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Abstract

The present article is devoted to developing the Legendre wavelet operational matrix method
(LWOMM) to find the numerical solution of two-dimensional hyperbolic telegraph equations
(HTE) with appropriate initial time boundary space conditions. The Legendre wavelets se-
ries with unknown coefficients has used for approximating the solution in both of the spatial
and temporal variables. The basic idea for discretizing two-dimensional HTE is based on
differentiation and integration of operational matrices. By implementing LWOMM on HTE,
HTE is transformed into algebraic generalized Sylvester equation. Numerical experiments
are provided to illustrate the accuracy and efficiency of the presented numerical scheme.
Comparisons of numerical results associated with the proposed method with some of the
existing numerical methods confirm that the method is easy, accurate and fast experimen-
tally. Moreover, we have investigated the convergence analysis of multidimensional Legendre
wavelet approximation.

Keywords: Telegraph equation, Legendre wavelets, Operational matrices, Kronecker
multiplications.

1. Introduction

Partial differential equations (PDEs) are of widespread interest because of their connec-
tion with phenomena in the physical world. Nowadays most of the physical problems can be
described in the form of mathematical models and these models are consist of PDEs. PDEs
are observed in many fields of engineering and applied sciences. Among these PDEs, hyper-
bolic PDEs play an important role in several areas of engineering and applied sciences. The
propagation of signal (digital and analog) through media, the propagation of electromag-
netic waves in the earth—ionosphere waveguide [1], mechanical wave [2|, an ecological and
cosmological phenomena are modeled using hyperbolic PDEs [3]. Recently, many method-
ologies have been investigated to find the numerical solution of the telegraph equation due
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to their universal applications in the area of applied mathematics. Goldstien was the first
who derived the one-dimensional telegraph equation with probabilistic argument. He proved
that a particle which moves forward and backward direction with speed c satisfied hyperbolic
one-dimensional telegraph equation (for instant see [4]). Hyperbolic telegraph equations are
commonly used in wave phenomena [36] and also wave propagation of electric signal in [37],
. And also, an effort has been taken for the extended result for two-dimensional case of ran-
dom planar motion (see for instant [5]-[7]). Specially in two dimensional hyperbolic PDEs
such as telegraph equations in real-world applications, we should impose some boundary
limitations on the two-dimensional space variable. Neglecting spatial dimension in multi-
dimensional can affect the accuracy of the model for describing the chemical and physical
events. Therefore, multidimensional PDEs are considered by scientist and engineer to model
and simulate the aforementioned events. Among the PDEs model, parabolic PDEs model
can describe a phenomena with the help of some physical laws, but in some of the model,
it may be better modeled by hyperbolic PDEs. However, few articles are devoted to the
implementation of the analytical methods for solving the telegraph equation with boundary
conditions (see [8] ). Additionally in different circumference, direct symbolic differentiation
and integration in analytical schemes make them time-consuming. This is one more disad-
vantage of the analytical method for solving multidimensional PDEs. Because of these type
of disadvantage in PDEs, the robust and efficient tool should have a look to compute the
numerical solution of the problems.

In this article, we consider the more general form of two dimensional hyperbolic telegraph
equation as follows
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where Q = [0,1] x [0,1] x [0,1] and ¢ € (0,T7.
The initial conditions and the Dirichlet boundary conditions are
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respectively, where A\; and A\, are constants.

Nowadays, researchers are focused on the numerical method for solving this type of
PDEs. Various numerical methods have been developed to solve hyperbolic PDEs and the
above telegraph equations (1)-(3) have been considered by some researchers for numerical
solutions. Dehghan and Ghesmati have used two meshless methods namely meshless local
Petrov-Galerkin (MLPG) and meshless local weak-strong (MLWS) to solve two-dimensional
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telegraph equations (1)-(3) in [9]. In [10], a semi discretization method which is uncondition-
ally stable has been proposed by F. Gao and C. Chi . R.K. Mohanty developed three-level
unconditionally stable schemes based on the finite difference ([11, 12]). In [13], Yousefi and
Dehghan used He’s variational iteration approach to solve one-dimensional telegraph equa-
tion numerically. However, In [14], authors used compact finite difference approximation
for space derivative. In [15], M. Lakestani and B. N. Saray developed operational matrix
approach based on interpolating scaling functions to solve the telegraph equation. Shokri
and Dehghan explored radial basis function in [16], a meshless method in [17] and a meshfree
technique in [18]. Moreover in [19], Saadatmandi and Dehghan approximate the solution in
terms of shifted Chebyshev polynomials to get the numerical solution. In [20] authors pro-
posed Taylor matrix method for the numerical solution of telegraph equation. Also, in [21]
authors implement Chebyshev wavelet method to solve one-dimensional telegraph equation
numerically. In the progress of solution of telegraph equation, various meshless techniques
have been developed. Dehgan and Mohebbi established a higher-order implicit collocation
method in [22]. An unconditionally stable implicit scheme has been presented by Mohanty
et al.[23]. Ding and Zhang [24] developed a fourth-order compact finite difference scheme.
Jiwari et al. [25] proposed a numerical technique based on polynomial differential quadra-
ture method (PDQM). Mittal and Bhatia proposed cubic B-spline collocation method in [26]
and differential quadrature method based on modified B-spline with space discretization in
[27] . Recently, an operational matrix approach based on Bernoulli polynomials is proposed
by S. Singh et al.|28]. The methods based on operational matrices have proved to be very
effective. The main advantage of using operational matrices is the sparsity of the operational
matrices. In the numerical analysis, operational matrices based on approximation technique
provides a powerful technique for approximating solutions of partial differential equations
which is arising from mathematical modelling (for instant see [29]-[33]). The motivation and
philosophy behind the operational matrix approach is that it have some characteristic as
follows:

e It reduces singularities from the proposed mathematical problems in an easy way.

e It does not only simplify the proposed problem but also speed up the computation.

It is transformed the PDEs into the algebraic system.

The method is computer-oriented, thus solving higher-order PDEs becomes a matter
of dimension increasing.

The solution is convergent, even though the size of increment may be large.
The basic idea of an operational matrix technique is as follows:

e The unknown function or its derivatives with respect to time(or space) in the given
PDEs are approximated by linear combinations of the orthonormal basis functions and
truncating them up to optimal levels.



e In this article, the operational matrix approximation the proposed problem converted
into simple algebraic equations whose solutions can be obtained using Sylvester’s ap-
proach that gives approximate solutions for PDEs.

Nowadays, "Wavelets” has been an exceptionally famous subject of discussions in numer-
ous zones of logical and designing angles. Some view wavelets as another reason for speaking
to capacities, some consider it as a system for time-recurrence investigation, and others con-
sider it another numerical subject. Obviously, every one of them are right, since "wavelets”
is a flexible apparatus with rich scientific substance and extraordinary potential for applica-
tions. In any case, as this subject is still amidst quick improvement, it is certainly too soon
to give a unified presentation. The subject of wavelets has had a spot in the core of engi-
neering, science, and mathematics. Wavelet is an energizing new technique for taking care of
troublesome issues in engineering, mathematics, and physics, with present day applications
as differing as wave proliferation, data compression, image processing, signal processing,
computer graphics, the detection of aircraft and submarines, medical image technology and
pattern recognition. As the contribution of wavelets by Chebyshev , Bernoulli, and Legendre
wavelets (for instant see [29]-[33])based solution of partial differential equations picked up
momentum in attractive way. Favourable circumstances of Wavelets bases over operational
matrix strategy have prompted enormous application in science and engineering. The exact
solution proves the accuracy and efficiency of wavelets operational matrix methods with the
good agreement of mathematical results. Likewise, the wavelets operational matrix strategy
is simple, efficient and delivers extremely precise numerical outcomes in impressively mod-
est number of basis function and hence reduces computational exertion. Additionally, the
technique is easy to apply for multidimensional problems.

So, firstly we transform equations (1)-(3) into its equivalent construction of integro-PDEs
which consists of both initial and boundary conditions and therefore, we can be solved in a
more suitable matter. Then by using the operational matrices of integration and differenti-
ation of Legendre wavelets together with completeness of these wavelets, the integro-PDEs
reduces to the system of algebraic Sylvester equation. Hence, we can achieve solution of
(1)-(3) in terms of Legendre wavelets on solving the Sylvester equation by generalised bi-
conjugate gradient stabilized method (BICGSTAB) (i.e. robust Krylov subspace iterative
method [28]).

The outline of this article is as follows. In section 2, we explain an introduction to the
Multidimensional Legendre wavelet, function approximation and convergence of approxi-
mations. In section 3, we constructed operational matrices based on Legendre wavelet for
multidimensional functional approximation with Kronecker multidimensional. In section
4, we proposed numerical method for solution. We employ some literature problems for
showing the ability of the new technique in the current investigation in section 5. Finally a
conclusion is given in section 6.

2. Preliminaries: Construction of basis functions and their properties

In this section, properties of Legendre wavelets and their associative operational matrices
will be review. Further, using the Kronecker multiplication, we will extend one dimensional
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operational matrix to multi dimensions. Legendre wavelets appeared in several different
tendencies of engineering and sciences. One can point out many applications of Legendre
wavelet in the numerical solution of partial differential equations (PDEs) like: Schraodinger
equation [34], Poisson equation in [35], etc. In this part of the article, properties of Legendre
wavelets will be discussed that have essential roles in the Legendre wavelet operational matrix
method (for instant see [31]).

2.1. Legendre wavelet [31]

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

_1 —b
\I/a,b(n) = |CL| élll (HT> ,CL,b S R,(l 7é 0.

If the parameter a and b are restricted to the discrete values as a = a, k’, b = nboa, Fag >
1,bp > 0, n and k are positive integers, from the above Eq. we have the following family of
discrete wavelets :

k
Uy (n) = |ao) "2 ¥ (agn — nby),

where, ¥}, (n) form a wavelet basis for L?(R).In particular, when ag = 2 and by = 1 then
Uy, (n form an orthonormal basis.

Legendre wavelet W, ,,(n) = ¥ (k, 7, m,n) have four arguments # = 2n—1,n = 1,2,...,2" 1 k €
Z", m is the order of Legendre polynomials and 7 is normalized time. They are defined on
[0,1) as follows (see [? ]):

/ 1ok kpy _ pY  if il il
wn,mw):w,ﬁ,m?n):{ e & @

0, if otherwise.

where, the coefficient |/m + % is for orthonormality.

2.2. Multi-dimensional Legendre wavelet

Three-dimensional Legendre wavelet can be expressed as product of one-dimensional
Legendre wavelet as follows:

\Pn,m(n)\yn',m/ (5) 71f % S 77 < 2l

2k

n/—1 n’+1
\I]mmm/ m' (777 5) = oK’ S 6 < k" (5)
0 , otherwise,




Three-dimensional Legendre wavelet can be expressed as product of one-dimensional
Legendre wavelet as follows:

W (MWt ()W e (8) 3 Bt < < I

n Qk
SIS n/+1
\1/ ’ /(7’]757'[;) = n2 71 g 2//+17 (6)
n,m,n ,m ToRTT < t < DY)
0 , otherwise,
where,
=\/m+ 22pm ), (7)
=\/m' + 5 2 P —n), (8)
=/m" + 2 Tp, (28 t —n'), (9)
and

m=0,1,2,..M—1,MezZ*U{0},
m =0,1,2,...M —1,M e Z* U {0},
m' =0,1,2,...M —1,M" e Z*U{0},
h=2m—1,n =20 —1,n"=2n" —1,
n=1,23,..2"1 0 =1,2.3, .. 281 5" =123, 928 1

here also Z* is positive integer and p,,, p,,, and p, » are Legendre polynomial of order m, m’
and m" respectively which are defined over the interval [0,1] and also three-dimensional
Legendre wavelet are orthonormal set over 2 = [0,1] x [0, 1] x [0, 1].

2.3. Function approximation

Suppose that f(n) is an arbitrary function in L?([0, 1)), then it can be approximated as
follows:

f(n) = Z Z SromWom(n) (10)

If the infinite series (10) is truncated for m = M — 1, then approximation of (10) can be
represented as in the following form

=2 D famWum(n) = F{ ¥ (). (11)



where W(n) = [\1110(7’])7\1111<77)7...,\Ijl(M_l),...,\IIQkflo,\IIQk—ll,...,\Ijgkfl(M_l)(T])]T and FI is
1 x (2*=Y(M — 1)) vector given by:
[ foi f(n)Wio(n)dn
fo fm) W1 (n)dn

o F) Wiy (n)dn
F7T = :

I Fm)Wax1o(n)dn
I3 F ) War1y(n)dn

_fol f(ﬁ)‘l’%—l(Mfl)(U)dn_
Now generalised (11) series as follows

ok—1 pf_1 9K =1 ppr_q

f(n, &) = Z Z Z Z Frmntm! VUnmnrme (1, §) = Fg@(m&)a (12)

n=1 m=1 n’=1 m/=1

Where, U(n,&) = VU (n)@WY(£) (For the numerical solution, we used the concept of Kronecker
product (®) [31])is 287128 ' M M’ x 1, vector given as follows:

U = [Wig10, -+ 5 Yronur—1), Y020 -+ 5 Wroawr—1)s 5 W gon 190"
‘I’lozkul(M,_l),“' s Viv—v10, - Yigr—nier—1), Yior—1)20, -+ Yir—2m/—1),
‘Ifl(M,l)QkLlo T ‘Ill(Mfl)Zklfl(M’—ly Y010, ‘1’201(M/—1)7 Wa020, "+
Pooamr—1)s s Wogon 190 s Wogon 1 pprgyr s War-1y105 -+ 5 Waur—ny1(arr-1),
Wor-1)20, 5 Waur—1y2m—1)s Yo o107 Worns o' —1ar—1yr T
Wor-1010, "+, quk—lol(M/fl)a Wor-1090, -+, \IJQk—l(M_l)le—l(M/_l)]Tv

(13)



and

fo fo &) W1i010(n)dndE 17"
fo fo &) Wio11(n)dnd§
fo fo 77 5 \1/101 M'—1) ( )dnd€
fo fo )W vr—1y(n)dnd§
fo fo E)Wao1(mr—1y(n)dnd§
B = : (14)
fo fo §)War-109x-19(n)dndé
fo fo E)Wonk-109x—11(n)dndé
fO fO Wk “1(M’-1) (n)dnd§
Jo Jo £, Waciyye —1 -1y (M)dndg
—fol fOl F (10, €)W (ar—1y2w=1 (a1 (M) A€ |



Where, U(n, £, t) = U(n)@W(£)@W(t) are 2812 12K =1 A\ M/ M” x 1, vector given as follows:

fo fo fo t)Wi01010(n, &, t)dndEdt
&,

Jo Jo Jo 10 D)W ioion (7

bl st .
bl st

Jo Jo Jo I

F9T: fofofo

Jo Jo Jo 1
Il Iy

o Jo Iy

Jo Jo Jo 1€
I Iy Iy 1€

(n,&, )W

t)dndedt

(n,€.1) ‘1’10101(1\4/' (0, &, t)dndédt

(0, &, 6)Vanr—1y2 (M’ V2ar—1y(1, &, t)dnd&dt

2k 102k’ —102k’ — 10( 6 )d’l]dfdt
7 2k 102k’ 109k — 11< é )dﬁdgdt

W ok 109k 10281 (ag77 1)( &, 1)dnd€dt
&, t)dndgdt

2k 102k =119k — 1(M” 1)(

2k 102k! — (M- )Qk” LM — 1)( g )dndgdt
€, t)dnd&di

2k 119k — (M — )Qk” (M — 1)(

2k—1(M—1)2% =1 (M’ —1)2+" =1 (M 1) (n, &, t)dndfdt_

Theorem 1. The series anl Zm:O 23:1 Z;j’:() ij’:l Zﬁ//zo fnmn’m/n”m”\Dnmn’m’n”m”(7]7 67 t)?
where U(n, &, t) is three-dimensional Legendre wavelets which is defined in (6), is uniformly
converges to a continuous function f(n,&,t).

Proof. Let L*(\1) be the Hilbert space and ¥(n,&,t) is defined in (6) forms an orthonormal
basis. So for fixed k, &’ and k"

f(n,&,t)

where,

M-1M'-1M"-1

Z Z Z fmmm”qjmmm”(n 5 t)

m=0 m’=0 m''=0

[ /0 1 /0 1 /0 0 & W 1., D

= <f(?77£7t)7 VU mm (n,f,t)) .

Now truncate series (18) upto N level as follows

Z Z Z Frnmrm Ve (1, €, 1) = Sy (say).

m=0m/=0m"=0

f(n, &)

9

(17)

(19)



Now,

N N N
<f(7h 57 t)v SN> = <f<777 ga t)7 Z Z Z fmm’m”qjmm’m” (777 57 t)>
m=0m/=0m'"=0

N N N (20)
- Z Z Z _mm’m” <f(n7€7t)7 \I;mm’m//<77,€,t)> .
m=0m'=0 m/'=0
From (19) and (20)
N N N -
FOELSN) =3 ) Frmm Frmmr
m=0m/=0 m'' = (21)

Now, we claim that

N

(f(n,§,t),Sn) = Z Z Z | frnim m”| forN > N'. (22)

m=0m/=0m/"=0

Since
N N N N
HSN _SN’“ - ||Z Z Z fmmm”\I’mmm” n, £ t ZZZka\Ika m, g t)H2
m=0m/=0m" =0 =0 j=0 k=0

N N N
S ST e Ve (. €D,

m=N'+1m'= N’+1m” N’+1

N N N
— < Z Z Z fmmm”qjmmm" m, 6 t Z Z Z fijk\pijk(n’€7t)>7

m=N'+1m/=N'+1m"=N'+1 1=N'+1j=N'+1k=N'+1

N N N N N N )
Z Z Z Z Z Z Jommrm fijk <l1]mm’m”(77>5at)>‘1’ijk>,

m=N'+1m/=N"+1m""=N'4+1i=N'+1 j=N'4+1 k=N'+1
N
§ E § |fmm m”‘

m=N'+1m'=N'+1m"=N'+1
(23)

Now using Bessel’s inequality series (23) is convergent and hence
HSN_SN’H_) 0 as N,N’—)OO. (24)
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So (Sy) is Cauchy sequence in L*()\;), i.e. Sy — s(say). Now,

<S - f<777 57 t)a \Ijmm/m” (777 57 t>> = <37 \Ijmm’m” (777 ’57 t>> - <f(?77 67 t)? \Dmm/m” (777 ga t)) )

= lim
N—o0

(

_ < lim Sy, W (17, €, 1)
N—oo

> - <f(777£7t)7 \Ijmm/m” (777 f,t)) )

= lim <SN7\Ijmm’m”(77a£7t)> - fmm’m”v

N—oo

N N N
Z Z Z fmm’m”\I]mm’m”<7]7£7t>7 \Pmm’m”(n7£7t>7 \I/'ij<7]7£7t)

m=N'+1m'=N'+1m""=N'+1

> - fmm’m”7

= ]\}lm fmm’m” <\I/mm’m” (777 57 t), ‘Ijijk (7]7 57 t>> - fmm’m”7
—00

= fmm/m” — fmm’m”

(using orthonormality of Legendre wavelets),

= 0.
(25)

Hence s = f(n,&,t).

Thus the series 220:1 anozo 22721 Zi’:o Z?j’:l Z:;”:O fnmn’m’n”m”\ann’m’n”m” (7], 5, t) con-
verge uniformly to f(n,&,1).

Hence the theorem.

O
3. Operational Matrices
Let U(t) = [Wo(t), ¥y(t), ..., Un(t)]T be the basis functions. Then,
Wy (t) F 0 0 0 Wy (t)
d |t 0 F 0 0 Wy (1)
dt : e : : = DU (1), (26)
U (t) 00 0 F U (t)

2k—1 )N x2k—10f

in which F'is M x M matrix with entries

2k /(2r —1)(2s — 1), ifr=2,3,..M,s=1,2,...,7 — 1,(r + s)odd;
if otherwise.
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Owlé)—k

(a») .o

V3 0
0 V3
s

—535 0
0 0
0

0 0 0
0 0
V5
svs 0
2M—3
0 (2M —3)/2M—5 0
2M—1
0 0 (2M—1)/2M—3

Here, I, is 2571 M x 2¥~1 M matrix.
The approximation given in section (2) for numerical method can be extended for the
higher dimension. Two variables functions, namely f3(£,1), f4(&,t), fs(n,t) and fg(n,t) in

L2([o,

;

where

Fy

W3
(2M —3)v/2M—1
0

“J ok —1 (A —1)2K -

“ ok —1 (12K~

ok 1 (A —1)2k ~

’ 'flz(Mum(MLl)
o f2(M’71)2(M”71)

3
’ 'ffl(Mu1)1(ML1)
o f2(M’—1)2(M”—1)

4

o flz(M’—l)l(M”—l)
’ f2(M’—1)2(M”—1)

5

’ 'flz(M/—l)l(M”—l)
’ 'fz(Mul)z(M”A)

6

1] x [0, 1]) can be approximated as:
2k —1 M'—1 "_1
f3<€7t) Z Z Z =1 2 "=0 Jn'm'n""m" \Ilm(f)\ll (
Qk, 1 M'—1 2k: -1 "_1
f4<£7t) R Zn Z Z =1 Z "=0 Jn'm'n’ m’\Dm('S)\I] (
21 M —1 28~ M1
f5<777t) ~ Z Zm:O Z =1 Z "=0 Jnmn'’'m’ mm(”)an(t) =
21 RAM—1 281~ M1
f6(777t) R Z Zm:O Z =1 Z "=0 Jnmn'm" \I]m<77)\11n(t) = \DT(U F6\Ij(t )
r 3 3 3 3
flOlO flOll flOl(M”fl) flll(M”fl)
3 3 3 3
f2020 f2021 202(M""—-1) f212(M”71)
3 f3 3 3
L/ ok’ —102k"" -1 ok! =102k —11 2k’—102k”—1(M//71) 2k’—112k”—1(M//71)
r 4 4 4 4
flOlO flOll flOl(M”fl) flll(M“*l)
4 4 4 4
f2020 f2021 f202(M”—1) f212(M”—1)
4 4 4 4
L/ 2k’ =102k —1( ok/ =102k —17 2k’—102k”—1(M//71) 21@’—1121@”—1(]\4//71)
r 5 5 5 5
flOlO flOll flOl(M”—l) flll(M”—l)
5 5 5 5
f2020 f2021 fZOQ(M”—l) f212(M”—1)
5 5 5 5
L/ ok’ —102k" —1( ok! =102k —11 2k’7102k”—1(M//_1) 2k’—112k”—1(M//_1)
r 6 6 6 6
flOlO flOll flOl(M”—l) flll(M”—l)
6 6 6 6
f2020 f2021 202(M""—-1) f212(M“71)
6 f6 6 fﬁ
L/ ok’ —102k" -1 ok! =102k —11 2k’—102k”—1(M//_1) Qk’—llzk”—l(M//_l)
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where,

1 1

Fonne = [ [ sl yi€ s
1 1

4/ Iy Mgl — 5 \I/ 5 d d7
1 1

5/ Toy 1oy 1 — 3 \Ij ) d d7

1 1
f,r?lm/nl/m/l == / / f()‘ (77, t)q](n, t)dndt
0 JO

Lemma 1. Let \; = fol UT(n)dn and M\ Iy = \MIL are the 1 x 2" M wectors, then the
following relations hold

(i) WT(&) =V (n, &P,

(i1) T (§) = ¥ (n,&)P,
(iii) n(MI, @ TVT(E)) = T (n,€)Q,
(iv) (VT ()] @ MI,) =97(n,6)Q,
(v) ¥ (n) =¥ (n, R,

(vi) 9T (n) = 9" (n,E)R.

Proof. Let W(n) = [W1o(n), ¥11(0), .-, Yiar—1)(n), -, Yor-10(n), Yor-10(n), ..., Wor-1(ar_1) (m]*
be the one dimensional Legendre wavelet basis of L?[0,1]. Then nW”(¢) can be written in
the following form

N (&) =n e T(E). (28)

Let n = g(n) € L*[0,1]. Then g(n) can be approximated in terms of Legendre wavelet basis

functions as
2k=1 pr—1

g(n) =n= Z Z GrmVnm (1) = AT\I}(”)

n=1 m=0

where, A = [ay0, 11, ..., G1(A1—1), -+, Qk—10, Qgk—11, ..., an_1(M_1)]T and the coefficients of A are
calculated by the formula

1
a; = / Wi (n)dn
0
hence from Eq.(18)

nuT(€) = V(AU (&) = (¥7(n) @ ¥(€) (A® Inn) =¥ (.6)P,  (29)
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where,

P=A®I.

Similarly, we can write (ii7) as
n (Ml @ 197 (€)) = (phly) @ 197 (€).

Since, n\ 17, is 1 x 2¥"'M vector and each element of this vector is a function of 1 so we
can make similar argument as given in the proof of (ii).
Hence,

(MAilp) ® 107 (E) = (W' () B") @ 1T (€),

= (TT(n) 2 9"(©) (B @ 1), (30)
=0 (n,6)P,
where, P = (B' ® Iy41) and
C10 C11 T C1(M—-1)

C20 Ca21 T Co(M—1)
B = .

= [Crm]or—1 01 x28— 121
Cok—19 Cok—11 *** C2k—1(M,1)

The coeflicients ¢, are calculated as follows

o = / (ML) ()] i

Note: (a) All other matrices @, R and R are calculated in the similar manner.

(b) If we take n = 1 then the proof of (i) is same as (i7). Similarly, the proof of (iv), (v)
and (vi) are same as (i), (i) and (ii7) respectively. O

Lemma 2. [ng = 2k'—1M’><2’€l_1M’®D2k/—1M’><2k/_1M’7 Ig = 2’€/—1M’><2k/_1M/®]L,2k/_1M’><2k/_1M/
and Iy = Iy or—1prxor—101 @ Lowr 1 ppryon'—1 0, where I denotes the identity matriz then we have

(i) awng =We(n,§) = De¥(n,§),
(ii) 5B = Wee(,€) = (D)W (1, €),
MUL (n,§)d¢" =~ 19 (n,€),

(iv) [& [€ W(n,&")de"de’ ~ (L)W (,€),
(v) [ (', &)dn' ~ I,%(n,§),
14



(vi) Jo Jo WOy, ©)dn"dy ~ (1,)*%(1,).

(vii) S5 = Wy(t) = DU(t),
(viii) T2 — W, (t) = D2U(t),
Proof. See section 3. O

4. Numerical Method of Solution

To find numerical solution of Egs.(1)-(3), firstly, we will use all the initial and boundary
conditions on (1) then (1) will convert into partial integro-differential equation (PIDE). For
this purpose we rewrite Eq.(1) as follows

Fo(n.&6:t) _ P(n.&t) )\ 00 1)
on? o2 Y

P*®(n, &, t)

+ qu)(n7§7t) - 852

- F(n,&t). (31)

Integrating Eq.(31) in the interval [0, 7], we obtain

n
(I)n(n> ga t) = (I)r](oa 57 t) + /0 ((btt (77/7 57 t) + 2)\1(Dt (77/7 57 t) + )‘3(1)(77/7 57 t)

(32)
— (. &, 1) = F (&, 1)) drf
further integrating Eq.(32) in the interval [0, 7], we get
n
q)(nafat) = q)<0a§7t) +n¢n(07£7t) +/ / (q)tt(n”7£7t) + 2)\lcbt(77,/7€7t)
— 0 Jo (33)
7f3(§7t)
+)‘§(I)<77//7 57 t) - (I)£§ (77//7 57 t) - F('f?”a éa t))dnﬂdﬁ/
Put n =1 in Eq.(33), we get
1
<D77<07 57 t) = q)(la 67 t) _f1(€7 t) - / / (q)tt(nla 57 t) + 2)\1<Dt(77/a 57 t)
— 0o Jo (34)
_f4(£’t)
AN &, 1) — D1, €, 1) — F oy, &, 1))dy'dy.
Substituting the value of ®,(0,¢&,t) from Eq.(34) to (33), we get
D(.€.1) = nfal6t) + (1 n)falEt) - “//‘%néf*0A®W€ﬂ
(35)

FAO(1, &, 1) — Pee (', €, 1) —F(n’,&t))dn’dwr/ / (®u(n”, & 1)
0 0
LN ,8) + NZB(, €, 8) — e, ,8) — F, &, )"y

15



To use boundary conditions in £, we integrate ®ge(n, &, t) from 0 to &, we obtain

3
/0 Dee(n, €, 1)dE = D, €. 1) — Be(1, 0, 1), (36)

further integrating Eq.(36) from 0 to &, we get

& p¢
[ [ actneie'de = a6 - 2(01.0.0) ~ g0c(n.0.0),
o Jo

or

I '
B0.6.1) = fi(n 1) + €0:(0.0+ [ [ @cln ¢ )" (37)

o Jo

To use the condition ®(n, 1,t) = fs(n,t), put £ = 1 in Eq.(37), we get

De(n, 0,1) = fo(m,t) — fo(m1 / / Bec(n. &, 1)dE'dE, (38)

substitute the value of ®¢(n,0,t) obtained by Eq.(38) into (37), we obtain

Lope
(0,8, t) = Efe(n,t) + (1 =€) f5(n,1) — 5/0 /O Dee(n, &', 1)d€dg

+/0£ /06/ Dee(n, £, t)dg"dg.

Now, our goal is to use the initial conditions (2). For this purpose, we use same process
which is used to use the boundary conditions in £ i.e integrate ®;(n,&,t) two times from 0
to t and obtain

(39)

‘I)(n,&t)=f1(n,§)+tfz(n,§)+/0/0 Dy (n, &, t")dt"dt'.

The above Eq. can be rewritten as

B(,6,8) = F(1,6,1) + / / Do, €, ") dt"dt (40)

Wherea f(777 67 t) = fl (na f) + tf2(777 5)
Since, we can obtain the original Eq. (1) with boundary conditions ®(0,&,t) = f3(&,t)

and ®(1,€,t) = f4(&,t) by differentiating two times Egs. (35) and replacing n by 0 and 1 in
Eq. (35) respectively. Including this boundary conditions ®(n,0,t) = hi(n,t), ®(n,1,t) =
ha(n,t) and initial conditions ®(n,&,0) = f1(n,£), (1, £,0) = fa(n, &) received by replacing
¢ by 0and 1 in Eq. (39) and ¢ by 0 and 1 in Eq. (40) respectively. Hence, the Egs. (35),(39)
and (40) are the equivalent formulation of the proposed problem (1)-(3). To solve these

16



PIDE, all the known and unknown functions are approximated in terms of basis functions.
The known function of three variables F'(n,£,t) can be approximated in terms of basis
functions as follows

ok—=1 pr_ 12k -1 A — 12/@”—1 M -1

77 5 t Z Z Z Z Z Z ann/m’n”m”anmO?)‘I]n’m/(é)\pn”m”(t) = ‘I’T(Uaf)F‘I’(f%

n=1 m=1 n/=1 m’=1 n’=1 m'’=1
(41)

where UT(n,¢) = ¥T(n) ® UT(¢) and F is matrix calculated in similar manner as F in
section 3. Similarly, we approximate f as follows

F(n, &) m W (1, )FU(1). (42)
Similarly, the unknown function W(n, &, t) is approximated in terms of basis functions as

2k lM 12k 1M/ 12k —IM// 1

M= D > > D D Pamwmnr Yo (1) Y (€) Yo () = U7 (1, €) P U (8),

n=1 m=1 n/=1 m’=1 n’=1 m'’=1

(43)
where
- 1T
Y1o1010 Wo02020 e W ok 109k — 102k ~1¢
Uio1011 W02020 e Wk 109k 1998 ~1¢
Wio101(ar77-1) Won202(a177-1) e Wk 109k~ 109k 1 (g7 1)
\Ilelll(M”—l) \Ij20212(M”—1) te \Ilzk—102k’—112k”—1(M//_1)

(I)ap:v = . .
Vio1(mr—1)1(mr-1) Wooo(arr—y2mr—1) Wormigor—1(ar_1)2w -1 (agm—1)
‘11111(M'—1)1(M”—1) ‘1’212(M/—1)2(M”—1) T \P2k*112k'*1(M’—1)2k”*1(M”—1)

| Viu—nir—nier—1) Yar—veor—n2mar-1) Yokt gnyer 1 (r—1)2k 1 (-1 |

where, ®,,, is (2871 M2F 1 M) x 2F"~1M" matrix. It is to be noted that, we have to calcu-
late the unknown matrix ®,,,.

Now, substitute the approximated value of F'(n,&,t), ®(n,&,t), f1(€,t) and fo(&, t) which
are given by Eqs. (41)-(43) and (27) in the right hand side of Eq. (35). After using the
operational matrices of differentiation and integration and Lemma 2, Eq. (35) reduces into
the following form

O(1,&,t) = (T FU(1)) + (1 —n) (T (&) FT(1))
—n / / ! U1, €) [Papa D} + 201 Pape Dy + AsPape — (D)* P — F| W(t)dn'dn
0 0

n
+ / / UT(1",€) [Pape D + 2M1Papa Dy 4+ A3Pups — (Df ) Pape — F| U (t)dn"diy |
0 0
17



or,
D(n, & t) U (&)(Fy — F)U(t) + U (&) F3U(t)
(M ® W (€))(Paps DF + 24Py Dy + APy — (DF) 2y — F) U (1)
+‘I’T(77, 6)([;)2(q)aprt2 + 2Alq)apﬂth + A%(I)apfc - (Dg)QCDapx - F)\I’(t)

(44)
Using (i), (i) and (iii) of Lemma 1, we can rewrite Eq. (44) as
O(1,&,1) = (0, ) P(Fy — F3)U(t) + 07 (1, &) PE3¥ (1)
_\I]T<7] £)Q<q)apr2 + 2>\1(I)ap:th + )\Q(I)apx - (Dg> apr ) (t) (45)
‘HIJT(W f)( ) ((I)apch2 + 2>‘1(I)aprt + )‘2 apx - (Dg) (I)apx - F)\Ij(t)
Now Eq. (45) can be rewritten as
O, &) = U (0, ) X (L), (46)

in which
X = P(Fy — F3) + PF, + ((InT )2 = Q) (Pape D} + 2201 P e Dy + N3Py — (Dg)%bam —F).

Now, substitute the approximated value of ®(n,¢,t) from Eq.(46) and f3(n,t), fa(n,t)
from Eq. (27) in Eq. (39) and using the operational matrices and Lemma 2, we get

O, &, 1) = LT () FeP(1) + (1= U () F5¥(1)

L€
¢ [ [ vt mentrxvaasa .

£ r¢
[ [ ol pxdgag
0o Jo
We can rewrite the above Eq. as

D(n, &, 1) = VT (n)(Fs — F5)W(t) + " (n) F5 (1)

~EOF @ ML )(DIX () + 87 0, )P (D] W), )
By using (iv),(v) and (vi) of Lemma (1), above Eq. can be written as
O(n, & t) = U (n, )Y T(t), (49)

where

Y = R(Fs — F5) + RF; + ((I{ )’ = Q)(D{)*X.

In the next step, Eq.(49) can be taken as an approximation for ®(n,&,t). Substitut-
ing the approximated values of f(n,&,t), ®(n,&,t) together with operational matrices of
differentiation and integration in the right hand side of Eq.(40), we get

O, &) = U (0, E)FU(t) + W' (1, §)Y DI} D(t).
18



On combining above approximation ®(n, £, t) with Eq.(43), we get
U (0, ) Papa U (t) = W' (0, ) FU(t) + U7 (0, )Y DI IFU(2), (50)
Y = R(Fs — Fs) + RFs + (IT)* - Q)(DI)*X

X =P(Fy — Fy) + PPy + (I1)?* = Q)(VD} + 2\ oy Dy + Aoy — (DE) 2Py — F).
Eq.(50) can be reduced into the following matrix Eq.

(I)ap:r + chIDapri + X2(I)ap:va2 =Z (51>
which is in the form of Sylvester Eq..
Where, B
X1 = (1) = QDI (1) = Q),
Yy = —(D? + 2\ D; + \3) DI 17,
Xy = ((I9)? = QYD) ((1;)? = Q)(DE)?,
Y, = D}I}
and

Z = F + RFE; DI} + R(Fs — F5) DI + ((IF)* — Q)(D{)*
(P(Fy — F3) + PF; — ((I,)* = Q)F) DI}

Finally, we get the system of equation in the form of Eq.(51) which is known as the
Sylvester equation. Some authors proposed numerical scheme to solve Sylvester equation
(for instant see [41]). In this article Sylvester equation (51) is solved for ®,,, by robust
Krylov subspace iterative method (i.e.generalized BICGSTAB, [42]) and using Eq.(51), we
get the approximate solution of Egs.(1)-(3) in terms of Legendre wavelet basis functions.

5. Numerical experiments

In this section, we provide some numerical examples to analyze the applicability of pro-
posed LWOMM for two dimensional hyperbolic telegraph equation (1). For the application
of proposed method, we have included three literature examples and examine the applicabil-
ity and effectiveness (Numerical simulations have been done with the help of Matlab). Since,
the proposed method is a numerical technique based on the Legendre wavelet function, we
can reach to the exact solutions if the solutions of the considered hyperbolic telegraph equa-
tions are in polynomial forms. Moreover, the presented method gain spectral accuracy for
dealing with two-dimensional hyperbolic telegraph equation which has exact solutions in
non-polynomial forms. We take k = k' = k' =3, M = M' = M" = 4,5,6,7 & t = 1 also
computed results have been shown in the Table in terms of relative errors, {2 and {*. The
results are compared with Mittal and Bhatia [27] and found better accuracy by Legendre
wavelet at small number of basis function. In order to illustrate the performance of the
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LWOMM, we have considered the maximum absolute error, which is denoted by e,. Also,
in some figures the history of error between the analytical and numerical solution, which is
computed by the proposed LWOMM, is represented as e, = ® — ®,,,. Further, to assess
the performance of the method LWOMM we computed [? and [* norms errors.

Example 1.In this example, we consider the HTE Eq.(1) in the domain (n,&,t) € Q
and F(n,&,t) = (—=2A; + A3 — 1)e !sinhpsinh &, The initial and the Dirichlet boundary
conditions are given by

®(n, €,0) = sinh(n) sinh(),

®y(n,€,0) = —sinh(n) sinh(é) (52)

®(0,£,t) =0, ®(1,£,t) = e *sinh(1) sinh(¢)

q)(na 07 t) = 07 CI)("% 17 t) = eit Slnh(ﬁ) Slnh(l) (53)

The exact solution is given by ®(n, £, t) = e *sinh(n) sinh(§). In this example, we have taken
A1 = 10, Ao = 5 and solved for N =4,5,6 and 7 also see Figures 1-4 for error estimation.
Example 2. In this example, we consider the HTE Eq.(1) in the domain (n,,t) €
Q, with F(n,&,t) = 2cos(t)sin(n)sin(§) — 2sin(t) sin(n) sin(¢). The initial and boundary
conditions are given by
B(n,£,0) = sin(y) sin(€),

and
O(0,£,t) =0, D(1,£,t) = cos(t) sin(1) sin(§)

®(n,0,t) =0, (n,1,t) = cos(t) sin(n) sin(1). (55)

The exact solution is given by

®(n, &, t) = costsin(n)sin(E).

In this example, we have taken A\; = 1, A\ = 1 and solved for N = 4,5,6 and 7 also see
Figures 5-8 for error estimation.

Example 3. In this example, we consider the HTE Eq.(1) in the domain (n,&,t) € Q
with A\; = 10, Ay = 5 and F(n,§,t) = 22 cos(t) sinh(n) sinh(§) — 20 sin(¢) sinh(n) sinh(§). The

initial and Dirichlet boundary conditions are given below

®(n, €, 0) = sinh(n) sinh(),

B,(7.£.0) =0 (56)

and
®(0,&,t) =0, (1,&,t) = cos(t) sinh(1) sinh(&)

®(n,0,t) =0, ®(n,1,t) = cos(t) sinh(n) sinh(1)
20



The exact solution is given by
®(n,&,t) = costsinh(n)sinh(§).

In this example, we have taken A\; = 10, A\ = 5 and solved for N = 4,5,6 and 7 also see
Figures 9-12 for error estimation.

Table 1: Absolute error of LWOMM at ey (n,&, 1) for values of N = 4,5,6,7 of Example 1
0§ N=4N=5 N=6 N=7

( ) 9.8020e-16 1.0604e-14 5.8261e-14 4.6324e-13

( ) 7.5943e-05 2.4407e-04 1.0070e-04  7.5510e-05

( ) 2.4400e-04 9.3702e-04  3.7520e-04  2.8222¢-04

( ) 3.1769e-04 2.0000e-03  7.4580e-04  5.5994e-04

( ) 1.4792e-05 3.1000e-03  1.1000e-04  8.2115e-04

(0.5,0.5) 1.0000e-03 4.2000e-03  1.3000e-03  9.7446e-04
( )

( )

( )

( )

( )

3.2000e-03 5.0000e-03  1.3000e-03  9.5378e-04
6.7000e-02 5.2000e-03  9.6017e-04 7.4814e-04
1.2100e-02 4.8000e-03  3.9005e-04 4.2101e-04
1.9200e-02 3.8000e-03  2.5801e-04  9.4096e-05
2.8100e-02 2.5000e-03  6.6554e-04  1.6198e-04

Table 2: Norm error of LWOMM for values of N = 4,5,6,7 of Example 1

Norm N =5 N=4 N=6 N =7  Mittal and Bhatia [27]
12 2.3900e-02 1.1300e-02 2.6000e-03 2.1000e-03 1.7174e-04
1° 1.9200e-02 5.2000e-03 1.3000e-03  9.7446e-04 5.6395¢-04

Table 3: Absolute error of LWOMM at ex(n,&, 1) for values of N =4,5,6,7 of Example 2
) N=4 N=5 N=6 N=7
(0.0,0.0) 6.6368e-14  1.0240e-15 3.9761e-18  3.8272e-18
(0.1,0.1) 2.7356e-04 7.1939e-05 2.9464e-04 1.2611e-05
(0.2,0.2) 1.1000e-03 2.8673e-04 1.1185e-04 3.7931e-05
(0.3,0.3) 2.4000e-03 6.1143e-04 2.3039¢-04 5.6171e-05
(0.4,0.4) 4.1000e-03 9.8017e-04 3.6060e-04 5.3182e-05
(0.5,0.5) 6.3000e-03 1.3000e-03 4.7503e-04 2.6537e-05
( )
( )
( )
( )
( )

0.6,0.6) 8.8000e-03 1.6000e-03 5.5010e-04 1.3745e-05
0.7,0.7)  1.1800e-02 1.8000e-03 5.7469e-04  5.1243e-05
0.8,0.8) 1.5300e-02 2.0000e-03 5.6041e-04 7.5205e-05
0.9,0.9) 1.9600e-02 2.7000e-03 5.5311e-04 9.9891e-05
1.0,1.0) 2.5100e-02 4.4000e-03 6.4481e-04 1.3731e-05

Table 4: Norm error of LWOMM for values of N = 4,5,6,7 of Example 2

Norm N =4 N=5 N=6 N=7 Mittal and Bhatia [27]
12 3.9100e-02  6.3000e-03  1.4000e-03 2.1077e-04 9.8870e-05
> 2.5100e-02  4.4000e-03  6.4481e-03 1.3731e-04 2.4964e-04
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Table 5: Absolute error of LWOMM at ex(n,&, 1) for values of N =4,5,6,7 of Example 3
(17.6) N=1 N=5 N=6 N=7
(0.0,0.0) 6.7126e-14 1.0492e-15 8.3206e-17  1.0593e-18
(0.1,0.1) 6.3835e-05 9.9583e-06 3.3025e-04  1.0929e-04
(0.2,0.2) 3.1414e-04 3.1003e-05 1.2000e-03  4.0642¢-04
(0.3,0.3) 9.3733e-04  4.3952e-05 1.3000e-03  8.0493e-04
(0.4,0.4) 2.2000e-03  2.2048e-05 3.4000e-03  1.2000e-03
(0.5,0.5) 4.5000e-03  7.3449e-05 4.1000e-03  1.4000e-03
( )
( )
( )
( )
( )

0.6,0.6) 8.1000e-03  3.0522e-04 4.1000e-03  1.3000e-03
0.7,0.7)  1.3600e-02 7.8217e-04 3.4000e-03 9.6647e-04
0.8,0.8) 2.1300e-02 1.7000e-03  2.1000e-03  3.4296e-04
0.9,0.9) 3.1600e-02  3.4000e-03 6.7019e-04  3.1452¢-04
1.0,1.0) 4.4700e-02 6.4000e-03 5.0796e-04 6.0130e-04

Table 6: Norm error of LWOMM for values of N =4,5,6,7 of Example 3

Norm N =4 N=5 N =6 N=7 Mittal and Bhatia [27]
12 6.0900e-02  7.5000e-03  1.0500e-03  2.7000e-03 1.6144e-03
[> 4.4700e-02  6.4000e-03  6.7000e-04  1.4000e-04 3.6000e-04

6. Conclusion

The telegraph equations are of special interest as they are used to understand various
physical and complex phenomena. Two-dimensional hyperbolic telegraph equations (HTE)
are usually difficult to solve analytically. In this article, Legendre wavelet matrix method
(LWOMM) has been developed to tackle the two-dimensional HTE with Dirichlet bound-
ary conditions. For this purpose, we constructed operational matrices based on Legendre
wavelet for integration and differentiation for the solution of HTE. After implementing of
LWOMM on HTE, HTE converted into algebraic generalized Sylvester equation which is
solved by BICGSTAB method. The results of the numerical solution of Eq.(1) for a small
number of Legendre wavelet basis functions are illustrated in the form of Tables 1 — 6 and
the Figures 1 — 12. Also, we have comprised propose method pointwise errors with the
some existing method [27] for different values of A\, Ao, k, M, k', M’ k", and M". Numerical
results of absolute errors, [2 & [* errors are provided in Tables 1,3 & 5 and Table 2,4 & 6
respectively . Moreover, theoretically convergence analysis for the solution approximation
is provided. So, we can say that the proposed method is very easy, gives better accuracy
at less time and efficient at a small number of Legendre wavelet basis by using convergence
analysis, absolute error, [? error, [* error, error tables and error graphs.
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