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Abstract

In the current work, we implement the meshless local radial point interpolation (MLRPI) method to
find numerical solution of one-dimensional linear telegraph equations with variable coefficients. The
MLRPI method, as a meshless technique, does not require any background integration cells and all
integrations are carried out locally over small quadrature domains of regular shapes, such as lines in one
dimensions, circles or squares in two dimensions and spheres or cubes in three dimensions. Weak form
formulation of the discretized equations has been constructed on local subdomains, hence the domain
and boundary integrals in the weak form methods can easily be evaluated over the regularly shaped
sub-domains by some numerical quadratures. Radial basis functions augmented with monomials are
used in to create shape functions. These shape functions have delta function property. Also the time
derivatives is eliminated by using two-step finite differences approximation. Two illustrative numerical
examples are given to show the stability and accuracy of the present method.

Keywords : Meshless local radial point interpolation (MLRPI); Radial basis function; Variable coeffi-

cient; Telegraph equation.

1 Introduction

His paper is dedicated to study the numerical
T solutions of the second order hyperbolic tele-
graph equation. The telegraph equation is impor-
tant for modeling several relevant problems such
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as signal analysis [25], wave propagation [48], vi-
brational systems [10], random walk theory [6],
mechanical systems [45] and etc. Recently, in-
creasing attention has been paid to the devel-
opment, analysis, and implementation of stable
methods for the numerical solutions of second-
order hyperbolic equations. There have been
many numerical methods for hyperbolic equa-
tions, such as the finite difference, the finite ele-
ment, and the collocation methods, etc. see [3, 4,
12,11, 13, 14, 16, 17, 18, 24, 31, 32, 33, 34, 35, 46]
and literatures are therein.

One of the most important advances in the
field of numerical methods was the development
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of the finite element method (FEM) in the late
1950s. For a long time, FEM has been a stan-
dard tool for numerically solving different engi-
neering problems. But The main shortcoming
of FEM is that this numerical method rely on
meshes or elements. Therefore, the meshless or
meshfree method is proposed as one such nu-
merical technique to overcome this shortcoming.
Meshless methods have been developed in the
past decade, and significant progress has been
achieved recently for numerical computations of
wide ranging engineering problems. These mesh-
less methods do not require mesh for discretisa-
tion of problem domains, and they construct the
approximate functions only via a set of nodes so-
called field nodes where no element is required for
approximation of functions [28]. In general, the
meshless methods can be grouped into two cate-
gories based on using or not using integration or
based on computational modelling [27]. The first
category involves methods that do not require in-
tegration and are based on the strong forms of
partial differential equations (PDEs) such as the
meshless collocation method based on radial basis
functions (RBFs) [26, 15, 29, 20] and the mesh-
less collocation method based on boundary par-
ticle method (BPM) [21]. The second category
includes meshless methods based on the weak
forms of PDEs such as the element free Galerkin
(EFG) method [8, 9]. In addition, a meshless
method based on the combination of the strong
form and weak form has also been developed and
is known as the meshless weakstrong (MWS) form
method. In the meshless strong form methods,
usually the PDEs are discretized at nodes by the
collocation technique and it is simple to imple-
ment. However, the meshless strong form meth-
ods have obvious shortcomings. For example,
they are often numerically unstable and less ac-
curate. The second category consists of meshless
methods based on the weak forms of PDEs, in-
cluding global weak form and local weak form.
The meshless methods based on the weak form
have very attractive merits. They exhibit very
good stability and excellent accuracy. The rea-
son is probably that the weak form can smear the
computational error over the integral domain and
control the error level [28]. The weak forms are
used to derive a set of algebraic equations through

a numerical integration process using a set of
quadrature domain that may be constructed glob-
ally or locally in the domain of the problem.
In the global weak form methods, global back-
ground cells are needed for numerical integration
in computing the algebraic equations. To avoid
the use of global background cells, a so-called lo-
cal weak form is used to develop the meshless
local Petrov-Galerkin (MLPG) and meshless lo-
cal radial point interpolation (MLRPI) methods
[44,42,43,5,41,22, 1,2, 38, 39, 40]. When a local
weak form is used for a field node, the numerical
integrations are carried out over a local quadra-
ture domain defined for the node, which can also
be the local domain where the test (weight) func-
tion is defined. The local domain usually has
a regular and simple shape for an internal node
(such as sphere, rectangular, etc.), and the inte-
gration is done numerically within the local do-
main. Hence the domain and boundary integrals
in the weak form methods can easily be evaluated
over the regularly shaped sub-domains(spheres in
3D or circles in 2D) and their boundaries.
According to the numerical results obtained by
the MLRPI method, it seems this method can
be employed as practical and effective numerical
technique to solve telegraph equations with vari-
able coefficients.
Let © = [0,1] and consider the 1D linear tele-
graph equation:

0?u(x,t)
ot?

B2 (x, t)u(z,t) = Az, t)
(x,t) € Q x [0,T],

ou(z,t)
ot
0?u(z,t)
0z

+ 2a(x, t)

+ g(z,1),
(1.1)

with the initial and boundary conditions:
ou

= gl(x)7 a(l‘vo) = 92($)a

u(0,t) = wo(t), u(l,t) = ¢1(t),t >0 (1.3)
where g, g1, 92, v0, 1 are known functions, the

function v is unknown and «, 3, A are variable
coefficients.

u(z,0) (1.2)

2 Numerical scheme

In this section, we concentrate on the numerical
solution of the Egs. (1.1)-(1.3) using the meshless
local radial point interpolation (MLRPI) method.
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2.1 Finite differences approximation

In the proposed method, we employ a time-
stepping scheme to approximate the time deriva-
tive. For this purpose, the following finite differ-
ence approximations of order O(At)? are used:

0?u(x,t) ~ 1
otz At

< uF ) (%) =204 (x) |

+ uF Y (x) ) , (2.4)

o = a (X060 - )

By using Crank-Nicholson scheme, we have:

u(x,t) = é (u(k+1)(x)+u(k)(x)
+utV(x)),
0%u(x,t) ~ 1 O*uk 1) (x, 1) (2.6)
0x? 3 ox?
0*u®) (x,t)

O*utF=1 (x,1) )

0x2 0x2

where u¥(x) = u(x, k At).
Using the above approximations, Eq. (1.1) be-
comes:

Ay (D)~ 20 + D () )

+ gt (u* D (x) — w1 (x))
—|—ﬁ3 (D (x) + u® (x) + uF~Y(x))
A [ 9?uEHD) (x) N *u® (x)

3 ox2 ox?
2 (x)
+ 0x2
1
3 (65000 + g () + g V()

(2.7)
In this paper for simplicity, telegraph equation
is considered with variable coefficients a(z,t) =

22, B(x,t) = x, A(z,t) = 1 + x, therefore
Alt (u* D (x) —2u®(x) + ubD(x))
2

8 N

+ (u(k-i-l)(x) _ u(k_l)(x))
2 (@ 0) 4+ 0 (x) + utD (x)
14z (82u(k+1)(x) n 9*u®) (x)

oo\RME

3 0x? ox?

+6274,(’“*1)(x)
ox?

1

= L (g0 + 9900 + gD (x).
(2.8)
thus

1 1 1
(k1) oY 2, (k)
AtZU +<At+3>mu

1 2ul(x) 1 0% (x)
- —x

32 0x? , 3 ox?
2 m L m

At?

1 9%u® (x) n }x *u® (x)

31 0x? 31 812
_ = (k=1 - _ = 2, (k=1)

Azt T ( t 3)""

1 %2 D(x) 1 92ulk-D(x)

Py + -z

iﬁ 0x? 3 0x?
+ 5 (0" ) + gM(x) + ¢* D (x))

2.2 Approximation of field variables
using radial point interpolation
method

In the classical point interpolation method
(PIM), we use monomial terms of a complete
polynomail basis obtained from the triangle of
pascal. It is possible that the polynomial moment
matrix (it will be defined later) becomes singu-
lar or ill-conditioned, leading to the PIM failure.
The most common reason for the inexistence of
inverse of the polynomial moment matrix is the
spatial collinearity of field nodes belonging to the
same support-domain, which is recurrent in uni-
formly distributed nodal meshes or linear domain
boundaries [7]. In order to avoid this drawback,
the radial point interpolator (RPI) is employed.
RPI is a numerical technique belonging to the
point interpolation methods (PIM), which com-
bines polynomial basis functions with radial basis



154 E. Shivanian et al. /IJIM Vol. 10, No. 2 (2018) 151-164

functions.

Consider a continuous function u(z) defined in a
domain €2, which is represented by a set of field
nodes. The u(x) at a point of interest x is ap-
proximated in the form of

u(x) = Y, Ri(x) a;
+37 pi(x) by = R (x)a + PT(x)b,
(2.10)
where R;(x) is a radial basis function (RBF), n
is the number of RBFs, p;j(x) is monomial in the
space coordinate x and m is the number of poly-
nomial basis functions. The p;(x) in Eq. (2.10)
is, in general, chosen in a top-down approach from
the Pascal triangle, so that the basis is complete
to a desired order and a complete basis is usually
preferred. For 1D problems, We use

PT(X) = { 1, z, 2%, 2%, ..., 2™ }, (2.11)
for 2D problems, We shall have
Pl(x) = P'(z,y) =

{ 17 z,y, 2y, $2, y27 ey xma ym }7 (212)

and etc.

When m = 0, only RBFs are used. Otherwise,
the RBF is augmented with m polynomial ba-
sis functions. Coefficients a; and b; are unknown
which should be determined. There are a number
of types of RBFs, and the characteristics of RBFs
have been widely investigated [26, 19, 37]. In this
paper we consider the thin plate spline (TPS) as
radial basis functions in Eq. (2.10). This RBF is
defined as follows:

R(x) = 7 In(r), s =1,23,... (213)
Since R(x) in Eq. (2.13) belongs to C?*~1 (all
continuous function to the order 2s—1), so higher-
order thin plate splines must be used for higher-
order partial differential operators. For the
second-order partial differential equation (1.1),
s = 2 is used for thin plate splines (i.e., second-
order thin plate splines). In the radial basis
function R;(x), the variable is only the distance
between the point of interest x and a node at
zj, ie, r =| x — =z | for 1-D and r =
V(x — ;)2 + (y — :)? for 2-D. In order to de-
termine a; and b; in Eq. (2.10), a support domain
is formed for the point of interest at x, and n field

nodes are included in the support domain. Coef-
ficients a; and b; in Eq. (2.10) can be determined
by enforcing Eq. (2.10) to be satisfied at these n
nodes surrounding the point of interest x. This
leads to the system of n linear equations, one for
each node. The matrix form of these equations
can be expressed as

U, = R,a + P, b, (2.14)

where the vector of function values U is
T
) un} )

the RBFs moment matrix is

R1 (’1"1) RQ(Tl) Rn(’l"l)
R1 (7’2) R2 (7’2) Rn (7’2)

n - . . . . bl

Rulry)

US = {ul, ug, Uz, .. (2.15)

Ralry) Ro(r)

and the polynomial moment matrix is
1 = oz

(2.17)

Tp . Ty " m

Also, the vector of unknown coeflicients for RBF's
is
T

a’ = {a, ag, as, ..., an }, (2.18)

and the vector of unknown coeflicients for poly-
nomial is

bl = { b1, by, b3, ..., b }. (2.19)

We notify that, in Eq.
defined as

(2.16), Tk in RZ(’Pk) is

e =|Xp — 2 | . (2.20)

We mention that there are m + n variables in Eq.
(2.14). The additional m equations can be added
using the following m constraint conditions:

n
Z pi(xi) a; = ana =0, j=12,.. m.
i=1
(2.21)
Combining Eqs. (2.14) and (2.21) yields the fol-

lowing system of equations in the matrix form:

7 US _ Rn Pm a o ~
o= | 5]=[a T[] -es
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where
U7 = {w, ug, .., Upn, 0,0, ..., 0},
(2.23)
éT — {al, ag, ..., Qn, bl, ceey bm}

Because the matrix Ry, is symmetric, the matrix
G will also be symmetric. Solving Eq. (2.22), we

obtain
a= [ a } = G0, (2.24)

Eq. (2.10) can be rewritten as
u(x) = RT(x)a + PT(x)b =
{RT(x), PT(x) } [ a ] . (2.25)
b
Now using Eq. (2.24), we obtain

u(x) = {RT(X),PT(X)} G U, = @T(x)ﬁs,

(2.26)
where éT(x) can be rewritten as
#T(x) = {R'(x), P(x)} G' =
{ ¢1(x), d2(x), .., (2.27)

¢n(x)7 (an-l—l(x)? ey (bn-i-m(x)}

The first n functions of the above vector function
are called the RPIM shape functions correspond-
ing to the nodal displacements. We show by the
vector ®7(x) so that it is

3T (x) = {61(x), 92(x), - D) }.

Then Eq. (2.26) is converted to the following one:

(2.28)

u(x) = o7 (x) U, = Z bi(x) ui.  (2.29)

The derivatives of u(x) are easily obtained as

ou(x) J— 0 (x) ‘
ox =iz ox e

(2.30)
0%u(x 0% pi(x
7(2) = Z?:1 7@(2 )uz

Ox ox

Note that R, ! usually exists for arbitrary scat-
tered nodes and therefore the augmented matrix
G is theoretically non-singular [36, 47]. In addi-
tion, the order of polynomial used in Eq. (2.10)

is relatively low. We add that the RPIM shape
functions have the Kronecker delta function prop-
erty, that is

] - ) 9 *
(2.31)
This is be cause the RPIM shape functions are
created to pass through nodal values.

S 17 Z = j7 j = 17 27 M) n)
‘MXJ)_{O, i£3j j=1,2 .n

2.3 Local weak equations

To avoid the numerical integration on the whole
domain, the MLRPI method constructs the weak
form equations on local subdomains. The sub-
domains overlap with each other and cover the
whole global domain. The subdomains could be
of any geometric shape and size. In one dimen-
sional problems, they are line (interval). For x; in
the interior of domain, we consider a subdomain
Qf] around x;, i.e, X; € Qf] =(x; — rq,xi + 1q),
and the local weak form of Eq. (2.9) for some
test function v on subdomain Qé will be written
as follows:

1 1 1
= [ kD) — -
AP fQé u v(x)dz + (At + 3>
Joy 22u* Dy (x)dz—

q

1 82u(k+1)(x)

3loy g v

1 92uFt1) (x
3 ﬂzxaxz()”(")d”f =

A2t2 Jop uPv(x)dz — %fﬂl 22uPy(x)dz
q q

1 9*u®) (x)

(2.32)
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using the Heaviside step function [23, 30]:

1, ze
_ ) q’
v(x) = { 0, ¢l (2.33)

as the test function in each subdomain and using
integration by parts:

8@6( )(X) X=x;+7q
— 2.34
v(x) I ‘x _— (2.34)
ou®) (x) v (x)
% ox o
82u(k)( ) 8u(k)(x) X mi—i-rq
fQ%I t 8X2 V(X)d.ilf = aX X=T;—7Tq
au(k)( ) . x8U(k) (X) x=z;+7q
2 0x N 0x X=x;—Tq
X=Z;+T
—u®) (x ‘ ’
X=x;—Tq

(2.35)

the following local weak equation will be ob-
tained:

1 1 1
NG fQ wF Dy + <At 3> fQ 220D g
q

X=T;+7Tq
X=T;—Tq
X=T;+7Tq
X=T;—Tq
X=T;+Tq
xxi—rq> N
uFdy — = sz 22u®) dx
X=T;+7Tq
+

X=T;—Tq
1 Ouk) =x; =;
1 xw‘x mitra) 1 u(k)"‘ AR
3 0x X=I;—Tq 3 X=T;—Tq

1 1 1
— [y (k—1)
A2 Joy ut Vet (At 3> Joy e

1 8u(k*1)(x) x=x;+7q
- | —— +

3 0x X=x;—Tq
1 [ ouk=D(x) | x=zi+rq
B
3 ox ‘x:xifrq

=x;+
<u(k1) xX=z Tq> N
X=T;—Tq

= fm( kD (x) + g (x) + g* D (x)) dz.

Now, using the radial point interpolation
(RPIM) shape functions the local integral equa-
tions (2.36) are transformed into a system of al-
gebraic equations with respect to unknown quan-
tities, as will be described in the next subsection.

_} 8u(k+1)(x)
3 ox

_1 xau(k—&-l) (X)
3 ox

1
+3 (u(k—H)

AtZ fQZ

1 (au(k> (x)

(2.36)

3 ox

W=

2.4 Discretized equations

Now, we consider Eq. (2.36) to see how to ob-
tain discrete equations. Consider N regularly
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Table 1: The L', L? and L™ errors calculated by MLRPI for Example 3.1 with different Az and At at time

E 2

I E lloo

t=1.0.

0.01 0.0125 4.959087e — 06
0.0025 0.0125 1.129247e — 06
0.00125 0.0125 1.048819¢e — 06
0.001 0.0125 1.039219¢e — 06

6.384063e — 07
1.614878e — 07
1.456785e — 07
1.439781e — 07

1.199214e — 07
3.890040e — 08
3.867238e — 08
3.864510¢e — 08

Table 2: The L', L? and L™ errors calculated by MLRPI for Example 3.1 with different Az and At at time

| E ll2

I E lloo

t=1.0.

At Az EIE

0.001 0.1 6.589887¢e — 04
0.001 0.05 7.800750e — 05
0.001 0.025 8.830760e — 06
0.001 0.0125 1.039219¢ — 06

2.605541e — 04
2.191627e — 05
1.738533e — 06
1.439781e — 07

1.755683e — 04
1.136000e — 05
6.605878e — 07
3.864510e — 08

Table 3: The L', L? and L™ errors calculated by MLRPI for Example 3.1 with different ¢ at Az = 0.0125 and

At =0.001

t I E £ [l I E o

0.0 0 0 0

0.1 1.358360e — 07 1.778375e — 08 3.079967e — 09
0.2 2.645755e — 07 3.365996e — 08 5.625544e — 09
0.3 3.623065e — 07 4.541930e — 08 7.216603e — 09
0.4 4.089601e — 07 5.129782e — 08 7.964108e — 09
0.5 3.984947e — 07 5.046876e — 08 8.134482e — 09
0.6 3.485346e — 07 4.463411e — 08 7.832943e — 09
0.7 3.031383e — 07 4.146396e — 08 1.283511e — 08
0.8 3.239724e — 07 5.573539¢ — 08 1.947124e — 08
0.9 5.787852e — 07 9.146506e — 08 2.795837e — 08
1.0 1.039219¢e — 06 1.439781e — 07 3.864510e — 08

Table 4: The L', L? and L™ errors calculated by MLRPI for Example 3.2 with different Az and At at time

I E ll2

I E lloo

t=1.0.

At Az I E ||,

0.01 0.0125 4.042456e — 05
0.0025 0.0125 2.409794e — 06
0.00125 0.0125 5.336124e — 07
0.001 0.0125 3.400774e — 07

5.910543e — 06
3.525553e — 07
7.185181e — 08
4.333283e — 08

1.178377e — 06
7.147390e — 08
1.459832¢ — 08
7.754398e — 09

located points on the boundary and domain of
the problem i.e. interval [0 1] so that the dis-
tance between two consecutive nodes in each di-
rection is constant and equal to h. Assuming that
u(x;, kAt),i = 1,2,..., N are known, our aim is
to compute u(x;, (k + 1)At),i = 1,2,..., N. So,
we have N unknowns and to compute these un-

knowns, we need N equations. As it will be de-
scribed, corresponding to each node we obtain
one equation. To obtain the discrete equations
from the locally weak forms (2.36), for nodes lo-
cated in the interior of the domain, i.e., for x; €
interior €2, we substitute approximation formu-
las (2.29) and (2.30) into local integral equations
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(2.36) to have
A1t2 > <fgé ¢j(x)dg;> uffD)
’ <A1t " ;> S (foy #205(0)de) oY
(75

9¢;(x)
ox

‘x:;vi +7q

2
= Ag Do (S 65000

1
~5 T (Joy w050 o

1 v (09i(x)
+§ Ej:l < (;X X=x;+7q
99, (x)

E. Shivanian et al. /IJIM Vol. 10, No. 2 (2018) 151-16/

1 —
At? Zj'\;l (fszgz ¢j(x)da;> ugk 1)

1 1 )
# (a5 5) T (Joy o%6,600)

X=T;+7Tq

0¢,(x) (k=1)
8X ‘x:a:i—rq uj

1 6,
5T (+ 7,

X=T;+7Tq

99;(x) (k—1)
—T 8X ‘x:xi_rq u

1
5 E (a0l

S|
X=T;—Tq

5 Joy (97060) + g ) 4+ 94(60) o
(2.37)

2.5 Implementation

For the boundary points, we have

Vk uF(x1) = po(k), uF(xn) = @i1(k),

X; E@QZ{CL’l ZO,Z'Nzl}.
(2.38)
The matrix forms of Egs. (2.37) and (2.38) for all
N nodal points in the domain and the boundary
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of the problem are given below:

N N
[ﬁ >t Aig + (ar + 3) 221 Big

1 N 1 N 1 N
—32.521Cij— 352 Dig 3250 Em}
(k+1) | 2 N 1 N
u; = [rtz djm1 Aij — 322501 Bigt

1 N 1 N 1 N
32521 Cij 3201 Dij — 52252 Eu}
(k) 1 N 1 1 N
u; + [—m 21 Aig+ (A — 3) =1 Big
N N N
+5 2501 G+ 5250 Dig— 5250 Ew}
(k—1)

w4 Bk — 1,k k + 1),

(2.39)

o 0¢,;(x) _ 0¢;(x)
Dij = (m Ox  |Ix=z;+rq ! Ox  lx=wiorg)
Ei,j = <¢J(X) X=x;+7r N ¢](X) X=T;—T ) '

1
Fl(k_17k7k+1):§fﬂfl

(9D (x) + 9 (x) + g* () dor

(2.40)
Assuming
Aij = xpdig+ (a3 +3) Big
—3Ci; — 3Dij + 3Eij,
Bij = x34ij— 3Bij + 3Ci+ (241)
D, -8,

Cij=—zpdij+ (a5 —3) Bij+
3Cii + 3Di; — 3Eij,
Ff = [Fy(k -1,k k+1),

Fy(k =1,k k+1),....Fy(k—1,k k+ 1),

T

U= [ul,uQ, ...,UN] s

yeilds

AURD = Bk 4 cu®-D 4 FF. (2.42)

Furthermore, to satisfy Egs. (2.38), for both
nodes belong to the boundary, i.e., {z1,zn}, we
set

Vkﬁ : Ff = (pl(k‘),V] : Bi’j = Ci,j = 0,

L=y,

Aij = { 0,7 # j.

At the first time level, when k& = 0, according to

the initial conditions that were introduced in Eq.
(1.2), we apply the following assumptions:

(2.43)

and

where gl(x) = [gl(xl),g1($2),...,gl(xN)]T and
g2(z) = [g2(x1), g2(x2), ...

3 Numerical demonstrations

The proposed MLRPI scheme is applied to two
numerical examples of 1D linear telegraph equa-
tion with variable coefficients. In the current
work a uniform node arrangement, with step size
h = Az is used. To numerical investigation of the
local technique it is important to generate the lo-
cal sub-domain for each computational node, in
our process we construct the local quadrature do-
main by choosing 7, = 0.8h, where 7, is the radius
of local subdomain. The size of r is such that the
union of these sub-domains must cover the whole
global domain. In the process, the 7 point Gauss
quadrature rule is used to evaluate the domain
integrals. The radius of support domain to lo-
cal radial point interpolation method is vy = 4r.
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This size is significant enough to have sufficient
number of nodes (n) to give appropriate shape
functions. Also, in Eq. (2.10), we set m = 5.

Example 3.1 Consider the telegraph equation
(1) with variable coefficients a = 2%, B = x and
A =1+ x over the domain [0, 1] with the fol-
lowing initial and boundary conditions:

u(z,0) =0, aaqj(m, 0) =0,
u(0,t) =0, u(1,t) =0, t>0.

The exact solution is given by

u(z,t) = t322(1 — x)?, (x,t) € 10,1] x [0,1]

and
g(z,t) = (6t + 62%% + 2°t%)x? (1 — x)?
—3(1 + 2)(2 — 122 + 122%).

The results of the example are reported in Tables
1, 2 and 3 and Fig fl. As it is seen, MLRPI
method is of high accuracy. Also Tables 1 and 2
show the order of convergence of the scheme. It
can be seen that the errors are decreasing as we
decrease At or Ax.]

L L L L L L L L L%
01 02 03 04 05 06 07 08 09
x

Figure 1: Numerical solutions and exact solution
at time ¢t = 1.0 for Example 3.1. The solid line
corresponds to the exact solution, the stared line
corresponds to numerical solution of the MLRPI
with At = 0.001 and Az = 0.0125.

Example 3.2 In this example, telegraph equa-
tion (1) is considered with variable coefficients
a=2% B=uxand A= 1+z over the domain [0,
1] and following initial and boundary conditions:

u(z,0) =0, %(x, 0) =0,

u(0,t) =0, u(1,t) =0, t>0.

The exact solution is given by
u(z,t) = t2(1 — z)sinh(z), (z,t) € [0,1] x [0,1]
and

glx,t) = (24 422t + 22t% — t* — 2t®)x

(1 — x)sinh(zx) + (2t* + 2xt*)cosh(z).

The results of the example are reported in Ta-
bles 4, 5 and 6 and Fig 2. As it is seen, MLRPI
method is of high accuracy. Also Tables 4 and 5
show the order of convergence of the scheme. It
can be seen again the errors are decreasing as we
decrease At or Azx.

Exact solution

# Numerical solution ||

01 02 03 04 05 06 07 08 09
x

Figure 2: Numerical solutions and exact solution
at time ¢ = 1.0 for Example 3.2. The solid line
corresponds to the exact solution, the stared line
corresponds to numerical solution of the MLRPI
with At = 0.001 and Az = 0.0125.

4 Conclusions

In this article, The meshless local radial point
interpolation (MLRPI) method has been formu-
lated and successfully implemented for solving
the linear telegraph equation with variable coef-
ficients. The time variable has been discretized
by using finite differences approximation. Also,
weak form of the discretized equations has been
constructed on local subdomains. Furthermore,
The radial point interpolation method is adopted
for approximating the field variables. All integra-
tions are regular, therefore the Gaussian quadra-
ture rule used to calculate the numerical integra-
tion for local weak form.

The proposed method is a truly meshless method,
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Table 5: The L!,L? and L™ errors calculated by MLRPI for Example 3.2 with different Az and At at time

I E

I E 2

I E lloo

t=1.0.

At Ax
0.001 0.1
0.001 0.05
0.001 0.025
0.001 0.0125

2.284578e — 04
2.576054e — 05
2.893497e — 06
3.400774e — 07

7.702824e — 05
6.007151e — 06
4.757451e — 07
4.333283e — 08

3.246693e — 05
1.877456e — 06
1.179273e — 07
7.754398¢ — 09

Table 6: The L', L? and L™ errors calculated by MLRPI for Example 2 with different ¢ at Az = 0.0125 and

At = 0.001.

t I E I IE 2 I E lloo

0.0 0 0 0

0.1 3.880335e — 07 5.440162e — 08 1.023566e — 08
0.2 6.507940e — 07 8.805265e — 08 1.624005e — 08
0.3 7.864868e — 07 1.015752e — 07 1.793090e — 08
0.4 8.207701e — 07 1.028369¢ — 07 1.752439e — 08
0.5 7.763044e — 07 9.760137e — 08 1.707048e — 08
0.6 6.652667e — 07 8.486414e — 08 1.555002e — 08
0.7 4.956624e — 07 6.144735e — 08 1.096194e — 08
0.8 2.870293e — 07 3.243863e — 08 4.663845¢ — 09
0.9 2.130055e — 07 2.736595e — 08 5.918456e — 09
1.0 3.400774e — 07 4.333283e — 08 7.754398e — 09

which requires neither domain elements nor back-
ground cells in either the interpolation or the in-
tegration. The main advantage of the scheme is
to capture the behaviour of solution for similar
problems with variable coefficients where most of
the schemes fail. Test problems verified the accu-

racy

and convergency of the proposed approach.
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