its basis functions are shown in Figure 2.1.

Efi,m][x]
1.0

— B[O, 10][x] — B[S, 10][x]
B[l 10]] — B[2, 10][x]
— B[ 10][] B[10, 10][x]
B[3, 10]x]
— B[, 10][]
B[3, 10]x]
B[6. 10][x]
— B[7, 10][x]

x
1.0

Figure 2.1: Graph of 10-degree Bernstein polynomials over [0, 1].

2.7.2 Function approximation

Bernstein polynomials defined above form a complete basis [20] over the interval [a, b]. Tt

is easy to show that any given polynomials of degree n can be expressed in terms of linear
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combination of the basis functions. A function y(z) defined over [a, b] can be approximated

by Bernstein polynomials basis functions of degree n as

y(z) = > ¢iBin(x) = C"B(x), (2.68)
=0
where C' and B(x) are (n + 1) x 1 vectors defined as

C = [co, €1y ey cn]T,

B(z) = [Bon(x), Bin(z), ..., Bnm(x)]T.

2.8 Hybrid Legendre Block-Pulse Functions

2.8.1 Legendre Polynomials

Consider the Legendre polynomials L,,(z) on the interval [—1, 1] as

LQ(.CE) = 1,
Lyi(z) = =z,
2m —1 —1
Ln(2) = 0Ly 1(2) — = Lp_a(x), m=2,3,..

m m

The set L,,,(z) : m = 0,1,2, ... in Hilbert space L?*[—1, 1] is a complete orthogonal set.

2.8.2 Block-Pulse Functions

A set of Block-Pulse functions b,(z), n = 1,2,..., N on the interval [0, 1) are defined as

follows:

—1
17 nTSx<%>

by(z) =
0, otherwise.

The Block-Pulse functions on interval [0,1) are disjoint and also these functions are

orthogonal on the interval [0, 1).

2.8.3 Hybrid Legendre Block-Pulse Functions

Form = 0,1,.... M — 1and n = 1,2,..., N, the hybrid Legendre Block-Pulse functions
defined on the interval [0, 1) are as follows [21, 22]:

N@2m+1)L,(2Nx —2n + 1), <z <

n=1
N N (2.69)

b(n,m,x) = {

0, otherwise,
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Chapter 2 Numerical Methods and Function Approximation

where m and n are the order of the Legendre polynomials and Block-Pulse functions,
respectively. The coefficient \/ N (2m + 1) is for the orthonormality.

2.8.4 Function Approximation

Any function f(x) € L?[0,1) can be expressed by Hybrid Legendre-Block-Pulse functions

as
flx)=>" > X(n,m)b(n,m,xz). (2.70)
n=1m=0
If the above series truncated at some values of M and NV, then eq. (2.70) can be written as
N M-1
f@)~ Y Y X(n,m)b(n,m,x) = X7 B(x), (2.71)
n=1 m=0

where
X =[z(1,0), X(1,1),..., X(1,M —1),..., X(N,0), X(N,1),.... X (N, M — 1)]T, (2.72)

B(z) = [b(1,0,2),....,6(1, M — 1,2),...,b(N,0,z),....b(N, M — 1,z)]". (2.73)

Since [, B(x)B”(x)dr = I, where I is an identity matrix of dimension N M, then we can

calculate X (n,m) as

1
X(n,m) = / f(z)b(n,m, z)dz, n=12,..N, m=0,1,... M —1. (2.74)
0

2.9 Sinc Basis Functions

2.9.1 Properties and approximation of sinc functions

The Sinc function [23, 24] is defined on the real line, —oo < x < oo by

sin(mz) T 0
Sinc(z) =4 ™ 70
1, xz =0.

For h > 0, the translated Sinc functions with evenly spaced nodes are given by

x —jh

S(j, h)(z) = Sinc( ) ., J=0,£1,%2, ..

The Sinc function for the interpolating points x; = kh is given by

L k=

Smmwm%?{
0, k#j.
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Let D be a simply connected domain, having boundary 0D. Let a and b denote two distinct
points of 0D and denote a conformal map of D, onto D, where D, denote the region
{we C: |[Im (t)| < d} such that p(—00) = a and ¢(0c0) = b. Let p~!(D,) denote the
inverse map. Given ¢ and a positive number h, let us set z, = p(kh), k =0, £1,+2, ....

Let H'(D,) the family of all functions f analytic in D, such that if Dy(e) is defined for
0<e<lby

Die)={reC: |Res< i I o] < d1 - o)}

A function f is said to decay double exponentially with respect to the conformal map ¢ if

there exist positive constants « and C' such that
|f(p(@))¢' ()] < Cexp(—aexplz]), z € (—00,00). (2.75)

Let a be a positive number, then the space K¢(Dg4) denotes the family of function f
where f(o(z))¢'(x) € H'(D,) and the analytic function f satisfies eq. (2.75).

To construct approximation on the interval [a, b], we consider the conformal map [24]

b—
o(x) = 5 ¢ tanh(g sinh x) +

b+a
2 )

b—a  Fcoshx
2 cosh®(Zsinhz)’
Let N be a positive integer, and let mesh size h be selected by the formula

1 2rdN
h=—1

' (z) =

then, we have the double exponential formula [24] for the definite integration of a function
y € Kg(Dg) as

/a @)y = h > yle(kh)§ (kh) + O (exp (-%)) . (2.76)



Chapter 3

Numerical solutions of Fredholm integral
equations by B-spline Wavelet Method

3.1 Introduction

A computational approach to solve integral equations is an essential work in scientific
research. Integral equation has been one of the essential tools for various area of applied
mathematics. Integral equations occur naturally in many fields of science and engineering
[25]. Wavelets theory is a relatively new and emerging area in mathematical research. It
has been applied in a wide range of engineering disciplines; particularly, wavelets are very
successfully used in signal analysis for waveform representations and segmentations, time
frequency analysis, and fast algorithms for easy implementation [1, 2]. Wavelets permit
the accurate representation of a variety of functions and operators. Moreover, wavelets
establish a connection with fast numerical algorithms. Wavelets can be separated into two
distinct types, orthogonal and semi-orthogonal [1, 3]. The research works available in open
literature on integral equations have shown a marked preference for orthogonal wavelets
[4]. This is probably because the original wavelets, which were widely used for signal
processing, were primarily orthogonal. In signal processing applications, unlike integral
equation methods, the wavelet itself is never constructed since only its scaling function
and coefficients are needed. However, orthogonal wavelets either have infinite support
or a non-symmetric, and in some cases fractal, nature. These properties can make them a
poor choice for characterization of a function. In contrast, the semi-orthogonal wavelets
have finite support, both even and odd symmetry, and simple analytical expressions, ideal

attributes of a basis function [4].

In this chapter, we apply compactly supported linear semi-orthogonal B-spline wavelets,
specially constructed for the bounded interval to approximate the unknown function present
in the integral equations. Semi-orthogonal wavelets using B-spline specially constructed for
the bounded interval and these wavelets can be represented in a closed form. This provides
a compact support. Semi-orthogonal wavelets form the basis in the space L*(R). Using this

basis, an arbitrary function in L?(IR) can be expressed as the wavelet series. For the finite
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Chapter 3 Numerical solutions of Fredholm integral equations by B-spline Wavelet Method

interval [0, 1], the wavelet series cannot be completely presented by using this basis. This is
because supports of some basis are truncated at the left or right end points of the interval.
Hence a special basis has to be introduced into the wavelet expansion on the finite interval.
These functions are referred to as the boundary scaling functions and boundary wavelet
functions. B-spline wavelet method has been applied to solve linear and nonlinear integral
equations and their systems. The above method reduces the integral equations to systems of
algebraic equations and then these systems can be solved by any usual numerical methods.
Here, we have applied Newton’s method with appropriate initial guess for solving these

systems.

A computational approach to solve integral equation is an essential work in scientific
research. Some methods for solving second kind Fredholm integral equation are available
in open literature. In literature, the Petrov-Galerkin method and the iterated Petrov-Galerkin
method [26, 27] have been applied to solve nonlinear integral equations. A variation of the
Nystrom method for nonlinear integral equations of second kind was presented by Lardy
[28]. The learned researchers Maleknejad et al. [29] proposed a numerical method for
solving nonlinear Fredholm integral equations of the second kind using sinc-collocation
method. In [30, 31], the Haar wavelet method and the rationalized Haar function method
have been applied to solve system of linear Fredholm integral equations. The authors, in
[32, 33], proposed some numerical methods for solving system of linear Fredholm integral
equations of the second kind using Block-Pulse functions and Taylor-Series expansion
method. A novel mesh-less technique termed the Random Integral Quadrature (RIQ)
method has been developed by Zou and Li [34]. By applying this method, the governing
equations in the integral form are discretized directly with the field nodes distributed
randomly or uniformly, which is achieved by discretizing the integral governing equations
with the generalized integral quadrature (GIQ) technique over a set of background virtual
nodes, and then interpolating the function values at the virtual nodes over a set of field
nodes with Local Kriging method, where the field nodes are distributed either randomly or
uniformly. The Fictitious Time Integration Method (FTIM), previously developed by Liu
and Atluri [35], has been employed to solve a system of ill-posed linear algebraic equations,
which may result from the discretization of a first-kind linear Fredholm integral equation.
Gauss-Legendre Nystrom method [36] has been applied for determining approximate
solutions of Fredholm integral equations of the second kind on finite intervals. The authors’
recent continuous-kernel approach is generalized in order to accommodate kernels that
are either singular or of limited continuous differentiability at a finite number of points
within the interval of integration. Quadratic integral equations are a class of nonlinear
integral equations having many important uses in engineering and sciences. Adomian

decomposition method has been applied to solve the quadratic integral equations of Volterra
type [37].
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In section 3.2, the linear Fredholm integral equation of second kind has been solved by
B-spline wavelet method. In section 3.3, we have applied B-spline wavelets for solving
nonlinear Fredholm integral equations and then compared these results with the results
obtained by variational iterative method. The system of linear and nonlinear Fredholm
integral equations of second kind has been solved by using B-spline wavelet method in
section 3.4 and 3.5, respectively. Error analysis of B-spline wavelet method has been

discussed in section 3.6 and section 3.7 yields a concluding summery of the whole chapter.

3.2 Application of B-spline wavelet method for solving
linear Fredholm integral equations of second kind

In this section, we apply compactly supported linear semi-orthogonal B-spline wavelets,
specially constructed for the bounded interval to solve the second kind linear Fredholm

integral equations of the form:

o) = f@)+ [ Ky, 0<w<1, G.1)

where K (z,t) and f(z) are known functions and y(z) is unknown function to be determined.

In this section, linear Fredholm integral equation of the second kind of the form (3.1)
has been solved by using B-spline wavelets. For this, we use eq. (2.13) of Chapter 2 to
approximate y(z) as

y(z) = CTU(z), (3.2)

where U(x) is defined in eq. (2.15) of Chapter 2, and C'is (2! 4 1) x 1 unknown vector
defined similarly as in eq. (2.14) of Chapter 2. We also expand y(z) and K (z, t) by B-spline
dual wavelets ¥ defined as in eqs. (2.22)-(2.23) of Chapter 2 as

f(z) =CTVU(x), K(z,t)=9"(t)0U(z), (3.3)

where Lo
0., = /O [ /0 K(z, t)\l/i(t)dt} U, () dr. (3.4)
From egs. (3.3) and (3.2), we get

/01 K(g(;,t)y(t)dt — /01 CT\I’(t)\I/T(t)@\I/(I)dt

_ "0 (), (3.5)

since .
/ ()T (H)dt = 1.
0
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By applying egs. (3.2)-(3.5) in eq. (3.1), we have

CTw(z) — CTOU(z) = CTU(z). (3.6)

By multiplying both sides of the eq. (3.6) with U7 (z) from the right and integrating with
respect to « from 0 to 1, we get

c’p—-c'e =07, (3.7)

since )
/ U (z)0T (z)dx = I,
0

and Pisa (2M*1 + 1) x (2M*+! 4+ 1) square matrix given by

P 0

P, (3.8)

p= /01 U(2) 07 () da =

Consequently, from equation (3.7), we get C7 = C (P — ©)~!. Hence we can calculate the
solution for y(z) = CTV(z).

3.2.1 [Illustrative examples

Example 3.2.1. Consider the equation
3 1
y(x) = cosz + 2% sin x +/ K(z,t)yy(t)dt, 0<xz<1,
0

where
—3sin(z —t), 0<t<zx
0, r<t<lI.

K(x,t):{

The solution y(x) is obtained by B-spline wavelet method (BWM) for M = 2, M = 4.
The numerical approximate results for M = 2, M = 4 together with their exact solutions
y(x) = cos z and absolute errors are cited in Tables 3.1 and 3.2 respectively.

The error function is given by

Errorfunction: Hyexact (xz) - yapproximate (xz) ”

= $ (yexact<xi) - yap;m‘o:r:imate(-:Ei))2
i=1

Global error estimate=R.M.S.error

1 n
= \/ﬁ\l Z(yexact (xz) - yapprozimate<xi>>2
=1
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Table 3.1: Approximate solutions for M = 2 for Example 3.2.1

T Yapprozimate | Yexact Absolute error
0 1.001300 1.000000 | 1.30173E-3
0.1 | 0.995052 0.995004 | 4.75992E-5
0.2 | 0.979500 0.980067 | 5.66575E-4
0.3 ] 0.954792 0.955336 | 5.44546E-4
0.4 | 0921120 0.921061 | 5.94170E-5
0.5 | 0.878726 0.877583 | 1.14300E-3
0.6 | 0.825360 0.825336 | 2.45777E-5
0.7 | 0.764394 0.764842 | 4.47947E-4
0.8 | 0.696316 0.696707 | 3.90444E-4
0.9 | 0.621667 0.621610 | 5.68924E-5
1 0.541039 0.540302 | 7.36347E-4

Table 3.2: Approximate solutions for M = 4 for Example 3.2.1

T | Yapprozimate | Yezact Absolute error
0 1.000080 1.000000 | 8.13789E-5
0.1 | 0.995007 0.995004 | 3.28342E-6
0.2 | 0.980032 0.980067 | 3.50527E-5
0.3 | 0.955302 0.955336 | 3.42873E-5
0.4 | 0.921064 0.921061 | 2.80525E-6
0.5 | 0.877654 0.877583 | 7.14185E-5
0.6 | 0.825339 0.825336 | 2.96120E-6
0.7 | 0.764815 0.764842 | 2.72328E-5
0.8 | 0.696682 0.696707 | 2.51241E-5
0.9 | 0.621612 0.621610 | 1.63566E-6
1 0.540347 0.540302 | 4.44686E-5
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Table 3.3: Approximate solutions for M = 2 for Example 3.2.2

z Yapprozimate | Yezact Absolute error
0 -0.001751 | 0.000000 | 1.75070E-3
0.1 | 0.157913 0.157983 | 7.01720E-5
0.2 ] 0.330182 0.329412 | 7.70007E-4
0.3 ] 0.515056 0.514286 | 7.69838E-4
0.4 | 0.712534 | 0.712605 | 7.06777E-5
0.5 | 0.922618 0.924370 | 1.75154E-3
0.6 | 1.149510 1.149580 | 7.10762E-5
0.7 | 1.389000 1.388240 | 7.69042E-4
0.8 | 1.641100 1.640340 | 7.68812E-4
0.9 | 1.905810 1.905880 | 7.17658E-5
1 2.183120 | 2.184870 | 1.75269E-3

Table 3.4: Approximate solutions for M = 4 for Example 3.2.2

xz yapproximate Yexact AbSOZUteGTTOT
0 |-0.000109 | 0.000000 | 1.09419E-4
0.1 | 0.157979 0.157983 | 4.37731E-6
0.2 | 0.329460 0.329412 | 4.81431E-5
0.3 | 0.514334 0.514286 | 4.81424E-5
0.4 | 0.712601 0.712605 | 4.37929E-6
0.5 | 0.924260 0.924370 | 1.09422E-4
0.6 | 1.149580 1.149580 | 4.38085E-6
0.7 | 1.388280 1.388240 | 4.81393E-5
0.8 | 1.640380 1.640340 | 4.81384E-5
0.9 | 1.905880 1.905880 | 4.38354E-6
1 2.184760 2.184870 | 1.09427E-4

In Example 3.2.1, Error estimates (or R.M.S. errors) are 0.00064165 and 0.0000398951 for
M =2 and M = 4 respectively.

Example 3.2.2. Consider the equation
1
y(z) =x +/ (zt? + 22)y(t)dt, 0<z<1.
0

The solution y(x) is obtained by B-spline wavelet method (BWM) for M = 2, M = 4.

The numerical approximate results for M = 2, M = 4 together with their exact solutions

y(x) = % and the absolute errors are cited in Tables 3.3 and 3.4, respectively.

In Example 3.2.2, Error estimates (or R.M.S. errors) are 0.0010266 and 0.0000641496
for M = 2 and M = 4 respectively.
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Table 3.5: Approximate solutions for M = 2 for Example 3.2.3

z Yapprozimate | Yezact Absolute error
0 ]0.001187 0.000000 | 0.001187
0.1 | 0.310083 0.309017 | 0.001065
0.2 ] 0.584716 0.587785 | 0.003069
0.3 | 0.804107 0.809017 | 0.004910
0.4 | 0951212 | 0.951057 | 0.000155
0.5 | 1.012920 1.000000 | 0.012924
0.6 | 0.951212 0.951057 | 0.000155
0.7 | 0.804107 0.809017 | 0.004910
0.8 | 0.584716 0.587785 | 0.003069
0.9 | 0.310083 0.309017 | 0.001065
1 0.001187 0.000000 | 0.001187

Table 3.6: Approximate solutions for M = 4 for Example 3.2.3

z yappro:rimate Yexact AbSOlUtGﬁTTOT
0 1.823150E-5 | 0.000000 | 1.82315E-5
0.1 | 0.309012 0.309017 | 4.75611E-6
0.2 | 0.587571 0.587785 | 2.14100E-4
0.3 | 0.808735 0.809017 | 2.81802E-4
0.4 ] 0.951092 0.951057 | 3.51844E-5
0.5 | 1.000800 1.000000 | 8.03434E-4
0.6 | 0.951092 0.951057 | 3.51844E-5
0.7 | 0.808735 0.809017 | 2.81802E-4
0.8 | 0.587571 0.587785 | 2.14100E-4
0.9 | 0.309012 0.309017 | 4.75611E-6
1 1.823150E-5 | 0.000000 | 1.82315E-5

Example 3.2.3. Consider the equation

1

y(x) = <1 — ) sin(mzx) + /01 K(z,t)y(t)dt, 0<z <1,

where

T2

K(m,t):{

z(1—1t),
t(1—x),

<t
t <z

The solution y(x) is obtained by B-spline wavelet method (BWM) for M = 2, M = 4.
The numerical approximate results for M = 2, M = 4 together with their exact solutions
y(x) = sin(wzx) and absolute errors are cited in Tables 3.5 and 3.6, respectively.

In example 3.2.3, Error estimates (or R.M.S. errors) are 0.00466338 and 0.000285911
for M = 2 and M = 4, respectively.
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3.3 Application of B-spline wavelet method for solving
nonlinear Fredholm integral equations of second kind

In this section, we consider the second kind nonlinear Fredholm integral equation of the

following form
u(z) = f(x) + /(;1 K(x,t)F(t,u(t))dt, 0<z<1 (3.9)

where K (z,t) is the kernel of the integral equation, f(x) and K (z,t) are known functions
and u(z) is the unknown function that is to be determined.
First, we assume

y(z) = F(z,u(x)), 0<z<L (3.10)

Now from eq. (2.13) of Chapter 2, we can approximate the functions u(z) and y(z) as
u(e) = ATV(z),  y(z) = BTY(z), G.11)

where A and B are (2M*! 4 1) x 1 column vectors similar to C' defined in eq. (2.14) of
Chapter 2.

Again by using dual of the wavelet functions, we can approximate the functions f(z) and
K(z,t) as follows

f(x)=D"(z),  K(z,t) =97 (t)0U(x), (3.12)

where Lo
Oy = /O { /O K(x,t)qf,-(t)dt} () dr.
From egs. (3.10)-(3.12), we get
/ K (Pt u(t))dt = | " BT ()0 ()t

/ 1 qf@)@T(t)dt} 0 ()
= BTOU(z), (3.13)

=BT

since [} W(t)WT (t)dt = 1.
Applying egs. (3.10)-(3.13) in eq. (3.9), we get

AT (z) = DTV (x) + BTOY(x). (3.14)
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Multiplying eq. (3.14) by 47 (x) both sides from the right and integrating from 0 to 1, we

have

ATP=DT + BTO
AP - DT — BTe =0, (3.15)

where Pisa (2M+1 4 1) x (2M+! + 1) square matrix given by

P= /01 U (2)V" (2)dr = & ,and /01 U (z)0T (z)de = 1.

P,

Eq. (3.15) gives a system of (2M*! + 1) algebraic equations with 2(2”*! + 1) unknowns
for A and B vectors given in eq. (3.11).

To find the solution u(z) in eq. (3.11), we first utilize the following equation
F(z, ATW(2)) = BTU(z), (3.16)

with the collocation points z; = 557, where i = 1,2,..., 2M+1 4 1.
Eq. (3.16) gives a system of (27! + 1) algebraic equations with 2(2”*! + 1) unknowns
for A and B vectors given in eq. (3.11).

Combining egs. (3.15) and (3.16), we have a total of 2(2M*1 + 1) algebraic equations
with same number of unknowns for A and B. Solving those equations for the unknown
coefficients in the vectors A and B, we can obtain the solution u(z) = ATW¥(z). The
obtained results have been compared with the results obtained by variational iteration method
(VIM).

* VIM technique for eq. (3.9)

For solving eq. (3.9) by variational iteration method, first we have to take the partial

derivative of eq. (3.9) with respect to x.

LOK (x,t
W (z) = f(z) + / OK@,1) oy (1))t (3.17)
Jo ox
We apply variational iteration method for the eq. (3.17). According to this method,
correction functional can be defined as

) = (o) + T30 (100 - 710 - [P o)) ae. a9

where A({) is a general Lagrange multiplier which can be identified optimally by the
variational theory, the subscript n denotes the nth order approximation and ,, is considered
as a restricted variation, i.e., 4, = 0. The successive approximations u,(z),n > 1 for

the solution u(z) can be readily obtained after determining the Lagrange multiplier and
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selecting an appropriate initial function uo(x). Consequently, the approximate solution may

be obtained by using u(z) = lim,, o u, ().

To make the above correction functional stationary, we have

i) = bua(o) 4. [ 3©) (1406 = 710 - [ PHED Pietntonar) a

= dun(@) + [ A©3(u, (€)d
— S () + Aoy — /0 "N (€)6un (€)dE. (3.19)
Under stationary condition, du,; = 0, implies the following Euler Lagrange equation
N (&) =0, (3.20)
with the following natural boundary condition
L4+ A(&)|e=s = 0. (3.21)

Solving eq. (3.20) along with boundary condition (3.21), we get the general Lagrange
multiplier A = —1.

Substituting the identified Lagrange multiplier into eq. (3.18), results in the following

iterative scheme

T

ti () = un(2) = [

0

b
(u;<§>—f'<§>— / K’(g,wF(t,an(t))dt) g€ n>0. (322)

By starting with initial approximate function uy(z) = f(x) (say), we can determine the

approximate solution u(zx).

3.3.1 [Illustrative examples

Example 3.3.1. Consider the equation

r x?

1
u(z) = 5~ %7 z? +/0 (%t + at>)u?(t)dt, 0<z<1,

with the exact solution u(x) = x3. The approximate solution is obtained by the B-spline

wavelet method for M = 2 and M = 4 and also by VIM. The following Table 3.7
cites the numerical solutions obtained by B-spline method and VIM accomplished with
corresponding exact solutions and the absolute errors. Figures 3.1-3.2 and Figures 3.3-3.4
present the comparison graphically between the numerical solutions obtained by B-spline
wavelet method with exact solutions and VIM solutions respectively.
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Table 3.7: Comparison of numerical results of Example 3.3.1 by BWM and VIM

BWM . Error VIM Error

x Exact solution in BWM luti i VIM
M=2 M=1 M=2 M=1 sotution m
00 [0 -2.496E-4 -3.617E-6 0.0002495  3.61701E-6 | 0 0

0.1 | 0.001 | 0.00166976  0.00105608 | 0.0006695  0.0000560 0.000965618  0.0000343
0.2 | 0.008 | 0.0105762 0.00816602 | 0.0025762  0.0001660 0.00792412 0.0000758
0.3 | 0.027 | 0.0313409 0.0272625 0.0043409  0.0002625 0.0268755 0.0001245
0.4 | 0.064 | 0.068719 0.0642781 0.0047190  0.0002781 0.0638198 0.0001802

0.5 | 0.125 | 0.12735 0.125145 | 0.0023496  0.0001454 | 0.124757 0.0002430
0.6 | 0216 | 0223711 0216493 | 0.0077114  0.0004932 | 0.215687 0.0003130
0.7 | 0343 | 0355417 0343778 | 0.0124172  0.0007776 | 0.34261 0.0003901
0.8 | 0512 | 0527106 0512931 | 0.0151063  0.0009313 | 0.511526 0.0004743
0.9 | 0729 | 0743534 0729887 | 0.0145338  0.0008869 | 0.728434 0.0005656
10 | 1 1.00957 1.00058 0.0095707  0.0005807 | 0.999336 0.0006641
.
11,
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Figure 3.1: Comparison of numerical solution obtain by B-spline (M = 2) with exact

solution for Example 3.3.1.
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Figure 3.2: Comparison of numerical solution obtain by B-spline (M = 4) with exact
solution for Example 3.3.1.
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Figure 3.3: Comparison of numerical solution obtain by B-spline (M = 2) with VIM
solution for Example 3.3.1.
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Figure 3.4: Comparison of numerical solution obtain by B-spline (M = 4) with VIM
solution for Example 3.3.1.

Example 3.3.2. Consider the equation

1 1
u(zr) = cosx — 3% sin(2) +/ w(u*(t) —sin®(t))dt, 0<z<1,
0

with the exact solution u(x) = cosx. The approximate solution is obtained by the
B-spline wavelet method for M = 2 and M = 4 and also by VIM. The following Table
3.8 cites the numerical solutions obtained by B-spline method and VIM accomplished with
corresponding exact solutions and the absolute errors. Figures 3.5-3.6 and Figures 3.7-3.8
present the comparison graphically between the numerical solutions obtained by B-spline
wavelet method with exact solutions and VIM solutions respectively.

Table 3.8: Comparison of numerical results of Example 3.3.2 by BWM and VIM

BWM Error
x Exact solution in BWM VIM . Error
=3 =7 =3 =1 solution in VIM
0.0 | 1 1.0013 1.00008 0.0013027  0.0000813 1 0

0.1 | 0.995004 | 0.994854  0.994995 | 0.0001501  9.23203e-6 | 0.994897  0.0001069
0.2 | 0.980067 | 0.979103  0.980006 | 0.0009632  0.0000600 0.979853  0.0002139
0.3 | 0.955336 | 0.954196  0.955265 | 0.0011401  0.0000718 0.955016  0.0003209
0.4 | 0921061 | 0.920326 0.921014 | 0.0007350  0.0000472 0.920633  0.0004279
0.5 | 0.877583 | 0.877732  0.877591 | 0.0001495  8.82354E-6 | 0.877048  0.0005348
0.6 | 0.825336 | 0.824168  0.825263 | 0.0011679  0.0000721 0.824694  0.0006418
0.7 | 0.764842 | 0.763003  0.764727 | 0.0018390  0.0001148 0.764093  0.0007488
0.8 | 0.696707 | 0.694726  0.696581 | 0.0019810  0.0001252 0.695851  0.0008558
0.9 | 0.62161 0.619877  0.621499 | 0.0017320  0.0001110 0.620647  0.0009628
1.0 | 0.540302 | 0.53905 0.540222 | 0.0012520  0.0000807 0.539233  0.0010697

Example 3.3.3. Consider the equation

7 1t
u(z) = 3% + 5/ stu?(t)dt, 0<x <1,
0

with the exact solution u(x) = x. The approximate solution is obtained by the B-spline
wavelet method for M = 2 and M = 4 and also by VIM. The following Table 3.9 cites the
numerical solutions obtained by B-spline method and VIM accomplished with corresponding
exact solutions and the absolute errors. Figures 3.9-3.10 and Figures 3.11-3.12 present
the comparison graphically between the numerical solutions obtained by B-spline wavelet
method with exact solutions and VIM solutions, respectively.
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Figure 3.5: Comparison of numerical solution obtain by B-spline (M = 2) with exact
solution for Example 3.3.2.
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Figure 3.6: Comparison of numerical solution obtain by B-spline (M = 4) with exact
solution for Example 3.3.2.
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Figure 3.7: Comparison of numerical solution obtain by B-spline (M = 2) with VIM
solution for Example 3.3.2.

Example 3.3.4. Consider the equation

367 11357 2095 1
= —sinz — 2% (- 4) sin(4 — 24) /3t52tdt
u(x) sinx — x ( 1096 cos(4) sin(4) + 93301~ 39763 (4)) + Tty (t)dt,
0<z<1,
with the exact solution u(x) = sin(—4x). The approximate solution is obtained by the

B-spline wavelet method for M = 2 and M = 4 and also by VIM. The following Table
3.10 cites the numerical solutions obtained by B-spline method and VIM accomplished
with corresponding exact solutions and the absolute errors. Figures 3.13-3.14 and Figures
3.15-3.16 present the comparison graphically between the numerical solutions obtained by
B-spline wavelet method with exact solutions and VIM solutions, respectively.
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Figure 3.8: Comparison of numerical solution obtain by B-spline (M

0.2 0.4

solution for Example 3.3.2.

-:l.lﬁ

X

0B 1.0

4) with VIM

Table 3.9: Comparison of numerical results of Example 3.3.3 by BWM and VIM

BWM . Error VIM Error
T Exact solution in BWM luti in VIM
M =2 M =14 M =2 M =14 solution mn
0000 |0 0 0 0 0 0
0.1 | 0.1 0.100087  0.100005 | 0.0000869  5.42599E-6 | 0.1 1.09593E-8
02 | 02 | 0200174 0.200011 | 0.0001739  0.0000108 | 0.2 2.19186E-8
03 | 03 | 0300261 0300016 | 0.0002609 0.0000162 | 0.3 3.28778E-8
04 | 04 | 0400348 0400022 | 0.0003478  0.0000217 | 0.4 438371E-8
0.5 | 0.5 | 0500435 0.500027 | 0.0004348  0.0000271 | 0.5 5.47964E-8
0.6 | 0.6 | 0.600522 0.600033 | 0.0005218  0.0000325 | 0.6 6.57557E-8
0.7 | 0.7 | 0700609  0.700038 | 0.0006087  0.0000379 | 0.7 7.6715E-8
0.8 | 0.8 | 0.800696 0.800043 | 0.0006957 0.0000434 | 0.8 8.76743E-8
09 | 0.9 | 0900783 0.900049 | 0.0007827  0.0000488 | 0.9 9.86335E-8
10 | 1.0 1.00087  1.00005 | 0.0008696 0.0000542 | 1.0 1.09593E-7
.
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Figure 3.9: Comparison of numerical solution obtain by B-spline (M = 2) with exact
solution for Example 3.3.3.
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Figure 3.10: Comparison of numerical solution obtain by B-spline (M = 4) with exact
solution for Example 3.3.3.
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Figure 3.11: Comparison of numerical solution obtain by B-spline (M =

solution for Example 3.3.3.
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Figure 3.12: Comparison of numerical solution obtain by B-spline (M

solution for Example 3.3.3.
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solution for Example 3.3.4.
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3.4 Application of B-spline wavelet method for solving
system of linear Fredholm integral equations of second

kind

In this section, we consider the system of linear Fredholm integral equations of second kind

of the following form

> 9igyi(x)
)

~ fie +Z/

(x,t)y;(t)dt,

47

i=1,2, ...

n, (3.23)
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Table 3.10: Comparison of numerical results of Example 3.3.3 by BWM and VIM

BWM . Error VIM Error
T Exact solution in BWM . .
=3 =1 =3 =1 solution in VIM
00 1] 0 -0.00247969  -0.00003766 | 0.0024796  0.0000376 0 0
0.1 | -0.389418 -0.391555 -0.389409 0.0021369  9.45907E-6 | -0.389418  3.53614E-8
0.2 | -0.717356 | -0.711074 -0.716931 0.0062817  0.0004255 -0.717356  2.82891E-7
0.3 | -0.932039 | -0.922784 -0.9315 0.0092549  0.0005389 -0.93204 9.54757E-7
0.4 | -0.999574 | -1.00002 -0.999602 0.0004443  0.0000283 -0.999576  2.26313E-6
0.5 | -0.909297 | -0.927696 -0.910438 0.0183982  0.0011404 -0.909302  4.42017E-6
0.6 | -0.675463 -0.673206 -0.675445 0.0022571  0.0000183 -0.675471  7.63806E-6
0.7 | -0.334988 -0.328869 -0.334689 0.0061188  0.0002991 -0.335 0.0000121
0.8 | 0.0583741 | 0.0599757 0.0585377 0.0016015  0.0001635 0.058356 0.0000181
0.9 | 0.44252 0.4454819 0.44283 0.0028986  0.0003096 0.442495 0.0000257
1.0 | 0.756809 0.77698 0.758118 0.0201778  0.0013154 0.756767 0.0000353
¥
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Figure 3.14: Comparison of numerical solution obtain by B-spline (M = 4) with exact
solution for Example 3.3.4.
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Figure 3.15: Comparison of numerical solution obtain by B-spline (M = 2) with VIM
solution for Example 3.3.4.
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Figure 3.16: Comparison of numerical solution obtain by B-spline (M = 4) with VIM
solution for Example 3.3.4.
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where f;(z) and K, ;(x,t) are known functions and y;(x) are the unknown functions for
i,j=12..n neN

Now from eq. (2.13) of Chapter 2, we can approximate te following functions as

y;(z) = AT (), (3.24)
fi(x) = Bl ¥(x), (3.25)
K (x,t) = 9T ()0, ;¥ (x). (3.26)

where A; and B; are (2Y*1 + 1) x 1 column vectors similar to C' defined in eq. (2.14) of
Chapter 2 and
U7 (z)dz.

We can calculate B! as
1 -
Bl = / fi(2)¥T (z)d.
0
From eqgs. (3.24)-(3.26), we get

/0 "R (e, )y () dt = /O 1 ATW () O (1), ;U (x)dt

/ 1 qf(t)\pT(t)dt} 0., 0(z)

0
= AT PO, ;¥(x), (3.27)

where Pisa (2MF1 4+ 1) x (2M+! + 1) square matrix given by

1 P,
pP= / V(T ()t = |
0 P,
Applying eqs. 3.24-3.27 in eq. 3.23, we get
> g ATV (z) = Bl U(z) + > ATPO,; ;¥(z), i=1,2,..,n. (3.28)

Jj=1 Jj=1

We can utilize the eq. (3.28) with the collocation points z, = S5, s =1,2,...,2M 1+ 1.
Equation (3.28) reduces to a system of n(2+1 + 1) linear equations with same number
of unknowns, which can be easily solved by Newton’s method and thus we can obtain the

solutions y;(z) = ATW(x),j = 1,2,...,n.

3.4.1 Algorithm

Input:

Read M, [, m,n, jo, a, b (where the symbols have their usual meanings).
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The cardinal B-spline functions of order m > 2 are

L=z, 250)

By jx(z) =
0 ,otherwise
T — X5 Titrm — &
B ) — J B s + Jt+m B L
m,j,X(x) :L‘]_A'_m_l _ I] m 17]7X<x> xj+m o l']_|_1 m 17]+17X(x)7

j=—m+1,...n—1

x(,jgnﬂ =..= xéj) =0,
Knot sequence XU) — 2 = k k=1,..,n—1, and
o0 == =1
Supp By, j x(z) = [z}, j+m] N]a, b].
Initial step:
Construct scaling functions
Bm,jOJ(Zj_ij), = —m + 1,...,—1,
Pmi(T) = § Bpjogiom_i(l —2770z) i =21 —m+1,..,2/ — 1,
Bm’j070(2j_jOI - 2j0i), 1= 0, ceey 2j — m.
and wavelet functions
2i+2m—2
¢m7j,i—m = Z Qi,kBm,j,k—m7 1= 17 ey M — ]-a
k=i
2i+2m—2
¢m,j,i—m - Z qi,kBm,j,k—m7 1=m,...n—m-+1,
k=2i—m
n+i+m—1
Qﬂm,j,ifm = Z qikamM,m, T=n—m -+ 2, ey N
k=2i—m
Step 1:
Create

T
V= [902,—1, ©2,05 ++» @2,371/12,—1, e 102,2; ¢3,—17 -‘-72/13,67 ey wM,—h e 1/)M,2Mf2] )

and
A; =lcoq,¢0, s C3,da 1, ydon,ds 1, .y ds gy ooy dpr 1, - dM’QM_Q]T,
Next, compute P = [y U(t)UT (¢)dt, U = P~'U, B; = [} f;(x)¥7 (z)dx,
and ©;; = fi [fy Kij(x, ) ¥ (t)dt] U7 (z)da.
Step 2:
Substitute y;(x) = AT V(x), fi(r) = Bl ¥(x)and K; j(z,t) = U7 (t)0; ;¥(z) ineq. (3.23).

50



Chapter 3 Numerical solutions of Fredholm integral equations by B-spline Wavelet Method

Table 3.11: Approximate solutions obtained by B-spline wavelet method and adaptive
method based on trapezoidal rule along with exact solutions for Example 3.4.1

" i :Bésphne wavelet meth]\(}l p—} Adaptive method Exact
y1(z) 2 () v1 () y2(z) v1(z) y2(z) vi(@) y2(x)

0.0 | 2.21E-6 -0.0026 8.659E-9  -0.000163 -0.005342 0 0 0

0.1 0.100002  0.009896 | 0.1 0.009993 0.949896 0.009829 0.1 0.01
0.2 | 0.200002 0.041146 | 0.2 0.0400716 | 0.195322 0.039627 0.2 0.04
0.3 | 0.300002 0.091145 | 0.3 0.090016 0.295654 0.0893931 | 0.3 0.09
0.4 | 0.400002 0.159896 | 0.4 0.159993 0.395986 0.159127 0.4 0.16
0.5 | 0.500002 0.247396 | 0.5 0.249837 0.496318 0.24883 0.5 0.25
0.6 | 0.600001  0.359896 | 0.6 0.359993 0.59665 0.358501 0.6 0.36
0.7 | 0.700001 0.491146 | 0.7 0.490072 0.696982 0.488141 0.7 0.49
0.8 | 0.800001 0.641146 | 0.8 0.640072 0.797314 0.637749 0.8 0.64
0.9 | 0.900001  0.809896 | 0.9 0.809993 0.897646 0.807325 0.9 0.81
1.0 | 1 0.997396 | 1 0.999837 0.997978 0.99687 1 1

Then compute

! I
Y g jATV(z,) = Bl U(x,) + > ATPO; ;U (x,), i=1,2,..1 (3.29)
0 =1
using z, = i, s = 1,2,..,2M T 4+ 1
Eq. (3.29) leads to a system of [(2M+1 + 1) linear equations with [(2*! + 1) unknowns in
AT

i
Step 3:
Solve eq. (3.29) by any numerical methods to get the solution for unknowns in AJT.
Output:
Solution for unknowns A7
Finally, compute y;(z) = A] ¥(z).
Stop

3.4.2 Illustrative examples

Example 3.4.1. Consider the following system of Fredholm integral equations [32]

11 11 g 1 ,
@) = ot = [ @+ m@d— [ @+ 22)(t)dt,
6 15 0 0
1 1 1
) = 202 1 1o — [ aly i~ [ a(0a(t)i,
4 4 0 0

with the exact solution i, (x) = x and yo(x) = x*. The comparison between the approximate
solutions obtained by B-spline wavelet method for M = 2 and M = 4 and adaptive method
based on Trapezoidal rule [38] along with their exact solutions have been shown in Table
3.11. Table 3.12 cites the absolute errors obtained by these two methods.

Example 3.4.2. Consider the following system of Fredholm integral equations [39]
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Table 3.12: Absolute errors obtained by B-spline wavelet method and adaptive method based
on trapezoidal rule for Example 3.4.1

B-spline wavelet method

T M =2 M =14
y1(z) 2 () y1(z) y2(z) y1(z) y2(x)

0.0 | 2.2167E-6 0.00260417 8.65897E-9  0.00016276 | 0.00534236 0

0.1 2.07979E-6  0.000104205 | 8.12417E-9  6.51057E-6 | 0.00501037  0.000170677
0.2 | 1.94288E-6  0.00114576 7.58937E-9  7.16143E-5 | 0.00467838  0.000372991
0.3 | 1.80597E-6  0.00114572 7.05456E-9  7.16142E-5 | 0.00434638  0.000606941
0.4 | 1.66906E-6  0.000104308 | 6.51976E-9  6.51097E-6 | 0.00401439  0.000872527
0.5 | 1.53215E-6  0.00260434 5.98496E-9  1.62761E-4 | 0.0036824 0.00116975
0.6 | 1.39524E-6  0.000104367 | 5.45016E-9  6.5112E-6 0.0033504 0.00149861
0.7 | 1.25833E-6 0.00114561 491536E-9  7.16137E-5 | 0.00301841  0.0018591
0.8 1.12142E-6  0.00114558 4.38055E-9  7.16136E-5 0.00268642  0.00225123
0.9 | 9.84513E-7  0.000104438 | 3.84575E-9  6.51148E-6 | 0.00235442  0.002675

1.0 | 8.47603E-7  0.00260446 3.31095E-9  1.62762E-4 | 0.00202243  0.00313041

Adaptive method

Table 3.13: Approximate solutions obtained by B-spline wavelet method and adaptive
method based on trapezoidal rule along with exact solutions for Example 3.4.2

. M]isghne wavelet me]t\l}oci 1 Adaptive method Exact
yi(z)  yo(z) yi1(z)  yo(w) y1(2) y2(z) yi(z)  yo(w)

0.0 1 0.997396 1 0.999837 1.00378 1 1 1
0.1 | 1.1 1.0099 1.1 1.00999 | 1.10423 1.01114 | 1.1 1.01
0.2 1.2 1.04115 1.2 1.04007 1.20467 1.04227 1.2 1.04
0.3 1.3 1.09115 1.3 1.09007 1.30512 1.09341 1.3 1.09
0.4 1.4 1.1599 1.4 1.15999 1.40556 1.16454 1.4 1.16
05| 15 1.2474 1.5 1.24984 | 1.50601 1.25268 | 1.5 1.25
0.6 1.6 1.3599 1.6 1.35999 1.60646 1.36681 1.6 1.36
0.7 1.7 1.49115 1.7 1.49007 1.7069 1.49795 1.7 1.49
0.8 1.8 1.64115 1.8 1.64007 1.80735 1.64908 1.8 1.64
0.9 1.9 1.8099 1.9 1.80999 1.90779 1.82022 1.9 1.81
1.0 2 1.9974 2 1.99984 2.00824  2.01135 2 2

1 17 Lo+t

nile) = o+ oo+ [ ) + )t
8 36 o 3

19 1
po(@) = a® = S+ 1+ [ o) + ()t
with the exact solution yy(z) = = + 1 and ys(z) = x* + 1. The comparison between
the approximate solutions obtained by B-spline wavelet method for M = 2 and M = 4 and
adaptive method based on Trapezoidal rule [38] along with their exact solutions have been
shown in Table 3.13. Table 3.14 cites the absolute errors obtained by these two methods.

Example 3.4.3. Consider the following system of Fredholm integral equations [33]

(@)= Fi@) + [ = 0Pnd+ [ @ 0Pl
le) = @) + [ = 0@+ [ =0

where f1(x) = & — Zx — 222+ 128 and fo(x) = — 5 + Gu + s’ + Ba’ — L2, with the
exact solution y, (z) = x? and yo(z) = 23+2*—x. The comparison between the approximate
solutions obtained by B-spline wavelet method for M = 2 and M = 4 and adaptive method

based on Trapezoidal rule [38] along with their exact solutions have been shown in Table
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Table 3.14: Absolute errors obtained by B-spline wavelet method and adaptive method based

on trapezoidal rule for Example 3.4.2

N — B-spline wavelet method — Adaptive method
y1(z) y2(z) 1 (x) y2(x) v1(z) 2 (x)
00 |0 0.00260417 1.11022E-16  0.00016276 0.00378448 0
0.1 | 2.22045E-16  0.000104167 | 4.44089E-16  6.51042E-6 0.0042296 0.00113534
02 |0 0.00114583 2.22045E-16  0.0000716146 | 0.00467471  0.00227069
0.3 | 2.22045E-16  0.00114583 2.22045E-16  0.0000716146 | 0.00511983  0.00340603
0.4 | 2.22045E-16  0.000104167 | 4.44089E-16  6.51042E-6 0.00556494  0.00454138
0.5 | 4.44089E-16  0.00260417 1.33227E-16  0.00016276 0.00601006  0.00567672
0.6 | 2.22045E-16  0.000104167 | 6.66134E-16  6.51042E-6 0.00645517  0.00681207
0.7 | 6.66134E-16  0.00114583 4.44089E-16  0.0000716146 | 0.00690029  0.00794741
0.8 | 4.44089E-16 0.00114583 4.44089E-16  0.0000716146 | 0.0073454 0.00908276
0.9 | 4.44089E-16  0.000104167 | 6.66134E-16  6.51042E-6 0.00779052  0.0102181
1.0 | 6.66134E-16  0.00260417 8.88178E-16  0.00016276 0.00823563  0.0113534

Table 3.15: Approximate solutions obtained by B-spline wavelet method and adaptive
method based on trapezoidal rule along with exact solutions for Example 3.4.3

z = 2B -spline wavelet methoci\/[ — Adaptive method Exact

1 (x) y2(x) v1(x) y2(x) v1(x) y2(x) y1(z) [ ya(x)
0.0 | -0.0026053 | -0.002826 -0.000162 -0.000166 0.00067981 | -0.000737 0 0
0.1 | 0.00989405 | -0.0893165 | 0.00999348 | -0.0890055 | 0.0108859 -0.0898863 | 0.01 -0.089
0.2 | 0.0411436 -0.150243 0.0400716 -0.151884 0.0410077 -0.152895 0.04 -0.152
0.3 | 0.0911431 -0.180735 0.0900716 -0.182865 0.0910608 -0.1838 0.09 -0.183
0.4 | 0.159893 -0.176037 0.159993 -0.176017 0.161061 -0.176636 0.16 -0.176
0.5 | 0.247392 -0.13151 0.249837 -0.125407 0.251023 -0.125427 0.25 -0.125
0.6 | 0.359892 -0.024483 0.359993 -0.0240153 | 0.360964 -0.0241933 | 0.36 -0.024
0.7 | 0.491142 0.136465 0.490072 0.133223 0.490898 0.133052 0.49 0.133
0.8 | 0.641141 0.355972 0.640072 0.352242 0.640842 0.352301 0.64 0.352
0.9 | 0.809891 0.638794 0.809993 0.638973 0.81081 0.639553 0.81 0.639
1.0 | 0.997391 0.989802 0.999837 0.999352 1.00082 1.00081 1 1

3.15. Table 3.16 cites the absolute errors obtained by these two methods. From the Table
3.16, it can be observed that the absolute errors obtained by the present method are very
much better than that obtained by the adaptive method based on Trapezoidal rule.

Example 3.4.4. Consider the following system of Fredholm integral equations

n(@) =+ [ o= tln() + (o)t
yo(z) =142+ /01 |wt| (y1(t) + y2(t))dt.

The exact solutions of this above system are not known. The approximate solutions obtained
by B-spline wavelet method for M 2 and M 4 and adaptive method based on
Trapezoidal rule have been shown in Table 3.17. The Table 3.17 confirms that there is a
good agreement of results between these two methods. Therefore, it justifies the ability,
efficiency and applicability of the present method.
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Table 3.16: Absolute errors obtained by B-spline wavelet method and adaptive method based
on trapezoidal rule for Example 3.4.3

B-spline wavelet method

. =35 =1 Adaptive method
y1(z) y2(x) y1(x) y2(x) 1 (z) y2(x)

0.0 | 0.0.00260537  0.00282627 0.000162765 0.000166271 0.000679809  0.000737271
0.1 0.000105947 0.000316487 6.5174E-6 5.47084E-6 0.000885855  0.000886258
0.2 | 0.00114356 0.00175687 0.0000716057  0.000116058 0.00100765 0.000894502
0.3 0.00114313 0.00226496 0.000071604 0.000134611 0.00106078 0.000800344
0.4 | 0.000107237 0.0000370402 | 6.52242E-6 0.0000172473 0.00106081 0.000635888
0.5 0.00260757 0.00650994 0.000162774 0.000406899 0.00102334 0.000427009
0.6 0.000107887 0.000483014 6.52497E-6 0.0000153021 0.000963947  0.000193349
0.7 | 0.00114179 0.00346452 0.0000715988  0.000223463 0.000898205  0.0000516832
0.8 | 0.00114144 0.00397184 0.0000715974  0.000242013 0.000841698  0.000300911
0.9 | 0.000108955 0.000205924 6.52915E-6 0.0000270877 | 0.000810006  0.000553389
1.0 | 0.0026094 0.0101976 0.000162781 0.000647543 0.000818712  0.000814406

Table 3.17: Approximate solutions obtained by B-spline wavelet method and adaptive
method based on Trapezoidal rule for Example 3.4.4

. MB-:sp211ne wavelet mi\t/}[l(f 1 Adaptive method
(@) y2() (@) y2() () y2()

0.0 129777 |1 298742 | 1 3.01611 | 1

0.1 | 2.59914 | 1.39881 | 2.59958 | 1.39881 | 2.62408 | 1.40161
0.2 | 2.29586 | 1.79761 | 2.29154 | 1.79761 | 2.31256 | 1.80322
0.3 | 2.06973 | 2.19642 | 2.06511 | 2.19642 | 2.08337 | 2.20483
0.4 | 1.92343 | 2.59522 | 1.9237 | 2.59523 | 1.93993 | 2.60644
0.5 | 1.86051 | 2.99403 | 1.87239 | 2.99403 | 1.88743 | 3.00805
0.6 | 1.91925 | 3.39283 | 1.92011 | 3.39284 | 1.93283 | 3.40966
0.7 | 2.08006 | 3.79164 | 2.07396 | 3.79165 | 2.08508 | 3.81127
0.8 | 2.35206 | 4.19045 | 2.3449 | 4.19045 | 2.35526 | 4.21288
0.9 | 2.74599 | 4.58925 | 2.74619 | 4.58926 | 2.75681 | 4.6145
1.0 | 3.27421 | 4.98806 | 3.29368 | 4.98807 | 3.30578 | 5.01611
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3.5 Application of B-spline wavelet method for solving
system of nonlinear Fredholm integral equations of
second kind

In this section, we consider the system of nonlinear Fredholm integral equations of second

kind of the following form
n n 1
Zgi,jyj (l’) - fl ($)+Z/O KiJ (ZL‘,t) E,j (t’yj (t))dtv 1= 1a27"'7n7 (330)
j=1 j=1

where f; (z) and K ; (x,t) are known functions and y; (x) are the unknown functions for

i,j=1,2,..n.

For solving eq. (3.30), first we assume
Fos(,y5(e)) = wis(a), 0< o<1 (331)
Now from eq. (2.13) of Chapter 2, we can approximate the functions u; ; (=) and y;(z) as
u; j(z) = AL (), (3.32)

y;(z) = B} ¥(x), (3.33)

where A; ; and B; are (2M*! x 1) column vectors similar to C' defined in eq. (2.14) of
Chapter 2.
Again by using dual of the wavelet functions, we can approximate the functions f;(x) and
K; j(z,t) as follows

fix) = Gl (x), (3.34)

Kij(x,t) = UT(1)0, ,;¥(x), (3.35)
where
1 1 T
O, :/0 [/0 Kivj(x,t)\ll(t)dt} U (x)dx.

We can calculate C} as

T - /01 Fi(2) 07 (2)da
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From the egs. (3.31)-(3.35), we get

/ i, ) F ity (1)dt = /A )W ()0, ;U (x)dt

'y { /0 1 \I/(t)\i/T(t)dt] 0,,¥(x)
= A.©,,;¥(z), (3.36)

1 -
since / U)W (t)dt = 1.
0
Applying eq. (3.31)-(3.36) in eq. (3.30), we get

Z BTV (2) = CT () + Z AT.0;,;¥(x (3.37)

Multiplying eq. (3.37) by U7 (z) both sides from the right and integrating with respect to x
from O to 1, we have

Zgi,ijTP =CF + ZAZJ,@M, i=1,2,..n, (3.38)
J=1

j=1

where Pisa (2M+1 + 1) x (2M*1 4 1) square matrix given by

P= /01 ()07 (2)dr =

/01 B ()07 (2)dz — I.

Eq. (3.38) gives a system of n(2™*! + 1) algebraic equations with (n? + n)(2M*! + 1)
unknowns in A4, ; and B, fori,j = 1,2, ...,n, given in eq. (3.32) and eq. (3.33).

P

P,

and

To find the solutions y;(x) in eq. (3.33), we first utilize the following equations

Fj(z, Bl V(z)) = A],¥(x), (3.39)

with collocation points z, = S5, s =1,2,..., 27" + 1.

Eq. (3.39) gives a system of n?(2M*! + 1) algebraic equations with (n? + n)(2M*! 4 1)
unknowns in 4, ; and B; fori,j =1,2,...,n

Combining eq. (3.38) and eq. (3.39), we have a total of (n? + n)(2M*! + 1) algebraic
equations with (n? 4+ n)(2M*! + 1) unknowns in 4; ; and B, fori,j = 1,2, ...,n. Solving
those equations for the unknown coefficients in the vectors A; ; and B; fori,j = 1,2, ..., n,

we can obtain the solutions y;(z) = B ¥(x), j = 1,2,..n.
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Table 3.18: Approximate solutions obtained by B-spline wavelet method with exact
solutions for Example 3.5.1

B-spline wavelet method

. =2 =1 Exact
y1(z) ya(z) y1(z) ya(z) yi(z) | y2(x)
0 0 -0.00260699 | 0 -0.00016277 | O 0

0.1 | 0.100542 | 0.00990657 | 0.100034 | 0.00999415 | 0.1 0.01
0.2 ] 0.201084 | 0.0411905 0.200068 | 0.0400743 0.2 0.04
0.3 ] 0.301625 | 0.0912447 0.300102 | 0.0900776 0.3 0.09
0.4 | 0.402167 | 0.160069 0.400136 | 0.160004 0.4 0.16
0.5 ] 0.502709 | 0.247664 0.500169 | 0.249854 0.5 0.25
0.6 | 0.603251 | 0.360286 0.600203 | 0.360017 0.6 0.36
0.7 | 0.703792 | 0.491679 0.700237 | 0.490104 0.7 0.49
0.8 | 0.804334 | 0.641841 0.800271 | 0.640114 0.8 0.64
0.9 | 0.904876 | 0.810774 0.900305 | 0.810047 0.9 0.81
1 1.00542 | 0.998478 1.00034 | 0.999903 1 1

3.5.1 Illustrative examples

Example 3.5.1. Consider the following system of Fredholm integral equations [25]

n@) = ot [P0 + B0

= o+ [ ) — i),

with the exact solutions y,(x) = x and y(x) = x2. The approximate solutions obtained by
B-spline wavelet method for M = 2 and M = 4 with their exact solutions have been shown
in Table 3.18 and Table 3.19 cites the absolute errors obtained by B-spline wavelet method.

Example 3.5.2. Consider the following system of Fredholm integral equations [25]

17
yl(x):l—?ox——x —|—/ rt?y? dt+/ oPtys (t)dt,
yg()—l—ﬁx—i-x——x +/ wtyi(t dt+/ z>ty; (t)dt,

with the exact solutions y,(z) = z + 1 and y2(x) = x* + 1. The approximate solutions
obtained by B-spline wavelet method for M = 2 and M = 4 with their exact solutions
have been shown in Table 3.20 and Table 3.21 cites the absolute errors obtained by B-spline
wavelet method.

Example 3.5.3. Consider the following system of Fredholm integral equations [25]

nla) = —1+seca = tan 1+ [ G0+ (@O0)d,

ala) = 1+ cos = tan 1+ [ (20 — s (a0)
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Table 3.19: Absolute errors obtained by B-spline wavelet method for Example 3.5.1
B-spline wavelet method
x M =2 M=14
yi(z) y2(2) yi(z) ya()

0 |0 0.00260699 0 0.000162771
0.1 { 0.000541752 | 0.0000934339 | 0.0000338869 | 5.84982E-6
0.2 | 0.0010835 0.00119046 0.0000677737 | 0.0000742656
0.3 | 0.00162526 | 0.00124469 0.000101661 | 0.0000775734
0.4 | 0.00216701 | 0.0000692524 | 0.000135547 | 4.07416E-6
0.5 | 0.00270876 | 0.00233585 0.000169434 | 0.000146232
0.6 | 0.00325051 | 0.000286167 | 0.000203321 | 0.0000173054
0.7 | 0.00379226 | 0.00167852 0.000237208 | 0.000104036
0.8 | 0.00433402 | 0.0018412 0.000271095 | 0.000113959
0.9 | 0.00487577 | 0.000774226 | 0.000304982 | 0.0000470757
1 0.00541752 | 0.00152242 0.000338869 | 0.0000966149

Table 3.20: Approximate solutions obtained by B-spline wavelet method with exact

solutions for Example 3.5.2

B-spline wavelet method Exact

x M=2 M=1

y1(z) yo() () Yo () y1(@) | ya(z)
0 1.00002 | 0.9974 |1 0.999837 | 1 1
0.1 | 1.10059 | 1.01016 | 1.10004 | 1.01001 | 1.1 1.01
0.2 | 1.20104 | 1.04154 | 1.20007 | 1.0401 1.2 1.04
0.3 | 1.30135 | 1.09146 | 1.30009 | 1.0901 1.3 1.09
0.4 | 1.40153 | 1.15984 | 1.40011 | 1.15999 | 1.4 1.16
0.5 | 1.50159 | 1.24658 | 1.50011 | 1.24978 | 1.5 1.25
0.6 | 1.60147 | 1.35765 | 1.6001 | 1.35985 | 1.6 1.36
0.7 | 1.70144 | 1.48683 | 1.70009 | 1.48979 | 1.7 1.49
0.8 | 1.80083 | 1.63404 | 1.80006 | 1.63961 | 1.8 1.64
0.9 | 1.90032 | 1.7992 | 1.90003 | 1.80928 | 1.9 1.81
1 1.99968 | 1.98221 | 1.99999 | 1.99882 | 2 2
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Table 3.21: Absolute errors obtained by B-spline wavelet method for Example 3.5.2

B-spline wavelet method

x M =2 M=14

y1(x) y2(2) () ya()
0 | 0.0000181015 | 0.00260009 | O 0.00062756
0.1 | 0.000592624 | 0.000157298 | 0.0000405041 | 0.0000115058
0.2 | 0.00103682 0.0015415 0.000071711 | 0.000100139
0.3 | 0.00135068 0.00146444 | 0.000093696 | 0.0000962647
0.4 | 0.00153421 0.000159842 | 0.000106459 | 7.39085E-6
0.5 | 0.00158741 0.00341522 | 0.00011 0.000218003
0.6 | 0.00146683 0.00234858 | 0.000104139 | 0.000152962
0.7 | 0.00121593 0.0031679 0.0000890555 | 0.000209492
0.8 | 0.000834689 | 0.00595676 | 0.0000647503 | 0.000394768
0.9 | 0.000323121 | 0.0108014 0.0000312232 | 0.000715965
1 | 0.000318777 | 0.0177899 0.0000115258 | 0.00118026

with the exact solutions y,(x) = secx and ys(x) = cosz. The approximate solutions
obtained by B-spline wavelet method for M = 2 and M = 4 with their exact solutions
have been shown in Table 3.22 and Table 3.23 cites the absolute errors obtained by B-spline
wavelet method.

3.6 Error analysis

Theorem 3.6.1. We assume that f € C?|0,1] is represented by linear B-spline
wavelets, where U has two vanishing moments. Then |d;j;| < a2 where o =

o va ‘ 2
mazx|f"(t)|co], L= fi—kw(:c)d:v andn € (—k,27 — k).

Proof. Taylor expansion of f € C?[0, 1] about arbitrary zo € [0, 1] can be written as

/ (IE - 1'0)2 "
f(z) = f(zo) + (z — z0) f'(z0) + T‘f (&), £€(0,1). (3.40)
Now f(x) can be presented by B-spline wavelets as
flz) = CT0(x),
where .
din= [ F@)dsu(a)da. (3.41)
0
Putting eq. (3.40) in eq. (3.41), we get
1 N 1 N
dia= [ F@o)biu()de + [ (@ = 20 f (w0)ule)de
1 — 2 -
[ B . )

Putting xy = 2% and u = 2/ — k in eq. (3.42), we have
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Table 3.22: Approximate solutions obtained by B-spline wavelet method with exact
solutions for Example 3.5.3

B-spline wavelet method Exact

T M=2 M =4

n(@) | p(e) (@) ya(@) | (@) | ()
0 |0.99737 | 1.00239 | 0.999832 | 1.00015 |1 1
0.1 | 1.00362 | 0.996143 | 1.00493 | 0.995077 | 1.00502 | 0.995004
0.2 | 1.01962 | 0.980591 | 1.02029 | 0.980101 | 1.02034 | 0.980067
0.3 | 1.04615 | 0.955883 | 1.04671 | 0.955372 | 1.04675 | 0.955336
0.4 | 1.08438 | 0.922212 | 1.08561 | 0.921133 | 1.0857 | 0.921061
0.5 | 1.03582 | 0.879817 | 1.13926 | 0.877724 | 1.13949 | 0.877583
0.6 | 1.20995 | 0.826451 | 1.21154 | 0.825336 | 1.21163 | 0.825336
0.7 | 1.3078 | 0.765485 | 1.30749 | 0.764842 | 1.30746 | 0.764842
0.8 | 1.4366 | 0.697407 | 1.43539 | 0.696707 | 1.43532 | 0.696707
0.9 | 1.6079 | 0.622757 | 1.6086 0.62161 | 1.60873 | 0.62161
1 1.83758 | 0.542128 | 1.84988 | 0.540302 | 1.85082 | 0.540302

Table 3.23: Absolute errors obtained by B-spline wavelet method for Example 3.5.3

B-spline wavelet method
x M =2 M=4
() ya() (@) y2()

0 ]0.0026298 0.0023933 0.000168178 | 0.000151052
0.1 | 0.00140108 | 0.00113913 | 0.0000899013 | 0.0000729561
0.2 | 0.000721751 | 0.000524883 | 0.0000470344 | 0.0000346196
0.3 | 0.000598287 | 0.00054679 | 0.0000426314 | 0.0000353846
0.4 | 0.00130308 | 0.00115059 | 0.0000929731 | 0.0000724765
0.5 | 0.0036784 0.00223398 | 0.000234847 | 0.000141089
0.6 | 0.00168167 | 0.00111533 | 0.000091301 | 0.0000726308
0.7 | 0.000343148 | 0.000642568 | 0.0000287158 | 0.0000424359
0.8 | 0.0012782 0.000699819 | 0.000069101 | 0.0000445436
0.9 | 0.000826292 | 0.00114689 | 0.000123569 | 0.0000713026
1 0.0132357 0.00182611 | 0.000934167 | 0.000114134
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) 22—k ) ) 20—k
=200 (02) [ G+ 27 P /2 [ et
+ fz(f)ﬂf /| ik W4 (u)du. (3.43)

Suppose 7' is a linear transformation such that
Ty =1,
then taking the linear transformation 7’ of first two integral of eq. (3.43) we have

27—k

=270 5(0/2) [ T Cdu + 275 /) [ )i

f'(€) s [¥7F os
—I—T2 3 /_k u?h; x(u)du
. ) 29—k . . 21—k
dir=27f(k/2)T (/ wj,k(u)du> + 272 f!(k /2T (/ uwj,k(u)du>
—k —k
" 20—k _
+f2(|£)2_3] [ @i (3.44)
! —k
According to vanishing moments of order m, i.e.
/ 2PY(z)de =0, p=0,1,...m—1,
the first two integrals of eq. (3.44) are zero. Then we have
f// &- s 27 _k ~
di = 2(! )y [ wdinwdu. (3.45)
Applying mean value theorem for integral in eq. (3.45), we have
fllf s 29—k )
dip = 2(!)2 32 /_k Yip(w)du, ne (k2" —k).
Hence ,
2 27%

]

Theorem 3.6.2. Consider the Theorem 3.6.1 and assume that e;(x) be the error of

approximation in V, then 4
lej (@) = O0(27%).

Proof. Any function f(x) = L?|[0, 1] can be approximated by linear B-spline wavelets as

3 0o 2¢-2
f(z) = Z CrP2k + Z Z d; i (3.46)
k=—1 i=2 j=—1
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If the above function truncated at M, then

3 M 2¢-2
f(m) = f*(:L‘) = Z Ckpak + Z Z di,ﬂbi,j- (347)
k=—1 i=2 j=—1

Fromeq. (3.46) and eq. (3.47), the error term can be calculated as (without loss of generality)

oo 2—
=Y Z dp 1 - (3.48)
l=j k=—1
Setting
Cy = Maz {|¢r(2)], k=—1,..,2" -2} (3.49)
Using Theorem 3.6.1 together with eq. (3.49), we obtain
2= 3l
|dy k()| < afn? Cli
This implies
2l—2 —21
> ldigte(@)| < 0457]2017-
k=—1

Therefore, from eq. (3.48), we have

‘63 — 2| ZCIZ 2l

Hence

lej ()] = 0(27%).

3.7 Conclusion

In this chapter, semi-orthogonal compactly supported linear B-spline wavelets have been
applied to find the numerical solution of linear and nonlinear Fredholm integral equations
of second kind and their systems. The dual wavelets for these B-spline wavelets have been
also presented. Because of semi-orthogonality, compact support and vanishing moments
properties of B-spline wavelets, the matrices are very sparse. Using this procedure,
the integral equations and their system have been reduced to solve systems of algebraic
equations. In section 3.2, linear Fredholm integral equations of second kind have been solved
by using second order B-spline wavelets. The illustrative Examples 3.2.1-3.2.3 have been
included to demonstrate the validity and applicability of the technique. These examples
show the accuracy and efficiency of the described method. In section 3.3, the approximate
solution of nonlinear Fredholm integral equation has been derived by using B-spline wavelet
method and then compared with the VIM solution and exact solution. The obtained results

are found to be in good agreement with the B-spline wavelet solutions. In sections 3.4 and
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3.5, the system of linear and nonlinear Fredholm integral equations have been solved by
B-spline wavelet method. Additionally, in section 3.4, the B-spline wavelet method has been
compared with the adaptive method based on trapezoidal rule which confirms plausibility
of B-spline technique. The obtained approximate solutions highly agree with the exact
solutions. The illustrative examples have been included to demonstrate the validity and
applicability of the technique. These examples also exhibit the accuracy and efficiency of

the present method.
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Chapter 4

Numerical solutions of nonlinear
Fredholm integral equations system by
polynomial approximation and
orthogonal functions

4.1 Introduction

This chapter presents the approximation by polynomials and orthogonal functions for
determining the solution of integral equations. Nonlinear integral equations appear in many
problems of physical phenomena and engineering [25]. In recent years, many different
polynomials and basic functions have been used to estimate the solution of integral equations.
The approximate solutions for system of nonlinear Fredholm integral equations of second
kind are available in open literature. The learned researchers Biazer et al. have solved the
system of nonlinear Fredholm integral equations of second kind by Adomian decomposition
method [40] and Legendre wavelets method [41]. In [42], the nonlinear Volterra
integral equations system has been solved by Adomian decomposition method. Nonlinear
Fredholm-Voltera integral equations system has been solved by homotopy perturbation
method [43]. Hammerstein integral equations have been solved by Legendre approximation
[44]. The system of nonlinear Fredholm-Hammerstein integral equations has been solved
by B-spline wavelet method [45] in previous chapter. In this chapter, we have implemented
Bernstein polynomials and hybrid Legendre Block-Pulse functions to approximate the
solution of nonlinear Fredholm integral equations system. Since, the polynomials are
differentiable and integrable, the Bernstein polynomials are defined on an interval to form
a complete basis over the finite interval. On the other hand, each basis function of
hybrid Legendre-Block-Pulse functions are piecewise continuous functions and also, these
functions are orthonormal. It approximates any function defined on the interval [0, 1] very
accurately. The numerical technique based on hybrid Legendre-Block-Pulse function has
been developed to approximate the solution of system of nonlinear Fredholm-Hammerstein
integral equations. These functions are formed by the hybridization of Legendre polynomials

and Block-Pulse functions. These functions are orthonormal and have compact support on
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[0, 1]. The numerical results obtained by the present method have been compared with other
methods. These proposed methods reduce the system of integral equations to a system of
algebraic equations that can be solved easily any of the usual numerical methods. Numerical

examples are presented to illustrate the accuracy of the method.

4.2 Bernstein Polynomial Collocation Method for solving
nonlinear Fredholm integral equations system

Numerical methods based on Bernstein polynomial have been developed to solve the integral
equations of different types. First time, the Bernstein polynomials have been used for
the solution of some linear and nonlinear differential equations [18, 19, 46]. Mandal and
Bhattacharya [47] obtained approximate solutions of some classes of integral equations by
using Bernstein polynomials. Also, they used these polynomials to approximate the solution
of linear Volterra integral equations [48] and singular integro-differential equation [49]. The
numerical solution of system of linear Fredholm integral equations has been solved by using
Bernstein collocation method in [50]. In this section, we are going to propose a numerical
approach to determine the solutions of system of nonlinear Fredholm integral equations of
second kind. This method is based on the Bernstein polynomial basis that approximate the
unknown functions present in the integral equations. In this section, we consider the system

of nonlinear Fredholm integral equations of second kind of the following form:

> gij(x)y;(x) = fi(z) + 2/01 Kij(z, ) (ty;(1)dt, i=1,2,...,n 4.1
j=1 Jj=1

where f;(x) and K; ;(z,t) are known functions and y;(x) are the unknown functions for
1,7 = 1,2, ...,n. By applying the Bernstein collocation method (BCM), the integral equation
defined in (4.1) reduces to a system of algebraic equations that can be solved easily by any
numerical method. The numerical results are then compared with the results obtained by
B-spline wavelet method (BWM). B-spline wavelets and Bernstein polynomials, and their

properties and function approximations are defined in Chapter 2.

4.2.1 Solution to nonlinear Fredholm integral equations system by
Bernstein collocation method

we have solved the system of nonlinear Fredholm integral equations of second kind of the

form given in (4.1) by using Bernstein polynomials.

First, we assume
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F, j(z,y(x)) = u; ;(z), 0<z<1. 4.2)

Now from eq. (2.68) of Chapter 2, we can approximate the functions w; ;(x) and y;(z) as

u; j(z) = Al B(x), 4.3)

yj(x) = Cj B(x), (4.4)

where A, ; and C; are (m + 1) x 1 column vectors similar to C' defined in section 2.7.2 of

chapter 2.

Apply egs. (4.2)-(4.4) in eq. (4.1), we have

n

S 00,07 B(2) = fila +Z/ S AT B, i=1,2,..n.
j:

S 6:,CT B(x) -(:c)+ZAZj/ Kij(z,)B(t)dt, i=1,2,...n. (45)
j=1 j=1 0

In eq. (4.5), the integral term [; K ;(x,t)B(t)dt is function of z only. Let us assume

this term as follows:

/K”a:t tdt = Giy(). (4.6)

Putting eq. (4.6) in eq. (4.5), we have

Zg,JCTB +ZA i=1,2,..,n. (4.7)

7=1

Using the collocation points x; = xg + [h, where xy = 0, h = % and[ =0,1,...,m, in

eq. (4.7), we have

Zg,jC B(x;) = fi(z)) + ZAZ:jGi,j(xl)a i=1,2,...,n, 1=0,1,....m. (4.8)

J=1

Now eq. (4.8) produces a system of algebraic equations with n(m + 1) equations along

with (n? + n)(m + 1) unknowns for the column vectors C; and A, ;.

Again consider the eq. (4.2) and utilizing it with the collocation points x; = xy + [h,
where 29 = 0, h = +and!=0,1,...,m, we have
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FLJ'(ZIZ'l,yj(CCl)) = Uijj(ﬂil), Z,j = 1, 2, oy NG | = O, 1, S, m. (49)

Combining eqs. (4.8) and (4.9), we have a system of (n?+n)(m-+ 1) algebraic equations
along with same number of unknowns. Solving this system by Newton’s method, we can
obtain the approximate values of column vectors C; and A, ;, i,j = 1,2,...,n. Hence we
can obtain the approximate solutions of integral equations defined in eq. (4.1), i.e., y;(z) =
C/B(z),forj =1,2,...,n.

4.2.2 Error analysis

Theorem 4.2.1. Let y;(z), j = 1,2,....,n be the solutions of the system of nonlinear
Fredholm integral equations of second kind in eq. (4.1) and Y; ,,(x) = Y7 ¢jpBpm (),
j = 1,2,...,n be the approximate solutions of above integral equations system, where
B, () is the Bernstein polynomials of degree m. Then the error term ||e,,(x)|| — 0, if the
above approximate polynomials converges to the exact solutions of the nonlinear Fredholm
integral equations system, when m — Q.

Proof. Consider y;(x), j = 1,2,...,n be the solutions of the integral equations system
defined in eq. (4.1). Let Y}, () = X7 ¢jpBpm(r), j = 1,2,...,n be the approximate
solutions of eq. (4.1), i.e.,

n n 1
Zgi,jY;,m<I> = fl(x) + Z/O Ki,j(‘ra t)E,j(t7 Y},m(t))dt 1= 17 27 - N (410)
j=1 j=1

and it holds that

yj(x) = lim Y, (x). (4.11)

m— 00

Now define the error functions e, (z) by subtracting eq. (4.10) from eq. (4.1) as follows:

em(x) = i eim(T), (4.12)
i=1

Cim(®) =3 015 05(2) = Vin(@)) = 3 [ Koy Fusts(0) = Fiyt. Vim0,
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Table 4.1: Approximate solutions obtained by Bernstein collocation method and B-spline
wavelet method along with their corresponding exact solutions for Example 4.2.1

Exact BCM BWM of order 4
yi(x) ye(x) | n(@) y() |y y2(z)
0.0 0.0 0.00 | 0.0 0.00 | 0.000000 -0.00016277
0.1 ]0.1 0.01 | 0.1 0.01 | 0.100034 0.00999415
02102 0.04 |02 0.04 | 0.200068 0.0400743
03103 0.09 | 0.3 0.09 | 0.300102 0.090076
04104 0.16 | 0.4 0.16 | 0.400136 0.160004
0.5]0.5 0.25 |0.5 0.25 | 0.500169 0.249854
0.6 | 0.6 0.36 | 0.6 0.36 | 0.600203 0.360017
0.7 0.7 0.49 |0.7 0.49 | 0.700237 0.490104
0.8]0.8 0.64 | 0.8 0.64 | 0.800271 0.640114
09109 0.81 |0.9 0.81 | 0.900305 0.810047
1.0 | 1.0 1.00 | 1.0 1.00 | 1.00034  0.999903

T

From eq. (4.12), we have

e (@)l < 3 (o)
<33 lausllus (@) ~ Vi@
E 305 [ (o I 35(0)) = Fot,Yin 1))

i=1j=1

Now, ||g; ]|, || K ;|| and F; ; are bounded.

And from eq. (4.11), ||y;(z) — Yjm(x)|| = 0 as m — +o0, and
1£55(,y5(1) = (6 Yim @) < Llly; (2) = Yym(2)| = 0 as m — oo,

where L is the Lipschitz constant. Hence, ||e,,(z)|| — 0 as m — +oc. O

4.2.3 Illustrative examples

Example 4.2.1. Consider the following system of Fredholm integral equations

23 1
ni(e) = ot [ oGR) + i),
11 Yooy o 2
ya(z) = Ex + [ @7t (yi(t) — ya(t))dt,
with the exact solutions y,(x) = x and yo(x) = x°. The approximate solutions obtained
by Bernstein polynomials of degree 10 and B-spline wavelet method (BWM) of order 4 have
been compared with their corresponding exact solutions in Table 4.1. Table 4.2 cites the
absolute errors for the above approximate methods.
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Table 4.2: Absolute errors with regard to Bernstein collocation method and B-spline wavelet

method for Example 4.2.1

T

BCM

BWM of order 4

y1(z)

y2(z)

yi(z)

y2(7)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0

2.77556E-17
1.11022E-16
5.55112E-17
5.55112E-17
5.55112E-17
1.11022E-16
1.11022E-16
1.11022E-16
0

1.11022E-16

0

1.73472E-18
0

4.16334E-17
8.32667E-17
1.11022E-16
1.66533E-16
2.22045E-16
2.22045E-16
4.44089E-16
4.44089E-16

0
0.00003389
0.00006778
0.000101661
0.000135547
0.000169434
0.000203321
0.000237208
0.000271095
0.000304982
0.000338869

0.000162771
5.84982E-6
0.0000742656
0.0000775734
4.07416E-6
0.000146232
0.0000173054
0.000104036
0.000113959
0.0000470757
0.0000966149

Table 4.3: Approximate solutions obtained by Bernstein collocation method and B-spline

wavelet method along with their corresponding exact solutions for Example 4.2.2

. Exact BCM BWM of order 4
yi(x) ye(x) | ni(@) w(@) [nlr) gz

0.0 1.0 1.00 | 1.0 1.00 |1 0.999837
0.1 1.1 1.01 | 1.1 1.01 | 1.10004 1.01001
02112 1.04 | 1.2 1.04 | 1.20007 1.0401
03]1.3 1.09 | 1.3 1.09 | 1.30009 1.0901
04|14 1.16 | 1.4 1.16 | 1.40011 1.15999
0515 1.25 | 1.5 1.25 | 1.50011 1.24978
0.6 | 1.6 1.36 | 1.6 1.36 | 1.6001  1.35985
0.7 | 1.7 149 | 1.7 1.49 | 1.70009 1.48979
0.8 1.8 1.64 | 1.8 1.64 | 1.80006 1.63961
09119 1.81 | 1.9 1.81 | 1.90003 1.80928
1.0 | 2.0 2.00 | 2.0 2.00 | 1.99999 1.99882

Example 4.2.2. Consider the following system of Fredholm integral equations

1
yl()—l—QSx—x +/ oy} dt+/xty2t)dt
17
y2(x):1—12x+x ——x +/ wtyi(t dt+/ >y, (t)dt,

with the exact solutions y,(x) = z + 1 and y2(x) = x* + 1. The approximate solutions
obtained by Bernstein polynomials of degree 10 and B-spline wavelet method of order 4
have been compared with their corresponding exact solutions in Table 4.3. Table 4.4 cites
the absolute errors for the above approximate methods.

Example 4.2.3. Consider the following system of Fredholm integral equations
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Table 4.4: Absolute errors with regard to Bernstein collocation method and B-spline wavelet
method for Example 4.2.2

. BCM BWM of order 4

0@ 1:(@) 0@ 1)
00]0 0 0 0.00062756
0.1]0 4.44089E-16 | 0.0000405041 0.0000115058
0.2 | 6.66134E-16 6.66134E-16 | 0.000071711  0.000100139
0.3 | 2.22045E-16 2.22045E-16 | 0.000093696  0.0000962647
0.4 | 2.22045E-16 2.22045E-16 | 0.000106459  7.39085E-6
0510 0 0.00011 0.000218003
060 2.22045E-16 | 0.000104139  0.000152962
0.7 | 2.22045E-16  2.22045E-16 | 0.0000890555 0.000209492
0.8 | 2.22045E-16 0 0.0000647503 0.000394768
0910 0 0.0000312232 0.000715965
1.0]0 0 0.0000115258 0.00118026

Table 4.5: Approximate solutions obtained by Bernstein collocation method and B-spline

wavelet method along with their corresponding exact solutions for Example 4.2.3

. Exact BCM BWM of order 4
yilz)  y(z) yi(z) y2(z) yi(z) y2(z)

0.0]1 1 0.999999 1 0.999832 1.00015
0.1 | 1.00502 0.995004 | 1.00502  0.995004 | 1.00493  0.995077
0.2 | 1.02034 0.980067 | 1.02034  0.980067 | 1.02029  0.980101
0.3 | 1.04675 0.955336 | 1.04675  0.955337 | 1.04671  0.955372
0.4 | 1.0857 0.921061 | 1.0857 0.921061 | 1.08561  0.921133
0.5 ] 1.13949 0.877583 | 1.13949  0.877583 | 1.13926  0.877724
0.6 | 1.21163 0.825336 | 1.21163  0.825336 | 1.21154  0.825336
0.7 | 1.30746 0.764842 | 1.30746  0.764842 | 1.30749  0.764842
0.8 | 1.43532 0.696707 | 1.43532  0.696707 | 1.43539  0.696707
0.9 | 1.60873 0.62161 | 1.60872  0.62161 1.6086 0.62161
1.0 | 1.85082 0.540302 | 1.85081  0.540303 | 1.84988  0.540302

1
yi1(z) = —1+secx —tanl + /0 (Y2 (1) + y1(t)ya(t))dt,
1
y2(z) =1+ cosx —tan1 + /o (Y2 (1) — 1 (t)y2(t))dt,
with the exact solutions y;(x) = secx and ys(x) = cosz. The approximate solutions
obtained by Bernstein polynomials of degree 10 and B-spline wavelet method of order 4
have been compared with their corresponding exact solutions in Table 4.5. Table 4.6 cites

the absolute errors for the above approximate methods.

From these Tables, it is confirmed that the Bernstein collocation method gives a better

approximation in comparison to B-spline wavelet method.
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Table 4.6: Absolute errors with regard to Bernstein collocation method and B-spline wavelet
method for Example 4.2.3

. BCM BWM of order 4
5@ 1:(@) 0@ 1)

0.0 | 1.12723E-6 2.22986E-7 | 0.000168178  0.000151052
0.1 | 1.12723E-6  2.22986E-7 | 0.0000899013 0.0000729561
0.2 | 1.12723E-6  2.22986E-7 | 0.0000470344 0.0000346196
0.3 | 1.12723E-6  2.22986E-7 | 0.0000426314 0.0000353846
0.4 | 1.12723E-6 2.22986E-7 | 0.0000929731 0.0000724765
0.5 | 1.12723E-6 2.22986E-7 | 0.000234847  0.000141089
0.6 | 1.12723E-6  2.22986E-7 | 0.000091301  0.0000726308
0.7 | 1.12723E-6  2.22986E-7 | 0.0000287158 0.0000424359
0.8 | 1.12723E-6 2.22986E-7 | 0.000069101  0.0000445436
0.9 | 1.12723E-6 2.22986E-7 | 0.000123569  0.0000713024
1.0 | 1.12723E-6 2.22986E-7 | 0.000934167  0.000114134

4.3 Hybrid Legendre Block Pulse functions for
nonlinear Fredholm integral equations system

solving

Hybrid Legendre-Block-Pulse functions are piecewise continuous functions. Also, these
functions are orthonormal. It approximates any continuous function defined on the interval
0, 1] very accurately. Numerical methods based on hybrid functions have been developed to
solve the integral equations which available in the literature. In [22], linear Fredholm integral
equations of second kind have been solved by applying hybrid Legendre-Block-Pulse
functions. Maleknejad et al., in [21], have solved Fredholm-Hammerstein integral equations
by using this present method. Also many other hybrid functions have been used to solve
integral equations. Hybrid Block-Pulse functions and the second Chebyshev polynomials
In [52], hybrid
orthonormal Bernstein and Block-Pulse functions have been applied to solve the Fredholm

[51] have been used to solve system of integro-differential equations.

integral equations. Variational problems have been solved by using hybrid of Block-Pulse
functions and Bernoulli polynomials [53]. Hybrid of Fourier and Block-Pulse functions has
been applied for solving integro-differential equations in [54]. In this section, we consider
the system of nonlinear Fredholm integral equations of second kind same as eq. (4.1).
Hybrid Legendre Block-Pulse functions (HLBPF) have been used to solve the nonlinear
Fredholm-Hammerstein integral equations system by reducing the integral equations system
into a system of algebraic equations and that algebraic system has been solved numerically by
Newton’s method. The numerical results are then compared with the corresponding results
obtained by Legendre wavelet method (LWM).
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4.3.1 Solution to nonlinear Fredholm integral equations system using
hybrid Legendre Block-Pulse functions

In this section, we have solved the system of nonlinear Fredholm integral equations of second
kind of the form given in eq. (4.1) by using hybrid Legendre-Block-Pulse functions. First

we assume
Fij(x,yi(z) = uij(z), 0<z<1 (4.13)

Now from eq. (2.71) of Chapter 2, we can approximate the functions

u; j(z) = A}, B(x), (4.14)
yj(x) = X B(x), (4.15)
fi(x) = PI'B(x), (4.16)

Kij(z) = B (t)T;;B(x), (4.17)

where A; ;, X; and P, are (NM x 1) column vectors defined similar to X defined in eq.
(2.72) of Chapter 2. B(x) is also (NM x 1) column vector as defined in eq. (2.73) of
Chapter 2 and T; ; are (NM x N M) square matrices calculated as

—/UK”M dt}BT()d =12 ..n

and P, can be calculated as

1
P, = / fi(z)B(x)dzx, 1=1,2, ... n.
0
Applying eqgs. (4.13)-(4.17) in eq. (4.1), we have

> 9:i;X] B(x) = P/ B(x +Z/ ALB)B" ()T, ;B(x)dt, i=1,2,..,n.

j=1

> 9i;Xj B(x) = P/ B(x +ZATT B(x), i=1,2...,n (4.18)
i=1

Multiplying BT () both sides of the eq. (4.18) from the right and integrating with respect

to z from 0 to 1, we have
Zgi’jXT PT_I_ZA 4,55 7:2172’"'7”7 (419)
— =

since [y B(x)BT (x)dz = 1.
Now eq. (4.19) gives a system of algebraic equations with N M n number of equations

along with N M (n? + n) unknowns for the column vectors X; and A; ; defined in eq. (4.14)
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and eq. (4.15).

Again consider the equations defined in eq. (4.13) and utilizing it with the collocation

points x; = 2NM,5—1 2,...,NM, we have
E,j(xs,XjTB(:cs)) = Aij(xs), i,j=1,2,...n; s=1,2,... NM. (4.20)

Now, eq. (4.20) gives a system of algebraic equations with N Mn? equations along with
NM (n* 4+ n) unknowns for the column vectors X; and A, ; defined in eq. (4.14) and eq.
(4.15). Combining eqgs. (4.19) and (4.20), we have a system of algebraic equations with
NM (n? + n) equations along with the same number of unknowns. Solving this system,
we can obtain the values of unknowns for the column vectors X; and A; ;,7,5 =1,2,...,n
Hence we can obtain the solutions of integral equations defined in eq. (4.1), i.e., y;(z) =
X[B(x),forj=1,2,...n

4.3.2 Error analysis

Theorem 4.3.1. The error term ||e(x)|| obtained by hybrid Legendre-Block-Pulse functions
for solving system of Fredholm-Hammerstein integral equations converges to zero as n. —
00 for 0 < o < 1, where o = |g;;|KC1; K = = Supgepc1 Lo |Kij(z,t)|dt} and Cy is
Lipschitz constant.

Proof. Lety; ;(I, m, x) be the approximate solutions of integral equations system defined in
eq. (4.1) and ||e;(x)]|| be the error term of each solutions. Define

e(z) => ej(z). (4.21)

J
Now,
lle; (@) = 11y3(x) = Yrmell
< lgi, 1I/ 1K 5 (e, O E3 i (2, 95 (2) — Fi (&, y5 (L, m, 1)) de. (4.22)

Suppose
K= sup { [0, 0)ldt}

0<z<1

From eq. (4.22), we have

les (@I < 1gi K 1Fs(E, (1) — Fig(t g (1 m, )|
= lgij IKCully;(t) — (1, m, 1), (4.23)

where, C'; > 0 is Lipschitz constant.

If we set
Of—“szlj{(jh
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Table 4.7: Approximate solutions obtained by HLBPF and LWM for Example 4.3.1

. HLBPF solution for LWM solution for
Exact solution of
z (y1(z), y2(x)) (y1(), y2(x)) (y1(=), y2(=))
1), 92 M=3N=4 | M=4 N=8 | M=3,k=3 M=4k=4

0.2 | (0.2,0.04) (0.199987, 0.04) | (0.2, 0.04) (0.199841, 0.0400073) | (0.2, 0.04)

04 | (0.4,0.16) (0.399975, 0.16) | (0.4,0.16) (0.399682, 0.160029) (0.4,0.16)

0.6 | (0.6,0.36) (0.599962, 0.36) | (0.6, 0.36) (0.599522, 0.360066) (0.599999, 0.36)
0.8 | (0.8,0.64) (0.79995, 0.64) (0.8, 0.64) (0.799363, 0.640117) (0.799999, 0.64)

Table 4.8: Absolute errors obtained by HLBPF for Example 4.3.1

Absolute errors of (y; (), y2(z)) by HLBPF
M=3N=4 M=4N=28

0.2 | (1.25015E-5, 1.18537E-8) | (3.80664E-8, 3.2843E-9)
0.4 | (2.5003E-5, 4.74148E-8) | (7.61327E-8, 1.31372E-8)
0.6 | (3.75045E-5, 1.06683E-7) | (1.14199E-7, 2.95587E-8)
0.8 | (5.0006E-5, 1.89659E-7) | (1.52265E-7, 5.25489E-8)

X

then from eq. (4.23), we have
(1 = a)ly; () — y;(L,m, )] <0.
Now we choose a such that 0 < o < 1 and consequently
ly;(8) = y;(l,m, )] = 0 as n — oo,

which yields ||e;(z)|| — 0 as n — oo.
Hence from eq. (4.21), ||e(x)|| — 0 as n — oc. O

4.3.3 Illustrative examples

Example 4.3.1. Consider the following system of Fredholm integral equations

1

n@)= oot [ R0 + R0

1

) = 3%+ [ PR — o)
with the exact solutions y,(z) = x and ys(x) = x2. The approximate solutions obtained by
hybrid Legendre-Block-Pulse functions for different values of N and M have been compared
with the solutions obtained by Legendre wavelet method for different values of M and k and
this comparison has been cited in Table 4.7. Table 4.8 cites the absolute errors for the above
approximate solutions by HLBPF. The overall time estimation for Example 4.3.1 solved by
HLBPF is 4.93 seconds and 30.076 seconds for M = 3, N = 4, and M = 4, N = §,
respectively. The memory space used for this computation is 37633540 bytes and 39593364
bytes for M = 3, N = 4, and M = 4, N = 8§, respectively.

Example 4.3.2. Consider the following system of Fredholm integral equations
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Table 4.9: Approximate solutions obtained by HLBPF and LWM for Example 4.3.2

. HLBPF solution for LWM solution for
Exact solution of

z (y1(2), ya2(z)) (y1(z), y2()) (y1(=), y2(=))

1), 92 M=3N=41 M=4N=8 | M=3k=3 M=4k=4
0.2 | (1.2,1.04) (1.19996, 1.03998) | (1.2, 1.04) (1.19934, 1.03968) | (1.2, 1.04)
04 | (14,1.16) (1.39993, 1.15998) | (1.4,1.16) (1.3989, 1.15974) (1.39999, 1.16)
0.6 | (1.6,1.36) (1.59992, 1.36003) | (1.6, 1.36) (1.5987, 1.3606) (1.59999, 1.36)
0.8 | (1.8,1.64) (1.79992, 1.64016) | (1.8, 1.64) (1.79872, 1.64263) | (1.79999, 1.64001)

Table 4.10: Absolute errors obtained by HLBPF for Example 4.3.2

. Absolute errors of (y; (), y2(z)) by HLBPF
M=3,N=4 M=4,N=3
0.2 | (4.10536E-5, 2.00077E-5) | (6.61903E-7, 3.44454E-7)
0.4 | (6.78282E-5, 1.64768E-5) | (1.10299E-6, 3.30471E-7)
0.6 | (8.03238E-5, 3.42853E-5) | (1.32326E-6, 4.0039E-7)
0.8 | (7.85405E-5, 1.56357E-4) | (1.32272E-6, 2.20657E-6)
17 9 9
yi(x) =1-— 20:)3—7:)3 +/ xt7y dt+/ otys(t)dt,
yo(z) =1— Hx + 2% — E96 + xtyl (t)dt +/ yy (t)de,
12 10 0

with the exact solutions y,(x) = x + 1 and y2(x) = 2? + 1. The approximate solutions
obtained by hybrid Legendre-Block-Pulse functions for different values of N and M have
been compared with the solutions obtained by Legendre wavelet method for different values
of M and k and this comparison has been cited in Table 4.9. Table 4.10 cites the absolute
errors for the above approximate solutions by HLBPF. The overall time estimation for
Example 4.3.2 solved by HLBPF is 4.96 seconds and 29.094 seconds for M = 3, N = 4,
and M = 4, N = §, respectively. The memory space used for this computation is 37644356
bytes and 39543532 bytes for M = 3, N = 4, and M = 4, N = 8, respectively.

Example 4.3.3. Consider the following system of Fredholm integral equations

y1(x)

yo(x) =14 cosx —tan 1 + /Ol(y%(t) —y1(t)ye(t))dt,

1
—1+secx —tanl + /0 (Y2 (1) + yi(t)ya(t))dt,

with the exact solutions y;(x) secx and yo(x) = cosx. The approximate solutions
obtained by hybrid Legendre-Block-Pulse functions for different values of N and M have
been compared with the solutions obtained by Legendre wavelet method for different values
of M and k and this comparison has been cited in Table 4.11. Table 4.12 cites the absolute
errors for the above approximate solutions by HLBPF. The overall time estimation for
Example 4.3.3 solved by HLBPF is 71.277 seconds and 247.137 seconds for M = 3, N = 4,
and M = 4, N = 8§, respectively. The memory space used for this computation is 64347740
bytes and 70008212 bytes for M = 3, N = 4, and M = 4, N = 8§, respectively.
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Table 4.11: Approximate solutions obtained by HLBPF and LWM for Example 4.3.3

Exact solution of

(y1(z), y2(=))

HLBPF solution for
(y1(z), y2(z))

LWM solution for
(y1(2),y2(2))

M=3N=4 M=4,N=38 M=3k=3 M=4,k=14
0.2 | (1.02034,0.980067) | (1.02039, 0.980066) | (1.02034,0.980066) | (1.02107,0.979646) | (1.02035, 0.980063)
0.4 | (1.0857,0.921061) (1.08581,0.921066) | (1.08571,0.92106) (1.08649, 0.920646) | (1.08571,0.921058)
0.6 | (1.21163,0.825336) | (1.21136,0.825306) | (1.21163,0.825335) | (1.21204, 0.824886) | (1.21164,0.825333)
0.8 | (1.43532,0.696707) | (1.43425,0.696664) | (1.43532,0.696706) | (1.43492,0.696244) | (1.43533,0.696704)

Table 4.12: Absolute errors obtained by HLBPF for Example 4.3.3

. Absolute errors of (y; (), y2(z)) by HLBPF
M=3N=4 M=4N=28

0.2 | (5.3713E-5, 5.89798E-7) | (1.46257E-6, 7.37282E-7)

0.4 | (1.0432E-4, 5.47522E-6) | (2.47224E-6, 6.50458E-7)

0.6 | (2.6703E-4, 2.9125E-5) | (3.09455E-6, 6.54156E-7)

0.8 | (1.07747E-3, 4.27048E-5) | (1.39276E-6, 7.27628E-7)

Example 4.3.4. Consider the following system of Fredholm integral equations

yi(z) = M/Ol K () [(8 = y1()e® + (8 — ya(t))e” V)] dt,

0
)\(:E—t) O < <t
where K (x,t) = € ) ST cand = 0.02, B = 3, and A = 10. The exact
1 t<r<1

Y

solutions of above system for Fredholm integral equations are unknown. The approximate
solutions obtained by hybrid Legendre-Block-Pulse functions for different values of N and
M have been compared with the solutions obtained by Legendre wavelet method for different
values of M and k and cited in Table 4.13. The overall time estimation for Example 4.3.4
solved by HLBPF is 366.944 seconds and 2526.39 seconds for M = 3, N = 4, and M = 4,
N = 8, respectively. The memory space used for this computation is 69862228 bytes and
129651640 bytes for M = 3, N = 4, and M = 4, N = 8, respectively. The Table 4.13
confirms that there is a good agreement of results between these two methods. Therefore it
Jjustifies the ability, efficiency and applicability of the present method.

Table 4.13: Approximate solutions obtained by HLBPF and LWM for Example 4.3.4

Approximate solutions of
x (y1(x),y2(x)) by HLBPF

Approximate solutions of
(y1(x), y2(x)) by LWM

M=3N=4 M=4,N=38 M=3k=3 M=4k=14
0.2 | (0.0207894, 1.37402) | (0.0207893, 1.37401) | (0.0208479, 1.35188) | (0.0208482, 1.35187)
0.4 | (0.0343434, 1.52401) | (0.0343436, 1.524) (0.034531, 1.46505) (0.0345316, 1.46504)
0.6 | (0.0475951, 1.69596) | (0.0475884,1.69597) | (0.0479556, 1.59915) | (0.0479491, 1.59917)
0.8 | (0.0600656, 1.89354) | (0.0599892, 1.89357) | (0.0606086, 1.75719) | (0.0605317, 1.75722)
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4.4 Conclusion

In this present analysis, we have proposed two computational methods to approximate
the solutions of the system of nonlinear Fredholm integral equations of second kind.
The proposed methods are very simple and straight forward method which based on
approximation of the unknown function of an integral equation in terms of the Bernstein
polynomials and hybrid Legendre-Block-Pulse functions. Using this method, the system of
integral equations has been reduced to solve a system of algebraic equations. In section
4.2, the numerical solutions obtained by Bernstein polynomial collocation method are
compared with the B-spline wavelet method solutions. From the Tables, it manifests
that the present method has a good accuracy than other method. The first time,
nonlinear Fredholm-Hammerstein integral equations system has been solved by using hybrid
Legendre-Block-Pulse functions. The hybrid Legendre and Block-Pulse functions are
orthogonal piecewise continuous functions which prompts flexibility for application. In
section 4.3, the numerical solutions obtained by HLBPF are compared with the LWM
solutions. The overall cost estimation has been obtained for each problem and it justify that
the above said HLBPF method is not expensive and it can be applied for solving other integral
and differential equations. The illustrated examples analyze and justify the ability and the
reliability of the present methods. Solutions obtained by the present methods in compared to
exact solutions admit a remarkable efficiency and accuracy. The main advantages of these

methods are its efficiency and simple applicability.
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Chapter 5

Numerical solutions of Hammerstein
integral equations arising in Chemical
phenomenon

5.1 Introduction

In this chapter, the numerical solutions of nonlinear Hammerstein integral equations
arising in chemical phenomenon have been discussed. Firstly, we have solved an integral
equation which forms the basis for the conductor like screening model for real solvent
(COSMO-RS) appeared in chemical phenomenon. Conductor like screening model for
real solvent (COSMO-RS) [55] is a quantum chemistry based equilibrium thermodynamics
method with the purpose of predicting chemical potential o in liquids. It processes the
screening charge density o on the surface of molecules to calculate the chemical potential
1 of each species in solution. As an initial step a quantum chemical COSMO calculation
for all molecules is performed and the results (e.g. screening change density) are stored
in a database. In a separate step COSMO-RS uses the stored COSMO results to calculate
the chemical potential of the molecules in a liquid solvent or mixture. The resulting
chemical potentials are the basis for other thermodynamic equilibrium properties such as
activity co-efficients, solubility, partition co-efficients, vapor pressure and free energy of
solvation. The method was developed to provide a general prediction method with no need
for system specific adjustment. Due to use of o from COSMO calculation, COSMO-RS
does not require functional group parameters. Quantum chemical effects like group-group
interaction, mesmeric effects and inductive effects also are incorporated into COSMO-RS

by this approach.

Our aim is to solve the Hammerstein nonlinear integral equation

Eini(0,0") — ps(o’)
RT

ps(o) = —RTIn [/ Ps(0") exp(— Ydo'|

where R is the gas constant, 7" is the temperature and the term FE;,;(o,0’) denotes the

interaction energy expression for the segments with screening charge density o and o’
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respectively, the molecular interaction in solvent is Ps(o) and the chemical potential of
the surface segments is described by j15(0) which is to be determined. This problem has
been solved by Bernstein collocation method, Haar wavelet method, and Sinc collocation
method. All the above methods have been applied to solve the integral equations by
reducing to system of algebraic equations. Comparison has been done for these methods, to
demonstrate the validity and applicability of Bernstein collocation method, Haar wavelet

method and Sinc collocation method.

Secondly, the mathematical model has been considered for an adiabatic tubular chemical
reactor which processes an irreversible exothermic chemical reaction. For steady state
solution for an adiabatic tubular chemical reactor, the model can be reduced to ordinary
differential equation with a parameter in the boundary conditions. For easy computation, the
problem can be converted into a Hammerstein integral equation which can be solved easily.
The numerical method based on linear B-spline wavelets has been developed to approximate
the solution of Hammerstein integral equation. This method reduces the integral equation to
a system of algebraic equations that can be solved numerically easily. The numerical results
obtained by the present method have been compared with the results obtained by Contraction
mapping principle (CMP), Shooting method (SM) and Adomian’s decomposition method
(ADM) to demonstrate the validity and applicability of the present method.

5.2 Comparative Experiment on the Numerical Solutions
of Hammerstein Integral Equation Arising from
Chemical Phenomenon

The COSMO-RS method was first published in 1995 by A. Klamt [55]. A refined version
of COSMO-RS was published in 1998 [56] and is the basis for new developments and
reimplementation [57—-60]. Within the basic formulation of COSMO-RS, interaction terms
depend on the screening charge density . Each molecule and mixture can be represented
by the histogram P(c), the so called o-profile. The o-profile of a mixture is the weighted
sum of the profiles of all its components. Using the interaction energy Fj,;(o,c’) and the
o-profile of the solvent P(o”), the chemical potential 115(0) of a surface piece with screening

charge o is determined as [60]

Eini(0,0") = ps(o’)
RT

ps(c) = —RTIn l/ Ps(c") exp(— Ydo'| (5.1)
where R is the gas constant, 7" is the temperature and the term FE;,; (o, c’) denotes the
interaction energy expression for the segments with screening charge density o and o’
respectively, the molecular interaction in solvent is Ps(o) and the chemical potential of

the surface segments is described by js(c) which is to be determined. The domain of
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integration is determined by the characteristics of the o-profile.

We can rewrite the eq. (5.1) as

_N}S‘%(;) —In [/;K(g, o') exp (M;(;’)) do'/] |

where K(0,0') = Ps(0')0(0, 0") and (0, 0') = exp{~ Zatize )

RT
Now, by substituting y(c) = exp (—“g—(}’» , we have
b
y(o) = [ K(0,0) (y(o")) ™ do’ (52)

The above eq. (5.2) is nothing but the well known nonlinear Hammerstein integral equation.

The general form of nonlinear Hammerstein integral equation is given as [61]

@) = o)+ [ Ko, F (o), 63)

where K (z,t), g(x) and F(t,y) are known functions and y(z) is the unknown function
which should be determined.

A computational approach to solve integral equation is an essential work in scientific
research. There are available many numerical methods for solving Hammerstein integral
equations [23, 24, 61-65]. The learned researchers Dehghan et al. have applied
Bernstein polynomial operational matrices for solving age-structured population models
[66]. Ritz-Galerkin method with Bernstein polynomial basis [67] has been used for
solving heat equation with non-classic boundary conditions. The authors have applied
Bernstein polynomial to solve system of nonlinear Fredholm integral equations [20].
Thomas-Fermi equation [68] has been solved by Sinc collocation method that converges to
the solution at an exponential rate. Saadatmandi et al. [69] have solved class of fractional
convection-diffusion equation with variable coefficients by Sinc-Legendre collocation
method. Haar wavelet method has been applied to solve fractional differential equation
by Saha Ray et al. [13, 14]. Legendre multi-wavelets have been used for solving weakly
singular Fredholm integro-differential equations [70]. Some iterative techniques and
quadrature formulae [61, 62] have been applied to solve Hammerstein integral equations by
Saha Ray et al. Also Hammerstein integral equation has been solved by B-spline wavelets
[64].

In this present study, nonlinear Hammerstein integral equations have been solved by
Bernstein collocation method, Haar wavelet method, and Sinc collocation method. All the
above methods have been applied to solve the integral equations by reducing to system of
algebraic equations. From the obtained results, it is quite plausible that the results obtained

by Bernstein collocation method converge more rapidly than other two methods.
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5.2.1 Bernstein collocation method

Bernstein polynomials defined in section 2.7 of Chapter 2 form a complete basis [20] over
the interval [a, b]. It is easy to show that any given polynomials of degree n can be expressed
in terms of linear combination of the basis functions. A function y(x) defined over [a, b] can

be approximated by Bernstein polynomials basis functions of degree n as

y(x) =~ zn: ¢;Bin(z) = CTB(x), (5.4)

=0

where C' and B(z) are (n+ 1) x 1 column vectors defined in section 2.7.2 of Chapter 2. For

solving eq. (5.3), we first assume
(z) = Flz,y(2) = (y(x) " (5.5)
From eq. (5.3), we can approximate the unknown function y(x) and z(x) as
y(z) = C B(x), (5.6)

2(z) = O3 B(x), (5.7)

where C and C5 are (n + 1) x 1 column vectors similar to C.
Substituting eqs. (5.5)-(5.7) in eq. (5.3), we have

CTB(z) = g(z) + /abK(x,t)CQTB(t)dt. (5.8)
Taking G(z) = [* K (x,t)B(t)dt then the eq. (5.8) can be reduced as
CTB(x) = g(z) + C1G(). (5.9)
Again from eq. (5.5), we have
CTB(z) = F(x,CIB(x)). (5.10)
From egs. (5.9) and (5.10), we get
CIB(x) = F(z,g(z) + CTG(x)). (5.11)

Putting the collocation points x; = ¢ + Lh, where xy = a, h = b_T“ and/ =0,1,...,n,in
eq. (5.11), we have
CTB(z;) = F(xy, g(7) + CF G(1y)). (5.12)

Now eq. (5.12) gives a system of n + 1 algebraic equations with same number of unknowns
for vector C;. Numerically solving this algebraic system, we can obtain the values of

unknowns for vector Cy and hence the solution y(z) = f(C? B(x)) = ﬁm.
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5.2.2 Haar wavelet method

The Haar functions are the family of switched rectangular waveforms where amplitudes
can differ from one function to another function. Usually the Haar wavelets are defined on
the interval [0, 1] but in general case these are defined on [a, b]. We divide the interval [a, b]
into m equal subintervals. In this case the orthogonal set of Haar functions are defined on
the interval [a, b] by [13, 14] (see section 2.5 of Chapter 2).

An arbitrary function y(z) € L?[a, b] can be approximated with finite terms as

m—1
y(x) ~ Z cihi(z) = C(Tm)h(m)(x), (5.13)

1=0

where the coefficient vector C(?n) and the Haar function vector h,,(x) are, respectively,
defined in eq. (2.58) of Chapter 2.

For solving eq. (5.3), we first assume

() = Flo,y(x)) = (y(x)) " (5.14)

From eq. (5.3), we can approximate the unknown function y(x) and z(z)as

2(x) = B(:%)h(m)(x), (5.16)

where Af y and B[, are 1 x (m + 1) row vectors similar to C7,.
Substituting eqs. (5.14)-(5.16) in eq. (5.3), we have

b
Al bmy(2) = g(z) + / K (,t) Bl hm) (£)dt. (5.17)
Taking G'(,n) () = [ K (2, )h(my(t)dt then the eq. (5.17) can be reduced as
Al by () = g(2) + Bl Gy (2). (5.18)
Again from eq. (5.14), we have
Blyhm)(x) = F(x, Alyhm (2)). (5.19)
From egs. (5.18) and (5.19), we get

B oy () = (. g(2) + Bl Gy ()): (5.20)

(b

;na), [ =1,2,....,min eq. (5.20), we

Putting the collocation points z; = a + (I — 0.5)
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have
B(q;n)h(m) (1) = F(ay, g(z;) + B(j;n)G(m) (x1)). (5.21)

Now eq. (5.21) gives a system of m algebraic equations with same number of unknowns
for vector B(j;n)‘ Numerically solving this algebraic system, we can obtain the values of

unknowns for vector B, and hence the solution y(x) = f (B, hm)(z)) = m.

5.2.3 Sinc collocation method

In this section, we have employed Sinc function approximation to solve the nonlinear
Hammerstein integral equation. The properties of Sinc function and the function

approximation are defined in section 2.9 of Chapter 2.

Consider the nonlinear Hammerstein integral equation defined in eq. (5.3) as

y(x) = g(z) + / 'K )Pt y()dt, € [a,b]. (5.22)

By applying formula defined in eq. (2.76) of Chapter 2 in eq. (5.22), we have

[ K@OFCyo@~h S K@ PG, 62

j=-

where

b Jbln (27rdN>7
t= (i), j=—N,.,N.

From egs. (5.22) and (5.23), we can reduce the integral equation to the algebraic system by

putting x = xj, as

N
y(ak) = glaw) +h D0 Kz, ) F(t;, y(t;)¢' (1), (5.24)
j=—N
where z, = ¢(kh), k = —N,...,N.

Eq. (5.24) gives a system of 2N + 1 nonlinear algebraic equations along with unknowns
y; =y(x;), j=-—N,..,N.

Solving this nonlinear system by Newton’s method, we obtain the approximate solutions

yj, Jj = —DN,...,N. Then we can obtain the approximate solution for eq. (5.3) as
N
yn(@) = g(@) +h >, K(z,1;)F(t5,4;)¢ (h). (5.25)
j=—N

84



Numerical solutions of Hammerstein integral equations arising in Chemical phenomenon
Chapter 5

5.2.4 Illustrative examples

Example 5.2.1. Let us now investigate the solution of the COSMO-RS integral equation

[60] \
¥(o) = | Ps(0)20, ") (y(o")) " dor

for a particular case of the energy expression, namely the electrostatic misfit energy. In this
case the relevant part of the kernel of integral equation is given by Q)(o,0’) = exp{—(c +

0,1)2}'

Also, we employ the following piecewise defined analytical function as synthetic o-profile:

sin(50+2.5))2
eXp(_<5U + 25)2) + 250-12+1 + ((50-(32;?452)1 + Q(50-)7 _2 S g < 2

0, Otherwise

Ps(O') =

—(c=T)c—=9), T<o<9
0, otherwise.
So, COSMO-RS integral equation will be

where q(0) =

vo) = [ Pslo)o, o) ulo") o'

This problem has been solved by above three numerical methods, viz. Bernstein collocation
method (BCM), Haar wavelet method (HWM), and Sinc collocation method (SCM). The
numerical results obtained by above three methods have been cited in the Table 5.1. In this
problem, the reduced algebraic system has been solved by Newton s method with initial guess
at zero so that the Jacobian is nonsingular.

Table 5.1: Numerical results for Example 5.2.1

@ BCM HWM SCM

n=20 n=40 n=60 | m=32 m=64 m=128 | N=20 N =40 N =60
-3 0.33983  0.3399 0.33989 | 0.44725  0.38618  0.3624 0.41505  0.31313  0.34715
-2.5 | 1.0436 1.03996  1.037 1.00784  1.0684 1.02392 1.25782  0.95974  1.0586
-2 1.9687 1.96368  1.96735 | 2.06715 1.94737  1.9819 236792  1.82947  2.00682

-1.5 | 239346 2.39354 239345 | 242834 239556  2.39436 2.84492 224043  2.43812
-1 2.0452 2.0453 2.04523 | 2.11768  2.0326 2.05572 2.36157 1.93929  2.07666
-0.5 | 1.49406 1.49409  1.49405 | 1.47893 1.51148 1.48742 1.62531 1.45005 1.50733

0 1.10484  1.10484  1.10484 | 1.04319  1.07366  1.08914 1.12284  1.09871 1.10684
0.5 0.76102  0.76102  0.76102 | 0.78163  0.74959  0.76651 0.74178  0.76831 0.75897
1 0.41419  0.41419  0.41419 | 0.39251 0.42374  0.40917 0.39492  0.42196  0.41195

1.5 0.16382  0.16381  0.16382 | 0.13146  0.14740  0.15548 0.15365  0.16812  0.16255
2 0.04623  0.04623  0.04623 | 0.05002  0.04415  0.04725 0.04255  0.04789  0.04572
2.5 0.00967  0.00967  0.00967 | 0.00860  0.01018  0.00942 0.00865  0.01019  0.00950
3 0.00163  0.00163  0.00163 | 0.03384  0.03375  0.03367 0.00140  0.00177  0.00158

Example 5.2.2. Consider the nonlinear Hammerstein integral equation (5.3)(see ref. [60])
where K(z,t) = e @) F(t y(t)) = (y(t))7", and g(z) = %ﬁo}(p(m)exp(—m(l +
x)) + p%m The interval of integration is [0,1]. The exact equation of this problem is
y(x) = H% This problem has been solved by above three numerical methods, viz. Bernstein
collocation method (BCM), Haar wavelet method (HWM), and Sinc collocation method

(SCM) and the corresponding absolute errors have been cited in Table 5.2.
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Table 5.2: Absolute errors for Example 5.2.2

z | BCM (n = 10) | HWM (m = 32) | SCM (N = 10)
0 |0 0.0153187 0.00775417
0.1 | 2.22045E-16 | 0.00765666 0.0028526
0.2 | 3.33067E-16 | 0.0021544 0.00104941
0.3 | 3.33067E-16 | 0.00185752 0.000386057
0.4 | 1.11022E-16 | 0.00481696 0.000142023
0.5 0 0.00687241 0.0000522472
0.6 | 1.11022E-16 | 0.0036406 0.0000192207
0.7 | 1.11022E-16 | 0.00107926 7.07089E-6
0.8 | 1.11022E-16 | 0.00096621 2.60123E-6
0.9 | 0 0.00260984 9.56941E-7
1 |0 0.00393701 3.52039E-7

5.3 Numerical Solution For Hammerstein Integral
Equation Arising From Chemical Reactor Theory
By Using Semiorthogonal B-Spline Wavelets

In this section, a mathematical model has been developed for an adiabatic tubular chemical
reactor [71] which processes an irreversible exothermic chemical reaction. For steady state
solution, the model can be reduced to ordinary differential equation with a parameter in the

boundary conditions [72] as follows
u' = '+ F(\ u, B,u) =0, (5.26)

with boundary conditions
u'(0) = Au(0), /(1) =0, (5.27)

where

The unknown wu represents the steady state temperature of the reaction, and the parameters ),
w1 and (3 represent the Peclet number, the Damkohler number and the dimensionless adiabatic
temperature rise respectively. This problem has been studied by many authors [71-74].
The existence of numerical solution of this problem for particular parameter range has been
discussed in [71-74].
In order to develop the solution of the problem defined in eq. (5.26), the problem can be
converted into nonlinear Hammerstein integral equation by using Green’s function. The
Hammerstein integral form of eq. (5.26) with boundary conditions eq. (5.27) can be defined
as .

u(z) :/0 K(z,t)g(tu(t))dt 0<z <1, (5.28)
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where
At if 0<ax <t

1

K(z,t) =
if t<az<1,

Y

and

g(t,u(t)) = p(B — u)exp(u).

In this section, we consider eq. (5.28) as Hammerstein integral equation in the space of
continuous functions on the closed interval. Throughout, we assume A and y are positive,
and [ is nonnegative. Our main work is to solve this Hammerstein integral equation by
B-spline wavelet method. B-spline wavelet method has been applied to solve the integral
equations of different forms [45, 61, 75]. The learned researchers Saha Ray et al. have solved
nonlinear Fredholm integral equations [61] and system of linear and nonlinear Fredholm
integral equations [45, 75] by B-spline wavelet method. The B-spline wavelet method
converts the Hammerstein integral equation to a system of algebraic equations and that
algebraic equations system again can be solved by any of the usual numerical methods. The
obtained results have been compared with the results obtained by Adomian’s decomposition

method, contraction mapping principle and shooting method [72].

5.3.1 Application of B-spline wavelet method to the Hammerstein
integral equations

In this section, we have solved the nonlinear Fredholm Hammerstein integral equation
defined in eq. (5.28) using B-spline wavelets. B-spline wavelets and its function

approximations are defined in section 2.2 of Chapter 2. First, we assume
g(z,u(z)) =2(x) 0<z<1. (5.29)
Now from eq. (2.13) of Chapter 2, we can approximate the functions z(x) and u(z) as
z(x) = ATV (z), (5.30)

u(z) = BT (), (5.31)

where A and B are (27! 4+ 1) x 1 column vectors similar to C as in eq. (2.14) of Chapter
2.
Again using the dual of wavelet functions, we can approximate K (x,t) as follows.

K(z,t) = U (2)0¥(z), (5.32)

where

@:/01 [/01 Kz, )(8)dt| U(z)da.
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From egs. (5.29)-(5.32), we get
lgku¢mﬁmmﬁ:AUFMWW@@M@ﬁ
_ AT ! T, T,
_A_Léxww@(wﬁ}@m@)
=ATOU(z), (5.33)
since .
lAW@WUQﬁzL
Applying egs. (5.29)-(5.33) in the eq. (5.28), we get
BT (z) = ATOU(z). (5.34)

Multiplying W7 (x) both sides of eq. (5.34) from the right and integrating with respect to x
from 0 to 1, we get
BTP = AT0, (5.35)

where P isa (2M*1 + 1) x (2M*! 4+ 1) square matrix given by

Pzéhumwwmz(ﬂ_%)

and |
A@@w%@:L

Eq. (5.35) gives a system of (2(™+1) 1) algebraic equations with 2(2(**1) + 1) unknowns
for A and B given in (5.30) and (5.31).
Again we utilize the following equation

g(x, BT (x)) = AT (z), (5.36)

with the collocation points
e N L 5.37
x5_2M+1 s=1,2,... : (5.37)

Eq. (5.36) gives a system of (2(M+1) 4 1) algebraic equations with 2(2(™+1) 4 1) unknowns
for A and B.

Combining egs. (5.35) and (5.36), we have total number of 2(2(™*1 4 1) algebraic
equations with same number of unknowns for A and B. Solving the system for the unknown
coefficients in the vectors A and B, we can obtain the solution u(x) = BT ¥(z). Particularly,

for A\ = 10, = 3 and p = 0.02, the numerical results obtained by B-spline wavelet
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Table 5.3: Comparison of numerical results obtained by B-spline wavelet method with the

results of other available methods in ref. [72]

x B-spline  wavelet method CMP SM ADM
M =2 M =41 [72] [72] [72]

0.0 | 0.006045 0.006048 | 0.006079 | 0.006048 | 0.006048
0.2 | 0.018194 0.018193 | 0.018224 | 0.018192 | 0.018192
0.4 | 0.030424 0.030424 | 0.030456 | 0.030424 | 0.030424
0.6 | 0.042675 0.042669 | 0.042701 | 0.042669 | 0.042669
0.8 | 0.054332 0.054368 | 0.054401 | 0.054371 | 0.054371
1.0 | 0.062030 0.061505 | 0.061459 | 0.061458 | 0.061458

method are cited in Table 5.3. Also the Table 5.3 cites the comparison of results obtained by
present method and the methods given in ref. [72] (i.e. Adomian’s decomposition method,

Contraction mapping principle and Shooting method).

5.4 Conclusion

In this present study, the COSMO-RS integral equation has been solved by Bernstein
collocation method, Haar wavelet method and Sinc collocation method. All these methods
have been applied to solve Hammerstein integral equation by reducing to a system of
algebraic equations. Comparison of numerical results obtained by the three numerical
methods, viz. Bernstein collocation method, Haar wavelet method, and Sinc collocation
method, have been done in Tables 5.1 and 5.2. It can be clearly observed from the results
of Tables 5.1 and 5.2 that the Bernstein collocation method is more powerful and converges

rapidly than other two methods.

In another case, the semi-orthogonal compactly supported linear B-Spline Wavelets have
been applied to solve the nonlinear Hammerstein integral equation which models an adiabatic
tubular chemical reactor theory. Using this method, the integral equation has been reduced to
a system of algebraic equations. The numerical results obtained by present method have been
compared with the results obtained by Contraction mapping principle, Shooting method, and
Adomian’s decomposition method and this comparision justify that the present method gives

accurate results with regard to other methods if we increase the value of M.
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Chapter 6

Numerical solution of system of Volterra
integro-differential equations

6.1 Introduction

This chapter involves the numerical techniques based on wavelets for solving Volterra
integro-differential equations system. Integral equations occur naturally in many fields of
science and engineering [25]. Wavelets theory is a relatively new and emerging area in the
field of applied science and engineering. It has been applied in a wide range of engineering
disciplines; particularly, wavelets are very successfully used in signal analysis for waveform
representations and segmentations, time frequency analysis, and fast algorithms for easy
implementation [2]. Wavelets permit the accurate representation of a variety of functions
and operators. Moreover wavelets establish a connection with fast numerical algorithms
[76]. Wavelets are powerful tools to explore new direction in solving differential equations
and integral equations. In recent years, approximation based on basis functions has been
used to estimate the solutions of integral equations, such as orthogonal functions and
wavelets. Generally, the sets of piece-wise constant orthogonal functions (e.g., Walsh,
Block-Pulse, Haar, etc.), the sets of orthogonal polynomials (e.g., Laguerre, Legendre,
Chebysheyv, etc.) and the sets of sine-cosine functions in Fourier series have been applied to
solve integral equations. One of the most attractive proposals made in the last few years was
an idea connected to the application of wavelets as basic functions in the numerical solution
of integral equations. The wavelets technique allows the creation of very fast algorithms

when compared to the algorithms ordinarily used.

Integral equation has been one of the essential tools for various areas of applied
mathematics. Mathematical modeling of real-life problems usually results in functional
equations, e.g. partial differential equations, integral and integro-differential equations,
stochastic equations and others. Many mathematical formulations of physical phenomena
contain integro-differential equations; these equations arise in fluid dynamics, biological
models and chemical kinetics. Integro-differential equations arises in many physical

processes, such as glass-forming process [77], nano-hydrodynamics [78], drop wise
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condensation [79], wind ripple in the desert [80] and biological model [81].

In the past several decades, many effective methods for obtaining approximation
or numerical solutions of linear and nonlinear integro-differential equations have been
presented. There are various numerical and analytical methods to solve such problems.
Nonlinear Volterra integro-differential equations play important roles in the mathematical
modeling of many physical and biological phenomena, particularly in such fields as
heat transfer, nuclear reactor dynamics, and thermo-elasticity, biological model. Many
works have been developed to analyze the numerical methods for solving Volterra
integro-differential equations with continuous kernels. In the literature, Legendre wavelet
method (LWM) has been applied to solve the integral equations and integro-differential
equations of different forms. Recently, Mohamed and Torky [82] have solved system of
linear Fredholm and Volterra integral equation by applying Legendre wavelet method. In
[83], the learned researchers Venkatesh et al. have applied Legendre wavelet method to
solve class of nonlinear integro-differential equations. Also the Legendre wavelet method
has been applied to solve nonlinear Volterra-Fredholm integral equations by Yousefi
and Razzaghi in [84]. Biazer et al. in [85] have solved system of nonlinear Volterra
integro-differential equations by using Homotopy perturbation method. In [86], system of
linear Volterra integro-differential equations has been solved by using Variational iteration
method by Nadjafi and Tamamgar. Maleknejad et al. [87] have solved system of high order
linear Volterra Integro-differential equations by applying Bernstein operational matrix.
Numerical methods for solving Fredholm integral equations have been presented by learned
researchers Saha Ray and Sahu in [62]. Linear semi-orthogonal B-spline wavelets have

been applied to solve integral equations and systems in [45, 62, 75].

Also, singular integro-differential equations are very difficult to solve analytically
as well as numerically. Many researchers have put their interest on numerical methods
for solving weakly singular Volterra integro differential equations. In literature, weakly
singular integral equations have been solved by many numerical methods, viz. modified
Euler method [88], Haar wavelet method [89], wavelet Galerkin method [90], wavelet
interpolation method [91] and Chebyshev wavelet method [92]. Homotopy method [93] has
been applied to solve singular nonlinear integro-differential equations. System of nonlinear
weakly singular Volterra integro-differential equations has been solved by extrapolation
method [94] and Quadrature method [95]. Also, the fractional integro-differential equations
with weakly singular kernels have been solved by collocation method [96] and the system
has been solved by Chebyshev wavelet method [97]. The learned researcher Razlighi et al.
have applied Newton product method to solve nonlinear singular Volterra integral equations
system [98] and also system of nonlinear singular Volterra integro-differential equations

[99] with a particular type of singularity that has been overcome by suitable substitution.
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In [100], Legendre multi-wavelets have been applied to solve integro-differential forms of
Lane-Emden equations. The authors in [101, 102] have solved system of nonlinear Volterra

integro-differential equations by Legendre wavelet method.

In this chapter, we have applied Legendre wavelets and Bernoulli wavelets to solve
Volterra integro-differential equations system. The properties of Legendre wavelets
and Bernoulli wavelets are presented in Chapter 2. By applying this method, the
integro-differential equations reduce to systems of algebraic equations and these systems
again solved numerically by any numerical method. In section 6.2 of this chapter, the
system of nonlinear Volterra integro-differential equations has been solved by Legendre
wavelet method and in section 6.3, nonlinear Volterra weakly singular integro-differential

equations system has been solved by Bernoulli wavelet method.

6.2 Legendre wavelet method for solving system of
nonlinear Volterra integro-differential equations

In this section, we consider the system of nonlinear Volterra integro-differential equations

of the following form

A
y @) = Gi@ Y@) + X [ ki@ )R, (LY @)dt =120 (6
j=1

with initial conditions yi(s)(O) =fis, s=0,1,...,p—1, i=1,2, .1, where

Gi (2, Y(@) = Gi (2, 31(2), 1" (@), oo 0" (2), oo (@), 9 (@), o " (@)
Fij (4,Y(1) = Fiy (6518, 010, o i” @), oo (), 0 (1), 0 (1))

and k; ;(z,t) are the kernel functions for 4,5 = 1,2,...,0 and y») (x) is the p'* order

derivative of y;(z) fori = 1,2, ..., 1.

We have to solve the system of nonlinear Volterra integro-differential equations given in
eq. (6.1) by Legendre wavelet method which has already been discussed in Chapter 2. First,

we approximate the unknown functions by Legendre wavelet method as
yi(z) = ATW(2), i=1,2,..,1, (6.2)

where A7 is similar to C7 defined in eq. (2.32) and ¥(x) is defined in eq. (2.33) of Chapter
2. Letusdefine L = ;L7 = [7 [¥ ... [¥()dvdx...dz,

— dxP’
p—times
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We can also approximate the derivative and integration of y;(z) ¢ = 1,2,...,0 by

operational matrices of Legendre wavelets as

yM () = ATV (z) = ATDU(z),
yP (x) = ATV (z) = ATD>W(x),

b () = ALYV (@) = ATDM (), 0= 1,200
similarly,
0 e dx_AT/ U(z)dr = ATQU(x),
/ [ wtrdedr = a7 [* [ wia)dede = ATQ*w(),
0 0

/ / yi(z dxdac dx = AT/ / z)dzdz.. dx—ATQp\I/( ),
p— tzmes p— tzmes

1=1,2,...,1,

where D and () are defined in egs. (2.38) and (2.39) of Chapter 2, respectively.

Now substituting eq. (6.2) in eq. (6.1) and then operating L~ both sides, we have

L'L [ATW(2)| =171 [G) (x, Q)] +

l T

-1 Z/ kis(, ) Fyy (8,Q(8)) dt | (6.3)
j=1"9

i=1,2, .1,

where
O(z) = (z, AT U(2), AT D U(x)..., AT DU (2), .., A W(x), AT DU (x), .., AT D"W(x))

We set

oy | asw s .00) at|
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The eq. (6.3) can be reduced as
AT (z Zﬁwx + U(z) + Vi(z), i=1,2,..,1, (6.4)

where
Bis = y2(0) = ATDU(0), i=1,2,...1, s=0,1,...p—1.

Utilizing eq. (6.4) by collocation points =, = 2=+, r = 1,2,..., (2871 M), we get a

algebraic system of 2¥~1 )] equations along with same number of unknowns for 4;, i =
1,2, ..., 1. Solving this system numerically, we can get the value of unknowns for 4;, ¢ =

1,2, ...,1 and hence obtain the solutions y;(z) = AT U (z), i=1,2,...,1.

6.2.1 Convergence analysis

Theorem 6.2.1. The series solution y(z) = Z2k ' M-Le, mWnm () defined in eq. (2.31)
of Chapter 2 using Legendre wavelet method converges to y(x).

Proof. Let L*(R) be the Hilbert space and v, ,, defined in (2.28) of Chapter 2 forms an
orthonormal basis.
Let y(z) = XM Cithni(x) where Cy,; = (y(z), 1y, :()) for a fixed n.

Let us denote v, ;(x) = ¢(x) and let o; = (y(x), ¥ (x)).
Now we define the sequence of partial sums S, of (a;4(x;)); Let {S,,} and S,, be the partial
sums with n > m. We have to prove S, is a Cauchy sequence in Hilbert space.

Let S, = > a9 (z;).
Now

n

(y(z), S Zaﬂ/f zj)) = 3 loyl*.

We claim that
1Sh =Sl = 3> Jagl, n>m.

j=m+1
Now
> awp@p)l = D ap(ay), D app(zy)) = > |eyl*,  for n>m.
j=m+1 j=m+1 j=m+1 j=m+1
Therefore,

n

> ()| = §:|Ozg|2 for n>m.

j=m+1
From Bessel’s inequality, we have 377, ;|2 is convergent and hence
n

IS ap@)P =0 as mn— oo
j=m+1

n

So, I X2 agi(a)ll =0

j=m+1
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and {S,,} is a Cauchy sequence and it converges to s (say).
We assert that y(z) = s.

Now
(s = y(x), ¥(x;)) =(s,0(x;)) — (y(@), ()
—(lixn So, $(z5)) — 05
=a; —
This implies
(s —y(x),¢(x;)) =0
Hence y(7) = s and }_7_, a;3(z;) converges to y(x) as n — oo and proved. O

6.2.2 Illustrative examples

Example 6.2.1. Consider the following system of Volterra integro-differential equations [85]
" Lo 2 2
W) =1—go® = Juf) + 5 [ (i) +30) de.

W) = 1+ =) + 5 [ (0 - B0)

with initial conditions are y1(0) = 1, 41(0) = 2, 3(0) = =1, y5(0) = 0. The
exact solutions are y,(x) = x + e* and y,(x) = x — €*. The approximate solutions
obtained by Legendre wavelet method for M = 8 and k = 2 with their exact solutions
have been shown in Table 6.1 and the comparison of absolute errors obtained by Legendre
wavelet method and B-spline wavelet method (m = 4) have been presented in Table 6.2. L,
error for y,(x) obtained by LWM and BWM are 1.09139E-10 and 2.03738E-4, respectively.
Similarly, Ly error for ys(x) obtained by LWM and BWM are 1.10249E-10 and 2.07909E-4,
respectively. The over all computational time is recorded as 1118.65 seconds for LWM and
30971.20 seconds for BWM for this problem. Clearly, it can be observed that LWM is more
accurate than BWM with regards to absolute errors as well as Lo errors. Furthermore, the

computational time in LWM is much less than BWM.

Example 6.2.2. Consider the following system of Volterra integro-differential equations [85]

@) = 1= 302 + [ (= 00) + g (0) b

vo(ae) =20+ [ (o = () = g3(0) + 3 (0)) d.

with the initial conditions y1(0) = 0, y2(0) = 1. The exact solutions are y,(r) = sinhx
and yo(x) = coshx. The approximate solutions obtained by Legendre wavelet method for
M = 4 and k = 2 with their exact solutions have been cited in Table 6.3 and the comparison
of absolute errors obtained by Legendre wavelet method and B-spline wavelet method (m =
2) have been presented in Table 6.4. Ly error for y,(x) obtained by LWM and BWM are
7.25142E-5 and 1.32592E-3, respectively. Similarly, Lo error for ys(x) obtained by LWM
and BWM are 1.10378E-4 and 2.73105E-3, respectively. The over all computational time
is recorded as 424.151 seconds for LWM and 1796.63 seconds for BWM for this problem.
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Table 6.1: Numerical results obtained by Legendre wavelet method with their exact results

for Example 6.2.1

Table 6.2: Absolute errors obtained by Legendre wavelet method and B-spline wavelet

Numerical solution Exact solution
x

yi(z) y2(z) yi(z) Y2 ()
0 1 -1 1 -1
0.1 | 1.20517 -1.00517 | 1.20517 -1.00517
02| 14214 -1.0214 | 14214 -1.0214
0.3 | 1.64986 -1.04986 | 1.64986 -1.04986
0.4 | 1.89182 -1.09182 | 1.89182 -1.09182
0.5 | 2.14872 -1.14872 | 2.14872 -1.14872
0.6 | 2.42212 -1.22212 | 2.42212 -1.22212
0.7 | 2.71375 -1.31375 | 2.71375 -1.31375
0.8 | 3.02554 -1.42554 | 3.02554 -1.42554
0.9 | 3.3596 -1.5596 | 3.3596 -1.5596

method for Example 6.2.1

Legendre wavelet method

B-spline wavelet method

y1 ()

y2()

y1 ()

y2(z)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

5.69869E-11
5.07594E-13
1.7697E-13

1.0747E-13

7.38298E-13
9.2065E-11

2.81153E-12
4.16023E-12
6.79279E-12
1.07501E-11

5.71666E-11
4.49196E-13
3.01981E-13
3.05089E-13
4.65183E-13
9.42553E-11
8.09797E-13
3.58158E-13
2.73115E-13
1.12377E-12

1.22179E-4
4.31693E-5
1.65916E-5
4.85740E-5
4.19752E-5
1.68426E-5
3.66785E-5
4.69159E-5
1.58263E-6
1.28407E-4

1.22177E-4
4.29516E-5
1.76404E-5
5.16821E-5
4.96080E-5
4.02196E-8
6.43960E-5
8.14876E-5
3.49124E-5
9.48954E-5
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Table 6.3: Numerical results obtained by Legendre wavelet method with their exact results
for Example 6.2.2

Numerical solution Exact solution

x

5@ p@  |n@ k@
0 -1.69785E-5 0.999932 | 0 1
0.1 | 0.100168 1.00501 | 0.100167 1.005
0.2 ] 0.201334 1.02007 | 0.201336 1.02007
0.3 ] 0.30458 1.04534 | 0.30452 1.04534
0.4 ] 0410754 1.08108 | 0.410752 1.08107
0.5 ] 0.521029 1.12754 | 0.521095 1.12763
0.6 | 0.636648 1.18548 | 0.636654 1.18547
0.7 | 0.758569 1.25517 | 0.758584 1.25517
0.8 | 0.88809 1.33743 | 0.888106 1.33743
0.9 | 1.02651 1.43310 | 1.02652  1.43309

Table 6.4: Absolute errors obtained by Legendre wavelet method and B-spline wavelet
method for Example 6.2.2

Legendre wavelet method
Y (x) ya(z)

B-spline wavelet method

’ yi(2) e

0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1.69785E-5
9.28988E-7
1.57109E-6
2.17615E-6
1.24928E-6
6.63413E-5
5.12473E-6
1.48949E-5
1.64184E-5
6.44674E-6

6.82587E-5
1.03030E-5
1.49865E-6
1.31948E-6
1.10079E-5
8.30807E-5
1.38480E-5
8.59612E-7
9.67972E-7
1.40323E-5

2.08424E-9
2.65640E-4
2.84298E-4
2.11215E-4
1.96044E-4
3.93187E-4
2.39372E-5
1.85522E-4
1.23009E-4
1.14844E-3

1.98123E-3
6.34799E-4
2.57898E-4
7.05019E-4
6.67974E-4
5.88992E-5
6.76305E-4
7.83386E-4
2.82383E-4
9.83028E-4

Clearly, it can be observed that LWM is more accurate than BWM with regards to absolute

errors as well as Lo errors. Furthermore, the computational time in LWM is much less than
BWM.

Example 6.2.3. Consider the following system of Volterra integro-differential equations [25]

1 1 1 x
y/(r) = coshx — —sinh?2 — ~a* — —2? + / ((:(: — )2 (t) + (v — t)yg(t)) dt,
2 6 2 0
yo(x) = —(1 + 4x) cosh x + 8sinh x — 4 + / ((:U —)yi(t) — (z — t)y%(t)) dt,
0

with the initial conditions y,(0) = 1, y1(0) = 1 and y2(0) = —1 y4(0) = 1. The
exact solutions are y,(x) = x + cosh x and ys(x) = x — cosh x. The approximate solutions
obtained by Legendre wavelet method for M = 8 and k = 2 with their exact solutions
have been shown in Table 6.5 and the comparison of absolute errors obtained by Legendre
wavelet method and B-spline wavelet method (m = 4) have been presented in Table 6.6. Lo
error for y,(x) obtained by LWM and BWM are 7.48238E-11 and 1.65465E-4, respectively.

98



Chapter 6 Numerical solution of system of Volterra integro-differential equations

Table 6.5: Numerical results obtained by Legendre wavelet method with their exact results
for Example 6.2.3

Numerical solution Exact solution
x

0@ pl) @ pe)
0 1 -1 1 -1
0.1 | 1.105 -0.905004 | 1.105 -0.905004
0.2 | 1.22007 -0.820067 | 1.22007 -0.820067
0.3 | 1.34534 -0.745339 | 1.34534 -0.745339
0.4 | 1.48107 -0.681072 | 1.48107 -0.681072
0.5 ] 1.62763 -0.627626 | 1.62763 -0.627626
0.6 | 1.78547 -0.585465 | 1.78547 -0.585465
0.7 | 1.95517 -0.555169 | 1.95517 -0.555169
0.8 | 2.13743 -0.537435 | 2.13743 -0.537435
0.9 | 2.33309 -0.533086 | 2.33309 -0.533086

Table 6.6: Absolute errors obtained by Legendre wavelet method and B-spline wavelet
method for Example 6.2.3

Legendre wavelet method | B-spline wavelet method

Xz

y1(7)

y2(z)

y1(z)

y2(7)

0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

4.69155E-11
3.6593E-13
2.40918E-13
2.367E-13
3.85914E-13
5.82778E-11
5.1581E-13
2.05169E-13
1.47882E-13
7.10543E-13

4.69159E-11
3.65152E-13
2.43361E-13
2.44027E-13
3.68039E-13
5.82324E-11
4.55191E-13
3.06866E-13
3.16414E-13
4.46421E-13

1.22177E-4
3.92678E-5
1.49084E-5
4.06007E-5
3.64909E-5
3.42951E-7
4.04541E-5
4.86185E-5
1.83757E-5
5.80461E-5

1.22177E-4
3.92671E-5
1.49195E-5
4.06552E-5
3.66545E-5
2.43668E-8
4.11247E-5
4.96506E-5
1.97573E-5
5.64004E-5

Similarly, Ly error for ys(x) obtained by LWM and BWM are 7.47871E-11 and 1.65577E-4,
respectively. The over all computational time is recorded as 1512.60 seconds for LWM and
40879.60 seconds for BWM for this problem. Clearly, it can be observed that LWM is more
accurate than BWM with regards to absolute errors as well as Lo errors. Furthermore, the
computational time in LWM is much less than BWM.

6.3 Bernoulli wavelet method for nonlinear Volterra
weakly singular integro-differential equations system

In this section, we consider the system of nonlinear weakly singular Volterra

integro-differential equations which has the following form

99



Chapter 6 Numerical solution of system of Volterra integro-differential equations

Y'(x) = F(z,Y(2)) + /0 "Glat,Y()dt, 0<z<1 6.5)

with initial conditions Y (z), where,

7G2($7t7Y(t))7---;Gd(x7t>Y<t>))T7 deN.
Here each G;(z,t,Y(t)) can be written as
Gi(z,t,Y(t) = K;(z, )Gz, t, Y (1)), i=1,2,...d. (6.6)

Also, each elements of the vectors F(z,Y(x)), G(x,t,Y(t)) are known functions and each

elements of the vector Y(z) are unknown functions that have to determine. K;(x,t), i =
K(z,t)

and o €
|z—t|

(0,1) and G;(x,t,Y(t)), i = 1,2,...,d are nonlinear terms. In order to overcome the

1,2, ..., d are called kernel function which are weakly singular of the form

singularity, we modify the kernel functions as (see the ref. [90])

f((l’,t) T 7ét
Kia,t) = § Vit
0, r=t.

For solving nonlinear Volterra weakly singular integro-differential equations system

given in equation (6.5), first, integrate eq. (6.5) both sides with respect to = from 0 to x,

we get . -
Y(2) = Yo + /0 F(z, Y (z))dz + /0 /0 G(z, 1, Y(1))dtdx 6.7)
Eq. (6.7) has the form
yi(z) y1(0) Jo Fi(@, yi(2), ..., ya(z))d Jo Iy Gilz, t,y1(t), ..., ya(t))didx
ya() y2(0) Jo fo@,31(2), .., ya(x))dz Jo J§ Ga(z,t,y1(1), ..., ya(t))dtdz
= + +
Ya(z) ya(0) Jo fa(@, (@), .., ya(x))dx 15 5 Galz, t,3:1(t), ..., ya(t))dtdz
(6.8)
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In simplified form, eq. (6.8) can be expressed as

yi(r) =yi(0) +/Ox filz,y1(x), ..., yalz dﬂH—/ / (x,t,y1(t), ..., ya(t))dtdz,
i=1.2 ..d (6.9)

We approximate the unknown functions y;(z), i = 1,2,...,d by Bernoulli wavelet method

as

2k=1 pr—q

yz(x) = Z Z Ci,n,mwn,m(z) = CZT\II(I)7 1= 1727 7d (610)

n=1 m=0

Eq. (6.9) can be written as
CPU(@) =50 + [ fila, CTU(@), ... CFU())da

+/ / (2,6, CTU(D), ..., CTU())dtdw, i=1,2,..d.  (6.11)
Putting the collocation points z; = 2=+, [ =1,2,..., M2* ' ineq. (6.11), we have

ClU(a) =(0) + [ filw, CTW(@), ., CT (@) da

+// (2,8, CTU(), . CTU())dtde, i=1,2,..,d.  (6.12)

Eq. (6.12) gives a system of dM/2"~! number of nonlinear algebraic equations with same
number of unknowns for coefficient vectors C;, ¢ = 1,2,...,d. Using any mathematical
symbolic software this nonlinear algebraic system can be solved numerically by Newton
method with appropriate initial guess. Hence we can get the values of unknown vectors
C;, i =1,2,...,d and then obtain the solution y;(x), i=1,2,...,d from eq. (6.10).

6.3.1 Convergence analysis

Theorem 6.3.1. If f(x) € L*(R) be a continuous function defined on [0, 1] and | f(z)| < M,
then the Bernoulli wavelets expansion of f(x) defined in eq. (2.62) of Chapter 2 converges
uniformly and also

- A 16m!
ol < M= it
1

(=1)m—1(mn?2
Gm)  d2m

where A =

Proof. Any function f(z) € L?[0, 1] can be expressed by Bernoulli wavelets as

2k—1 M~
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where the coefficients c¢,, ,,, can be determined as

Cnym = <f(fl,’), wn,m(‘r»

Now forn > 0, m > 0,

Cnm = ([ (@), nm(2))

—/f V(2
= [ 1@l

=27 A/ (2) B (2P — 0+ 1)dx
Ing

n—1 n
where 1., = [5=r, g151)-

Now, changing the variable 212 — n + 1 = ¢, we have

o [ (5

Thus,

t+n—

ol < i [ | (P ) 1801

< 2@1\4 [ 1Bato)

A -~ 16m!
< M
ot 5t (2m)mtl’

using the property of Bernoulli polynomials.

%;01 Ccn,m 15 absolutely convergent and hence the series

T M—
; Z: nmwnm

This means that the series 32,

is uniformly convergent [17]. [

6.3.2 Illustrative examples

Example 6.3.1. Let us consider the system of nonlinear weakly singular Volterra
integro-differential equations

() = (o) = 5380 + [ <= (o = Olt) + m(a(t) .
(o) = o)+ [ < (= 0 0) = 30 + 920 .
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Table 6.7: Numerical results and absolute errors for Example 6.3.1

] 5@ (@)
BWM Exact Absolute errors | BWM Exact Absolute errors

0.1 0.1 0.1 8.04E-13 1.1 1.1 1.61E-11
02102 0.2 5.48E-12 1.2 1.2 8.07E-11
0.31]03 0.3 2.16E-11 1.3 1.3 2.05E-10
04|04 0.4 5.79E-11 1.4 1.4 3.95E-10
0.51]0.5 0.5 1.25E-10 1.5 1.5 6.56E-10
0.6 | 0.6 0.6 2.33E-10 1.6 1.6 9.68E-10
0.7 0.7 0.7 3.94E-10 1.7 1.7 1.33E-9
0.8 0.8 0.8 6.18E-10 1.8 1.8 1.70E-9
09109 0.9 9.15E-10 1.9 1.9 2.07E-9
1.0 | 1.0 1.0 1.30E-9 2.0 2.0 2.40E-9

with initial conditions y,(0) = 0, y2(0) = 1, and

1 2
Ale)=1+50+ x)? — §332/3(3 + 2z),

2
fo(z) =1~ 1—5\/5(2952 — 202 — 15).
The exact solutions of this problem are given as y1(x) = x and yo(x) = = + 1. This
problem has been solved by Bernoulli wavelet method (BWM) for M = 4, k = 2, which
reduces the integral equation to a system of algebraic equations that has been solved by

Newton method. The numerical results and absolute errors for Example 6.3.1 have been
provided in Table 6.7.

Example 6.3.2. Let us consider the system of nonlinear weakly singular Volterra
integro-differential equations

1‘2

() = Aile) + i)+ [ a0

. xt
) = ola) +a(e) + [ (0
with initial conditions y,(0) = 0, y2(0) = 1, and
fi(z) = ! (15 — 30x — 402* — 322°)
! 30v/z ’
. 1422
= —0.675x1/® — —
f2(@) SW

The exact solutions of this problem are given as y,(x) = \/x and yz2(x) = /1 + x. This
problem has been solved by Bernoulli wavelet method (BWM) for M = 4, k = 2, which
reduces the integral equation to a system of algebraic equations that has been solved by
Newton method. The numerical results and absolute errors for Example 6.3.2 have been
presented in Table 6.8.
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Table 6.8: Numerical results and absolute errors for Example 6.3.2

. ne (@)
BWM Exact Absolute errors | BWM Exact Absolute errors

0.1 | 0.314381 0.316228 0.0018463 1.0488 1.04881 4.09E-6
0.2 | 0.449175 0.447214 0.0019613 1.09545 1.09545 1.82E-6
0.3 | 0.549819 0.547723 0.0020965 1.14018 1.14018 5.75E-6
0.4 | 0.633161 0.632456 0.0007050 1.18323 1.18322 1.04E-5
0.5 ] 0.709594 0.707107 0.0024876 1.22479 1.22474 4.45E-5
0.6 | 0.777067 0.774597 0.0024705 1.26502 1.26491 1.10E-4
0.7 | 0.839433 0.836666 0.0027728 1.30407 1.30384 2.26E-4
0.8 | 0.897514 0.894427 0.0030869 1.34206 1.34164 4.22E-4
0.9 | 0.952134 0.948683 0.0034507 1.37915 1.37840 7.41E-4
1.0 | 1.00412  1.000000 0.0041154 1.41545 1.41421 1.24E-3

Example 6.3.3. As the third example, we consider the following nonlinear singular Volterra
integro-differential equations of the form [99]

(@) = 1= T @) Gpe) + 1) + [ ﬁ

_|._
() =1~ male) — ey + [TAC yQt pl L),
w_

with initial conditions y,(0) = 0 and y2(0) = 1. This problem has exact solutions y,(z) = x
and ys(x) = x + 1. This problem has been solved by Bernoulli wavelet method (BWM)
for M = 4, k = 2, which reduces the integral equation to a system of algebraic equations
that has been solved by Newton method. The numerical results, in terms of relative errors,
obtained by present method have been compared with that of by Newton-Product method
(NPM) [99] and this comparison has been presented in Table 6.9. Relative errors are defined

“ (@)~ )
Y;j

where y;(x) and y; (x) are exact and approximate results, respectively, for j = 1,2.

Relative error = |

6.4 Conclusion

In this study, wavelets techniques are applied to solve nonlinear Volterra integro-differential
equations system. Legendre wavelet method and Bernoulli wavelet method have been
applied to solve system of nonlinear Volterra integro-differential equations. These methods
reduce the integro-differential equations system to a system of nonlinear algebraic equations
and that algebraic system has been solved by Newton method. In section 6.2, The obtained
numerical results highly agree with the exact results. Additionally, the results obtained by
present method have been compared with the that of by B-spline wavelet method. Since,

the same solution method has been implemented to both the methods, from the tables it
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Table 6.9: Comparison of relative errors obtained by BWM and NPM for Example 6.3.3

BWM solution NPM solution [99]
’yl (x)—y7 (@) | ’yQ(I)—yS(w) | |y1(9€)—y;’{ () | |y2(x)—y§(l‘) |
Y2 Y1

0.002 0.006}083673 1.66319E-7 | 0.000356 0.005017
0.003 | 0.0000542335 1.62357E-7 | 0.000818 0.000058
0.004 | 0.0000395324 1.58471E-7 | 0.001483 0.000139
0.005 | 0.0000307263 1.54663E-7 | 0.002364 0.000275
0.006 | 0.0000248674 1.50934E-7 | 0.003474 0.000483
0.007 | 0.0000206925 1.47283E-7 | 0.004825 0.000779
0.008 | 0.0000175698 1.43713E-7 | 0.006434 0.001181
0.009 | 0.0000151484 1.40224E-7 | 0.008314 0.001708
0.01 | 0.0000132177 1.36817E-7 | 0.010482 0.002382

T

manifests that the present method solutions are better than other method solutions. Since,
by this time, the system of nonlinear weakly singular Volterra integro-differential equations
has not been solved by any researchers, in section 6.3, the authors have gained interest to
solve this type of integral equations system and consequently solved two Examples 6.3.1
and 6.3.2. Additionally, Example 6.3.3 has been solved for justifying the applicability of
the present method. Furthermore, we can get very less absolute error by increasing the
order of Bernoulli polynomials. The illustrative examples have been included to demonstrate
the validity and applicability of the proposed techniques. These examples also exhibit the

accuracy and efficiency of the present method.
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Chapter 7

Numerical solutions of Volterra
integro-differential equation form of
Lane-Emden type differential equations

7.1 Introduction

Now a days, the studies of singular initial value problems in the second order ordinary
differential equations (ODEs) of Lane-Emden type have wide applications in mathematical
physics and astrophysics [103—111]. The well-known Lane-Emden equation has been
used to model several phenomena in mathematical physics and astrophysics such as the
theory of stellar structure, the thermal behavior of a spherical cloud of gas, isothermal
gas spheres, the theory of thermionic currents, and in the modeling of clusters of galaxies
[103—105]. A substantial amount of work has been done on these types of problems for
various structures. The singular behavior that occurs at x = 0 is the main difficulty of
Lane-Emden equation. Our main work is to establish a Volterra integro-differential equation
equivalent to the Lane-Emden equations of first or second kind. The newly established
Volterra integro-differential equation will be solved by using the orthogonal wavelets. Many
researchers started using various wavelets for analyzing problems of high computational
complexity. It is proved that wavelets are powerful tools to explore new direction in
solving differential equations and integral equations. In this chapter, we have applied
Legendre multi-wavelets and Chebyshev wavelets to solve Volterra type integro-differential
equations. In section 7.2, we establish a Volterra integro-differential equation equivalent
to the Lane-Emden equation of first and second kind and the newly established Volterra
integro-differential equation will be solved by using the Legendre multi-wavelet method
(LMWM). Legendre multi-wavelet method has been applied to solve the integral equations
and integro-differential equations of different forms [41, 84, 112—114]. In section 7.3,
another type of Lane-Emden equation has been considered and solved by Chebyshev wavelet
method. Chebyshev wavelet method has been applied to solve the integral equations and
integro-differential equations of different forms [11, 12, 115-117]. Abd-Elameed et al. have
solved singular differential equations and boundary value problems by using Chebyshev

wavelets in [116, 118]. Chebyshev wavelet method for boundary value problems has been
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discussed in [119]. Biazar et al. have solved system of integro-differential equations by
Chebyshev wavelet method [120]. Also Lane-Emden type differential equations have been
solved by Chebyshev polynomials [121]. Properties and function approximation of Legendre
multi-wavelets and Chebyshev wavelets have been discussed in Chapter 2. These wavelet
methods convert the Volterra integro-differential equation to a system of algebraic equations
in the aid of Gauss-Legendre rule and that algebraic equations system again can be solved
numerically by Newton’s method. Illustrative examples have been discussed to demonstrate

the validity and applicability of the present methods.

7.2 Legendre multi-wavelet method for Volterra
integro-differential equation form of Lane-Emden
equation

In this section, we discuss the Lane-Emden equation of first kind [106, 108, 109, 122, 123]

of the form

VS =0 ) =1 Y0 =0, s> (7.1

and Lane-Emden equation of second kind [124—126] of the form
o+ Sy e =0, y(0)=1, y0)=0, k>1 (7.2)
Xz

where « is the shape factor.

Equation (7.1) is a basic equation in the theory of stellar structure [103]. It is used
in astrophysics for computing the structure of interiors of polytropic stars. This equation
describes the temperature variation of a spherical gas cloud under the mutual attraction of its
molecules and subject to the laws of thermodynamics [108]. In addition, the Lane-Emden
equation of the first kind appears also in other context such as in the case of radiatively
cooling, self-gravitating gas clouds, in the mean-field treatment of a phase transition in

critical adsorption and in the modeling of clusters of galaxies.

Equation (7.2) is the Lane-Emden equation of the second kind that models the
non-dimensional density distribution y(x) in an isothermal gas sphere [127]. In the study
of stellar structures one considers the star as a gaseous sphere in thermodynamic and

hydrostatic equilibrium for a certain equation of state [128].
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7.2.1 Volterra integro-differential form of the Lane-Emden equation

The generalized form of Lane-Emden equation is considered as follows

V(@) Sy @) ) =0, y0)=a YO0 =0, x21 (13

where f(y) can take any linear or nonlinear forms.

To convert eq. (7.3) into an integro-differential equation, we first set

o) = [To (1= 55 ) s (1.4
Differentiating eq. (7.4) twice and using the Leibniz rule, we have

v = [ (%) f 1.9

v'(@) = =) + [ n (o) F)ar 1.6

Multiplying 3'(x) by % and adding the result to y”(z) gives the generalized Lane-Emden
equation (7.3). This shows that the Volterra integro-differential equation equivalent to the

generalized Lane-Emden equation (7.3) is given by
Ve A
v == [ ()60 k=1 y0) = 1.7)

7.2.2 Legendre multi-wavelet method for Volterra integro-differential
equation form of Lane-Emden equation

Consider the Volterra integro-differential equation given in eq. (7.7) which is the form of
Lane-Emden equation defined in eq. (7.3). In order to apply the Legendre multi-wavelets ,

we first approximate the unknown function y(z) as
y(w) = CT¥(x), (7.8)

where C' is defined similar to eq. (2.43) of Chapter 2.

First, integrating eq. (7.7) and using the initial condition y(0) = «, we have

vy =a— [[[(5) rwnaas  w=1 (19)
Then from egs. (7.8) and (7.9), we have

o) =a- [ [/O (t> f(CT\I!(t))dt} iz, k> 1

ZR

o /:H(z)dz, (7.10)
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where,

H@)_ﬂf(i)ﬂcﬂwwut

Now we collocate the eq. (7.10) at the points z; = %, i=1,2,...,25M + 1)
yielding _
CT(z) = a— / z H(z)dz. (7.11)
0

In order to use the Gaussian integration formula for eq. (7.11), we transfer the interval [0, ;]

into the interval [—1, 1] by means of the transformation

2
T=—z—1
€
Eq. (7.11) can be written as
T ZT; 1 ZT;
CTW(w) = - H<2ﬁ+D>M. (7.12)
-1
By using the Gaussian integration formula, we get
T ~ o T i
C™ U (z) :a—EijH E(Tj—kl) , (7.13)
j=1

where 7; are s zeros of Legendre polynomials P, and w; are the corresponding weights.
The idea behind the above approximation is the exactness of the Gaussian integration formula
for polynomials of degree not exceeding 2s + 1. Eq. (7.13) gives a system of 2*(M +
1) nonlinear algebraic equations with same number of unknowns for coefficient matrix C'.
Solving this system numerically by Newton’s method, we can get the values of unknowns
for C and hence we obtain the solution y(z) = CT ¥ (x).

7.2.3 Convergence analysis

Theorem 7.2.1. The series solution y(z) = ¥2 ' Y™, CrmWn.m () defined in eq. (2.42)
of Chapter 2 using Legendre multi-wavelet method converges to y(x).

Proof. Let L*(R) be the Hilbert space and v, ,, defined in (2.40) forms an orthonormal
basis.

Let y(z) = XM, Crmtbnm () where Cy, . = (y(2), Yp.m()) for a fixed n.

Let us denote ¢, ., () = ¢(x) and let o; = (y(x), ¥(x)).

Now we define the sequence of partial sum {S,,} of (a;¢(z;)); Let {S,} and {S,,} be the
partial sums with n > m. We have to prove {S,,} is a Cauchy sequence in Hilbert space.

Let Sn = Z?:l czjw(xj).
Now

We claim that
HSn - Sm”2 = Z |O‘j|2> n>m.

j=m+1
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Now
Y apb@p)l? = D aley), D app(zy)) = Y leyl*, for n>m.
j=m+1 j=m+1 j=m+1 j=m+1
Therefore,
> ap(@)*= > o, for n>m.
j=m+1 j=m+1

o0

9 . . 2 .
From Bessel’s inequality, we have 3222, || is convergent and hence

n

I Z ozjw(xj)||2—>0 as n — oo

j=m+1

So,

n

> ()| —0

j=m+1

and {S,,} is a Cauchy sequence and it converges to s (say).
We assert that y(z) = s.

Now
(s —y(x), ¥(x;)) =(s,0(x5)) — (y(x), ¥(z;))
—(lim Sy, (z;)) —a
= —
This implies
(s —y(x),(x;)) =0
Hence y(z) = s and 37, aj4)(z;) converges to y(x) as n — oo and proved. O

7.2.4 Illustrative examples

Example 7.2.1. Consider the generalized form of Lane-Emden equation of first kind
K m
y'(@)+ g (@) £y (@) =0, w21 y0) =1 y(0)=0.

This equation can be transformed to integro-differential form as follow

v = (t) yh(dt, y(0) =1, k> 1.

xﬂ
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Table 7.1: Numerical solutions for Example 7.2.1 when xk =2, m =0

T LMWM solution | Exact solution | Absolute error
0.2 | 0.993333 0.993333 2.66664E-12
0.4 | 0.973333 0.973333 2.13333E-11
0.6 | 0.940000 0.940000 7.20001E-11
0.8 | 0.893333 0.893333 1.70667E-10
1 0.833333 0.833333 3.33333E-10

Table 7.2: Numerical solutions for Example 7.2.1 whenx =2, m =1

T LMWM solution | Exact solution | Absolute error
0.2 | 0.993347 0.993347 2.45593E-9
0.4 | 0.973546 0.973546 5.46664E-10
0.6 | 0.941071 0.941071 2.45289E-10
0.8 | 0.896695 0.896695 1.94895E-10

1 0.841471 0.841471 2.45936E-10

The exact solutions of this problem for k = 2 and m = 0, 1, 5 respectively are given by

The approximate solutions obtained by Legendre multi-wavelet method (LMWM) (M
7,k = 1) for shape factor k = 2 and m = 0,1, 5 with their corresponding exact solutions

1,
sin x
y($)_ T 9
2\
=1+ — .
y() ( + 3>

and absolute errors have been shown in Tables 7.1-7.3, respectively.

Example 7.2.2. Consider the Lane-Emden equation of second kind

Y (@) + Sy (x) + /@ =0,
i

This equation can be transformed to integro-differential form as follow

/ tr ) y(t)
= — — ] e dt
y'(@) /0 (SL’” ’

Table 7.3: Numerical solutions for Example 7.2.1 when k =2, m =5

y(0) =1,

k> 1.

T LMWM solution | Exact solution | Absolute error
0 1 1 2.66055E-9
0.2 | 0.993399 0.993399 1.07934E-11
0.4 | 0.974355 0.974355 1.17952E-11
0.6 | 0.944911 0.944911 1.64531E-11
0.8 | 0.907841 0.907841 2.17233E-11
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Table 7.4: Numerical solutions for Example 7.2.2

K =2 k=3 Kk =4
T [IMWM VIM LMWM VIM LMWM VIM
0 |-5.7433E-11 O -2.484E-11 0 -1.2637E-11 0
0.2 | -0.006653 -0.006653 | -0.004992  -0.004992 | -0.003994 -0.003994
0.4 | -0.026456 -0.026456 | -0.019868  -0.019868 | -0.015909 -0.015909
0.6 | -0.058944 -0.058944 | -0.044337  -0.044337 | -0.035544 -0.035544
0.8 | -0.103386 -0.103386 | -0.077935  -0.077935 | -0.062578 -0.062578

Table 7.5: Numerical solutions for Example 7.2.3

T LMWM solution | Exact solution | Absolute error
0 1 1 3.95615E-8
0.1 | 0.990050 0.990050 2.96242E-10
0.2 | 0.960789 0.960789 3.82808E-10
0.3 | 0.913931 0.913931 2.95619E-8
0.4 | 0.852143 0.852143 4.68592E-7
0.5 | 0.778797 0.778797 3.64064E-6

The approximate solutions obtained by Legendre multi-wavelet method (M = 7,k = 1)
for shape factor k = 2,3, 4 have been compared with the solutions obtained by Variational
iteration method (VIM) [109] cited in Table 7.4.

Example 7.2.3. Next, consider the Lane-Emden type equation given by
8

y'(@) + —y'(2) + (18y(2) + dy(2)lny(x)) =0, y(0)=1, y'(0)=0
The Volterra integro-differential form of this equation is given by
T t8
v(@)+ [ S8y(t) + dy(O)iny()dt = 0, y(0) =1

with exact solution ¢=*". The Legendre multi-wavelets solutions for M = 7,k = 1 along
with their corresponding exact solutions and absolute errors have been shown in Table 7.5.

Example 7.2.4. Consider the Lane-Emden type equation given by

() + 4/ (1) + (By() — (@) =

The Volterra integro-differential form of this equation is given by

v+ [T - PO =0, y(0) =1

with exact solution ﬁ . The Legendre multi-wavelets solutions for M = 7,k = 1 along

with their corresponding exact solutions and absolute errors have been shown in Table 7.6.
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Table 7.6: Numerical solutions for Example 7.2.4

T LMWM solution | Exact solution | Absolute error
0 1 1 9.41731E-8
0.2 | 0.980581 0.980581 8.91026E-10
0.4 | 0.928477 0.928477 1.53517E-9
0.6 | 0.857493 0.857493 1.16852E-9
0.8 | 0.780869 0.780869 1.55470E-9
Table 7.7: Numerical solutions for Example 7.2.5

T LMWM solution | Exact solution | Absolute error
0 1.1743E-7 0 1.17430E-7
0.2 | -0.078441 -0.078441 1.25003E-9
0.4 | -0.296840 -0.296840 1.65908E-7
0.6 | -0.614985 -0.614969 1.52712E-5
0.8 | -0.989704 -0.989392 3.11348E-4

Example 7.2.5. Consider the Lane-Emden type equation given by

2 y(=
y'(@) + Sy @)+ 4 (2004 ) =0, () =y(0) =0

The Volterra integro-differential form of this equation is given by

+/ ( (2ey(t+e2)>dt—0 y(0) = 0,

with exact solution —2In(1 + x?). The Legendre multi-wavelets solutions for M = 7,k = 1

along with their corresponding exact solutions and absolute errors have been shown in Table
7.7.

Example 7.2.6. Consider the system of nonlinear Lane-Emden type equations given by

() + i) + (1831 (2) — Ay () ima() =0,
(&) + Tyala) + (gn(@imga () — 10gu(e)) =0,

with initial conditions

L
[
—~~
oS O
I
—_ =
<
o~ e~
~/~
o O
I
o o

The system of nonlinear Volterra integro-differential form of the above system is given

by
0+ [ 5

0 [ ;iuyz(t)mw) —10p(8))dt =0,

(18y; () — 4y1 (t)Inya(t))dt = 0,
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Table 7.8: Numerical solutions for Example 7.2.6

LMWM solution Exact solution Absolute error
T
yl(x) y2($) yi(z) y2($) yi(z) y2($)
0 1 1 1 1 7.15876E-8  8.44232E-8

0.1 | 0.99005 1.01005 | 0.99005  1.01005 | 5.61584E-10 6.59049E-10
0.2 | 0.960789 1.04081 | 0.960789 1.04081 | 9.69923E-10 3.34747E-10
0.3 10913931 1.09417 | 0.913931 1.09417 | 3.5286E-8 4.47131E-8
0.4 | 0.852144 1.17351 | 0.852144 1.17351 | 6.22823E-7  8.00388E-7
0.5 | 0.778805 1.28402 | 0.778801 1.28403 | 4.48153E-6  7.03964E-6

with initial conditions y;(0) = 1, y2(0) = 1.
The corresponding exact solutions of this system are

< <
(V) =
—~~
8 8
~— ~—
[
QM) [

The approximate solutions obtained by Legendre multi-wavelet method for M = 7,k = 1
along with their corresponding exact solutions and absolute errors have been shown in Table

7.8.

7.3 Chebyshev wavelet method for Volterra
integro-differential equation form of Lane-Emden
type equation

In this section, singular initial value problems in the second order ordinary differential

equations (ODEs) of Lane-Emden type equation formulated as
V(@) + Sy @) Fpy(e) =gle),  0<a<l az0,  (114)
with the following initial conditions
y(0)=A, ¢ (0)=B, (7.15)

where A and B are constants, p(z) is analytic function, and ¢g(z) € C[0, 1].

Equation (7.14) has been used to model several phenomena in mathematical physics and
astrophysics such as the theory of stellar structure, the thermal behavior of a spherical cloud
of gas, isothermal gas spheres, the theory of thermionic currents, and in the modeling of
clusters of galaxies [103—105]. A substantial amount of work has been done on these types

of problems for various structures. The singular behavior that occurs at z = 0 is the main
difficulty of eq. (7.14).
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7.3.1 Volterra integro-differential form of the Lane-Emden type
differential equation

In this section, we discuss the convertion of eq. (7.14) into integro-differential equation, first

we set

y"(z) = u(x). (7.16)

Integrating eq. (7.16) two times with respect to x from 0 to x, we have

y(@) A+B$+// dtdQ_A+Bx+/ (/ )u(t)dt,

or y(r)=A+ Bx+ /x(x — t)u(t)dt. (7.17)
0
Putting egs. (7.16)-(7.17) in eq. (7.14), we have

u(z) = f(z) — /0 " ke, Dult)dt, (7.18)

where

and
k(1) = % +p(a)(@ — t).

Differentiating eq. (7.18) with respect to = and applying Leibnitz rule, we have

(@) + Sulz /—kxt t)dt (7.19)

i

Eq. (7.19) can be written as

A (@) + L) = Fz) - /0 CK(ztu®)d,  u(0) = uo, (7.20)

T

where F'(z) = f/(z) and K(x,t) = %k(m,t).
Eq. (7.20) is the required volterra integro-differential form of Lane-Emden type equation
(7.14).

7.3.2 Analysis of method

Consider the Volterra integro-differential equation given in eq. (7.20) which is the form of
Lane-Emden equation defined in eq. (7.14). In order to apply the Chebyshev wavelets , we

first approximate the unknown function u(z) as

u(z) = CT(z), (7.21)
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where C' is defined similar to eq. (2.50) of Chapter 2.
First, integrate the eq. (7.20) both sides with respect to x from 0 to x and using the initial

condition u(0) = uy, we have
— —/ )dx +/ )z —/ [/OIK(x,t)u(t)dt] dr.  (122)
Then from eqgs. (7.21) and (7.22), we have
T () —u + /F )dx — / T (2)da
—/ [/ (z,t)CT (¢ )dt]dw
—G(z) — /0 Hy(z)dz — /0 Hy(z)dx, (7.23)
where

Glz) =uo + /0 " F(a)ds,

Hi(2) :%CT\I/(x),

Now, we collocate the eq. (7.23) at 25! M points z; = 2L i = 1,2, ..., 281 M as

2k M
CTW(2;) = Gla) — /0 " Hy (2)da — /0 " Hy(x)d. (7.24)

In order to use the Gaussian integration formula for eq. (7.24), we transfer the interval [0, x;]

into the interval [—1, 1] by means of the transformation

2
T=—v— 1
T

Eq. (7.24) can be written as

M) = Glag) — 5 / H, (z (r + 1)) ar-2 _11 H, <9;i(7 + 1)) dr.  (1.25)

By using the Gaussian quadrature formula, we get

CT(z,) = Z w;, H, ( (7, + ) NS Hy ( (7, + 1)) , (7.26)
J1=1 jo=1

where 7;, and 7, are s; and s, zeros of Legendre polynomials P; .(-) and Pj, ()

respectively and w;, and w;, are the corresponding weights. The idea behind the above

approximation is the exactness of the Gaussian quadrature formula for polynomials of degree

not exceeding 25, +1 and 2s,+ 1 respectively. Eq. (7.26) gives a system of 25~ M algebraic

equations with same number of unknowns for coefficient matrix C'. Solving this system

numerically, we can get the values of unknowns for C' and hence we obtain the solution

117



Numerical solutions of Volterra integro-differential equation form of Lane-Emden type
Chapter 7 differential equations

Table 7.9: Comparison of approximate solutions obtained by CWM and ADM for Example
7.3.1

T CWM ADM Exact

0.1 | 1.01005 1.01005 1.01005
0.2 | 1.04081 1.04081 1.04081
0.3 | 1.09417 1.09417 1.09417
0.4 | 1.17351 1.17351 1.17351
0.5 | 1.28403 1.28403 1.28403
0.6 | 1.43333 1.43333 1.43333
0.7 | 1.63232 1.63232 1.63232
0.8 | 1.89648 1.89648 1.89648
0.9 | 2.24791 2.2479 2.24791

u(z) = CTW(x). Again we can calculate the actual solution in term of y(x) by eq. (7.17).

7.3.3 Illustrative examples

Example 7.3.1. Consider the second order singular differential equation of Lane-Emden
type [111, 129]

2
y'(x) + ;y’(w) —2(22° +3)y(x) =0, y(0)=1, ¢(0)=0, 0<z<I1,
This equation can be transformed to integro-differential form as follow
x =2
u'(x) + =u(z) = 8z — / (2 — 122% + 8xt — 6) u(t)dt, wu(0)=2,
x 0o \zx

with the exact solution y*(x) = e, The approximate solutions obtained by Chebyshev
wavelet method (CWM)(M = 6, k = 4) have been compared with that of by 5-th order
Adomian decomposition method (ADM) [129] along with the corresponding exact solutions
and cited in Table 7.9. The obtained Lo and L., errors have been shown in Table 7.10. In
this problem, we get 48 number algebraic equations with same number of unknowns and
these equations have been solved numerically by Newton's method.

The error term can be calculated as

2k=1 M —
Absolute error = |e;| = |y*(z;) Z Z CrnmWUnm(zi)|, 1=0,1,...,s,

S
Ly error = | > el
\ i=0

L = ;
co ETTOT = max leil,
where s is the number of nodes points in the interval [0, 1].

Example 7.3.2. Consider the second order singular differential equation of Lane-Emden
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Table 7.10: Ly and L, errors obtained by CWM and ADM for Example 7.3.1

Error CWM ADM
Lo 1.05492E-7 | 5.59398E-6
Lo 1.03058E-7 | 5.59068E-6

Table 7.11: Comparison of approximate solutions obtained by CWM and LWM for Example
7.3.2

T CWM | LWM Exact Error in CWM | Error in LWM
0.1 | -0.0009 | -0.0009 | -0.0009 | 1.4962E-17 1.6E-11

0.2 | -0.0064 | -0.0064 | -0.0064 | 4.59702E-17 1.5E-11

0.3 ] -0.0189 | -0.0189 | -0.0189 | 6.245E-17 0

0.4 | -0.0384 | -0.0384 | -0.0384 | 6.245E-17 1.0E-11

0.5 | -0.0625 | -0.0625 | -0.0625 | 1.04083E-16 4.0E-11

0.6 | -0.0864 | -0.0864 | -0.0864 | 1.94289E-16 1.0E-11

0.7 | -0.1029 | -0.1029 | -0.1029 | 3.33067E-16 1.0E-10

0.8 | -0.1024 | -0.1024 | -0.1024 | 4.30211E-16 2.0E-10

0.9 | -0.0729 | -0.0729 | -0.0729 | 4.85723E-16 3.3E-10

type [111, 129]
8
y'(z) + ;y’(x) +ay(r) = 2° — 2 + 442 — 30z, y(0)=4(0)=0, O0<z <1

This equation can be transformed to integro-differential form as follow

8 T /=8
u'(z) + —u(z) = 5a* — 42 + 88z — 30 — / (2 + 2z — t> u(t)dt, wu(0)=0,
x o \z

with the exact solution y*(x) = x* — x3. The approximate solutions obtained by Chebyshev
wavelet method (M = 6, k = 1) have been compared with that of by Legendre wavelet
method (LWM) (M = 6, k = 1) [111] along with the corresponding exact solutions and
cited in Table 7.11. The obtained Lo and L., errors have been shown in Table 7.12. In this
present method, we get 6 number algebraic equations with same number of unknowns and
these equations have been solved numerically by Newton's method.

Example 7.3.3. Consider the second order singular differential equation of Lane-Emden
type [129]

2
Y'(@) + 2y (@) +y(e) = 6+ 120+ 22+ 2%, y(0) = y/(0) =0, D<az <1,
xXr

Table 7.12: Ly and L, errors obtained by CWM and LWM for Example 7.3.2

Error CWM LWM
Lo 7.68544E-16 | 4.01474E-10
Lo 4.85723E-16 | 3.3E-10
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Table 7.13: Comparison of approximate solutions obtained by CWM and ADM for Example
733

T CWM ADM Exact
0.1 | 0.011 0.011 0.011
0.2 | 0.048 0.048 0.048
03 0.117 0.117 0.117
04 0.224 0.224 0.224
0.5 1]0.375 0.375 0.375
0.6 | 0.576 0.576 0.576
0.7 | 0.833 0.833 0.833
0.8 | 1.152 1.152 1.152
09 | 1.539 1.539 1.539

Table 7.14: L, and L, errors obtained by CWM and ADM for Example 7.3.3

Error CWM ADM
Lo 5.66647E-14 | 1.30900E-12
Lo 2.02061E-14 | 1.28586E-12

This equation can be transformed to integro-differential form as follow

u'(x) + iu(w) =12+ 27 + 32° — /Ox (_2 + 1) u(t)dt, u(0) =2,

2

with the exact solution y*(x) = x* + x3. The approximate solutions obtained by Chebyshev
wavelet method (M =8, k = 1) have been compared with that of by 5-th order Adomian
decomposition method (ADM) [129] along with the corresponding exact solutions and cited
in Table 7.13. The obtained Lo and L., errors have been shown in Table 7.14. In this
present method, we get 8 number algebraic equations with same number of unknowns and
these equations have been solved numerically by Newton's method.

7.4 Conclusion

In this paper, Volterra integro-differential equations equivalent to the Lane-Emden
type second order singular differential equations have been established. The newly
obtained Volterra integro-differential form of Lane-Emden type equations facilitates the
computational work and overcomes the difficulty of the singular behavior at x = 0.
Using these procedures, the integro-differential forms have been reduced to solve a system
of algebraic equations. This algebraic equations system has been solved numerically by
Newton’s method. The illustrative examples have been included to demonstrate the validity
and applicability of the present techniques. From the Tables, it is clear that the Ly and L,
errors obtained by the present methods are more less than other comparative methods. The
illustrative examples in sections 7.2 and 7.3 also exhibit the accuracy and efficiency of the

Legendre multi-wavelet method and Chebyshev wavelet method.
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Chapter 8

Application of Legendre Spectral
Collocation Method for solving
integro-differential equations

8.1 Introduction

In this chapter, the Legendre spectral collocation method has been applied to solve
integro-differential equations. The proposed method is based on the Gauss-Legendre points
with the basis functions of Lagrange polynomials. The presented method applied to the
integral equation reduces to solve the system of algebraic equations. Legendre spectral
collocation method has been applied to solve Fredholm integro-differential-difference
equation with variable coefficients and mixed conditions in Section 8.2 and system of
integro-differential equations modeling biological species living together in Section 8.3.
Also, the numerical results obtained by Legendre spectral collocation method have been
compared with the results obtained by existing methods. Illustrative examples have been
discussed to demonstrate the validity and applicability of the presented method.

8.2 Legendre spectral collocation method for Fredholm
Integro-differential-difference Equation with Variable
Coefficients and Mixed Conditions

The studies of integro-differential-difference equations have been developed very rapidly
and intensively. In recent years, both mathematicians and physicists have devoted
considerable effort to the study of numerical solutions of the integro-differential-difference
equations. These equations are combinations that the unknown functions appear under
the sign of integration and it also contains the derivatives and functional arguments of the
unknown functions. Problems involving these equations arise frequently in many applied
areas which include engineering, mechanics, physics, chemistry, astronomy, biology,

economics, potential theory, electrostatics, etc. [130-136].

121



Application of Legendre Spectral Collocation Method for solving integro-differential
Chapter 8 equations

Many numerical methods have been presented in open literature for solving
integro-differential-difference equations and integro-differential equations. The learned
researcher Sezer et al. [130] solved integro-differential-difference equations with variable
coefficients by using Taylor matrix method, Laguerre collocation method (LCM) [131],
and Chebyshev collocation method [132]. In [133], the higher-order linear Fredholm
integro-differential-difference equations with variable coefficients have been solved by
Legendre polynomials. Boubaker polynomial [134], Fibonacci collocation method (FCM)
[135] and homotopy analysis method (HAM) [136] have been applied to solve Fredholm
integro-differential-difference equations with variable coefficients. The numerical methods
for solving integro-differential equations with variable coefficients have been discussed in
[137, 138]. Also the differential-difference equations with variable coefficients have been
solved by many researchers using different numerical methods. The differential-difference
equations with variable coefficients have been solved by hybrid of Legendre and Taylor
polynomials [139], and Jacobian elliptic function method [140]. In [141], the delay
difference equations with variable coefficients have been solved by Laguerre polynomials.
Differential transform method has applied to solve the differential-difference equations in
[142].

th

In this work, we consider the general form of m"™ order linear Fredholm

integro-differential-difference equation with variable coefficients as
> ol +Zp] Yy (z—7) = g(x +/ (x,t)y(t—m7)dt, > 0, n < m, (8.1)
=0

with mixed condition

H

m—

[aay®(a) + Buy P (B) + vy ()] = s, 1=0,1,m =1 (82)
=0

where p;(x), pi(x), g(z), and K (z, t) are known functions, and «;;, 5;; and 7;; are appropriate
constants. y(x) be the unknown function that has to be determined. The eq. (8.1) along with
eq. (8.2) has been solved by Legendre spectral collocation method (LSCM) . The Legendre
spectral collocation method has been applied by many authors to solve integral equations
and integro-differential equations [143—145]. In this method, the unknown function y(x)
has been approximated by Lagrange polynomial with the Gauss-Legendre points as node
points on the interval [—1, 1]. In general, the integro-differential-difference equation defined
over interval [a, b] can be transformed into the interval [—1, 1]. The present method reduces
the integro-differential-difference equation into a system of algebraic equations that can
be solved by any numerical method. Particularly, this system has been solved by Newton
method.
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8.2.1 Lagrange polynomial and its properties

Any function y(t) defined over [a,b] can be approximated by Lagrange interpolation

polynomial as
M
y(t) = yeFi(t), (8.3)
k=0

with y, = y(tx), where t;, & = 0,1, ..., M are interpolating points satisty a < ¢y < t; <
o<ty <ty <band

Mot —t
j=0k \tk 1
also,

1, k=r

0, k#r.

8.2.2 Analysis of Legendre spectral collocation method

In this section, the basic idea of Legendre spectral collocation method for solving
integro-differential-difference equations has been presented. This idea has been proposed
in [143—145]. In this procedure of approximation, Legendre-Gauss quadrature rule together

with Lagrange interpolation polynomials have been used.

In order to use Legendre spectral collocation method, we consider the Legendre-Gauss
points {z,}*, i.e., the roots of Ly, i(x) = 0 where Ly, is the (M + 1) Legendre

polynomial.

Consider the integro-differential-difference equations with variable coefficients defined in
eq. (8.1) and substituting the approximate unknown function y(x) obtained by Lagrange

interpolation polynomial of eq. (8.3), we obtain

f,;pm S ul()+ 2 () X wF{ e —7) = )

+ /_ 11 K(z,1) jgwj yeFu(t — 7)dt.

k=0

(8.4)

Let us consider the integral part of eq. (8.4) and we apply the Legendre-Gauss quadrature

rule as

1 M M M
[ K@Y pRit =t = 3w K(t,) Y wlilt, = 1), (69

k=0 51=0 k=0

where ¢, s; = 0,1, ..., M are Legendre-Gauss points, i.e., the roots of Ly,,1(.) = 0 and
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ws, are the corresponding weights defined as

2
wSl = 5 0 S S1 S M
(1 =23 [Lhrsa (8]
Substituting eq. (8.5) in eq. (8.4), we have
> pila) Yy () + Do pi(@) D uk (@ = 1) = g(2)
=0 k=0 j=0 k=0
M M
+ Y we, K(z,t5,) > yiFi(ts, — 7).
s1=0 k=0
(8.6)
Now, utilizing the eq. (8.6) at M + 1 collocation points of Legendre-Gauss points {2,
we have
> pilws) Dyl (@) + D _pj(ws) Y ynFy” (s — 7) = g(s)
=0 k=0 j=0 k=0

M M
+ 3wy K(z,ts,) > yeFi(ts, — 7). (8.7)

51=0 k=0
Again we consider the mixed condition defined in eq. (8.2) and approximate by Lagrange

interpolation formula (8.3) yields

m—1

- M . M ) M )
0%}/ Z ku,ﬁ”(a) + Bu Z kuliz)(b) + Vil Z kulﬁz) (c)| = i (8.8)
i=0 k=0 k=0 k=0

forl=0,1,....m— 1.
Combining eqs. (8.7) and (8.8), we get a system of algebraic equations with y;, k =
0,1,..., M unknowns. Numerically solving this system by Newton’s method, we can

determine the unknowns y,, k = 0,1,..., M and hence obtain the approximate solution
y(x) = X0y yrFi(x).

8.2.3 Illustrative examples

Example 8.2.1. Let us consider the integro-differential-difference equation with variable
coefficients

v(x)—y@)+zy(z—1)+ylx —1)=(x —2) + /_ll(sc +t)y(t — 1)dt

with mixed condition
y(—1) —2y(0) + y(1) = 0.

Solving the above equation by Legendre spectral collocation method for M = 2, we have
obtained the unknowns as

yo = 1.67621, y; = 4.00000, 1y = 6.32379.
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Hence the approximate solution is

2
y(x) = yFr(x) = yoFo(w) +yiFi(x) + y2 F5(2)
k=0
=4+ 3z — 8.88178 x 107 '%2?
~4+3x
The exact solution of this problem is 3x + 4.
Example 8.2.2. Let us consider the integro-differential difference equation with variable
coefficients as [133, 135]
1
y"(x)—zy (2)+y" (z—1)—zy(x—1) = —(2+1)(sin(x—1)-+cos x) —cos 2+1+/ y(t—1)dt,
-1

with conditions
y(0)=0, ¢'(0)=1, ¢"(0)=0.

The exact solution of this problem is y(x) = sin x. The obtained results by presented method
have been compared with the results obtained by Legendre polynomials [133] and Fibonacci
collocation method (FCM) [135], and these numerical results along with the exact results
are shown in Table 8.1. Table 8.2 cites the L error.

Table 8.1: Numerical results along with exact results for Example 8.2.2

. Exact LSCM FCM [135]
M=6 M=T7 N=38 N=9
-1 -0.841471 | -0.866814 | -0.83644 | -1.114125 | -3.078521
-0.8 | -0.717356 | -0.729305 | -0.71498 | -0.869866 | -1.875847
-0.6 | -0.564642 | -0.569211 | -0.563732 | -0.633677 | -1.054038
-0.4 | -0.389418 | -0.390626 | -0.389177 | -0.4110374 | -0.5333391
-0.2 | -0.198669 | -0.198802 | -0.198643 | -0.2014897 | -0.2163871
0 0 0 0 0 0
0.2 |0.0.198669 | 0.198769 | 0.19865 0.2016525 | 0.2155338
0.4 | 0.389418 0.390107 | 0.389294 | 0.4137037 | 0.5200945
0.6 | 0.564642 0.566704 | 0.564314 | 0.6476974 | 0.9903835
0.8 | 0.717356 0.721914 | 0.716785 | 0.9164897 | 1.689322
1 0.841471 0.850444 | 0.840739 | 1.235210 2.667579
Table 8.2: L, error for example 8.2.2
LSCM FCM [135] Legendre polynomials [133]
Emor ' —r—% M=7 N=38 N=9 m=6 | m=7
Lo | 2.53434E-2 | 5.03053E-3 | 3.937393E-1 | 2.23705E-0 | 3.84E-2 | 5.05E-3

Example 8.2.3. Let us consider the integro-differential difference equation with variable

coefficients as [134]

(2+4)%y" (2) = (z+4)y () +y(z—1)—y'(v—1) = In(a+3) -
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with conditions
y(0)

The exact solution of this problem is y(z) = In(x + 4). The results obtained by presented
method have been compared with the results obtained by Boubaker polynomial [134] and
these numerical results along with the exact results are shown in Table 8.3. Table 8.4 cites
the L, error.

Table 8.3: Numerical results along with exact results for Example 8.2.3

LSCM Boubaker polynomial [134]

Exact

M=6

M=T7

N =6

N=7

-1

1.09861

1.09861

1.09861

1.098596

1.098657

-0.9

1.1314

1.1314

1.1314

1.131387

1.131431

-0.8

1.16315

1.16315

1.16315

1.163138

1.163173

-0.7

1.19392

1.19392

1.19392

1.193911

1.193937

-0.6

1.22378

1.22378

1.22378

1.223766

1.223787

-0.5

1.25276

1.25276

1.25276

1.252755

1.252771

-0.4

1.28093

1.28093

1.28093

1.280928

1.280939

-0.3

1.30833

1.30833

1.30833

1.308329

1.308336

-0.2

1.335

1.335

1.335

1.335

1.335001

-0.1

1.36098

1.36098

1.36098

1.360976

1.360977

1.38629

1.38629

1.38629

1.386294

1.386294

Table 8.4: L, error for Example 8.2.3

LSCM
M=T7
1.77093E-6

Boubaker polynomial [134]
N=6 |[N=7
1.66E-5 | 4.50E-5

Error

Lo

M=6
5.86528E-7

Example 8.2.4. Let us consider the integro-differential difference equation with variable
coefficients as [131]

y'(x) —xy () + xy(z) —y'(x — 1) + y(x — 1) = z(sinz + cos ) — cos x
+sin(z — 1) + cos(z — 1) + 4o sin(1)

1
+ / (3t — 22)y(t)dt,
-1
with conditions

y(0)=1, y(0)=0.

The exact solution of this problem is y(x) = cos x. The results obtained by presented method
have been compared with the results obtained by Leguerre collocation method (LCM) [131]
and these numerical results along with the exact results are shown in Table 8.5. Table 8.6
cites the L, error.
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Table 8.5: Numerical results along with exact results for Example 8.2.4

Exact

LSCM

LCM [131]

M=6

M=T7

N =12

N =12, M =15

1

1

1

0.999999

1

0.1

0.995004

0.995004

0.995004

0.996593

0.996600

0.2

0.980067

0.980066

0.980066

0.986641

0.986365

0.3

0.955336

0.955333

0.955334

0.969544

0.969444

0.4

0.921061

0.921052

0.921057

0.946139

0.946036

0.5

0.877583

0.877566

0.877577

0.916382

0.916381

0.6

0.825336

0.825314

0.825328

0.880504

0.880768

0.7

0.764842

0.764827

0.76483

0.838776

0.839522

0.8

0.696707

0.696723

0.696685

0.791509

0.793010

0.9

0.62161

0.621705

0.62161

0.739046

0.741629

0.540302

0.540552

0.540205

0.681764

0.685810

Table 8.6: L, error for Example 8.2.4

Error

LSCM

LCM [131]

M=6

M=

N =12

N=12,M =15

Lo

2.50083E-4

9.68491E-5

1.4146E-2

2.023575E-3

Example 8.2.5. Let us consider the integro-differential difference equation with variable
coefficients as [136]

(@) 2y (@) + o)+ =) yle =) =" ket [yl e,

with conditions

y(0) =1,

y'(0) = 1.

The exact solution of this problem is y(x) = e~*. The results obtained by presented method
have been compared with the results obtained by homotopy analysis method (HAM) [136]
and these numerical results along with the exact results are shown in Table 8.7. Table 8.8
cites the absolute errors.

Table 8.7: Numerical results along with exact results for Example 8.2.5

x Exact

LSCM

HAM [136]

M =10

M =12

m =10

m =15

-1 2.71828

2.71874

2.71832

2.71636

2.71821

-0.8

2.22554

2.22572

2.22556

1.82165

1.82210

-0.6

1.82212

1.82216

1.82212

1.82165

1.82210

-0.4

1.49182

1.49182

1.49182

1.49170

1.49182

-0.2

1.2214

1.2214

1.2214

1.22140

1.22140

0 1

1

1

1

1
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Table 8.8: Absolute errors for Example 8.2.5

LSCM

HAM [136]

M =10

M =12

m = 10

m =15

-1

4.58316E-4

3.88267E-5

1.92193E-3

7.42184E-5

-0.8

1.80503E-4

1.52916E-5

1.06345E-3

4.07102E-5

-0.6

4.3815E-5

3.71185E-6

4.71496E-4

1.54921E-5

-0.4

3.97513E-6

3.36791E-7

1.2820E-4

4.40566E-7

-0.2

6.31221E-6

5.34763E-7

3.25198E-4

2.57853E-6

0 0 0 0 0

8.3 Legendre Spectral Collocation Method for the Solution
of the Model Describing Biological Species Living
Together

Mathematical modeling of real-life problems usually results in functional equations,
e.g. partial differential equations, integral and integro-differential equations, stochastic
equations and others. Many mathematical formulations of physical phenomena contain
integro-differential equations; these equations arise in fluid dynamics, biological models
and chemical kinetics. Integro-differential equations arise in many physical processes, such
as glass-forming process [77], nano-hydrodynamics [78], drop wise condensation [79],

wind ripple in the desert [80] and biological model [81].

In this section, we consider the following system of integro-differential equations as

dxz(t t
00 —a(t) [l a0~ [ Ale = ry)dr] +au(o),
t—Tp
0 S t S l7 kl)’Yl > Oa (89)
dy(t ¢
ZZZ§€> :y(t) |:_k2 + 72$(t) -+ /th fz(t — T)ZL‘(T)dT} + gz(t),
Ogtgla k27’72 >07 (810)
with initial conditions
z(0) =1, y(0) = o,

where g1, ¢2, fi1, foare given functions and x(¢), y(t¢) are unknown functions.

Here z(t) and y(¢) are number of two separate species at time ¢, where first species increases
and the second decreases. If they are put together, assuming that the second species will
feed on the first, there will be an increase in the rate of the second species %’ which depends

not only on the present populations x(¢), but also on all previous values of the first species.
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When a steady state condition is replaced between these two species, it is described by the

following system of two integro-differential equations

d!fiit) = l’(t) kl - 713/(15) - /tiTO fl(t — T)y(T)dT] , kl > 07 (811)
dzlit) =y(t) {—k:g + Yo (t) + /;TO folt = T)a(T)dr|, Ky >0, (8.12)

where k; and —k, are the coefficients of increasing and decreasing of the first and second
species, respectively. The parameters +v;, fi and 75, f; depend on the respective
species. Ty be assumed to be the finite heredity duration of both species. The system
of integro-differential eqs. (8.11)-(8.12) is a special case of eqgs. (8.9)-(8.10) with
g1(t) = g2(t) = 0. The detailed formulations of egs. (8.11)-(8.12) can be found in [146].

In this chapter, the aforesaid biological model has been solved by Legendre spectral
collocation method (LSCM) and Bernstein polynomial collocation method (BPCM). The
Legendre spectral collocation method has been applied by many authors to solve integral
equations and integro-differential equations [143—145]. In this method, the unknown
functions have been approximated by Lagrange polynomial with the Gauss-Legendre points
as node points on the interval [—1, 1]. In general, the integro-differential equation defined
over interval [a,b] can be transformed into the interval [—1,1]. Bernstein polynomial
collocation method has been applied to solve many kind of integral equations and
integro-differential equations [20, 49, 87, 147, 148]. The present methods reduce the
integro-differential equations to a system of algebraic equations and then this system has
been solved numerically. Also, the present method solutions are compared with other
methods solutions in this present chapter. Illustrative examples have been discussed to

demonstrate the validity and applicability of the proposed technique.

8.3.1 Numerical scheme by Legendre spectral collocation method

In this section, the basic idea of Legendre spectral collocation method for solving
integro-differential equations system defined in eqgs. (8.9)-(8.12) has been presented. This
idea has been proposed in [143—145]. In this procedure of approximation, Legendre-Guass

quadrature rule together with Lagrange interpolation polynomials have been used.
In order to use Legendre spectral collocation method, we consider the Legendre-Gauss
points {t;}1, i.e., the roots of Ly41(t) = 0 where Lyyy is the (M + 1) Legendre

polynomial.

Let us consider the system of integro-differential equations defined in egs. (8.9)-(8.10) and
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approximate the unknown functions =(t) and y(t¢) by using eq. (8.3) as

M

= > weF(h), (8.13)
k=0
M

=3 wFi(t). (8.14)

Now, egs. (8.9)-(8.10) can be reduced as

Z%Fk Z%Fk l =7 yukER(t)

k=0

o filt — 1) (2_: kuk;(T)> dT‘| + g1(t), (8.15)

M
Zkuk Zkuk [ ko + 72 > 2 Fy(t)

k=0
+/t_TO fat = 7) (z_j JZka(T)) dr] + ga(t). (8.16)

Now, we consider the integral part of eq. (8.15)-(8.16), and in order to use Gauss-Legendre

quadrature rule, we have to change the interval [t — T, t] to [—1, 1] by the transformation

T—1
=142 .
s=i <T0>

Now, the integrands of eqs. (8.15)-(8.16) can be reduced as
t
B f1 (t—1) (Zkuk )
M
—To fl (—Tos—1)<z lch:< 7210(8—1)>>ds
TO TO M TO
== 2 wif (—(Sj - 1)) > ik (t + —(sj — 1)) (8.17)
25 2 k=0 2

/t folt — 1) (Zxka >
_ To f2 (_(S_ 0 ) (éxkpk (HT;(S— 1))) ds
- T;jz_%wjfz (-1;0(53‘ - 1)) (lixkﬂc (t + TQO(SJ' - 1))) (8.18)

where s;, 7 = 0,1, ..., M are Legendre-Gauss points, i.e., the roots of Ly (t) = 0 and w;
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are the corresponding weights defined as

2

S T DT (SIS M
Using egs. (8.17)-(8.18) in egs. (8.15)-(8.16), we have
M
Zxka Z!L‘ka [ 1= ykFR(t)
k=0
T M T M T
_;;)wjfl (—20(5]- - 1)) (l;)kuk <t + ?O(sj - 1))) +01(1)
(8.19)
M
Zkuk Zkuk [ k’2+722$ka(t)
k=0
T M T
+20]Z:0wjf2 <—20(3j — 1)> (1;)%1% (t + ?O(Sj - 1))) + 9a(t)
(8.20)

Now, applying the collocation points as Gauss-Legendre points ¢;, ¢ = 0,1,...., M — 1 to
the egs. (8.19)-(8.20), we obtain

> xRFi(t) = Z ). i (t:) [lﬁ — 71> yeFi(t:)
k=0 k=0
(8.21)
Y oukFi(t) =Y yeFi(ti) l—k‘z + 92 > wpFi(t:)
+T20j§%wjf2 (—20(3;‘ - 1)) <’§:033ka (tz‘ + Tzo(sj - 1))) + g2(ts)
(8.22)

Equations (8.21)-(8.22) constitute a system of 2}/ number of nonlinear algebraic equations

with 2M + 2 number of unknowns. Again from the initial conditions, we have

M
> @k Fr(0) = ai, (8.23)
M
> UeFr(0) = ao. (8.24)
=0
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Thus eqgs. (8.21)-(8.24) form a system of 2M + 2 number of nonlinear algebraic equations
with 2M + 2 number of unknowns for z; and y;, for £ = 0,1, ..., M. Solving this system
numerically, we can obtain the values for unknowns z; and yx, £ = 0,1, ..., M. Hence we
obtain the approximate solutions z(¢) and y(¢) using the eqs. (8.13)-(8.14). The obtained
results are then compared with the results obtained by Bernstein polynomial collocation
method and other methods available in literature. The methodology using Bernstein

polynomials is given below.

* Numerical scheme by Bernstein polynomials collocation method

Bernstein polynomials defined in Chapter 2 form a complete basis [19, 20] over the
interval [a,b]. For solving egs. (8.9)-(8.10), we first approximate the unknown functions
x(t) and y(t) as

z(t) = CTB(t), y(t) = D' B(t) (8.25)

where (' and D are defined same as in Section 2.7.2. The egs. (8.9)-(8.10) can be reduced

as

CTB'(t) = (C"B(1)) [k ~n(D'B(t) - /

- 7)(D"B (T))dr] +ai(t) (8.26)
DB = (DTB0) [_kQ FR(CTB() + /ttTo falt = T>(CTB(T))dr] +a(t) (827)

Now, substituting the collocation points t; = tq + lh, where ty = a, h = b’T“ and [ =
0,1,...,n— 1, in eqgs. (8.26)-(8.27), we have

C"B'(t) = (C"B(t)) [kn — (D" B(t))

[ A" B)r

1—To

+ q1(t) (8.28)

D"B'(t)) = (D" B(t)) [~k2 + 12(C" B(t))

+f " f(t— ) (CTB(r)dr

1—To

+ 92(t1) (8.29)

Again from boundary conditions, we get

¢ B(0) = 0‘1} (8.30)

DTB(O) = (9

Thus, from eqgs. (8.28)-(8.30), we obtain a system of 2n + 2 number of nonlinear algebraic
equations with same number of unknowns as C' and D. Solving this system numerically, we

obtain the values of C' and D and hence obtain the approximate solutions using eq. (8.25).
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Table 8.9: Comparison of numerical results for Example 8.3.1
; Absolute error for x(t) Absolute error for y(t)
LPCM BPCM VIM[81] | LPCM BPCM VIM[81]
0110 1.41E-11 | 3.15E-4 | 1.38E-17 | 1.22E-12 | 3.34E-5
0.2 | 3.33E-16 | 2.15E-11 | 4.27E-4 | 2.77E-17 | 2.96E-12 | 8.54E-5
0.3 | 7.21E-16 | 2.58E-11 | 4.72E-4 | 0 4.16E-12 | 1.33E-4
0.4 | 1.33E-15 | 2.85E-11 | 4.85E-4 | 1.38E-16 | 5.12E-12 | 1.79E-4
0.5 | 1.99E-15 | 2.98E-11 | 4.74E-4 | 4.44E-16 | 6.58E-12 | 2.22E-4
0.6 | 2.99E-15 | 2.84E-11 | 4.45E-4 | 8.88E-16 | 9.19E-12 | 2.37E-4
0.7 | 4.21E-15 | 2.29E-11 | 4.36E-4 | 1.58E-15 | 1.29E-11 | 1.62E-4
0.8 | 5.77E-15 | 1.22E-11 | 4.35E-4 | 2.38E-15 | 1.69E-11 | 1.07E-4
0.9 | 6.88E-15 | 3.33E-12 | 9.10E-4 | 3.27E-15 | 1.92E-11 | 7.31E-4
1.0 | 7.54E-15 | 2.12E-11 | 1.82E-3 | 3.74E-15 | 1.69E-11 | 1.90E-3

8.3.2 Illustrative examples

Example 8.3.1. Consider the system of integro-differential equations [81] defined in egs.

(8.9)-(8.10) with

The exact solution of this problem is z(t) =

fl(t) =1,
klzl,
1
’Yl?i
ap =1,

G
o

|
nN

.
(V)

|
\.P—‘

—3t + 1 and y(t) = t> — t. The numerical

results obtained by LSCM for M = 6 have been compared with the results obtained by
BPCM (n = 6) and VIM [81]. The comparisons have been cited in Table 8.9.

Example 8.3.2. Consider the system of integro-differential equations [81] defined in eqgs.
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Table 8.10: Comparison of numerical results for Example 8.3.2

y Absolute error for x(t) Absolute error for y(t)

LPCM BPCM | VIM[81] | LPCM BPCM | VIM][81]
0.1 | 7.73E-12 | 5.27E-8 | 4.50E-10 | 6.23E-11 | 1.54E-6 | 9.80E-8
0.2 | 2.35E-11 | 8.03E-8 | 4.07E-9 | 1.72E-10 | 1.36E-6 | 6.93E-8
0.3 | 3.13E-11 | 1.00E-7 | 4.72E-8 | 1.67E-10 | 1.05E-6 | 2.69E-7
0.4 | 2.52E-11 | 1.20E-7 | 3.64E-7 | 8.52E-12 | 8.60E-7 | 3.55E-7
0.5 | 2.04E-11 | 1.41E-7 | 2.03E-6 | 1.62E-10 | 7.06E-7 | 2.49E-6
0.6 | 3.86E-11 | 1.66E-7 | 8.80E-6 | 6.70E-12 | 5.50E-7 | 1.08E-5
0.7 | 6.76E-11 | 1.95E-7 | 3.12E-5 | 3.26E-10 | 4.30E-7 | 3.85E-5
0.8 | 4.87E-11 | 2.29E-7 | 9.44E-5 | 4.45E-14 | 3.57E-7 | 1.14E-4
0.9 | 3.22E-11 | 2.72E-7 | 2.51E-4 | 6.05E-10 | 2.57E-7 | 3.00E-4
1.0 | 7.77E-10 | 3.21E-7 | 6.04E-4 | 8.60E-9 | 1.31E-7 | 7.11E-4

(8.9)-(8.10) with

filt) =2t =3, folt) =1,

kl - 2, ]{32 = 2,

n=1 7n=1

1
TO = gv
a1 = 07 Qg = 07
7 13 1 22
gi(t) =17 (2 — 3te™! — ie*t + gteﬁ + 9@3t> — 2t,
and
_ 3 2
g2(t) = e (342¢% — 8¢* + 325t + 324) .

The exact solution of this problem is x(t) = —t and y(t) = Ste™". The numerical results

obtained by LSCM for M = 10 have been compared with the results obtained by BPCM
(n = 6) and VIM [81]. The comparisons have been cited in Table 8.10.

Example 8.3.3. Consider the system of integro-differential equations [81] defined in egs.
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Table 8.11: Comparison of numerical results for Example 8.3.3
y Absolute error for x(t) Absolute error for y(t)

LPCM BPCM | VIM[81] | LPCM BPCM | VIMJ[81]
0.1 | 2.73E-12 | 2.40E-7 | 5.22E-10 | 2.63E-12 | 2.11E-7 | 4.63E-10
0.2 | 837E-12 | 2.69E-7 | 6.23E-9 | 7.78E-12 | 2.18E-7 | 2.88E-9
0.3 | 1.02E-11 | 2.76E-7 | 1.59E-7 | 8.81E-12 | 2.02E-7 | 7.52E-8
0.4 | 4.76E-12 | 2.95E-7 | 1.24E-6 | 2.46E-12 | 1.98E-7 | 6.09E-7
0.5 | 1.89E-12 | 3.20E-7 | 6.12E-6 | 4.36E-12 | 1.97E-7 | 2.97E-6
0.6 | 2.75E-12 | 3.45E-7 | 2.20E-5 | 7.45E-13 | 1.95E-7 | 1.06E-5
0.7 | 1.72E-11 | 3.75E-7 | 6.39E-5 | 1.49E-11 | 1.94E-7 | 3.06E-5
0.8 | 1.00E-11 | 4.14E-7 | 1.58E-4 | 5.31E-12 | 1.99E-7 | 7.54E-5
0.9 | 1.52E-11 | 4.54E-7 | 3.48E-4 | 2.09E-11 | 2.02E-7 | 1.64E-4
1.0 | 3.05E-10 | 4.93E-7 | 6.94E-4 | 3.25E-10 | 2.01E-7 | 3.24E-4

(8.9)-(8.10) with

Al) =1, folt)=€",

1 1
ki ==, ko=—

1 37 2 27
M= 27 Yo = 17

3
Ty = —

0 107
Oé1:O7 CYQZO,

(1) = L cost 1't<1+1't L cost + - cos(t 3/10))
g1(t) = ycost — Zsint | o + 5 sint — - cost + 7 cos :
and

(1) = -2 t+1't<1+3't1 ¢

= ——cost+ —s ——+ —sint — - cos
92 4 e O T

+ ;6—3/10(cos(t —3/10) — sin(t — 3/10))) :

The exact solution of this problem is z(t) = 1sint and y(t) = —1sint. The numerical
results obtained by LSCM for M = 10 have been compared with the results obtained by
BPCM (n = 6) and VIM [81]. The comparisons have been cited in Table 8.11.

Example 8.3.4. Consider the system of integro-differential equations [81] defined in eqgs.
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Table 8.12: Comparison of numerical results for Example 8.3.4
y Absolute error for x(t) Absolute error for y(t)
LPCM | BPCM | VIM[81] | LPCM | BPCM | VIM[81]
0.1 | 3.58E-8 | 1.24E-6 | 3.59E-7 | 2.34E-6 | 4.51E-4 | 1.09E-5
0.2 | 1.27E-7 | 4.36E-6 | 2.66E-7 | 6.60E-6 | 4.22E-4 | 1.55E-5
0.3 | 2.28E-7 | 8.83E-6 | 4.66E-7 | 6.66E-6 | 3.43E-4 | 8.22E-6
0.4 | 2.88E-7 | 1.40E-5 | 1.64E-5 | 2.23E-7 | 2.89E-4 | 9.26E-5
0.5 | 2.82E-7 | 1.95E-5 | 6.93E-5 | 5.67E-6 | 2.44E-4 | 3.95E-4
0.6 | 2.47E-7 | 2.50E-5 | 1.73E-4 | 2.30E-7 | 1.99E-4 | 9.37E-4
0.7 | 2.83E-7 | 3.02E-5 | 3.23E-4 | 1.22E-5 | 1.65E-4 | 1.62E-3
0.8 | 4.70E-7 | 3.52E-5 | 4.92E-4 | 1.47E-6 | 1.44E-4 | 2.26E-3
0.9 | 5.88E-7 | 4.01E-5 | 6.41E-4 | 2.14E-5 | 1.20E-4 | 2.63E-3
1.0 | 5.10E-7 | 4.48E-5 | 7.37E-4 | 2.89E-4 | 9.96E-4 | 2.57E-3
(8.9)-(8.10) with
filt)=t, folt) =t +1,
]{31 - 1, kQ = 1,
1
m=sz ”=3
1
TO = Za
ar =0, ay=-—1,
11 1
gty =2t —1—(t* —1t) (1 + 1—8@‘?” - %ei—?’t) :
and
I S 2
ga(t) = 5o5¢ (10080¢> — 10304t + 6275) .

The exact solution of this problem is x(t) = t* — t and y(t) = —e 3. The numerical results
obtained by LSCM for M = 10 have been compared with the results obtained by BPCM
(n = 6) and VIM [81]. The comparisons have been cited in Table 8.12.

Example 8.3.5. The last example is an example of biological species living together [149,
150] defined in eqgs. (8.11)-(8.12).

Let consider the eqs. (8.11)-(8.12) with k; = 0.02, ks = 0.01, oy = as = 10, 73 = 1o =
0.01, and Ty = 0.1. The results obtained by present methods (LSCM (M = 10) and BPCM
(n = 6)) have been examined by the results obtained by ADM [149] and HPM [150] for
some values of t, and the comparisons have been demonstrated in Table 8.13.

From the Tables 8.9-8.12, it can be easily observed that LPCM provides more accurate
and better solutions than other methods. Table 8.13 cites that results obtained by LPCM and
BPCM agree quite satisfactorily and these results are also very close to the other method

results.
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Table 8.13: Comparison of numerical results for Example 8.3.5

z(t) y(t)
t LPCM  BPCM _ ADM[149] HPM[I50] | LPCM _ BPCM _ ADM[149] HPM[150]
0.01 | 9.90181 9.90199 9.897 9.8968 10.1088  10.1086  10.116 10.1042
0.03 | 9.705 970547  9.691 9.6904 103268  10.3262  10.349 10.3125
0.05 | 9.50777 9.50846  9.484 9.4838 10.5451  10.5443  10.580 10.5208
007 | 93103 931113 9278 9.2771 107636 10.7627  10.813 10.7291
0.1 | 9.01399 9.01497  8.968 8.9668 11.0913  11.0902  11.162 11.0416
03 | 7.07726  7.07823  6.905 6.8911 132279 13.2267  13.485 13.1250
0.5 | 531809 531893 4.842 4.8030 15.16 15.159  15.808 15.2082
07 | 3.84391 3.84465 2.780 2.7023 167701 16.7692  18.131 17.2916

8.4 Conclusion

In this work, the Legendre spectral collocation method has been applied to solve the
Fredholm integro-differential-difference equations with variable coefficients and mixed
conditions, and a system of integro-differential equations modeling biological species
living together. This method is very straight forward technique to solve these equations.
Legendre spectral collocation method transforms the integral equations to a system of
algebraic equations which can be solved by usual numerical methods. The application
of the Legendre-Gauss points is the main advantage of this presented method. In section
8.3, the LSCM solutions are compared with the solutions obtained by Bernstein collocation
method and other methods. From the Tables, it is clear that the results obtained by LSCM
are more accurate than that of by other methods. LSCM may provide more accurate results
by increasing the value of M. Also the Legendre spectral collocation method takes fraction
of seconds to accomplish the computation. However, one may face the following difficulties
with the proposed method applied in the present chapter: the first one is, it yields a nonlinear
system of equations which may fail to converge without suitable initial guess and secondly,
the collocation points have to be chosen suitably for obtaining accurate solution. The
illustrative examples have been included to demonstrate the validity and applicability of
the proposed techniques. These examples also exhibit the accuracy and efficiency of the

present schemes.
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Chapter 9

Numerical solutions of fuzzy integral
equations

9.1 Introduction

The study of fuzzy integral equations and fuzzy differential equations is an emerging area
of research for many authors. Originally, the concept of fuzzy sets was first introduced by
Zadeh [151, 152]. The development of fuzzy integral equations was first invented by Kaleva
[153] and Seikkala [154]. In recent years, many researchers have focused their interest on
this field and published many articles which are available in literature. Many analytical
methods like Adomian decomposition method [155], homotopy analysis method [156], and
homotopy perturbation method [157] have been used to solve fuzzy integral equations.
There are available many numerical techniques to solve fuzzy integral equations. The
method of successive approximations [158, 159], quadrature rule [160], Nystrom method
[161], Lagrange interpolation [162], Bernstein polynomials [163], Chebyshev interpolation
[164], Legendre wavelet method [102], sinc function [165], residual minimization method
[166], fuzzy transforms method [167], and Galerkin method [168] have been applied to
solve fuzzy integral equations numerically. Recently, Sadatrasoul et al. [169] have solved
nonlinear fuzzy integral equations by applying iterative method. Many theories related to
fuzzy fractional functional integral and differential equations have been included in [170]
and convergence in measure theorem for nonlinear integral functionals has been provided
in [171]. Existence of solutions to fuzzy differential equations with generalized Hukuhara
derivative via contractive-like mapping principles has been presented by Villamizar-Roa
et al. [172]. A classical solution of fuzzy boundary value problem has been given in
[173]. The Cauchy problem for complex fuzzy differential equations has been solved in
[174]. Hybrid block-pulse functions and Taylor series method [175] have been applied
to solve nonlinear fuzzy Fredholm integral equations of the second kind and also linear
Fredholm fuzzy integral equations of the second kind has been solved by artificial neural
networks [176]. Also, there are available many works related to fuzzy integro-differential
equations [177—181] in the literature. The learned researcher Abbasbandy et al. have been

solved fuzzy integro-differential equations by homotopy analysis method [180]. Fuzzy
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Fredholm integro-differential equations have been solved by Newton-cotes method [181].
The existence and uniqueness of the solutions of fuzzy integro-differential equations
have been presented in [177, 179, 182]. In this chapter, we have solved Hammerstein
fuzzy integral equations, fuzzy Hammerstein Volterra delay integral equations and fuzzy
integro-differential equations. In section 9.2, we discuss the preliminaries of fuzzy calculus.
In section 9.3, nonlinear fuzzy Hammerstein integral equation has been solved by Bernstein
polynomials and Legendre wavelets, and then compared with homotopy analysis method.
In section 9.4, we have solved nonlinear fuzzy Hammerstein Volterra integral equations
with constant delay by Bernoulli wavelet method and then compared with B-spline wavelet
method. In section 9.5, fuzzy integro-differential equation has been solved by Legendre
wavelet method and compared with homotopy analysis method, and section 9.6 describes

the concluded remarks.

9.2 Preliminaries of fuzzy integral equations

In this section, the most basic notations used in fuzzy calculus are introduced. We start with

defining a fuzzy number.

Definition 9.2.1. ([183]) A fuzzy number u is represented by an ordered pair of functions
(u(r),a(r)), 0 < r < 1 which satisfying the following properties.

1.

u(r) is a bounded monotonic increasing left continuous function.
2. u(r) is a bounded monotonic decreasing left continuous function.
3. u(r) <u(r), 0<r<L

For arbitrary u(r) = (u(r),@(r)), v(r) = (v(r),v(r)) and k& > 0, we define addition

(u+ v) and scalar multiplication by k as
i (utw)(r)=u(r)+u(r)
ii. (wxo)(r)=alr)+v(r)
ifi. (ku) () = ku(r), (Fu) (r) = ku(r)

Definition 9.2.2. ([184]) For arbitrary fuzzy numbers u,v € E, we use the distance

D(u,v) = sup [max {[u(r) —v(r)], lu(r) = v(r)[}]

0<r<1

and it is shown that (E, D) is a complete metric space.

Remark 9.2.3. ([184]) If the fuzzy function f(t) is continuous in the metric D, its definite

integral exists. Also
b b
(/ 1 r)dt) = [ s,

(/ftrdt) /7( r)dt
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Definition 9.2.4. If f : R — E be a fuzzy function (where E is a subset of a Banach space)
and ty € R. The derivative f'(to) of f at a point ty is defined by

F'(to) = lim f(to+h) — f(to)

h—0+ h ’

9.1)

provided that this limit taken with respect to the metric D, exists and h > 0 be sufficiently
small parameter.

The elements f(ty + h) and f(fo) in eq. (9.1) are in Banach space B = C|0,1] x C[0, 1].
Thus, if f(ty + h) = (a,a) and f(ty) = (b,b), then f(to +h) — f(to) = (a — b,a — b).

Clearly, [f(to+h)— f(to)]/h may not be a fuzzy number for all h. However, if it approaches
f'(to) (in B) and f'(t¢) is also a fuzzy number (in £), this number is the fuzzy derivative

of f(t) at to. In this case, if f = (f, f), then f'(to) = (f'(t), f'(to)), where f’, f” are the
classic derivative of f, f, respectively and t, € R.

9.3 Numerical solution of fuzzy Hammerstein integral
equations

In this section, we consider the nonlinear fuzzy Fredholm-Hammerstein integral equation of

the form
1
u(t) = g(t) +/ H(t, s)F(u(s))ds, H(t,s) e C([0,1] x[0,1]), t€[0,1],  (9.2)
0
where u, g and F' are fuzzy functions, and H (¢, s) is positive in [0, 1]. Let

u(tv T) = (Q(tv T)’ E(t’ r)) >
g(t,r) = (gt.7),3(t,7))
Fu(t,r)) = (F(u(t,r)), F(u(t,r))) .

Eq. (9.2), in crisp sense, converted into a system as

ult,r) = g(t,r) + /0 CH(t, $)F (u(s, 1)) ds, 9.3)

a(t,r) =gt,r) + [ CH(t, )T (u(s, 1)) ds. 9.4)

Equations (9.3) and (9.4) have been solved by Bernstein polynomial collocation method
and Legendre wavelet method and again compared with homotopy analysis method.
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9.3.1 Numerical scheme by Bernstein polynomial collocation method

Consider the eq. (9.3) for solving by Bernstein polynomial collocation method, first

approximate the unknown function w(t, ) by using two dimensional Bernstein polynomials

as
niy n2
Q(t 1”) ~ Z Z Ci,]'Bi,m (t)Bj,m (T) (95)
=0 j=0
Eq. (9.3) can be reduced as
ny n2 1 ny n2
D> CijBinm (1) By (r) = g(t,r) + / H(t,8)E | Y5 ijBiny (8)Bjny (1) | ds (9.6)
=0 j=0 0 i=07=0
Utilizing eq. (9.6) with the collocation points ¢; and r,,, defined as
1
tl:t0+lh1, tOZO, hlzf, l:0,1,...,n1,
n
1
Tm =70 +mho, 19=0, hg=—, m=0,1,...,n9,
U

eq. (9.6) reduces to a system of (n; + 1)(ny + 1) number of nonlinear algebraic equations
with same number of unknowns as ¢; ;, = = 0,1,...,n1, j = 0,1,...,ne. This algebraic
system has been solved by Newton’s method to obtain the unknowns ¢; ;, ¢ = 0,1, ..., n,
j=0,1,...,ny. Hence we get the solution u(t, ) from eq. (9.5) and same algorithm can be

applied to obtain the approximate solution of w(t, ).

9.3.2 Numerical scheme by Legendre wavelet method

Consider the eq. (9.3) for solving by Legendre wavelet method, first approximate the
unknown function w(t,r) by using the two dimensional Legendre wavelets (see eq. (2.34)
of Chapter 2) as

u(t,r) = CTU(t,7r). 9.7)

Now, eq. (9.3) can be reduced as
1
CTW(t,r) = g(t,r) + / H(t,s)E (CTW(s, ) ds. 9.8)
g Jo

In order to use the Gauss-Legendre integration formula for eq. (9.8), we transfer the interval
[0, 1] to [—1, 1] by means of the transformation 7 = 2s — 1.
Therefore, eq. (9.8) can be written as

CTU(t,r) = gt r) + ; /_11 H (t, T;”) F (CT\II (T ;r 1,7")) dr.  (9.9)
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By using the Gauss-Legendre integration formula, we get

M . .
CTU(t,r) = glt,r) + ; S w H (t, 7 ;L 1) r (CT\If (TJ ;L 1,r>) , 9.10)

j=1
wher 7; are m zeros of Legendre polynomials P, ; and w; are the corresponding weights.
Now we collocate the eq. (9.10) att, = -l o =1,2,..., 2810, andr, = 201 =

2k1 My 2k2 My 0
1,2,...,2"71 )M, we have

1 7+ 1 7 +1
CTU(ty,ry) = gltp,ry) + 3 > w;H (tp, 32) F (CT\IJ ( ! 5 ,rq>) . (9.11)
j=1

Eq. (9.11) gives a system of 2¥1 =1/, x 2k2~1 )\, number of algebraic equations with same
number of unknowns for C7. Again solving this system numerically by Newton’s method,
we can find the value for unknowns for C? and hence obtain the approximate solution for
u(t, r). Same algorithm can be applied to obtain the approximate solution of u(¢, 7).

2k71

Theorem 9.3.1. The series solution y(z) = Y2 SSM_J ¢, n.m () defined in eq. (2.31)
using Legendre wavelet method converges to y(x).

Proof. See Theorem 6.2.1 of Chapter 6. [

9.3.3 Illustrative examples

Example 9.3.1. Consider the following nonlinear Hammerstein fuzzy integral equation

1

u(t) = g(t) + H(t,s)e‘s(u(s))2ds, t €[0,1] (9.12)
0
with
1s2(1—1)?(3t —s—2ts), 0<s<t<I,
H{t,5) = {?ﬁ(l C§)2(3s—t—2ts), 0<t<s<l1
6 ) >~ b > >~ 1,
and
g(t,T’) :gl<t7r>+92(tar)a t,?"e [071]7
where

gtr) = {(1 (3t 4 1) (1 _ 1;{) (=123t 4 1) (1 n 11_07“)] |

ga(t,r) = {t2(2 —1) (6 - 11_7’) H2-1) (e * 11_07’)] '

Eq. (9.12), in crisp sense, converted into a system as

u(t,r) =g(t,r) + /01 H(t,s)e™* (g(s,r))2 ds, (9.13)

u(t,r) =7g(t,r) + /01 H(t,s)e ™ (u(s,r))*ds, (9.14)
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where
g(t’ T) = (Q(t> T)vg(t7 7‘)) = (ﬂ(tv T) + @(ta T)vm(t’ T) + %(t’ T))

The exact solution of this problem is not known. This problem has been solved by
Bernstein polynomial collocation method and Legendre wavelet method, and compare with
the approximate-analytical method like homotopy analysis method [180, 185]. Since, exact
solution of this problem is unknown, the solution in HAM has been considered as standard
solution.

» Comparison with HAM solution

In homotopy analysis method [180, 185], the m'" order deformation equation approximating
u(t,r) is given by

1 am—l

L [@m(ta 7') - Xmﬂmfl(tar)] = héRm (@0>Q17 "'7um71> = h<m . 1)| 8qm_1N(¢(t7T; Q))‘Q=0
where
1
N(p(tri0) = o(tri) = gltr) = [ H(Ls)e ™ (p(s,r10))%ds
<
and ., = 0, ms1,
1, m>1.

Here auxiliary parameter [180] h = —1 belongs to the convergence region of HAM series
solution.

Now using m'" order deformation equation of u(t,r), we recursively obtain

Qo(@ 7") = 07
1 2 2 2 3 3 3
uy(t,r) = 1—0(9 + 7+ 9t + rt — 47t° + 20et” — 3rt® + 28t° — 10et” + 2rt>),
2
uy(t,r) = %e_tr%ﬁ - gel_trtﬁ + ..,
and so on.
Thus the HAM solution

Qm(t’ T) = Zﬂi(ta T)'
i=0
Similarly, using m'™ order deformation equation of u(t, ), we recursively obtain
ﬂo(t, ’l“) = O,

1
wy(t,r) = To(ll — 7+ 11t — rt — 53t% + 20et® + 3rt® + 32t — 10et® — 2rt?),

1
uy(t,r) = me_l_t (467“2156 + 40e*rt® — 128ert® + ) ,

and so on.
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Table 9.1: Numerical solutions for Example 9.3.1

. ; u(t,r) u(t,r)
Standard Standard
solution | BPCM | LWM solution | BPCM | LWM
HAM HAM

0.2 | 1.13904 | 1.13903 | 1.13926 | 1.30376 | 1.30375 | 1.30403
0.4 | 141286 | 1.41289 | 1.41283 | 1.57078 | 1.57081 | 1.57075

0.25 0.6 | 1.75035 | 1.75035 | 1.75035 | 1.89387 | 1.89387 | 1.89386
0.8 | 2.15758 | 2.15761 | 2.15785 | 2.29349 | 2.29352 | 2.29381
0.2 | 1.16649 | 1.16648 | 1.16672 | 1.27631 | 1.2763 | 1.27657
0.5 0.4 | 1.43917 | 1.4392 | 1.43914 | 1.54445 | 1.54449 | 1.54443
' 0.6 | 1.77427 | 1.77427 | 1.77426 | 1.86994 | 1.86994 | 1.86993
0.8 | 2.18023 | 2.18026 | 2.18051 | 2.27084 | 2.27087 | 2.27115
0.2 | 1.19394 | 1.19393 | 1.19418 | 1.24885 | 1.24884 | 1.24910
0.75 0.4 | 1.46549 | 1.46552 | 1.46546 | 1.51813 | 1.51816 | 1.51810

0.6 | 1.79818 | 1.79818 | 1.79817 | 1.84602 | 1.84602 | 1.84601
0.8 | 2.20288 | 2.20291 | 2.20317 | 2.24819 | 2.24821 | 2.24849

Table 9.2: Error analysis for Example 9.3.1 with regard to HAM

Error u(t,r) u(t,r)

0<t,r<1|BPCM LWM BPCM LWM

Lo 0.3E-4 0.29E-3 0.4E-4 0.32E-3

Lo 0.754983E-4 | 0.600999E-3 | 0.768115E-4 | 0.690145E-3
Thus the HAM solution

Uplt,r) = iui(t,r).

The numerical results obtained by Bernstein polynomial collocation method (BPCM) for
ny = ng = 4 and Legendre wavelet method (LWM) for My = My = 4, k1 = ky = 1 have
been compared with the results obtained by 2" order homotopy analysis method (HAM) of
u(t,r) = (u(t,r),a(t,r)) forr =0.25, 0.5, 0.75. These results have been shown in Tables
9.1-9.2. From Table 9.2, it may be easily observed that L., and Lo errors for Bernstein
polynomial collocation method are better than other method solutions.

Example 9.3.2. Consider the following nonlinear Hammerstein fuzzy integral equation

Lt
ult) = g(t) + | S (uls)ds, teo,1], (9.15)
0
where 111 111
t =|—t—=(1-— —t+ =(1— t 0,1].
ot.r) = |5t = =) pt+s-n], trep
Eq. (9.15), in crisp sense, converted into a system as
11 1 1
u(tr) = 15t = g1 =r)+ [ 2 (als, ) ds (9.16)
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11 1 1t
alt,r) = ot + =+ [ 3 (@s,r)ds 9.17)

The exact solution of this problem is not known. This problem has been solved by
Bernstein polynomial collocation method and Legendre wavelet method, and compare with
the approximate-analytical method like homotopy analysis method [180, 185]. Since, exact
solution of this problem is unknown, the solution in HAM has been considered as standard
solution.

» Comparison with HAM solution

In homotopy analysis method [180, 185], the m'" order deformation equation approximating
u(t,r) is given by

L [um<t7 T) - Xmumfl(t 7’)] = h%m <Q07 Uy, -y mel)

1 o

- h(m —1)! 8qm—1N(90(t7r; q))lg=0,

where

Nl r50)) = o(t,r50) = 150+ 0= ) = [ (s ria)ds,

12" 6
0 <1
mmxm:{f Z;l,

Here auxiliary parameter [180] h = —1 belongs to the convergence region of HAM
series solution.

Now using m'" order deformation equation of u(t,r), we recursively obtain

Q0<t77n) =0,
1 r 11t
u(t,r) = STs T
211t 2rt 1t
uy(t,r) = +—+

T 5184 81 ' 216’
and so on.

Thus the HAM solution .
Qm(tv T) - Zuz@’ T)
i=0

Similarly, using m'™ order deformation equation of u(t, ), we recursively obtain

ﬂo(t,?")zo,

ator) Lo

u(t,r)=—-— =+ —
ne 6 6 12’

(. 7) 563t Trt n r2t
U(t,r) = — — —= + —

2\ 5184 162 ' 216’
and so on.
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Table 9.3: Numerical solutions for Example 9.3.2
. ; u(t,r) u(t,r)
Standard Standard
solution | BPCM | LWM solution | BPCM | LWM
HAM HAM
0.2 | 0.06780 | 0.06917 | 0.06917 | 0.32811 | 0.33258 | 0.33257
0.25 0.4 | 0.26061 | 0.26334 | 0.26334 | 0.53122 | 0.54015 | 0.54015
0.6 | 0.45341 | 0.45751 | 0.45751 | 0.73434 | 0.74772 | 0.74772
0.8 | 0.64621 | 0.65168 | 0.65168 | 0.93745 | 0.95530 | 0.95529
0.2 [ 0.11089 | 0.1126 | 0.11260 | 0.28443 | 0.28817 | 0.28818
0.5 0.4 | 030511 | 0.30853 | 0.30853 | 0.48552 | 0.49301 | 0.49302
' 0.6 | 0.49934 | 0.50446 | 0.50446 | 0.68662 | 0.69785 | 0.69786
0.8 | 0.69356 | 0.70039 | 0.70040 | 0.88771 | 0.90269 | 0.90270
0.2 | 0.15410 | 0.15621 | 0.15621 | 0.24086 | 0.24399 | 0.24399
0.75 0.4 | 0.34986 | 0.35408 | 0.35408 | 0.44006 | 0.44631 | 0.44631
0.6 | 0.54562 | 0.55195 | 0.55195 | 0.63926 | 0.64864 | 0.64863
0.8 | 0.74138 | 0.74982 | 0.74983 | 0.83845 | 0.85096 | 0.85095
Table 9.4: Error analysis for Example 9.3.2 with regard to HAM
Error u(t,r) u(t,r)
0<t,r<1|BPCM LWM BPCM LWM
Lo 0.844E-2 0.845E-2 0.1785E-1 0.1784E-1
Loy 0.166465E-1 | 0.166393E-1 | 0.362121E-1 | 0.362082E-1
Thus the HAM solution

Uplt,r) = iui(t,r).

The numerical results obtained by Bernstein polynomial collocation method (BPCM) for
ny = ng = 2 and Legendre wavelet method (LWM) for My = My = 4, k1 = ky = 1 have
been compared with the results obtained by 3™ order homotopy analysis method (HAM) of
u(t,r) = (u(t,r),a(t,r)) forr =0.25, 0.5, 0.75. These results have been shown in Tables
9.3-9.4. From Table 9.4, it may be easily observed that L., and Lo errors for Bernstein
polynomial collocation method are better than other method solutions.

Example 9.3.3. Consider the following nonlinear Hammerstein fuzzy integral equation

u(t) = o(0) + [ Cts(u(s))ds, te01], 9.18)

where
g(t,r) = gi(t,r) + go(t,7r), t,re€|0,1],

where

g(t,r)y=[2+r3—r],
87 47 1

49 9 5 1
oy = [t (2L 4 20 4 gy 3) —t(— 2—3”.
ga(t, 1) [ (10+47‘+r+2r , 10 27‘+27“ 27’
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The exact solution of this problem is u(t,r) = [2+t+7r, 3 —2t—r]. Eq. (9.18), in crisp
sense, converted into a system as

u(t,r) =g(t,r) + /01 ts (u(s,r))’ ds (9.19)

1
alt,r) = g(t,r) + /0 ts (a(s, r))* ds (9.20)
where

gt,r) = (g(t;7),9(t,r)) = (qu(t,7) + g2(t,7), i (t,7) +Ga(t, 7))

Solving eq. (9.19) by Bernstein polynomial collocation method for ny, = ny = 1, we
obtain the unknowns as

oo =2, ci1=3, co=3, c,1=4

and the solution can be obtained as u(t,r) = ;o> i_ ¢;jBi1(t)Bj1(r) =2+t + 1.
Similarly, solving eq. (9.20) by 1% order Bernstein polynomial collocation method, we obtain
the unknowns as

oo =3, C1=2, co=1 c¢,1=0

and the solution can be obtained as u(t,r) = Yj_ Yi_ ¢i;jBi1(t)Bj1(r) =3 — 2t — 1.
Solving eq. (9.19) by Legendre wavelet method for My = My = 2,k = ky = 1, we
obtain the unknowns as

CT =[3.0003, 0.28862, 0.28885, —0.0000332746],
and the solution can be obtained as u(t,r) = CTU(t,r) = 2 +r +t — 0.000399295rt.
Similarly, solving eq. (9.20) by Legendre wavelet method for My = My = 2,k = ko = 1,
we obtain the unknowns as

CT = [1.52366, —0.216966, —0.563689, 0.0414012],

and the solution can be obtained as u(t,r) = CTU(t,r) = 3 —r — 2.20108t + 0.496815rt.
9.4 Numerical solution of Hammerstein-Volterra fuzzy
delay integral equation

In this section, we consider the nonlinear Hammerstein-Volterra fuzzy delay integral

equation of the form

(9.21)

() = g(t) + ff H(t,s)F(s,x(s))ds, t€[0,T],T >0,
(1), tel-70,7>0,
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where z(t), g(t) and ®(¢) are fuzzy valued functions, and the sign of H (¢, s) does not change
in [0, 1]. Let

Eq. (9.21), in crisp sense, converted into a system as

L(t.r) = g(t,r)+ [ H(t,s)F(s,z(s,7))ds, re[0,1], te][0,T] ©.22)

- B(t,r), rel0,1, te[-r0, '

(t.r) = gt,r)+ [L_H(t,s)F(s,z(s,7))ds, r€[0,1], t€0,T] ©9.23)
’ 3(t,r), rel0,1, te[-0. '

9.4.1 Numerical Scheme for Hammerstein-Volterra fuzzy delay
integral equation

Let us consider the nonlinear fuzzy Hammerstein-Volterra delay integral equation given
in equation (9.21) and we approximate the unknown function z(¢,r) € [—7,T] x [0, 1]

by two dimensional Bernoulli wavelet method (See section 2.6 of Chapter 2) after using

t4+1

transformation v = .

Now the eq. (9.21) can be reduced as

T ! S T S, T S
G 90 PV s, ceoT
(I)(tvr)a t e [—7’, O]

Putting the collocation points

(20 — )(T+71)

— _ S k1—1
t; = M12k1 T, 1= ].,2, ...,M12 !
and 0i 1
R o ka—1
r;y = 22k2’ ] = 1,2, ...,M22 2

in eq. (9.24), we have

g(ti, ;) + ffi’;T H(t;, s)F[CTW¥(s,r;)]ds, 0<t; <T,

Cqu(ti,Tj> =
(i, r5), —r<t; <.

(9.25)

For more simplification, Guass-Legendre quadrature rule has been applied for approximating

the integration in eq. (9.25). In order to apply Guass-Legendre quadrature rule, we convert
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the limit of integration [t; — 7, ¢;] to [—1, 1] by transformation ¢ = 2*=24#7_ Thus we obtain

CT\II(tZ',Tj)
g(tiry) + 5 )5 H (4, e 20 B [OTw (R ) dp, 0<t; < T,
CD(ti,rj), -7 <t <0.
(9.26)

Applying Gauss-Legendre quadrature rule to the eq. (9.26), we have

CT\I/(tZ', ’f’j)
o g(ti,rj) + % lezl ’le (t“ W) F |:CT‘IJ (W,T})} s 0< t; < T,
O(t;,7;), -7 <t <0,
(9.27)
where ¢;, [ = 1,...,p are Legendre-Gauss points, i.e., the roots of p'" order Legendre

polynomials and wy; are the corresponding weights.

Eq. (9.27) gives a system of (2871A/)? number of algebraic equations with same
number of unknowns for C'. After solving this system numerically, we can obtain the
value of Cpy mympmy fOr ny = 1,227 my = 0,1,..., My, ng = 1,2,...,2k71

ms = 0, 1, ..., M, and hence obtain the solution for z(t, ).

9.4.2 Convergence analysis and error estimate

Theorem 9.4.1. If f(u,v) € L*(R x R) be a continuous function defined on [0, 1] x [0, 1]
and | f(u,v)| < K, then the Bernoulli wavelets expansion of f(u,v) defined in eq. (2.65) of
Chapter 2 converges uniformly and also

AlAQ 16m1‘ 16m2'

| mama | < K2%2% (2m)mtt (2)matl’

where A; = 11 and Ay = 11
(=n™m1— (m1!)2a (=pm27 (M2!)2a
(2m)! 2mq (2mg)! 2mo

Proof. Any function f(u,v) € L*([0,1] x [0, 1]) can be expressed as the two dimensional
Bernoulli wavelets as

2k1=1 My —1 2k2—1 Mp—1

f(u,v) - Z Z Z Z Cm,m1,n2,m2¢n17m1,n27m2(u’U)

ni=1 m1=0 no=1 mo=0

2k1=1 My —12k2—1 Mp—1

= Z Z Z Z Cnl,m17n27M2wﬂ17m1(u>wn2,m2(v)a

ni=1 m1=0 na=1 mo=0
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where the coefficients ¢, ym, n,,m, can be determined as

Cny,ming,me = <<f(u’ U)a ¢n1,m1 (u)> 7,¢}N2,m2 (U)> .

Now for my, msy > 0,
Crymynzms = ((F (U ), Yy (W) 5 Pngms (V)
L1 700 )] )

Lol

(u vwnhml(u)du] G (V)0

Ingky Tnqky
kl 1 -1 A
=2 AAQ/ / f<u>v)ﬁm1<21 U—n1+1)du X
In2k2 Inlkl
Bmz (216271?1 — N9 + 1)d?),
where I, = [;Lklill’ 2F1— 1] gk, = [infz%lla 2133271’]-

Now, changing the variable 2¥1 =14 — n; 4+ 1 = ¢, we have

1 ka—1 1 t+n—1
Cny,ming,me = 216?2 2 A /Ianz {/0 f (2]“11’2}) B, <t>dt} X

By (27710 — ng + 1)dw.

Similarly, changing the variable for v as 2271v — ny, + 1 = £, we have

Al AQ 1 1 t+n1—1 E—{—ng—l oo
Cni,mi,na2,me = 2k1—12k2—1/0 [A f < 2k1—1 ) 2k2—1 Bml (t)dt /BmQ(t)dt

2 2

Now

Al AQ 1 t+n1—1 Z?—FTLQ
|Cn17m177Z2,m2| < ﬁ2k22 /0 [ ( ok1—1 ) Qka—1 |6m1 |dt |Bm2( )|dt

SQ 11 ’“21 (/ B (2 |dt) </ | B (T |dt)

Ay Ag 16my!  16ms!
9ty 9™ (2m)matt (2m)matl?

using the property of Bernoulli polynomials.

<

: : 2k1—1 My —1 ~2k2 1 (~Ma—1
This means that the series =5, _; 32,1 20 25,21 2oma—0 Cni,ma,na,mo 18 absolutely convergent
and hence the series

2k1—1 My —12k2—1 Mo—1
D002 D X Crumimama¥nimmaams (U, V)
ni1=1 m1=0 n2=1 m2=0

is uniformly convergent [17]. O

2k1-1 My —1 —2k2—1 —~Ma—1
Theorem 9.4.2. Let f*(t,”/’) = Zm:l Zmllzo an:l ij =0 cnl,m17n2,m2¢n1,m1,n2,m2 (t,T’)
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be the truncated series, then the truncated error E,, 1, 1, m,(t, 1) can be defined as

2
||En1,m1,n2,m2(tvr>||2 Z Z Z Z k1-1 2k2 1 (27T)m1+1 (27T)m2+1

=2k1—-141 mi=Mj po=2k2—141 mo=M>

00 (Al Ay 16my!  16my!

by using Theorem 9.4.1.

Proof. Any function f(t,7) € L*([0,1] x [0, 1]) can be expressed by the Bernoulli wavelets

aS o o o o
r) = Z Z Z Z Cm,ml,nz,mzwm,ml,nz,mz(t>T)'

n1=1m1=0n2=1mo=0

If f*(t, r) be the truncated series, then the truncated error term can be calculated as
Bt i nzme (t> T) = f(t, T) - (tv T)

[ee] o] o]
= Z Z Z Z Cn17m17n27m2¢n1,m17n2’m2 (t7 T)'

n1=2k1-141m1=M1 ny=2k2—141 ma=M>

Now,

HEm,mhnz,mz (t,7) H%
o0

[oe) o o
= H Z Z Z Z Crig g 2 ma P s g ma (6 7’)||§

=2k1-141m1=Mj ny= 2k2—1+1 mo=M>

= / /r XYY Y ot mltr) didr

ni=2F1-141m1= M1n2 2k2—141 mo=M>

Z Z Z Z |Cn1,m1,n2,m2| / / |¢n1,m17n2,m2(t T)| dtdr

ni=2k1-141 m1=Mj no=2k2-141 mo=M>

DD D D>

ni=2k1-141 mi1=M1 py=2k2—-141 mo=M>

IN

1 A2 16m1' 16m2' 2
B 9B (2T 2y )

[
Theorem 9.4.3. Let 2*(t, r) be the approximate solution of the equation
t ' H(t,s)F ds, te€0,T 0,1
$(t,7“) — g( 7T) + ft—T ( 78) <S7J;(S7T)) 87 E [ ) ]7T E [ ) ]7 (9.28)
O(t,r), t e [-1,0],re€]|0,1],

where |H (t, s)||coc < My and F is lipschitz continuous function, then the error term R(t,r)
can be estimated as

wmeSQMAZw

T
n1,mi,m2,ma <2(Zj - 1) +1, T)

+ HIEGL(t; 57 T) —2 EGL(t7€7T)||OO + ||E7L1,m1,n2,m2 <t7’r)||00'

.

Proof. Let x*(t,r) be the truncated series which approximate the unknown function of
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equation (9.28), then

. gt r) + [f . H(t,s)F(s,z*(s,7))ds, t€0,T),r€[0,1]
v(tr) = {@(t,r), t€[—-7,0],re]0,1], R,

(9.29)
where R(t, r) be the residual. In order to apply Gauss-quadrature, transform the limit of
integration from [t — 7,¢] to [-1,1] as s = J(z — 1) + ¢.

x*(t,r) = R(t,r)

g(t,r) + 3 EIH(t,%(z—l)—kt)x
)+ t, 3" (g(z— 1) —|—t,r)> dz, te[0,T],r€0,1],

(9.30)
te[-7,0],r€[0,1].

Put U(t,z,r) =

H(t,5(z=1)+t) F(5(z= 1) +t,2" (5(z— 1) +t,7)) and
applying Gauss-quadrature rule in eq. (9.30), we have

* _ g(t7r)+%Z?:1 U(t,Zj,’f’) +2 EGL(t7§7T)7 te [O’T]’Te [071]’
R {<1>(t,r), telmore 0]

(9.31)
where 5 F (L, &, ) be the error term in Gauss-Legendre quadrature rule and obtained as
22n+1 (n|)4
Eap(t = Ut € ). 9.32
2 GL( af)r) (2n+1>[(2n)|]3 ( 7€7T) ( )

Similarly, we can write

o g(tar)_‘_%zgl:l V(t,Zj,T) +1 EGL(t7§7T)7 te [O,T],TE [071}7
zlt,r) = O(t,r)

t e [-r,0],7€[0,1], ©-33)
e 22 (nl)!
WEap(t,é,r) = G D) (2'”>!]3v<2") (t,€,7). (9.34)
Now, from eq. (9.31) and eq. (9.33), we get
o(t,r) — a*(t,r) = ;Jz:wj(wt, 2or) = Ult, 2,7))
+ (1 Ear(t,§, 1) —2 Ear(t,€,7)) — R(t,7) (9.35)
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Zw] (t,2zj,r) = Ul(t, zj,7))
(1EGL(t> 5, ) -2 EGL(ta f» 7")) - Enl,mhnz,mz (tv T)'

Therefore,

7_ n
Rt 7)o < 5 S wi||V(t,z,1) = U(t, 2, 7)o + 1 Ear(t, &) —2 Ear(t, &, 1)l
j=1

+ 1 By ma mzma (8 7) [ o (9.36)

Assuming that ||H (¢, s)|l < My and the nonlinear term F(.,.) satisfies Lipschitz
condition, we have

IV, 2, m) = Ut 25,7) ||

<Ji o0

x ||F (;(zj )1tz (2( 1)+, 7’)) _F (;(zj 1)t (;<zj _1) —|—t,r>) e

< MyL Hx (;(zj —1)+ t,r) -z (72_(2] — 1)+ t,r)

‘ [e.e]

— Myl ‘ [oN— <;(zj _1) +t,r) , 9.37)
where L is Lipschitz constant. Hence from eq. (9.36), we have
T
IR loe < ML S s | B (521 = 1)+ 2.0
j=1 >
+ HlEGL(ta f, T) —2 EGL(tv éa T)HOO + ||En17m1,n2,m2 <t7 T)HOO' (938)
O

9.4.3 Illustrative examples

In order to show the accuracy of the present method three problems have been solved by
both present method and B-spline wavelet method. Same procedure has been implemented

for B-spline wavelet method to solve these problems.

Example 9.4.1. Let us consider the linear Volterra fuzzy delay integral equation [186]
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Table 9.5: Comparison of numerical solutions for (¢, r) in Example 9.4.1

; Bernoulli wavelet method B-spline wavelet method

|€0.25| \60.5| |€0.75| |€0.25| |€0.5| |€0.75|

0.1 | 1.05E-5 1.05E-5 1.05E-5 | 5.39E-5 5.39E-5 5.39E-5
0.2 | 4.15E-6 4.15E-6 4.15E-6 | 6.74E-5 6.74E-5 6.74E-5
0.3 | 5.17E-6 5.17E-6 5.17E-6 | 4.03E-5 4.03E-5 4.03E-5
0.4 | 9.76E-6 9.76E-6 9.76E-6 | 4.88E-5 4.88E-5 4.88E-5
0.5 | 9.22E-5 9.22E-5 9.22E-5 | 2.07E-4 2.07E-4 2.07E-4

Table 9.6: Comparison of numerical solutions for Z(¢, r) in Example 9.4.1

Bernoulli wavelet method B-spline wavelet method

t
|€0.25| \60.5| |€0.75| |€0‘25\ |€o.5| |€o.75|

0.1 | I.16E-5 1.16E-5 1.16E-5 | 5.27E-5 5.27E-5 5.27E-5
0.2 | 3.05E-6 3.05E-6 3.05E-6 | 6.20E-5 6.20E-5 6.20E-5
0.3 | 5.18E-6 5.18E-6 5.18E-6 | 4.13E-5 4.13E-5 4.13E-5
0.4 | 9.68E-6 9.68E-6 9.68E-6 | 4.08E-5 4.08E-5 4.08E-5
0.5 | 932E-5 9.32E-5 9.32E-5| 2.17E-4 2.17E-4 2.17E-4

withT = 0.5, T = 0.5 and ® : [-0.5,0] — FE defined as
O(t,r) = [®(t,7), ®(t,7)] = [e, e +0.3(1 —7)], r€[0,1], t€[-0.50].
Similarly, g : [0,0.5] — E is given by
g(t,r) =[g(t,7),g(t,r)] = [T, e +0.37(1 —7)], re[0,1], t€]0,0.5].
The exact solution x* : [—0.5,0.5] — E is given by
o (t,r) = [2*(t,r), z%(t,7)] = [e', ¢! +0.3(1 —7)], re[0,1], te€[-0.50.5].

The above problem has been solved by Bernoulli wavelet method for My = My =4, k, =
ko = 2 and then the results have been compared with that of obtained by B-spline wavelet
method for m = 4. Here we take r = 0.25, 0.5, 0.75 and calculate the absolute
errors as |e,| = |x(t,r) — x*(t,r)|. This comparison has been presented in the Table 9.5
and Table 9.6. The over all computational times for z(t,r) and T(t,r) are 1.327 seconds
and 1.342 seconds respectively by Bernoulli wavelet method. On the other hand, the over
all computational times for x(t,r) and T(t,r) are 475.71 seconds and 461.42 seconds
respectively by B-spline wavelet method. Figure 9.1 shows the approximate solutions of
Z(t,r) for r = 0,0.25,0.5,0.75, 1 and the approximate solution of x(t, r) is independent of
T.

Example 9.4.2. Let us consider the nonlinear Hammerstein-Volterra fuzzy delay integral
equation [186]

z(t) = g(t) + Ji_- Inx(s)ds, t€[0,1],
(I)(t)’ te [_T7 O]a
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Figure 9.1: Approximate solution of Z(¢, r) for r = 0,0.25,0.5,0.75, 1 of Example 9.4.1

Table 9.7: Comparison of numerical solutions for x(¢, r) in Example 9.4.2

; Bernoulli wavelet method B-spline wavelet method
|€0.25| \60.5| |€0.75| |€0.25\ |€o.5| |€0.75|
0.1 | 1.28E-4 1.28E-4 1.28E-4 | 2.07E-4 2.07E-4 2.07E-4
0.2 | 2.65E-4 2.65E-4 2.65E-4 | 1.01E-4 1.01E-4 1.01E-4
0.3 | 5.53E-4 5.53E-4 S5.53E-4 | 1.43E-4 1.43E-4 143E-4
0.4 | 226E-4 2.26E-4 2.26E-4 | 3.60E-4 3.60E-4 3.60E-4
0.5 | 7.87E-5 7.87E-5 7.87E-5 | 4.68E-4 4.68E-4 4.68E-4
0.6 | 1.53E-4 1.53E-4 1.53E-4 | 430E-4 4.30E-4 4.30E-4
0.7 | 7.54E-5 7.54E-5 7.54E-5 | 2.05E-4 2.05E-4 2.05E-4
0.8 | 2.10E-4 2.10E-4 2.10E-4 | 2.44E-4 2.44E-4 244E-4
0.9 | 544E-5 5.44E-5 S5.44E-5 | 9.73E-4 9.73E-4 9.73E-4
1.0 | 1.79E-3 1.79E-3 1.79E-3 | 2.04E-3 2.04E-3 2.04E-3

withT = 0.5, T =1 and ® : [-0.5,0] — E defined as
O(t,r) = [2(t,7), D(t,r)] = [, €], re[0,1], t€[-05,0].

Similarly, g : [0,1] — FE is given by

g(t,r) =[g(t,r),g(t,r)] = [ — 7 —tr + T;, e +r7(0.25—1)], re[0,1], te[0,1].

The exact solution x* : [—0.5,1] — E is given by
o (t,r) = [z (t,r), 75 (t,r)] = [eT, €], r€]0,1], te€[-0.5,1].

The above problem has been solved by Bernoulli wavelet method for My, = My =4, ky =
ko = 2 and then the results have been compared with that of obtained by B-spline wavelet
method for m = 4. Here we take r = 0.25, 0.5, 0.75 and calculate the absolute
errors as |e,| = |x(t,r) — x*(t,r)|. This comparison has been presented in the Table 9.7
and Table 9.8. The over all computational times for z(t,r) and T(t,r) are 7.425 seconds
and 7.55 seconds respectively by Bernoulli wavelet method. On the other hand, the over
all computational times for z(t,r) and T(t,r) are 6125.44 seconds and 6210.45 seconds
respectively by B-spline wavelet method. Figure 9.2 shows the approximate solutions of
Z(t,r) for r = 0,0.25,0.5,0.75, 1 and the approximate solution of x(t, r) is independent of
T.
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Table 9.8: Comparison of numerical solutions for Z(t, ) in Example 9.4.2

Bernoulli wavelet method B-spline wavelet method

|€0.25| \60.5| |€0.75| |€0.25| |€0.5| |€0.75|

0.1 | 1.97E-7 3.14E-6 1.59E-5 | 2.90E-6 1.57E-5 3.49E-5
0.2 | 3.68E-7 5.85E-6 2.92E-5 | 2.01E-6 7.70E-6 1.38E-5
0.3 | 6.35E-7 1.10E-5 6.52E-5 | 5.70E-6 1.36E-5 2.22E-5
0.4 | 1.78E-8 4.52E-7 1.87E-5 | 8.56E-6 3.32E-5 6.10E-5
0.5 | 3.92E-7 5.48E-6 4.18E-6 | 1.64E-5 4.18E-5 7.00E-5
0.6 | 1.06E-6 1.66E-5 2.14E-5 | 2.98E-5 3.78E-5 4.29E-5
0.7 | 1.79E-6 2.87E-5 1.68E-5 | 4.91E-5 1.95E-5 2.72E-5
0.8 | 2.77E-6 4.61E-5 9.89E-6 | 741E-5 1.20E-5 1.42E-4
0.9 | 4.68E-6 8.18E-5 3.07E-6 | 1.04E-4 5.69E-5 3.06E-4
1.0 | 8.66E-6 1.58E-4 1.75E-4 | 1.40E-4 1.16E-4 5.27E-4

=
30p

Ry Ry
111
maoa=
)Lk
. L

Figure 9.2: Approximate solution of Z(¢, r) for r = 0,0.25,0.5,0.75, 1 of Example 9.4.2

Example 9.4.3. According to the epidemic model presented in [186, 187], we consider x(s)
be the proportion of infectious individuals at the moment s; F(x(s)) be the proportion of
new infected cases on unit time, and §(s) be the proportion of immigrants that still have the
disease at the moment s. Considering P(s) as the probability of having the infection for a
time at least s after infection, the spread of infection is governed by the integral equation

2(t) = {g(t) + Ji_ P(t = s)F(x(s))ds, t€[0,T],
(), t € [-7,0].

We suppose that the proportion of new infected cases on unit time, F'(x(s)), is proportional
with x(s) and P is a crisp positive decreasing function with P(0) = 1. Let T = T = 0.5,
and ® : [-0.5,0] — E, g : [0,0.5] — E. Since it is natural to suppose that the proportion
of immigrants that still have the disease is decreasing in time according to the decisions of
the authorities, we have the following model

2(t) = 190 F S e a(s)ds, t€[0,0.5],
(I)(t), te [_7—7 0]7

with

O(t,r) = [®(t,r), ®(t,r)] =[e"=02(1—7),e " +0.2(1—r)], re[0,1], te[-0.50].
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Table 9.9: Comparison of numerical solutions for z(¢, r) in Example 9.4.3

Bernoulli wavelet method B-spline wavelet method

|€0.25| \60.5| |€0.75| |€0.25| |€0.5| |€0.75|

0.1 | 5.77TE-6 5.74E-6 5.70E-6 | 4.34E-5 4.34E-5 4.34E-5
0.2 | 3.31E-6 3.35E-6 3.39E-6 | 4.64E-5 4.64E-5 4.64E-5
0.3 | 296E-6 3.01E-6 3.05E-6 | 2.58E-5 2.57E-5 2.57E-5
0.4 | 590E-6 5.85E-6 5.80E-6 | 1.80E-5 1.80E-5 1.81E-5
0.5 | 5.18E-5 5.19E-5 5.19E-5 | 7.40E-5 7.40E-5 7.41E-5

and

g(t,r) = [g(t,r),q(t,r)] = [0.5e”" — 0.121306(1 — r), 0.5¢ ™" + 0.121306(1 — )],
rel0,1], tel0,0.5].

The exact solution x* : [—0.5,0.5] — E is given by
¥ (t,r) = [2*(t,r), 2% (t,r)] = [e7'=0.2(1—r), e "+0.2(1-7)], r € [0,1], t €[-0.5,0.5].

The above problem has been solved by Bernoulli wavelet method for My = My =4, k| =
ko = 2 and then the results have been compared with that of obtained by B-spline wavelet
method for m = 4. Here we take r = 0.25, 0.5, 0.75 and calculate the absolute errors
as le,| = |z(t,r) — x*(t,r)|. This comparison has been presented in the Table 9.9 and
Table 9.10. The over all computational times for x(t,r) and T(t,r) are 1.342 seconds
and 1.249 seconds respectively by Bernoulli wavelet method. On the other hand, the over
all computational times for x(t,r) and T(t,r) are 478.173 seconds and 498.079 seconds
respectively by B-spline wavelet method. Figures 9.3 and 9.4 show the approximate solutions
of z(t,r) and T(t,r) respectively, for r = 0,0.25,0.5,0.75, 1.

For this example, we have calculated the error bound in view of error estimation theorem.
Here, My = |le" 9|, < 2 and since, there present linear term in integrand part, we
can take L = 1. We can calculate the lowest error bound for truncated error term as
| By iy mams lloo < 1.61953. Also, the error in Gauss-Legendre quadrature for n = 10
can be calculated as

92n+1 ()4
(2n + 1)[(2n)!]
< 1.20259 x 1072V (@, € 7) — UCY (#,6,7) |-

HlEGL(t?§7 T) —2 EGL(tagyr)“oo =

3 HV(2n) (ta 57 T) - U(2n) (tv 57 T) HOO

Hence,

IR(t,7)]|so < 3.23906 + 1.20259 x 10~ 2|V (¢, &,7) — U (¢, €,7)]| oo
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Figure 9.3: Approximate solution of x(¢, r) for » = 0,0.25,0.5,0.75, 1 of Example 9.4.3

Table 9.10: Comparison of numerical solutions for Z(¢, ) in Example 9.4.3

Bernoulli wavelet method B-spline wavelet method

|€0.25| ’60.5| |€0.75| |€0425| |€0‘5’ |€0.75|

0.1 | 5.56E-6 5.59E-6 5.63E-6 | 4.32E-5 4.33E-5 4.33E-5
0.2 | 3.55E-6 3.51E-6 3.47E-6 | 4.62E-5 4.62E-5 4.63E-5
0.3 | 3.22E-6 3.17E-6 3.13E-6 | 2.55E-5 2.56E-5 2.56E-5
0.4 | 5.62E-6 5.66E-6 S5.71E-6 | 1.83E-5 1.82E-5 1.82E-5
0.5 | 5.21E-5 5.21E-5 5.20E-5 | 743E-5 7.42E-5 7.42E-5
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Figure 9.4: Approximate solution of Z(¢, r) for r = 0,0.25,0.5,0.75, 1 of Example 9.4.3
9.5 Numerical solution of Fuzzy integro-differential

equations

In this section, we consider the fuzzy integro-differential equation of the form

uwy+mw+AAE@¢m@ms:¢w, 9.39)

k(s,t) € C(]0,1] x [0,1]), t €[0,1], X € R,

159



Chapter 9 Numerical solutions of fuzzy integral equations

with the initial condition u(0) = «, where u and g are fuzzy functions, and the sign of k(s, ?)

does not change in [0, 1]. Let

(t,7) = (u(t,r),u(t,7)),
(t,r) = (g(t,;7),5(t, 7)),

g u(t,r) = (;U(tﬁ%gﬂ(tv””))’

where all derivatives with respect to ¢, be fuzzy functions.

I~

Q

Also the initial condition (0, ) = (u(0,7),u(0,r)). Let

u(t,r) +u(t,r)

uc(t7 T) = 9 5

i, r) = L) ;“(t’ ), (9.40)
and

gc(t7 ,r) — g(t7 /r) ;_ g(t7 T) ,

gt r) = g(t.7) ;W’ ). (9.41)

From eq. (9.39), the fuzzy integro-differential equation can be written as

8825 “(t,r) +us(t,r) +>\/ (s,t)u’(s,r)ds
= g°(t,7),
P ul(t,r) +ul(t,r +)\/ |k (s, t)|ut(s,r)ds
= g%(t,r), (9.42)
with initial conditions
W(0,1) = u(0,7) —;—u(O,r))
u(0,r) = 207 ;“(O’T). 9.43)

9.5.1 Legendre wavelet method for fuzzy integro-differential equation

Consider the fuzzy integro-differential equation given in eq. (9.42). First, we integrate eq.
(9.42) both side with respect to ¢ from 0 to ¢ and using the initial conditions from eq. (9.43),
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we have
¢
ul(t,r) —u(0,r) +/ ul(t,r)dt
0
t 1 t
—l—)\/ / k(s,t)uc(s,r)dsdt:/ g°(t, r)dt. (9.44)
0 Jo 0

In order to apply the Legendre wavelets in eq. (9.44), we first approximate the unknown
function u°(¢,r) as
ut(t,r) = CT(t,r), (9.45)

where C' is defined similar to eq. (2.32) of Chapter 2.

Putting eq. (9.45) in eq. (9.44), we have

¢
CT(t,r) —u(0,r) +/ CTW(t,r)dt
0

t 1
+)\/ / (s, £)CT W (s, ) dsdt
JO JO

t
_ / o°(t,7)dt. (9.46)
0
Now we collocate the eq. (9.46) at (2"“ 19k2— 1M1M2) pointsby t; = lej\}[ LT = 2%5412,

fori=1,2,....287 M, j = 1,2,..., 2"~ 1M, yielding

t;
CTW (s, 1) = u(0,my) + [ CTW(E )t
0
173 1
+ )\/ / k(s,t)CTW(s,r;)dsdt

_ / °(t,r;)d (9.47)

Eq. (9.47) constitutes a system of (2’“1_12’“2_1M1M2) algebraic equations with same
number of unknowns for coefficient matrix C'. Solving this system numerically, we can get
the values of unknowns for C' and hence we obtain the solution u¢(t,r) = CTU (¢, 7).

Similarly, we can obtain the solution of u?(t,r) for second fuzzy integro-differential
equation defined in eq. (9.42).

Hence we can obtain the solutions as fuzzy number

u(t,r) = u(t,r) —ul(t,r),
(ta T) = uc(t7 T) + ud(t7 T)‘

gl
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9.5.2 Convergence analysis

Theorem 9.5.1. The series solution

LM~

using Legendre wavelet method converges to u(zx)
Proof. See Theorem 6.2.1 of Chapter 6. [l
Theorem 9.5.2. [fu(x,t) is multiplicatively separable function, then the series solution

2k1=1 ppy—1 2k2-1 Mp—1

t)g Z Z Z Z Cm,ml,nz,mzwm,mhnzmz("Evt)

n1=0 m1=0 no=0 m2=0
definedin eq. (2.34) of Chapter 2 using two dimensional Legendre wavelet method converges
to u(x,t).
Proof. From eq. (2.29) of Chapter 2, the two dimensional Legendre wavelets can be
expressed as
AP, (2Mx —2ny + 1)Pm2(2’“2t —2ns + 1),

_ ni—1
¢n1,m1,n2,m2($7t) - le—l S X < le 19 2k2 1 S x < 2k2 1

0, otherwise

= ¢m,m1 (I>¢n2,m2 (t) (9.48)

k1+k
where A = \/(ml + %) (mg + %)2 T
Since ¢y, 1y .ny,ms 18 arbitrary, we can decompose the two dimensional Legendre wavelets
into product of two one dimensional Legendre wavelets as

2k1—1 My —12k2—1 My—1

U(Ivt): Z Z Z Z cn1,m1,n2,mz¢n1,m1,n2,mz(Lt)

n1=0 m1=0 n2=0 mo=0

n1=0 m1=0 no=0 mo=0

2k1=1 My —1 oka—1 My 1
= (Z Z dnl,mlwnl,ml ) (Z Z ng,mgwn%mQ( )) : (949)

Since u(x,t) is multiplicatively separable function and from Theorem 9.5.1, the right hand
side of Eq. (9.49) is convergent to the exact results. [

9.5.3 Illustrative examples

Example 9.5.1. Consider the fuzzy integro-differential equation of the form

1
au(t,r} + u(t,r) —/ stu(s,r)ds = g(t,r), 0<t,r <1,
0
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where

u(t’ T) = (ﬂ(t’ T)7H(t> T)) )

2rt
glt,r) =r+ —,

3
2rt

Gt.r) =8 —r —4t — =
qg(t,r) r n

with initial conditions u(0,7) = 0, and u(0,r) = 8. Exact solution of the above fuzzy
integro-differential equation is given by

u(t,r) = (u(t,r),u(t,r))
= (rt,8 —rt).

From egqs. (9.40)-(9.41), we have

?(t, 7“) B g(tv T)

2
2rt
=4 —r—2t— —
r 3

g(t.r) =

and exact solutions of related crisp equations are

() = u(t,r) —;—u(t,r) _y,
u(t,r) — u(t,r)

2

ul(t,r) = =4 —rt.

Here, initial conditions are u°(0,r) = 4, u?(0,7) = 4.
In homotopy analysis method [180], the m™ order deformation equation approximating
u®(t,r) is given by

L [u;(t, r) — Xmufn_l(t,r)} = hR,, (ug,u‘{, ...,u;_l)

1 8m71

= h g Y (et )0

where

8 1
N(p(t,r;q) = ot riq) +@(t,75q) — /0 sto(s,r;q)ds — 4+ 2t

ot
0 <1
andxm:{l’ 2;17
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Table 9.11: Numerical results of u°(¢,7) and u¢(¢,r) obtained by LWM and HAM along
with exact results for Example 9.5.1

.| uc(t,r) ul(t,r)
Exact | HAM | LWM | Exact | HAM LWM
024 4 4 394 | 394 3.94
0.3 04 4 4 4 3.88 | 3.88 3.88
T 1064 4 4 3.82 |3.82 3.82
0.8 4 4 4 3.76 | 3.76 3.76
024 4 4 3.9 3.9 3.9
0.5 04 |4 4 4 3.8 3.8 3.8
T 106 |4 4 4 3.7 3.7 3.7
0.8 | 4 4 4 3.6 3.6 3.6
0214 4 4 3.82 | 3.82 3.82
0.9 04 4 4 4 3.64 | 3.64 3.64
1064 4 4 3.46 | 3.46001 | 3.46
0.8 |4 4 4 3.28 | 3.27999 | 3.28

Similarly, the m'" order deformation equation approximating u(t,r) is given by

L {u‘fn(t, r)— Xmufn_l(t,r)] = IR, (ug, uf, ...,ugl_l)
1 ot

= Tiag i P )l

where

Nlglt,7:0)) = srolt,ria) + olt, )

1 2rt
—/ 3tg0(s,r;q)ds—4+7’+2t+%.
0

Here auxiliary parameter [180] h = —1 belongs to the convergence region of HAM series
solution.

The numerical results obtained by Legendre wavelet method (LWM) for M, = M, = 4,
ki = ko = 1 have been compared with the results obtained by 6'" order homotopy analysis
method (HAM), for r = 0.3, 0.5, 0.9 of u(t,r) = (u(t,r),u(t,r)), u¢(t,r), and u’(t,r).
These results have been shown in Table 9.11 and Table 9.13. Table 9.12 and Table 9.14 cite
the absolute errors obtained by these two methods. Absolute error graphs for r = 0.3 of
u(t,r) and r = 0.5 of u(t, ) have been shown in Figure 9.5 and Figure 9.6, respectively.

Example 9.5.2. Consider the fuzzy integro-differential equation of the form

1
aatu(t,r) + u(t,r) +/ s*tu(s,r)ds = g(t,r), 0<t,r<1,
0
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Table 9.12: Absolute errors of u(¢, r) and u¢(, r) obtained by LWM and HAM for Example

9.5.1

Table 9.13: Numerical results of u(t,r) = (u(t, r), u(t,r) ) obtained by LWM and HAM

.y uc(t,r) ul(t,r)
HAM | LWM HAM LWM
0210 1.4635E-10 | 3.05754E-9 | 1.31835E-10
0.3 0410 4.81366E-10 | 7.10810E-9 | 4.20427E-10
T 10610 8.90564E-10 | 7.41406E-8 | 7.48768E-10
0810 1.27325E-9 | 2.05514E-7 | 1.01363E-9
0210 1.46435E-10 | 6.17141E-7 | 1.22101E-10
0.5 0410 4.81366E-10 | 2.36169E-6 | 3.79800E-10
T 10610 8.90564E-10 | 2.85239E-6 | 6.54237E-10
0810 1.27325E-9 | 3.03736E-6 | 8.40549E-10
0210 1.46435E-10 | 1.11085E-6 | 1.02634E-10
0.9 0410 4.81366E-10 | 4.25104E-6 | 2.98547E-10
T 10610 8.90564E-10 | 5.13431E-6 | 4.65173E-10
0810 1.27325E-9 | 5.46725E-6 | 4.94384E-10

along with exact results for Example 9.5.1

.1y u(t,r) u(t,r)
Exact | HAM LWM | Exact | HAM LWM
0.2 1 0.06 | 0.0599996 | 0.06 | 7.94 | 7.94 7.94
0.3 04 0.12 |0.119999 |0.12 | 7.88 | 7.88 7.88
7106|018 [0.179998 | 0.18 | 7.82 |7.82 7.82
0.8 1 0.24 | 0.240002 | 0.24 |7.76 | 7.76 7.76
0.2 0.1 0.0999994 | 0.1 7.9 7.9 7.9
0.5 04 0.2 0.199998 | 0.2 7.8 7.8 7.8
710603 0.299997 | 0.3 7.7 7.7 7.7
0.8 104 0.400003 | 0.4 7.6 7.6 7.6
0.2 10.18 | 0.179999 |0.18 | 7.82 | 7.82 7.82
0.9 04036 |0.359996 | 036 | 7.64 | 7.64 7.64
T 106|054 |0.539995 | 054 | 746 | 7.46001 | 7.46
0.8 1 0.72 | 0.72005 0.72 | 7.28 | 7.27999 | 7.28
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Table 9.14: Absolute errors of u(t, ) = (u(t, r), u(t,r) ) obtained by LWM and HAM for

Example 9.5.1

u(t,

r)

u(t,r)

HAM

LWM

HAM

LWM

0.3

0.2

3.70285e-7

1.46003E-11

3.70285E-7

2.78268E-10

0.4

1.41701E-6

6.09398E-11

1.41701E-6

9.01792E-10

0.6

1.71144E-6

1.41797E-10

1.71144E-6

1.63933E-9

0.8

1.82242E-6

2.59624E-10

1.82242E-6

2.28688E-9

0.5

0.2

6.17141E-7

2.43338E-11

6.17141E-7

2.68535E-10

0.4

2.36169E-6

1.01566E-10

2.36169E-6

8.61165E-10

0.6

2.85239E-6

2.36329E-10

2.85239E-6

1.5448E-9

0.8

3.03736E-6

4.32706E-10

3.03736E-6

2.1138E-9

0.9

0.2

1.11085E-6

4.38007E-11

1.11085E-6

2.49067E-10

0.4

4.25104E-6

1.82819E-10

4.25104E-6

7.79912E-10

0.6

5.13431E-6

4.25391E-10

5.13431E-6

1.35574E-9

0.8

5.46725E-6

7.78871E-10

5.46725E-6

1.76764E-9

Figure 9.5:
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Absolute error graphs for u(t, ), r = 0.3 for Example 9.5.1.
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Figure 9.6: Absolute error graphs for w(t,r), r = 0.5 for Example 9.5.1.

where

u(t,r) = (ult,r),u(t,r)),

5rt
glt,r)=r+ i
25rt
g(t,r) = 12—57“—1—475—%,

with initial conditions u(0,7) = 0, and w(0,7) = 12. Exact solution of the above fuzzy
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integro-differential equation is given by

u(t,r) = (u(t,r),u(t,r))
= (rt,12 — 5rt).

From egs. (9.40)-(9.41), we have

g(t,r) +9(t,r)

C t — =
g ( 7r) 2
t
22—
2
g(ta T‘) - g(tv T)
gd(t77.) = 2 =
151t
—6—3r 42— —,
4
and exact solutions of related crisp equations are
t ul(t
ur(t ) = 2 ’T);u( ) _ 6o,
u(t,r) —ul(t
ul(t,r) = ult,) 5 u(t,r) =6 — 3rt.

Here, initial conditions are u°(0,r) = 6, u?(0,7) = 6.
In homotopy analysis method [180], the m'™ order deformation equation approximating
u’(t,r) is given by

L [uﬁl(t, r)— Xmuin_l(t,r)] = iR, (ug,ui, ...,uﬁl_1>
1 omt

- h(m —1)! aqqu(SD(ta T Q))|q:0,

where

Nlplt,7:0)) = relt,ria) + olt, )

1 ort
—I—/ S2t¢(s,r;q)d5—6—2r+2t—%,
0

0, m<I1,
andXm =1 s

Similarly, the m'" order deformation equation approximating u(t,r) is given by

L [uﬁl(t, r)— Xmufn_l(t,r)] = hiR,, (ug, uf, ...,uﬁl_l)
1 omt

- h(m —1)! @qqu(‘P(ta T Q))|q:0,
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Table 9.15: Numerical results of u¢(¢,r) and u®(¢,r) obtained by LWM and HAM along
with exact results for Example 9.5.2

.1y uc(t,r) ul(t,r)
Exact | HAM LWM | Exact | HAM LWM
0.2 | 5.88 | 5.88002 | 588 | 5.82 |5.82 5.82
0.3 041|576 |5.76012 | 5.76 | 5.64 | 5.64002 | 5.64
T 106|564 |564035 | 564 | 546 | 546005 | 5.46
0.8 | 5.52 | 5.52084 | 5.52 | 5.28 | 5.28012 | 5.28
0.2 158 5.80004 | 5.8 5.7 5.70001 | 5.7
0.5 0456 5.6002 | 5.6 5.4 5.40003 | 5.4
T 10654 5.40058 | 5.4 5.1 5.10008 | 5.1
0.8 52 5.20140 | 5.2 4.8 4.8002 | 4.8
0.2 ] 5.64 | 5.64007 | 5.64 | 546 | 5.46001 | 5.46
0.9 0.4 |528 |528035|528 |4.92 |492005 | 4.92
106|492 | 492105 |4.92 |438 |4.38015 | 4.38
0.8 | 456 | 4.56253 | 456 | 3.84 | 3.84037 | 3.84

where

N(p(t,75q) = g<ﬂ(t 7;q) + o(t, 75 q)

157t
—i—/ stgosrqu—6+3r+2t—Tr

Here auxiliary parameter [180] h = —1 belongs to the convergence region of HAM series
solution.

The numerical results obtained by Legendre wavelet method (LWM) for M, = M, = 4,
ki = ko = 1 have been compared with the results obtained by 6" order homotopy analysis
method (HAM), for r = 0.3, 0.5, 0.9 of u(t,r) = (u(t,r),u(t,r)), u°(t,r), and ul(t,r).
These results have been shown in Table 9.15 and Table 9.17. Table 9.16 and Table 9.18 cite
the absolute errors obtained by these two methods. Absolute error graphs for r = 0.3 of
u(t,r) and r = 0.5 of u(t, r) have been shown in Figure 9.7 and Figure. 9.8, respectively.

Abs e
00007 B ;
b.oooe ¢ / Abs emmor (LW
00005 F
0.0004 | / A amor (HAM)
00003 b ff/__,
00002 | _F,.-"’f
0.0001F

= ! ) t

Figure 9.7: Absolute error graphs for u(t, r), » = 0.3 for Example 9.5.2.
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Table 9.16: Absolute errors of u(¢, r) and u¢(t, r) obtained by LWM and HAM for Example
9.5.2

.|y uc(t,r) ul(t,r)
HAM LWM HAM LWM

0.2 | 2.30142E-5 | 1.94623E-10 | 3.45213E-5 | 1.82434E-10
0.3 0.4 | 1.18062E-4 | 7.66436E-10 | 1.77092E-4 | 7.08815E-10
1 0.6 | 3.49652E-4 | 1.70225E-9 | 5.24479E-4 | 1.55626E-9

0.8 | 8.41839E-4 | 2.99043E-9 | 1.26276E-3 | 2.70457E-9

0.2 | 3.8357E-5 | 1.78370E-10 | 5.75355E-5 | 1.58054E-10
0.5 0.4 | 1.96769E-4 | 6.89608E-10 | 2.95154E-4 | 5.93574E-10
71 0.6 | 5.82754E-4 | 1.50759E-9 | 8.74131E-4 | 1.26427E-9

0.8 | 1.40307E-3 | 2.60928E-9 | 2.1046E-3 | 2.13285E-9

0.2 | 6.90426E-5 | 1.45862E-10 | 1.03564E-4 | 1.09294E-10
0.9 0.4 | 3.54185E-4 | 5.35951E-10 | 5.31277E-4 | 3.63089E-10
"~ 1 0.6 | 1.04896E-3 | 1.11828E-9 | 1.57344E-3 | 6.80306E-10

0.8 | 2.52552E-3 | 1.84699E-9 | 3.78828E-3 | 9.89412E-10

Table 9.17: Numerical results of u(t,r) = (u(t, r), u(t,r) ) obtained by LWM and HAM

along with exact results for Example 9.5.2

.1y u(t,r) u(t,r)
Exact | HAM LWM | Exact | HAM LWM
0.2 1 0.06 | 0.599885 | 0.06 11.7 | 11.7001 | 11.7
0.3 0.4 0.12 |0.119941 | 0.12 11.4 | 11.4003 | 11.4
1061018 |0.179825 | 0.18 | 11.1 | 11.1009 | 11.1
0.8 10.24 | 0.239579 | 0.24 10.8 | 10.8021 | 10.8
0210.1 0.0999808 | 0.1 11.5 | 11.5001 | 11.5
0.5 04 0.2 0.199902 | 0.2 11.0 | 11.0005 | 11.0
710603 0.299709 | 0.3 10.5 | 10.5015 | 10.5
0.8 104 0.399298 | 0.4 10.0 | 10.0035 | 10.0
0.2 1 0.18 | 0.179965 | 0.18 11.1 11.1002 | 11.1
0.9 0.4 ] 0.36 | 0.359823 | 0.36 10.2 | 10.2009 | 10.2
106|054 |0.539476 | 054 |93 9.30262 | 9.3
0.8 1072 |0.718737 | 0.72 | 8.4 8.40631 | 8.4
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Table 9.18: Absolute errors of u(t, ) = (u(t, r), u(t, ) ) obtained by LWM and HAM for

Example 9.5.2

.| u(t,r) u(t,r)
HAM LWM HAM LWM
0.2 | 1.15071E-5 | 1.21899E-11 | 5.75355E-5 | 3.77055E-10
0.3 0.4 | 5.90308E-5 | 5.76211E-11 | 2.95154E-4 | 1.47525E-9
71 0.6 | 1.74826E-4 | 1.45992E-10 | 8.74131E-4 | 3.2585E-9
0.8 | 4.2092E-4 | 2.85586E-10 | 2.1046E-3 | 5.695E-9
0.2 | 1.91785E-5 | 2.03164E-11 | 9.58925E-5 | 3.36422E-10
0.5 0.4 | 9.83847E-5 | 9.60351E-11 | 4.91923E-4 | 1.28318E-9
71 0.6 | 291377E-4 | 2.43321E-10 | 1.45688E-3 | 2.77186E-9
0.8 | 7.01533E-4 | 4.76434E-10 | 3.50766E-3 | 4.74214E-9
0.2 | 3.45213E-5 | 3.65696E-11 | 1.72606E-4 | 2.55156E-10
0.9 0.4 | 1.77092E-4 | 1.72863E-10 | 8.85462E-4 | 8.99036E-10
1 0.6 | 5.24479E-4 | 4.37977E-10 | 2.62239E-3 | 1.79858E-9
0.8 | 1.26276E-3 | 8.5758E-10 | 6.3138E-3 | 2.8364E-9
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Figure 9.8: Absolute error graphs for w(t, ) r = 0.5 for Example 9.5.2.

9.6 Conclusion

In this chapter, many numerical techniques based on polynomial approximation and
orthogonal wavelets approximation have been implemented to solve fuzzy integral equations
and fuzzy intgro-differential equations. In section 9.3, Bernstein polynomial collocation
method and Legendre wavelet method have been applied to the nonlinear Hammerstein
fuzzy Fredholm integral equations and the obtained results then compared with the results
obtained by homotopy analysis method. The presented methods reduce the Hammerstein
fuzzy Fredholm integral equation to system of nonlinear algebraic equations and this system
has been solved by Newton’s method. Since homotopy analysis method is an analytical
method, then from the tables, it is justified that the results obtained by presented methods are
very accurate with regard to HAM results and also it is cleared that the Bernstein polynomial
collocation method gives more accuracy than Legendre wavelet method. In section 9.4,
Bernoulli wavelet method has been applied to solve nonlinear fuzzy Hammerstein-Volterra
delay integral equations. This method reduces the integral equations to a system of algebraic
equations and that algebraic system has been solved by Newton’s method. Also the

numerical results obtained by present method have been compared with the results obtained
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by B-spline wavelet method. Although the similar procedure has been implemented using
both the methods to solve these delay integral equations, from the results, it manifests that the
present Bernoulli wavelet method gives more accurate results than B-spline wavelet method
results. Additionally, the computational time of present method is very less than that of
obtained by B-spline wavelet method. Moreover, we can get very less absolute error by
increasing the order of the Bernoulli polynomials. In section 9.5, two dimensional Legendre
wavelet method has been applied to solve the fuzzy integro-differential equations. Using this
procedure the integral equations have been reduced to solve a system of algebraic equations.
From the tables and figures, it is clear that the obtained numerical results by present method
is highly agree with exact solutions and more efficient than the HAM solutions. We can
get more accuracy by increase the value of My, Ms, k1, ky. The illustrative examples have
been included to demonstrate the validity and applicability of the proposed technique. These
examples also exhibit the accuracy and efficiency of the two dimensional Legendre wavelet
method.
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Chapter 10

Numerical solutions of fractional
integro-differential equations

10.1 Introduction

Fractional calculus is an emerging and popular field among science and engineering
community. Many physical problems [188—191] are modeled by fractional differential
equations and fractional integral equations, and the obtained solutions of these equations
have been the subject of many physical phenomena in recent years. Frequently many
researchers are searching lot of dynamical problems that exhibit fractional order behavior
varying with time and space. It has been applied to model the nonlinear oscillation
of earthquakes, fluid-dynamic traffic, frequency dependent damping behavior of many
viscoelastic materials, continuum and statistical mechanics, solid mechanics, economics,
signal processing, and control theory [192-196]. These fractional integral equations
and integro-differential equations have been solved both analytically and numerically
[197-199]. Many analytical methods like Adomian decomposition method [200],
homotopy perturbation method [201], homotopy analysis method [202], variational
iteration method [203], fractional differential transform method (FDTM) [204], generalized
block pulse operational matrix method [205], and Laplace transform method [188] have
been developed to solve fractional integral equations and integro-differential equations.
But the analytical solutions of fractional intgral or integro-differential equations are not
obtainable always. That is the main cause, finding the numerical solutions of these problems

become a great deal for many researchers.

Many numerical techniques have been developed to solve fractional integral equations
and integro-differential equations. Nonlinear fractional Fredholm integro-differential
equations [206] and nonlinear fractional Volterra integro-differential equations [11] with
initial conditions have been solved by using second kind Chebyshev wavelet. Legendre
wavelet method [207] has been applied to solve fractional population growth model which is
the form of fractional Fredholm integro-differential equations. Fractional integro-differential

equations are also solved by cubic B-spline wavelet method [208]. Petrov-Galerkin method
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is an efficient method that has been applied by many researcher to solve different types
of partial differential equations, integral equations and integro-differential equations.
A h-p Petrov-Galerkin finite element method [209] has been applied to solve Volterra
integro-differential equations. In [210], linear Volterra integro-differential equations
have been solved by Petrov-Galerkin method. Also, Petrov-Galerkin method has been
successively applied to solve many partial differential equations (see Refs. [211-215]).
Previously, the Sinc-Galerkin method has been applied to solve nonlinear boundary value
problems by Gamel et al. [216]. The Sinc-Galerkin method has been applied to fourth order
differential equations by Bowers et al. in [217]. Recently, Secer et al. [218] have employed
Sinc-Galerkin technique to fractional order boundary value problems successively. Sinc
collocation method has been applied to multi-order fractional differential equations in
[219]. Solving space-fractional boundary value problems, Sinc-Galerkin method has been
developed by Alkan and Secer [220]. There are several studies about the application of Sinc
function based method which can be found in [221-224].

In this chapter, we have solved fractional integro-differential equations of different types
by different numerical methods. In section 10.2, the preliminaries of fractional calculus
have been discussed. In section 10.3, we have considered the nonlinear fractional mixed
Volterra-Fredholm integro-differential equations along with mixed boundary conditions
and solved it by Legendre wavelet method. These types of fractional Volterra-Fredholm
integro-differential equations with mixed boundary conditions have been solved by Nystrom
method [225] for a large value of n. In this section, we have compared the numerical results
obtained by Legendre wavelet method and Nystrom method [225]. In section 10.4, we
have developed a numerical scheme using Petrov-Galerkin method where the trial and test
functions are Legendre wavelets basis functions. Also, this method has been applied to solve
fractional Volterra integro-differential equations. Uniqueness and existence of the problem
have been discussed and the error estimate of the proposed method has been presented
in this section. In section 10.5, Sinc-Galerkin method is developed to approximate the
solution of fractional Volterra-Fredholm integro-differential equations with weakly singular
kernels. The proposed method is based on the Sinc function approximation. The numerical
results obtained by Sinc-Galerkin method have been compared with the results obtained by
existing methods. Uniqueness and existence of the problem have been discussed and the
error analysis of the proposed method has been presented in this section. Some illustrative
examples have been provided to show the applicability and accuracy of the present method.

In section 10.6, concluding remarks have been discussed.
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10.2 Preliminaries of fractional calculus

In this section, some important definitions of fractional derivatives and integrations have
been discussed. The fractional calculus involves different definitions of the fractional
operators as well as the Riemann-Liouville fractional derivative, Caputo derivative, Riesz
derivative and Grunwald-Letnikov fractional derivative [226—228]. The fractional calculus
has gained considerable importance during the past decades mainly due to its applications
in diverse fields of science and engineering. In this chapter, the Caputo’s definition of
fractional derivative has been used, considering the advantage of Caputo’s approach that
the initial conditions for fractional differential equations with Caputo’s derivatives take on

the traditional form as for integer order differential equations.

Definition 10.2.1. (Riemann-Liouville fractional Integral) The Riemann-Liouville fractional
integral [228] of order o > 0 of a function f is defined as

JOF(t) = 1"(1(1) /Ot(t — P ()dr t> 0, a€RY (10.1)

where R is the set of positive real numbers.

Definition 10.2.2. (Riemann-Liouville fractional derivative) The Riemann-Liouville
fractional derivative of order o > 0 is normally defined as

DYf(t)y=D"J"f(t), m—1<a<m, (10.2)
where m € N.

Definition 10.2.3. (Caputo fractional derivative) The fractional derivative, introduced by
Caputo [229, 230] in the late sixties, is called Caputo fractional derivative. The fractional
derivative of f(t) in the Caputo sense is defined by
Dy f(t) = J" D" f(t)
_{ L fot(t—T)m_O‘_lidmf(T)dT, m—1<a<m, meN,

I'(m—a) drm (103)

dmf(t
dt{ﬁ), a=m, méeN.

where the parameter « is the order of the derivative and is allowed to be real or even complex.
In this paper only real and positive o will be considered.

For the Caputo derivative we have

D*C' =0, (C is a constant)

5§OK—1,

L(B+1)th—=
T-asn > P>a—1

Y

D*P =

Similar to integer order differentiation Caputo derivative is linear.
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D f(t) 4 dg(t)) = yD*f(t) + 6 D%g(t),

where v and 0 are constants, and satisfies so called Leibnitz rule.

D)) = 3 () 00100,

k=0

if f(7) is continuous in [0, ¢] and g(7) has sufficient number of continuous derivatives in
[0, ¢].

Lemma 10.2.1. [231] Let Re(«) > 0 and let n = [Re(a)] + 1 for « ¢ Ny = {0,1,2,...};
n = afora € Ny If f(t) € AC"[a,b] (the space of functions f(t) which are absolutely
continuous and possess continuous derivatives up to order n— 1 on [a, b)) or f(t) € C"[a, D]
(the space of functions f(t) which are n times continuously differentiable on [a, b)), then

“DyJf(t) = f(t) (10.4)

and 1
JUODRf) = f(t) - > ’];f<k>(o+), t>0. (10.5)

k=0 """

10.3 Numerical solutions of nonlinear fractional
Volterra-Fredholm integro-differential equations
with mixed boundary conditions

In this section, we have considered the following form of nonlinear fractional mixed

Volterra-Fredholm integro-differential equation and solved by Legendre wavelet method.

(D)) = 9() + [ (e, 0RO+ [ a0 Bly@) (106)

with mixed boundary conditions
d
S iy 0) + by i) =y, i = 1,2, ., (10.7)
7j=1

wherey : [0, 1] — R be the continuous function which has to be determined, g : [0,1] — R
and k; : [0,1]x[0,1] — R, ¢ = 1,2 are continuous functions. F; : [0,1]xR — R, i = 1,2
are nonlinear terms and Lipschitz continuous functions. Here D“ be understood as Caputo
fractional derivative. Using Legendre wavelets this fractional integro-differential equation
is converted into algebraic equations system which again can be solved by Newton’s
method. The properties of Legendre wavelets and its function approximation have been

discussed in chapter 2. Note that for easy simplification, we have applied Gauss-Legendre
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quadrature rule for evaluating the integration on nonlinear terms. The obtained results again

compared with that of by Nystrom method.

10.3.1 Existence and Uniqueness

Consider the fractional Volterra integro-difterential equation (10.6) and rewrite the eq. (10.6)

in operator form as
Dy(x) = g(x) + K1 Fry + Ko Foy, (10.8)

where
KFy = [ Kie Ry,

1
KnFoy = [ Kol ) Baly(t))at.
Applying J< on the both sides of eq. (10.8), we have
y(x) = hz) +J%[g(x) + KaFry + Ko Fayl, (10.9)

where h(x) = Y728 %y(’“)(oﬂ, n—1<a<mn,neN. Eq. (10.9) can be written as fixed

point equation form Ay = y, where A is defined as
Ay(z) = h(z) + J[g(x) + K1 F1y + Ko Foy] . (10.10)

Let (C[0,1],]|.]|oc) be the Banach space of all continuous functions with norm || f||.. =

max; |f(t)|. Also, the operator F; and F; satisfy the Lipschitz condition on [0, 1] as
|flgm('x> - f1y<x>’ < Ll@m(x) - y(l‘)’,

| Fafim () = Foy(2)| < Lolgm(z) — y(z)],

where L, and L, are Lipschitz constants. Then we have proceed to prove the uniqueness of
the solution of the eq. (10.6).

Theorem 10.3.1. If L1 || K1 ||oo + L2||K2lleec < I'(a + 1), then the problem (10.6) has an
unique solution y € [0, 1].

Proof. Let A: C[0,1] — C]0, 1] such that

Ay(a) = h(w) + s [ =0 ol0) + KaFia) + KaFau(0)] d.
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Let g,y € C[0,1] and

1 e -
e /0 (z — 1)
x [ Frg(t) — KiFry(t)] + [KaFag(t) — KaFay(t)]] dt.

Ag(z) — Ay(z) =

Then for x > 0, we have

~ 1 * a—1
A3(2) = Ay(@) < g [ e
< (I |[F19(t) = Fry(t)] + Kol [ F25(t) — Fay(t)[] di

< r<1a> e =t L) — y(O] + Ko Lali(®) - y(0)] de

1 T
< — — 1 YLKl + Lol 1T = | oo
< g ) = 7 I o+ Zallal) = o]

N ||
< (LKAl + Lal[Kalloo) |5 — vl T(a+ 1)
1
< (L1 | Kqlleo + Lo||Ilo|c) |7 — Yl|lco =
< (Ll + LallCalle) 7 = o iy 1y
Therefore,
H.Agj(x) - Ay<x>HOO < QL17L2JC1JC270£HQ - y”007
where ]
Q o = (L1||K1l]|eo + Lo ||Co||loe) =
Ly,L2,K1,K2, ( 1H 1“ + 2” 2” )F(Oé—i-l)
Since Q7 1, k. k2.0 < 1, by contraction mapping theorem, the problem (10.6) has an unique
solution in C[0, 1]. O

10.3.2 Legendre wavelet method for fractional Volterra-Fredholm
integro-differential equation

Let us consider the nonlinear fractional Volterra-Fredholm integro-differential equation
with mixed boundary conditions given in equations (10.6)-(10.7) and we approximate the

unknown function y(z) € [0, 1] by Legendre wavelet method as

y(z) = CTU(x). (10.11)
We assume

Fily(@)] = u(x), (10.12)

Bly(z)] = v(z). (10.13)

Again we approximate u(x) and v(x) by (2.31) of Chapter 2 as
u(z) = AT (2), (10.14)
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v(r) = AT (2), (10.15)

where A; and A are similar to C' defined in eq. (2.32) of Chapter 2.

First, applying the J both sides of the eq. (10.6) and using the eqgs. (10.11)-(10.15), we

have
(D) () = Jlg(a)] + J°1 [ ka(w ) Raly(D)d]

+ U ke ) Bl

d—1 (L’l T
o) = X 00) = g5 [ (i
n r(la) [w=nt [Mhar uttydear
+ F(la) /Ox(g; )t /01 ko (7, )0 (1) dtdr (10.16)

The exact solution of eq. (10.16) has been replaced with the approximate solution C7 ¥ (z)

as
. d=1 1 S 1 ., 1
\I[ - —_— \I] — 7/ _ a— d
C (IL') ; Z'C (0+) F(a) ) (l’ 7') g(T) T
]. z a— T
+w/0 (x—7) 1/0 ki (7, t) AT W (t)dtdr
1 z a1 [
* r(a)/o (@ =) 1/0 ko(7,t) A3 W (t)dtdr. (10.17)
Putting collocation points z; = 357, i =1,2,...,2" "' M ineq. (10.17), we have
T e 1w )
\Ij i) — \I/ = 7/ P — a— d
Ch(x;) g p OO = wy )y () (s
1 = o
+ T(a) /0 (2 — 1) /0 ki (7, t) AT W (t)dtdr
1 T4 1 1
T'(a) =) AJw 10.1
* F(a)/o (i = 7) /0 ko(T,t) A5 W (t)dtdr (10.18)

Now, for applying Gauss-Legendre quadrature rule for evaluating the integrals ineq. (10.18),

we change the domain of integration from [0, z;] to [—1, 1] using the transformation 7 =
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% (s + 1) and then apply Gauss-Legendre rule yielding

d—1

1 ;
CTW(z;) — Z Z;CT\IJ D(04) = 1“(04)/0 (2; — 1)L g(r)dr
1 i ]Vh z a1 %(S]‘—l’l)
Z; ij (w _ )) /0 kq (2( Sj 1)7,5) ATW(t)dt
1 x; M2 T a—1 1 i .
i rmmgﬁ“’j <2(1 N Sj)) /0 k2 (Q(Sj + 1%’5) ATW(t)dt,  (10.19)

i=1,2,..., 2"\,

where M, and M, are the order of Legendre polynomial used in Gauss-Legendre quadrature

rule.

Next, from eqgs. (10.12)-(10.13), we have

F[CTU(2)] = AL W (x). (10.20)

Using the egs. (10.20) by collocation points z; = %7, @ =1,2,..., 2" "M, we get

F[CTV(2;)] = AT (2;). (10.21)

Again from boundary conditions, we have
d
S aiy i (04) + by V(1) =1, i =1,2,.,d (10.22)
j=1

Combining eqgs. (10.19)-(10.22) give a system of 3 x 2*~'M number of nonlinear
algebraic equations with same number of unknowns in the vectors C, A; and A,.
Numerically solving this system by Newton’s method, we get the solutions for the unknown

vectors C, A; and As. Hence obtain the approximate solution y(z) from eq. (10.11).

10.3.3 Convergence analysis

Theorem 10.3.2. Let y(z) be a function defined on [0,1) and |y(z)| < M,, then the sum of
absolute value of Legendre coefficients of y(z) defined in eq. (2.31) of Chapter 2 converges
absolutely on the interval [0, 1] if

1—k
|Cnm| <2727 M,,.
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Proof. Any function y(z) € L?[0, 1] can be approximated by Legendre wavelets as

2k=1 pr—q

y(@) = D Y camom(@),

n=1 m=0

where the coefficients ¢, ,,, can be determined as

Cnm = (Y(2), Ynm(2))-

Now form > 0,

enml = {9(2), Ynm(2))
=1 [ g (a)de

< [ @) nm(@)lda
< M, [ (o)
= My [ (o) lda

—M11m+72k/2/ 2kx — 2n + 1)|dx,
Iny

where I, = [t n-l o)

Now, changing the variable 22 — 2n + 1 = ¢, we have

1 1
Cam| < My fm+ 5 2742 L |Pou(t)|dt.

By applying Holder’s inequality,

(] o) < (/. ) (] )

This implies that

[ 1Pl < ——

-1 2m+1
Hence,
1—k
|G| <277 M,
This means that the series Zn 1 Zm —0 Cn,m 1s absolutely convergent as & — oo. ]

Theorem 10.3.3. If the sum of the absolute values of the Legendre coefficients of
a continuous function y(x) forms a convergent series, then the Legendre expansion
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sz I -~M-1

0 CnmWUn.m () converges with respect to L*-norm on [0, 1].

Proof. Let L?(R) be the Hilbert space and v, ,, defined in (2.28) of Chapter 2 forms an
orthonormal basis.
Let

L M—
= Z Z_ Cnm,lvz)nm

where ¢, ., = (§(x), ¥nm(x)) for a fixed n

Let us denote ¢, ., (z) = x;(x) and let a; = (F(x), x;(x)).
Now we define the sequence of partial sums {5, }, where

D) = Y ap(a)

For every ¢ > 0 there exists a positive number N (¢) such that for every n > m > N(e),

I5u(e) ~ Su()3= [ 1 S anxela)Pda
k=m+1
< > ol [ bl
k=m+1
= Z |Oék;‘2.
k=m+1

From Theorem 10.3.2, 372 |ax|? is absolutely convergent.
According to Cauchy criterion, for every e > 0, there exists a positive number N (¢) such
that

n

Z ’CYk|2 <€,

k=m+1
whenever n > m > N (e).
Hence,

n

[Sn(2) = Sm(@)[3 < D aw|* <e

k=m+1

This implies that

1Sn(z) = Sm(@)ll2 < Ve <e

Thus, the sequence of partial sum of the series converges with respect to L?-norm and hence
it completes the proof. O]

10.3.4 Illustrative examples

In this section, we have considered three test problems from which Example 10.3.1 is taken

from the literature (see ref. [225]) that justfies the accuracy of the present method.
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Table 10.1: Comparison of absolute errors for Example 10.3.1

. Error by LWM Error by [225]
for M =8,k =2 | forn =320

0.1 | 1.33492E-6 1.92E-6

0.3 | 2.28941E-6 3.84E-6

0.5 | 6.23726E-8 4.10E-6

0.7 | 1.81063E-6 3.15E-6

0.9 | 6.8395E-6 1.25E-6

Example 10.3.1. Let us consider the nonlinear fractional Volterra-Fredholm
integro-differential equation

V7 z 142t 1
D) (z) = / dt / 1+ 20)e"D
(DF ) = gle) + [ (o 2+ [ (1200

with boundary conditions y(0) = 0, y(1) = 2, and
42245
(V7= 4T =)

g(x) =1—¢e* —log(l +x+ %) —

The exact solution of this problem is given as y(x) = x + x. This problem has been
solved by Legendre wavelet method (LWM) which reduces the integral equation to a system
of algebraic equations that has been solved by Newton method. Again the results obtained by
present method have been compared with that of by Nystrom method [225]. The numerical
results and absolute errors for Example 10.3.1 have been presented in Table 10.1.

Example 10.3.2. Let us consider the nonlinear fractional Volterra-Fredholm
integro-differential equation

(DMTy)(w) = gla) + [ alogly(e)de + [ o+ 20,

with boundary conditions y(0) = 1, y(1) = e and

1 1
g(x) = —4.19453 — x — §x5 + mexxo'?’ 1F1[0.3,1.3; —x],

where 1F1[0.3,1.3; —z| is the Kummer Confluent Hypergeometric function and defined

as
00

1F1[CL, b; Z] — Z (a)nz

= (b), n!’

with (a), = a(la+ 1)(a+2)...(a+n — 1) and (a)y = 1.

n

The exact solution of this problem is given as y(x) = e®. This problem has been solved
by Legendre wavelet method (LWM) for M = 4, k = 2, which reduces the integral equation
to a system of algebraic equations that has been solved by Newton method. Again the results
obtained by present method have been compared with that of by Nystrom method (for N =

20). The numerical results and absolute errors for Example 10.3.2 have been presented in
Table 10.2.
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Table 10.2: Comparison of Numerical results and absolute errors for Example 10.3.2

LWM (M =4,k = 2) | Nystrom method(/N = 20)
y(x) Abs. Error | y(x) Abs. Error
0.0 |1 1 0 1 0

0.1 | 1.10517 | 1.10506 0.00011483 | 1.10393 0.00123938
0.2 | 1.2214 | 1.22073 0.00066919 | 1.21842 0.00297924
0.3 | 1.34986 | 1.34835 0.00151145 | 1.34476 0.00510241
0.4 | 1.49182 | 1.48921 0.00261231 | 1.4843  0.00752611
0.5 | 1.64872 | 1.64255 0.00617023 | 1.63862 0.0101061
0.6 | 1.82212 | 1.81694 0.00518308 | 1.80958 0.0125403
0.7 | 2.01375 | 2.00622 0.00752974 | 1.99952 0.0142327
0.8 | 2.22554 | 2.21589 0.00964998 | 2.21144 0.0141018
0.9 | 2.4596 | 2.45142 0.00818527 | 2.44928 0.0103248

T Exact

Table 10.3: Comparison of Numerical results and absolute errors for Example 10.3.3

+ | Exact LWM (M =4,k =2) Nystrom method(N = 20)
y(x) Abs. Error | y(x) Abs. Error

0.0]0 0.000766339 0.000766339 | 0 0

0.1 | 0.01 | 0.0106897 0.000689691 | 0.0100005 4.87E-7

0.2 1 0.04 | 0.040613 0.000613028 | 0.0400065 6.50E-6

0.3 1 0.09 | 0.0905364 0.000536369 | 0.0900304 0.0000304128

04| 0.16 | 0.16046 0.000459735 | 0.160101  0.00010141

0.5]0.25 | 0.250372 0.000371695 | 0.250329  0.000329115

0.6 | 0.36 | 0.360307 0.000306562 | 0.361156  0.00115625

0.7 1 0.49 | 0.490222 0.000221624 | 0.494128  0.00412784

0.8 10.64 | 0.640136 0.000136065 | 0.653945  0.0139455

0.9 | 0.81 | 0.810069 0.000069068 | 0.85402 0.0440196

Example 10.3.3. As the third example,
Volterra-Fredholm integro-differential equation

22+ v/3)a2 V3
[(2—-+v/3)

subject to the mixed boundary conditions

we consider the nonlinear fractional

2 1528
Dv3 T
(D) = - 1

+/0x(x+t)y3(t)dt+/ol w?ty?(t)dt,

with the exact solution y(x) = % This problem has been solved by Legendre wavelet
method (LWM) for M = 4, k = 2, which reduces the integral equation to a system of
algebraic equations that has been solved by Newton method. Again the results obtained by
present method have been compared with that of by Nystrom method (for N = 20). The
numerical results and absolute errors for Example 10.3.3 have been presented in Table 10.3.

184



Chapter 10 Numerical solutions of fractional integro-differential equations

10.4 Legendre wavelet Petrov-Galerkin method for
fractional Volterra integro-differential equations

In this section, we have developed Petrov-Galerkin method where the trial and test functions
are Legendre wavelets basis functions. Also, this method has been applied to solve fractional
Volterra integro-differential equations. These types of integro-differential equations are very
difficult to solve analytically. The authors have considered the following form of fractional

Volterra integro-differential equation

(D)) = 9l@) + p(@)y(a) + [ K y(0) = 10, (10.23)

where y(x) be the unknown function and p(z), g(x) are known functions. Here D2
be understood as Caputo fractional derivative. Using Legendre wavelets Petrov-Galerkin
method (LWPGM), this fractional integro-differential equation is converted into system
of algebraic equations which again can be solved by Newton’s method. Note that for
easy implementation, we have applied Gauss-Legendre quadrature rule for evaluating the

integrations.

10.4.1 Existence and Uniqueness

Consider the fractional Volterra integro-differential equation (10.23) and we rewrite the eq.

(10.23) in operator form as
Dyy(z) = g(x) + p(x)Fy + Ky, (10.24)

where
Ky = / K (x, )y (t)dt.
0

Applying J“ on the both sides of eq. (10.24), we have
y(x) = h(z) + J*[9(x) + p(x) Fy + Ky] , (10.25)

where h(z) = 272} Z,y(k (04). Eq. (10.25) can be written as fixed point equation form
Ay = y, where A is defined as

Ay(z) = h(z) + J*[g(z) + p(x) Fy + Ky] . (10.26)

Let (C[0,1],||.|lc) be the Hilbert space of all continuous functions with norm || |« =
max; | f(t)|. Also, the operator F satisfy the Lipschitz condition on [0, 1] as

| Fm(z) = Fy(z)| < Llgm(z) — y(z)],
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where L is Lipschitz constant. Then we have proceed to prove the uniqueness of the solution
of the eq. (10.23).

Theorem 10.4.1. If L||p||oc + || K||cc < I'(av+ 1), then the initial value problem (10.23) has
an unique solution y € [0, 1].

Proof. Let A: C[0,1] — C]0, 1] such that
Ay(e) = h(w) + s [ o= 077 a0+ pOLF ) + Kyto)] i
Let g,y € C[0, 1] and

Aife) = Ayte) = s [w =1
X ID(OF3(E) — Fy(0)] + KIge) — y(0)] .

Then for x > 0, we have

_ Loy a-1
A () = Ay(a)| < o [l
< [Ip()|L13(2) — w(2)| + Kllae) — u(o)] dt
< o [Tl =t Ll + 1)1~ ol
[(«) Jo

- [
< (Llpllo + V)7 = ¥l 45
1
< (L 0 K 0 y — T, 1)\
< (Llplloe + K115 = ¥l
Therefore,
[AG(2) = Ay()llco < Qrpralld = Ylloo,
where ]
Q o = (Lplloe + [|IKl|c0) ==
e L
Since €27, k.« < 1, by contraction mapping theorem, the initial value problem (10.23) has
an unique solution in C'0, 1]. O

10.4.2 Legendre wavelets Petrov-Galerkin method
Let
S900,1] = {v e H'[0,1] : v € Py},

SU10,1] = {v € L2[0,1] : vl € Pr1}

be the trial and test function spaces, respectively, where P,,, denotes the space of polynomials
of degree not exceeding m. The superscript (—1) in the test function space emphasizes that
it is not a subspace of C|0, 1]. The LWPG solution of eq. (10.23) is defined on the function
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y € S00,1], then ¢/ € St [0 1]. Here H'(0, 1] is the Sobolev space. Eq. (10.23) can be
revolutionized by LWPGM as

(D2v,¢) = (9.9)+ pl@)y o) + ([ K(e.tyddro),  (1027)

where y € S©[0,1] and ¢ € 551 and (.) is usual inner product in L?[0, 1.

Now we approximate the unknown function y(z) by Legendre wavelets defined in eq.
(2.31) of Chapter 2 where n is fixed as 1.

(CT[DI(2)], ) = (9(@), @) + (p(2)CTV(2), ) + </0x K (z,t)CTW(t)dt, ), (10.28)

where, ¢(x) can be taken as Legendre wavelets ¢, ,,(z),n =1, m =0,1,..., M — 2.
Eq. (10.28) gives M — 1 equations with M/ unknowns. Again from the initial conditions

we have
CTw(0) = 0. (10.29)

From eqgs. (10.28) and (10.29), we obtain a system of M algebraic equations with M
unknowns. Solving this system by any numerical method, we obtain the approximate value
of unknowns and hence determine the solution. we apply Gauss-Legendre quadrature rule

to obtain the integration in eq. (10.28).

10.4.3 Error estimate

Lemma 10.4.2. For a continuous function y : [0,1] — R, there exists a piecewise
polynomial Ty € S0, 1] such that Ty(t) = y(t).

Let us consider an auxiliary problem and find Y € 5[0, 1], such that

/Y £)dt — /g dt—l—/p dt+/ICy (dt,  (10.30)
(0) = Yo,

for all ¢ € S,S:{(I ). Let y be the exact solution and Y be the LWPGM solution of eq.
(10.23). Let us split the error of the LWPGM into two parts, i.e.,

wherenn = y—Y and € = Y —Y. Our aim to find the error bound for both 1 and ¢ separately.

Error bound for n:
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From eq. (10.23) and eq. (10.30), it holds
/In’godt —0,  forall eSS0, 1. (10.31)
From eq. (10.31), we have
/1 (¥ — Ty pdt = /I (y — Ty) odt. (10.32)
Choosing ¢ = (Y — Ty)' yields |Y — Tyl < |y — Zy| (0,1, thus we have

Ml =y — Yoy < v = Zylmoy + [Ty — Y]mpooy
S 2|y _:Z-y|H1[O,1]-

Setting ¢ = 1, we have n(t) — n(0) = 0. Integrating by perts eq. (10.31), we have
13 (-1)
/ngo dt = 0, Vo e SU010,1]. (10.33)
I
For m > 1, we define a function ¢ by
v(t) = [ nrr,
then their exists a polynomial 1) € S,(n_,l% [0, 1] such that
5 1
[V = Y| < C—[Y|m2p01)- (10.34)
m
Then from eq. (10.33), we obtain
Inli30, = [ nln =)t
= [ (! =yt
< |Inllzzpylle’ — 9| £2j0,1-
This implies
nll 2o,y < 19" = &'l z2p0.- (10.35)
From egs. (10.34) and (10.35), we have
1 1
Ml 20, < C—[¥]a2100) = C =0l
m m

Error bound for &:

For any u € L2[0,1], we denote [[,, ;u € S''][0,1], the L? projection of u onto
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S 100,1],
/(u — [ wedt =0, Vee st [0, 1].

1 m—1
Setting ¢ = [],,_; v and using the Cauchy-Schwartz inequality, we obtain the L?-stability

of the projection operator []

m—1s

I 1T oo < lullzzog, Ve L2[0,1]

m—1

From the eqgs. (10.23) and (2.31) of Chapter 2, there holds

J €edt = [p®)y—Yipdt+ [ Kly—Yedt, e 50,1

Then choosing p = [],,_; £ leads to
I e =l fip =) TT e+ f i =v) T ot
< ol fily =¥l TL €l 150, [ = Yids| TI el

<Ay = Yl 2i0,l€l 20,7 + KNy = Yl 220,17 11€ | £270,1)
= (lpll + 1INy = Y|l 20,1 l|€ ] 20,11

This implies

1
SUEDOI” = 1€O)IF) < lpll + 1Dy = Y llz20.ylI< ] z2(0.1)

Hence
1€M< 2([lpll + KDy — Y z2(0.11-

10.4.4 Tllustrative examples
Example 10.4.1. Let us consider the fractional Volterra integro-differential equations [232]

8
3I(0.5)

1 T
ot —2? — Zg? +/ y(t)dt,
3 0

with initial condition y(0) = 0. The exact solution of this problem is x*. This problem has
been solved by Legendre wavelet Petrov-Galerkin method (for M = 6) which reduces the
integral equation to a system of algebraic equations. The numerical results and absolute
errors of Example 10.4.1 have been provided in Table 10.4.

Example 10.4.2. Let us consider the fractional Volterra integro-differential equation [232]

1 x
DYy (x) = mxo'% + (zcosx — sinx)y(x) + /0 xsinty(t)dt,

with initial condition y(0) = 0. the exact solution of this problem is x. This problem
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Table 10.4: Absolute errors for Example 10.4.1

x | Exact | Error by LWPGM
0.0 | 0.0 3.88578E-16
0.1 | 0.01 | 5.55112E-16
0.2 1 0.04 | 6.66134E-16
0.3 ]0.09 | 9.15934E-16
0.4 1]0.16 | 1.27676E-15
0.5]0.25 | 1.63758E-15
0.6 | 0.36 | 2.04003E-15
0.7 | 0.49 | 2.52576E-15
0.8 |0.64 | 3.27516E-15
0.9 | 0.81 | 3.77476E-15
1.0 | 1.0 4.21885E-15

Table 10.5: Absolute errors for Example 10.4.2

x | Exact | Error by LWPGM

0.0 0.0 0.0
0.1 0.1 5.55112E-17
02102 0.0

03103 2.77556E-17
04|04 4.16334E-17
0.51]0.5 5.55112E-17
0.6 | 0.6 6.93889E-17
0.7 1 0.7 8.32667E-17
0.8 0.8 1.11022E-16
09109 1.11022E-16
1.0 | 1.0 0.0

has been solved by Legendre wavelet Petrov-Galerkin method (for M = 6) which reduces
the integral equation to a system of algebraic equations. The numerical results and absolute
errors of Example 10.4.2 have been provided in Table 10.5.

Example 10.4.3. As the third example, let us consider the nonlinear fractional
Volterra-Fredholm integro-differential equation [225]

2
INCEVE)

with initial condition y(0) = 0. The exact solution of this problem is x*. This problem has
been solved by Legendre wavelet Petrov-Galerkin method (for M = 6) which reduces the
integral equation to a system of algebraic equations. The numerical results and absolute
errors of Example 10.4.3 have been provided in Table 10.6.

D;/gy(m) = — 22 V3 4 2sing — 22 + /0 cos(x — t)y(t)dt,
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Table 10.6: Absolute errors for Example 10.4.3

x | Exact | Error by LWPGM
0.0 | 0.0 5.55112E-17
0.1 001 |0

0.2 | 0.04 | 2.22045E-16
0.3 ]0.09 | 2.77556E-16
0.4 ]0.16 | 2.77556E-16
0.5]0.25 | 3.19189E-16
0.6 | 0.36 | 3.46945E-16
0.7 | 0.49 | 3.33067E-16
0.8]0.64 | 1.11022E-16
0.9 | 0.81 | 1.66533E-16
1.0 | 1.0 1.11022E-16

10.5 Sinc Galerkin technique for the numerical solution
of fractional Volterra-Fredholm integro-differential
equations with weakly singular kernels

In this section, we have employed sinc-Galerkin method for solving Fredholm-Volterra

integro-differential equation with weakly singular kernel which has the following form

Dfu(t) = )\/Ot Ki(t, s)u(s)ds + ,u/ol Ks(t,s)u(s)ds+ f(t), 0<a<1, (10.36)

with u(0) = wuo be the initial condition. Here, u(t) be the unknown function,
Ks(t,s), f(t) are known continuous functions, K (¢, s) is singular kernel function, and
A, p are reals. In this case, Dy be understood as Caputo fractional derivative. Using
sinc-Galerkin method (SGM)), this fractional integro-differential equation is converted into

system of algebraic equations which again can be solved by Newton’s method.

10.5.1 Existence and Uniqueness

Consider the fractional Volterra integro-differential equation (10.36) and we rewrite the eq.

(10.36) in operator form as
Diu(t) = MCyu(t) + pulou(t) + F (1), (10.37)

where u, f : (0,1) — Rand K5 : (0,1) x (0,1) — R are analytic functions. K(t,s) is

singular kernel function which have to be shown as analytic function.
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Let Ki(t,s) = g(t, s)|t — s|~ where ¢ is Lipschitz continuous function, Then

[ ot )l = sl u(s)ds = [ lote,s) - glt, O]l = s|“uls)ds
+/t (£, 0)] — 5| ~“u(s)ds
_/ (t,8) — g(t, D)]|t — s|"u(s)ds
gt 1) [/0( (t)—u(s))|t—s|_°‘ds—/0tu(t)|t—s|_°‘ds |
Now,
|/ (15) — g0, 0t — sl u(s)ds] < [ lg(t,) — gDt — s fuls)lds
< [" Lt = sl fuls)lds — 0 as s,
since 0 < a < 1.

where L; is Lipschitz constant.

Also we have
|/ ) — u(s)]|t — 8| O‘ds|</\u —u(s)||t — s|ds

() [ 1= s'=eds

(applying the mean value theorem)

’ |t o S|2—a

= (15

stnce 0 < a <1 and 0 <€ <t.

— 0,

We introduce the function K (t, s) as

t,s)|t—s|7%, tFs,
Kfts) - 9N =S 1
0, t=s.

Applying J< on the both sides of eq. (10.37), we have

u(t) = h(t) + JMNCru(t + pou(t) + F(t)], (10.38)

where h(t) = Y72 };, )(0+), n—1 < a < n. Eq. (10.38) can be written as fixed point

equation form Au = u, where A is defined as
Au(t) = h(t) + J [MCru(t + plCoul(t) + F(t)] . (10.39)

Let (C[0,1],||-|lc) be the Hilbert space of all continuous functions with norm
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| fllo = max;|f(t)]. Then we have proceed to prove the uniqueness of the solution
of the eq. (10.36).

Theorem 10.5.1. If | \|||KC1 || oo+ | 1] || K2l oo < T'(av+1), then the initial value problem (10.36)
has an unique solution u € C10, 1].

Proof. Let A: C[0,1] — C]0, 1] such that

Autt) = h(t) + s [0 =) \Kyu(e) + o) + F (7))

Let a,u € C[0,1] and

Aalt) — Au(t) = o [t =7y

Then for ¢ > 0, we have
~ 1 ! a—1
lAa(t) — Au(t)] < F(a)/o It — 7]
x (Al [[a() — w(r)] + |pl|Ks||a(r) — u(r)|] dr

1t )
< F(a)/o It — 71NN oo + [l Colloo) | — 1l oo

. £l
(MK oo + I Calloo) @ — ul] Mo+ 1)
1
< (AN oo + 111 Kalloo) 17 — ul] Mot 1)
Therefore,
[AG(t) — Ault)|loo < ey jo o llit — ulloo,
where )
Q o = (MK o Ksolloo) ==
Kz e = (MK lloo + |l 12l )F(a+1)
Since 0k, ko2 ma < 1, by contraction mapping theorem, the initial value problem (10.36)
has an unique solution in C'[0, 1]. O

10.5.2 Sinc basis function and its properties

In this section, we have discussed the notation and definition of Sinc functions, Sinc
quadrature and Sinc function approximation.
The Sinc function is defined on the whole real line by [216]

sin(mx) I~ 0
Sinc(z) =4 ™ 70 (10.40)
1, xz=0.
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The sinc functions are translated by evenly spaced nodes as

x — kh

S(k,h)(z) = Sinc < ) . k=0,+1,42, ... (10.41)

Let f be a function defined on the real line and h > 0, the series

C(f,h) = i F(hk)Sine (m - kh) (10.42)

k=—0c0 h

is called the Whittaker cardinal expansion of f whenever this series converges.

Our aim is to construct the approximation on the interval (a, b), consider the conformal maps

zZ—a
=1 ) 10.43
oz =t (=) (1043)
The ¢ maps from eye-shaped region
. z—a v
DE:{z::E+zy:|arg(b_z)|<d§2}

onto the infinite strip
. ™
D,={¢=¢+in: Il <d< 3}

This is shown in Figure 10.1.

Figure 10.1: The domain Dg and Dy

The sinc basis functions are derived from the composition

S;(z) = S(j, h) o p(x) = sinc (W) (10.44)
on the interval (a, b), where h is the mesh size in D;. The sinc grid points z;, € (a,b) in Dg

will be defined as the inverse images of the equispaced grids as

a + bekh

o = 07 (kh) = TG

(10.45)
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We define the range of ¢! on the real line as
I'={¢(u) =¢ '(u) € Dg: —o0 < u < o0} = (a,b).

Definition 10.5.1. [216] Let B(Dg) be the class of functions F that are analytic in Dy and
satisfy

/ |F(2)dz| — 0, as u = 100
(L+u)

where L = {iy : |y| < d < T, and on the boundary of D, (denoted 0Dg) satisfy T (F) =
Jop, |F(2)dz| < oo

Theorem 10.5.2. [216] Let I" be (a,b), if F' € B(Dg), then for h > 0 sufficiently small

3 i F(2)k(8,h)(2)
/F )dz hj_z_:oo ¢, =5 Lo sintmo o) 42 = 1 (10.46)

where

iro(2)
h

WWWM@D=ww[ wmmwuﬁp@D:amw

Theorem 10.5.3. [216, 218] If there exist positive constants 3, v and C such that

F(), _ o [ep(=30@), = € y((—o0,0), 047
G {expc—vwmxﬂ>, v € $((0,00)), (1047

then the error bound for the quadrature rule is
(6;Mh + elNh> + 18], (10.48)

The infinite sum in eq. (10.46) is truncated with the use of eq. (10.47) to form the
inequality (10.48) by choosing

A L
BM

and

N = [|M + 1|]
where [z] is the integer part of z, then

N

F 1/2
/ F(z ( ) +0(e (mBdM)'/2y (10.49)

Any function f € (0, 1) can be approximated by sinc basis functions as
N
fm(x) = > ¢;Sj(x), m=2N+1, (10.50)

j=—N

where S;(x) is the composite function S(j, i) o ¢(x) defined in eq. (10.44) and ¢;’s are the
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unknowns which can be determined.

10.5.3 Sinc-Galerkin method

Consider the problem defined in eq. (10.36) and approximate the unknown function u(¢) by
Sinc basis functions defined in eq. (10.50). Taking inner product with Si(t), we have the

residual Ry, as

Ry = (D u(t), Sk(t))wiey — ME1u(t), Sk(t))wey — #{Kau(t), Sk(t))w)
= (f(®), Sk()w(e), (10.51)

where the inner-product is defined as
1
(£ 90 = [ FOgOw ()t

and w(t) be the weight function chosen as w(t) = 1/¢'(t).
Here, IC1u(t) and Cou(t) are defined as follow

Cuutt) = | "Rt s)uls)ds,
Coult) = | " Kolt, s)u(s)ds.

We define the conformal map o (s) on the interval (0, ) as

0-n()

and the inverse image is given by

te®
1+ e3

Sy = U_l(rh[,) = |s=th7

where by = =, L € AR

Let us apply the Sinc quadrature defined in eq. (10.49) to the the followings:

Deu(t) 1 )/Ot(u’(S) s

'l -« t—s)
B hr, L u'(s,)
N I'l—a) T:Z_L (t —s.)0'(s;)
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(Dgu(t), Sk(t

Similarly,

Again

(Kyu(t), Sk(t))

1
:/Da -

) 2 o (10.52)
Ly

/Klu )Sk(t)w(t)dt

=h iN’q“( >€(k<>> (t;)
L Kl tk,S,, ( ) (tk)
hi :Z (5.0 (b

>

(10.53)

o= [ Kon(t)Seltu eyt

_hi:z_:N (b/(ti)

. N KQ(tkvtj)Cjw(tk)
—hj:ZN &' (t;) (tr) (10.54)
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and

j=—N ¢/(tj)
(te)w(tr)
=h 10.55
Using egs. (10.52)-(10.55) in eq. (10.51), we have
hw(t h L '(sr LKy (tg, se)u(s,
Rk —_ 1’/0( k) L U (8 ), _ )\hL Z 1( k7/8 )U(S )
' (tr) |T(1—a) == (te — s.)%0"(5r) = o'(sy)
N Kyt t)e:
—uh Y W — F(tn)| . (10.56)
j=—N j
For k = —N,...,0, ..., N, the system (10.56) gives 2N + 1 algebraic equations with same
number of unknowns as c¢;, k = —N,...,0,..., N. Solving this system numerically, we
obtain the approximate value of ¢, k= —N,...,0, ..., N and hence get the solution.

10.5.4 Error analysis

Theorem 10.5.4. Assume that o, 1, d and ( are uniquely defined and u, K (t, s), Ks(t, s)
and f are analytic in Dg. Let ¢ be the conformal map from Dg onto D,. The error in
solution of eq. (10.36) by applying sinc-Galerkin method is calculated as

O O A

Proof. Consider the residual term defined in eq. (10.51) as

Ry = (Dju(t), Sk())wiey = MIau, Sk())wiey = o1, Sk (t))wiey = (F(1), Se())wir

We apply the sinc quadrature rule for evaluation of fractional derivative Dy as

oy (f) = hr L ' (sy) o /5L
DI = 500y 22, G soren) YT

where L is depending on integrand and d, o, D only.

<D?u(t>, Sk(t)>w(t) = F(iLh_La) :Z—L (tk _l;f;;():lu(ii]%)¢/(tk)

1
1 ¢/(k;h)2L16_1 /mdBL 1 MlLle—\/rrdBLe—w/ﬂdﬁN’

where M; is depending on integrand and d, ¢, Dp only.

+ Mle—\/ﬂdﬂN
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Similarly, we have

(). S0y = iy, 37 FHEEEEID o gy

1 oy /s Iy
+ ¢,(kh>2L26_ wdBL + Msze— WdﬁLe— TdBN

o A

1 / /
+ Qs/(kh)QMgef TrdBN_i_M32€f2 wdBN

and

(F(8), Sk(8))wie) = hw + Mye~ VBN

The error term associated with those above calculations are collected as below by

assuming M = max{M;, My, M3, My, L1, Lo}, and L = N:

el = (1 ) MoV + aadee

10.5.5 Illustrative examples

Example 10.5.1. Let us consider the fractional Volterra-Fredholm integro-differential
equation with weakly singular kernel [233]

DOy () = ;/Ot (:_(58)); ds + i1)/01(% — s)u(s)ds + f(t),

with initial condition u(0) = 0. The exact solution of this problem is t* + t> and

F(3) t1.75+ P(4) t2.75 ﬁt5/2r(3)

['(2.75) ['(3.75) 21°(7/2)
Vat'Pri4) 7.3

or(9/2) 36 20°

ft) =

This problem has been solved by sinc-Galerkin method (for N = 30) which reduces the
integral equation to a system of algebraic equations. Again the present solution compared
with the solution obtained by CAS wavelet method [233]. The results obtained by present
method and their absolute errors have been shown in Table 10.7. Table 10.8 cites the
comparison between present method and CAS wavelet method (CASWM).

Example 10.5.2. Let us consider the fractional Volterra-Fredholm integro-differential
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Table 10.7: Numerical results for Example 10.5.1

T Exact | SGM Error

0.1 | 0.011 | 0.0131253 | 2.12527E-3
0.2 | 0.048 | 0.0470762 | 9.23786E-4
03] 0.117 | 0.117428 | 4.2783E-4
0.4 | 0.224 | 0.227391 | 3.39123E-3
0.5 1 0.375 | 0.374651 | 3.48864E-4
0.6 | 0.576 | 0.570188 | 5.8124E-3
0.7 | 0.833 | 0.831297 | 1.7027E-3
0.8 | 1.152 | 1.14896 3.04066E-3
0.9 | 1.539 | 1.54229 3.29448E-3

Table 10.8: Comparison of numerical results between SGM and CASWM for Example
10.5.1

x Absolute error by
SGM CASWM

1/6
2/6
3/6
4/6
5/6

1.47244E-3
1.41785E-3
3.48864E-4
3.49937E-3
2.4408E-3

1.1460E-2
9.6982E-3
2.9504E-3
9.6733E-3
2.9484E-2

equation with weak singular kernel [233]

0.15 1 !
DY) = 4 |

u(s

)
(t—s)%

ds + - / "exp(t + s)u(s)ds + (1),

with initial condition u(0) = 0. The exact solution of this problem is t(t — 1) and

L3) s T2) s VAPI(3)
f<t):F(2.85) T I(1.85) AI(7/2)
JT0(2) et — 3¢t

TR T 7

This problem has been solved by sinc-Galerkin method (for N = 20) which reduces the
integral equation to a system of algebraic equations. Again the present solution compared
with the solution obtained by CAS wavelet method [233]. The results obtained by present
method and their absolute errors have been shown in Table 10.9. Table 10.10 cites the
comparison between present method and CAS wavelet method (CASWM).

Example 10.5.3. As the third example, let us consider the fractional Volterra
integro-differential equation with weakly singular kernel [96]

D ult) = £0)+ p(e)u(t) + [ (6 = ) Huls)ds,
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Table 10.9: Numerical results for Example 10.5.2

x Exact | SGM Error
0.1 | -0.09 | -0.0899617 | 3.83209E-5
0.2 | -0.16 | -0.159942 | 5.84668E-5
0.3 | -0.21 | -0.209918 | 8.19411E-5
0.4 | -0.24 | -0.23989 1.10007E-4
0.5 | -0.25 | -0.249866 | 1.34402E-4
0.6 | -0.24 | -0.239847 | 1.52509E-4
0.7 | -0.21 | -0.209828 | 1.7195E-4
0.8 | -0.16 | -0.159818 | 1.81826E-4
0.9 | -0.09 | -0.0898167 | 1.83312E-4
Table 10.10: Comparison of numerical results between SGM and CASWM for Example
10.5.2
. Exact Numerical results by Absolute error by
SGM CASWM | SGM CASWM
1/6 | -0.138889 | -0.138837 -0.133387 | 5.14283E-5 5.50189E-3
2/6 | -0.222222 | -0.222131 -0.215341 | 9.10148E-5 6.79021E-3
3/6 | -0.25 -0.249866 -0.242660 | 1.34402E-4 7.2056E-3
4/6 | -0.222222 | -0.222057 -0.215141 | 1.65325E-4 6.9159E-3
5/6 | -0.138889 | -0.138709 -0.132694 | 1.80252E-4 6.01464E-3
with initial condition u(0) = 0 and
_ 32
i) = St 81¢8/3 L ise (32 - W) |
9v/3I(2/3)  40T(2/3) 35 T(17/6)

The exact solution of this problem is t>+1*/3. This problem has been solved by Sinc-Galerkin
method (for N = 30) which reduces the integral equation to a system of algebraic equations.
The results obtained by present method and their absolute errors have been shown in Table

10.11.

Table 10.11: Numerical results for Example 10.5.3

T Exact SGM Error

0.1 | 0.0474159 | 0.0491855 | 1.76957E-3
0.2 | 0.124961 | 0.1248 1.60604E-4
0.3 | 0.22783 0.227312 | 5.1822E-4
0.4 | 0.358723 | 0.361514 | 2.79194E-3
0.5 | 0.52185 0.522219 | 3.69227E-4
0.6 | 0.72206 0.717003 | 5.05652E-3
0.7 | 0.964533 | 0.963979 | 5.53609E-4
0.8 | 1.25465 1.25161 3.04882E-3
0.9 | 1.59794 1.60088 2.94377E-3
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10.6 Conclusion

In this chapter, we have employed efficient numerical techniques for solving fractional
integro-differential equations. Specially, Galerkin techniques are used to solve these
equations. These methods reduce the integral equations to a system of nonlinear algebraic
equations and that algebraic system has been solved by Newton’s method. Gauss-Legendre
quadrature has been applied for evaluating the integrations arise in the problems. In
section 10.3, Legendre wavelet method has been applied to solve nonlinear fractional
Volterra-Fredholm integro-differential equations with mixed boundary conditions. Also
the obtained results again compared with the results obtained by Nystrom method which
is available in literature. Furthermore, we can get very less absolute error by increasing
the order of Legendre polynomials. In section 10.4, Legendre wavelet Petrov-Galerkin
method has been applied to solve fractional Volterra integro-differential equations and the
obtained results are in good agreement with the exact results. In section 10.5, Sinc-Galerkin
method has been applied to solve fractional Fredholm-Volterra integro-differential equations
with weakly singular kernels. The present method results have been compared with the
results obtained by CAS wavelet method. The illustrative examples have been included to
demonstrate the validity and applicability of the proposed techniques. Undoubtedly these
examples also exhibit the accuracy and efficiency of the present methods.
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