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Abstract r )

In this research, a linear combination of moving least square (MLS) and local radial basis functions (LRBFSs)
is considered within the framework of the meshless method to solve the two-dimensional hyperbolic telegraph
equation. Besides, the differential quadrature method (DQM) is employed to discretize temporal derivatives.
Furthermore, a control parameter is introduced and optimized to achieve minimum errors via an experimental
approach. Illustrative examples are provided to demonstrate the applicability and efficiency of the method. The
results prove the superiority of this method over using MLS and LRBF individually.
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1. INTRODUCTION

Meshless (mesh-free) methods, as numerical techniques are used to analyze a wide range of industrial and engi-
neering applications. In these methods, only scattered nodes are required to approximate unknown functions [6]. The
moving least square (MLS) method and radial basis functions (RBF's) are originally proposed to make scattered data
approximation. In MLS, a minimization scheme is utilized to optimize the level of accuracy. This imposes particular
limitations including complex calculations and Delta Kronecker-free features. Moreover, MLS employs a special pro-
cedure to consider internal and external nodes, which might lead to complicated conditions [10]. In order to overcome
difficulties of approximating functions by MLS near edge-points, Salkauskas [17] proposed a small support domain for
weight functions using a thin plate and other RBFs. In addition to the aforementioned disadvantage, the algebraic
set of equations for obtaining MLS approximation may not be solved. One of the ways of eliminating this problem
was suggested as using orthogonal polynomials [11, 25, 26].

Besides, RBF is an interpolation method used for scattered data approximation. While a great number of investi-
gations have been developed to approximate the solution of partial differential equations, including FDM [22], FEM
[27], BEM [1], and FVM [14], researchers’ attention has recently drawn to RBF. Ronald Hardy first introduced RBF
methods in 1968 [7]. Then, Richard Franke [18], Charles Micchelli [13], and Edward Kansa respectively in 1979,
1986, and 2000 extended the RBF’s theory. Various advantages of the RBF method have been reported frequently in
previous studies. However, it has been mentioned in [24] that increasing the number of collocation points leads to an
ill-conditioned set of equations.

In 2015, Baiyu Wang [24] proposed a new method in which a linear combination of local MLS and LRBF shape
functions was employed to approximate functions using the same support domain. In this method, temporal derivatives
were discretized by the finite difference method (FDM). The effectiveness of this scheme was examined by providing
examples of one and two-dimensional heat transfer equations.
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On the other hand, there are numerous methods to approximate a certain function with respect to time including
FDM. An alternative way is DQM, first proposed and successfully employed in [21]. This method had been frequently
applied to spatial derivatives of differential equations before. However, in [21], DQM was step-by-step applied over a
time span. Later, this method was used in [15] to solve the dynamic equation of particle delivery through a carbon
Nano-tube.

Furthermore, the telegraph equation has been repeatedly studied in previous works. In [8], the polynomial differ-
ential quadrature method was used to solve the two-dimensional hyperbolic telegraph equation under Dirichlet and
Neumann boundary conditions. Dehghan and Shokri introduced an additional meshless method for solving this equa-
tion using radial basis functions of thin plate splines at collocation points [2]. In [3], the advantages of local weak and
strong forms of the meshless method were combined. In this method, the local Petrov—Galerkin weak form was applied
only to the nodes on the Neumann boundaries while a meshless collocation method based on the strong form of the
equation was applied to the interior nodes and those located on the Dirichlet boundaries. Moreover, Dehghan and
Shokri proposed a new numerical method to solve the one-dimensional hyperbolic telegraph equation using collocation
points and approximating the solution using thin-plate splines radial basis function [4]. All these attempts resulted in
the acceptable accuracy of the solutions.

In the current work, a linear combination of LRBFs and MLS shape functions is employed to overcome the drawbacks
of either individually using RBF or MLS. Then, step-by-step DQM is applied to temporal derivatives to achieve more
accuracy in comparison with FDM. This method is specifically utilized to solve two-dimensional telegraph equation
as a second-order hyperbolic partial differential equation [4] and [16]:

0%*u 0 0%u 0%u

u

ot? [y, t) (1.1)

Where, a(z, y), 8(z, y), A(z, y) , and B(z, y) are known coefficients that are positive throughout the domain.

Eq. (1.1) represents two dimensional telegraph equation provided that « and 8 are positive constants (a« > § > 0)
and, A=B=1.

This paper includes five sections introduced as follows. In section 2, preliminaries of MLS, RBF and their local
approximation techniques as well as time discrete scheme utilizing DQM are provided. Section 3 describes solution
procedure. In section 4, some test examples are solved to demonstrate the efficiency of the method. Finally, section 5
includes conclusion.

2. SPATIAL AND TEMPORAL DISCRETE SCHEMES

In this section, an overview of RBF, MLS and step-by-step DQM are provided. Then, the solution procedure of
the two dimensional telegraph equation is presented in section 3.

2.1. A brief review of RBF and LRBF. Radial basis function (RBF) method is an efficient and a truly mesh-free
technique for interpolation of multidimensional scattered data for solving partial differential equations (PDEs). The
RBF approximation of a function u(z), may be written as:

N
u(°°m)22)\j4p(°°:1:, Crx)+(CTx) for Tz e QCRY (2.1)
j=1

where N is the number of data points throughout the domain, ° "2 = (21,9, ...,24),d stands for the dimension of
the problem, \; are coefficients to be determined, ¢ is the RBF and (" ") is called balancing polynomial. In this

article, multi-quadric form of RBF is chosen as: ¢(x,2;) = ¢(r;) = |/c? + 13 where r; = ||z — ;|| is the Euclidean

norm and ¢ is constant and is selected in this paper as: . ¢ = 3.6. Eq. (2.1) may be written without the balancing
polynomial ¥(z) , if ¢ is unconditionally positive definite (e.g., Gaussian or inverse multi-quadrics) [2]. More details
are provided in [2]. In this paper, ¢(° ") = 0.

In order to determine unknown coefficients A;, N collocation points are needed: ° “z;(¢ = 1,2,3,...,N) to form a
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linear set of N equations as follows.
u(® E) = u; = ZAM x, xy) ,i=1,2,3,.,N (2.2)

Where, u; is the value of u( " “x) at the point ° “z;. By solving Eq. (2.2) for A;, the RBF interpolation function
u(” ") is attained which can be written for a two dimensional space as:

N
y) ~ z:/\j\/c2 +(@x—z;)2+(y—y;)? i=1,23,..,N (2.3)
j=1

For large number of collocation points, the algebraic set of equations always becomes ill-conditioned. Moreover,
accuracy of the solution sensitively depends upon selecting the free parameter ¢ [24]. In order to resolve these issues,
for approximating the function at a certain point ° °z, only a few nodes neighboring the point are employed. The
domain which contains all these nodes is called the influence domain of the point ° °z. Influence domains can be
chosen in an arbitrary shapes including circle, rectangle, etc.

The local RBF (LRBF) method utilizes only the nodal points in the influence domain of a point at the general
coordinate ° "z in each computing step, to have a better-conditioned linear system [4, 9, 19, 20, 23]. In LRBF, the
procedure is the same as RBF except for that instead of using all N points through the domain, only n points of the
influence domain of the point ° “z is used. Hence, the interpolation LRBF «"™( " ") is obtained as:

y)zZAJL\/CQ—k(x—xj)Q—F(y—yj)Q (2.4)
j=1

Where, * “z; = (2;, y;)(i =1,2,3,...,n) is j-th point in the influence domain of the point ° "z = (z,y) . In addition,
the superscript, L, represents the local RBF interpolation.
Since solving Eq. (2.2) results in finding A; in terms of u,;(for i = 1,2,3, ...,N),)\f in Eq. (2.4) can be similarly
obtained in terms of u;(for i = 1,2,3,...,n). Thus, Eq. (2.4) can be rearranged and collected with respect to u; and
be rewritten in terms of the nodal values u; = u(z;,y;) as

y) = ujpk(r;) (2.5)
j=1

Where, 7; = \/(z — z;)% + (y y;)? and @ (r;) is the coefficient of u; in Eq. (2.4) and called LRBF shape function
corresponding to the point * “x; = (z;,y;).

RBF method has been proved to be a promising tool for solving differential equations. It has been successfully combined
with other methods, e.g. boundary knot method [5]. The following subsections demonstrate how this method can be
combined with moving least square meshless method.

2.2. Moving Least Square Approximation. Let u(” “z) be a multivariate function defined in d dimensional
domain €. Assuming that the influence domain of ° "z € Q contains a set of n local nodes, the approximation of
u(® “z) at a certain point ° "z is represented as u(° °x)

ij ‘z)a; (" z)=" "PT(""z)" "a(’ "x) (2.6)

Where p;( " ") is a polynomial in terms of ° "z and the j-th component of polynomial vector * “P(" ") such that

"PT(z) = {p1(" "z),p2( " "), p3(” %), p(C ")} . In addition, ° “a(” “z) is unknown coefficient vector,
arbitrarily function of * “z , given by: ° “a” (" “z) = {a1(° “x),a2(" “x),a3(° “x),....,am (" “x)} to be determined
later. For a 1D space, * °*P(" ") can be displayed as:

"PT(" tx)={1,2,2°%, ..., 2™} (2.7)
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And for a 2D space,
’ OPT(O Ox) = ’ OPT($7y) = {l’x) y7$y7$27y2"'7xk7yk}' (2'8)

Where, k < m in a way that the vector ° ° PT(z,y) contains m components.
To calculate “ "a(” “z) , a functional of weighted residual, J , at the nodes located in the influence domain of * "z
is constructed and then minimized as follows.

J=Y Wz~ @l P (x)" ale) —w)? (2.9)
i=1
Where, W(||* "2 — ° “;]||) is the weight function. The minimization process necessitates:
oJ
% 0 j=1,2,3,.., 2.10
90 (" @) j=1,23,...m (2.10)

which results in a linear set of equations. Solving this set leads to finding a;(" “z)(j = 1,2,3,...,m) in terms of
u;(i=1,2,3,...,n). Hence, Eq. (2.6) can be rewritten and collected with respect to u; resulting in the following MLS
approximation [24]:

W) = 8T @U = 3wl () (2.11)

Where, U is the vector of nodal values of the function u(z),U? = {uy,us,us, ..., u, } and ap;»” (z) is the coefficient of
u;j in Eq. (2.6) and is called the j-th element of MLS shape function vector ® which can be expressed as [24]:

o = {p) (@), pb'(x), v3', ... .o (@)} = PT(2)A" (z)B(x) (2.12)
In Eq. (2.12), A(z) is called the MLS moment matrix given by [3]:

A(z) = P (z)W (2)P(z)

B(z) = PT(2)W (x) (2.13)
Where, W (z) is the diagonal matrix of the vector {W (||z — 21 ||, W (|jx — 22|, W(||z — z3]|, ..., W (|| — z,||)}T
The weighted function W has been proposed in various types including cubic and quartic spline as well as exponential
weight functions. In general, W shows two specific behavior. First is that it devotes larger weighting to the points
farther to the point &, at which the function is approximated. Second is that it causes the points smoothly enter and

leave the support domain when z moves [12]. These properties may give proper guidelines for designing and choosing
weighted function. In this paper, the weighted function W is assumed to be:

—2 3 4 =
- - - - <
Wz — 2:) = W(d) = 1—6d +8d —3d, d_ﬁl
0 d>1
. — )2 AV
S = dz‘sz _ WV l’l)d+ (y — vi) (2.14)

Where, d,, is the radius of support domain. For solving a specific problem, d,, must be chosen in a way that the
number of points in support domain of a certain point, z, equals to the number of unknown coefficients A;. Otherwise,
the resulting set of algebraic equations.

In this work, the radius of the influence domain (h) is selected in a way that the constructed MLS shape functions
are compatible and consistent with the order of polynomials included in the formulation. To ensure that the number
of points for approximating a function at a certain point matches the order of polynomials, h was experimentally
selected as h = 1.50, where ¢ is horizontal (or vertical) distance between two adjacent nodes. This selection leads to
the solvability of the set of equations (2.10).

(=)=
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2.3. The combined shape function. For avoiding disadvantages of individually using LRBF or MLS, a linear
combination of these two mentioned methods’ shape functions is employed in this research via introducing a control
parameter, v € [0,1]. This technique was first proposed in [24] and applied on two heat transfer equations successfully.
Thus, the shape function, ¢;, as well as the approximation of an arbitrary function, u(z,y) , are expressed as:

by = vl + (1)t
z,y) = Z oz, y)u; (2.15)
j=1

Since Eq.(2.15) is used to approximate unknown function of the telegraph equation in terms of nodal values, spatial
derivatives of shape functions ¢;(z,y) are required. The procedure of calculating these derivatives are frequently
reported in previous works including [3].

2.4. Time discrete scheme. For approximating temporal derivatives of 2D telegraph equation, step-by-step DQM is
employed. This method was effectively examined in [21] and [15]. Hence, the procedure of this method is summarized
as follows [15].

First in this method, the time domain ([0,77]) is divided into b blocks (time spans) each of which is discretized with
N; nodes according to the following distribution:

-1 (-1 m=1,23,....,b
_ T ) Sy 9 21
== +2ﬂ wdA%—l”} {l—LQﬁprg (2.16)

Where, 7,,,; indicates the I-th node in m-th block. On the basis of polynomial DQM, temporal derivatives of a certain
function f(x,y,t) at t = 7,,; are approximated as:

~ 1
{ f|t =Tm,1 Zz 19 l(z)fml (217)
Flizrys 2 50 017 fnsi

Where, fy,; is the value of the function f(x,y,t) in m-th block at i-th node or simply at t = 7, ;. The constants,
g,(jl)(s =1,2), can be obtained from the following recursive formulas:

(s—1) .
() (s=1) (1) _ 91 { i, 1=1,2,3,...,N;

G =m0 9 gl WY (2.18)

Z gl(s) = 1,2,3,. Nt (219)
J=1,5#1

M 3 =
(1) _ (Tl) { 1, l 1a2a37"'7Nt (220)

b (—7)M(r;) L7 #1
N¢
Where, M(7;) = H (m—15) -
J=1,j#l
g,(clz) and g,(fz) are calculated by Egs. (2.18)-(2.20). Note that, in each block, initial conditions are final temporal
conditions of the previous block. In other words, for m > 2:

f|t=T 1= f|t=7' ~1,N
i m, t=Tm_1,n, 2.21
{ f|‘r:'rm,1 = f|T:Tm—1,Nt ( )
Which results in:
fm 1 — fm 1,N¢
2.22
{ Zz 19 l(ly,)fmﬁzzz 1gj(\i)lfm 1,4 ,MM :2,37...,b ( )

(&)
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For m = 1, the initial conditions are the same as the main initial conditions of the problem. Hence, in each block (for
m=1,2,3,...,b), the main differential equation must be discretized and solved at t = 7., 3, Tm. 4, Tm,5, ---, Tm, N, under
initial conditions Eq. (2.22).

3. SOLUTION PROCEDURE

In section 2, the spatial and temporal approximation used in this paper were explained. Now, Eq. (1.1) is considered
to be discretized throughout the domain Q = {(z,y), L) < x < L., Lg <y < L;;} surrounded by the boundary 02
under initial conditions and Dirichlet boundary equations listed as:

?%2 + 2a(z, y)g—t+ﬂ2( y)u A(x,y)%+3(x7y)%+f($ayat)

u(z,y,0) = go(z,y), (z,y) €Q (3.1)
W)~ gy(oy), (2y) €0
w(z,y,t) = h(z,y,t), (z,y) € 0N (3.2)

Before discretizing Eq. (1.1), Eq. (2.15) must be rewritten in a general form. Supposing that N is total number of
scattered points (nodes) through the domain Q, Eq. (2.15) can be displayed as:

xz;yzv sz ]u] (33)

In which, (x;,y;) isi —th node in global numbering. Furthermore, v; ; = ¢;(x;,v;) if j —th node is in influence domain
of i — th node. Otherwise, v; ; = 0. Moreover, the spatial derivatives of u(z,y,t) at i — th node ((z,y) = (x;,y;)) are
given as follows.

Pu(z,y,t)
Ox2 (@) =(2s.3:) Zw
&u(z,y, t) a
Dy @ w)=(@i) = Z ,Juj (t) (3.4)
i=1

Now, Eq. (1.1) ati — th point, which is inside the domain 2, can be written as:
sz i (t) + 203005 575 () + B7 s ju; (t) — AihF5u(t) — B u;(t) — fi =0 (3.5)

Where ai,ﬂi,Ai7Bi and f; are respectively a(z;,y;), B(xi, vi)A(xs, vi), B(as, y;) and f(x;, y;). If i-th node is on the
boundary 052, the boundary conditions Eq. (3.2) must be set:

U; = hz(t) (36)

Eq. (3.5) or (3.6) must be written for ¢ = 1,2,3,..., N and then all equations are collected and expressed in the
following matrix form:

MX(t)+CX(t)+KX(t)—F =0 (3.7)
In Eq. (3.7), Xand F are respectively the vectors of unknowns and constants:

XT = {ul, U2, U3, ..., UN},

:{f17f2vf3a"'afN}a (38)

In Eq. (3.8), if i — th node is on the boundary 912 , the corresponding element of the vector, F' must be replaced with
h; using Eq. (3.6).
an
BE
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In addition, M,C, andK are matrices whose components at ¢ — th row are as follows: If ¢ — th node is inside the
domain, then:

Mij =i
Cl'j = QOéiwi,j
Kij = Bibij — Apis — Bl (3.9)

If 4 — th node is on the boundary 92 :

Mi; =0
Oij =0
Kij=1 (3.10)

Now, for solving the linear initial value set of ordinary differential equations (3.7), step-by-step DQM is employed
using Eqgs. (2.16) -(2.22). First, the coefficients gl(}i) and gl(i.) are calculated by Egs. (2.18). Then the time span, [0, 7],
is discretized with b blocks and N; nodes in each block according to Eq. (2.16). In each block based on Eq. (2.17),
Eq. (3.7) can be approximated at the time 7, ; for [ = 3,4,5, ..., Ny

Ny N¢
MY 9 X i+ C > 9 X i + KXy —F =0 (3.11)
i=1 i=1

Afterwards, two initial conditions are added to Eq. (3.11) to form a linear algebraic set of N, Niequations. Solving
this set leads to the solution of Eq. (3.7) within the m — th block. Repeating this procedure for m = 1,2,3,...,b,
completely covers the time span.

4. NUMERICAL EXPERIMENTS

This section provides numerical examples and results are compared with those reported in previous studies to reveal
the superiority of this method over similar ones. In order to evaluate this method, the following errors are defined
[20]:

exact numerical
i — U

(4.1)

Lo = max|u
K2

N
L2 — E (u?xact _ u;Lumerical)Q

=1
SR
_ exact __ ,,numerical\2
RMS = g e (s ul )
=1
N exact numerical \2
c— (ug W )
u@zacﬁ
=1 ?

Where, L, and € are respectively absolute and the relative error. In the following examples, the domain is supposed
to be [0, a] x [0, a] and uniformly discretized with N nodes in z and y directions leading to total number of N nodes.

a
Thus, the distance between two adjacent nodes is § = ~_1 In addition, the radius of the influence domain, h, is

selected as h = 1.55. Furthermore, the number of blocks (b) and temporal nodes of each block (NNV;) are displayed as
(b, N¢) . Note that in all examples, ¢ = 3.6 and m = 2.
ElE
EIE
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BIVE wersus time
Black: v=0, Blue: v=02, Red: v=0.3, Green: v=08, Brown: v=1

RMSE)

0.000015

000001

FIGURE 1. RMS error of example 4.1 through time for different values of v. Black: v = 0, Blue:
v =0.2, Red: v =0.5, Green: v = 0.8, Brown: v = 1.

Example 4.1. In the first example, « = = 1, and A = B = 1. Spatial and temporal domains are (z, y) € [0,1] %[0, 1]
and T = 3. The initial and boundary conditions are given by

u(z,y,0) = sinh(x) sinh(y)

ut(x,y,t)|t=0 = — sinh(x) sinh(y)

u(0,y,t) = u(x,0,t) =0

u(1,y,t) = e *sinh(1) sinh(y)

u(w,1,t) = e *sinh(1) sinh(z) (4.2)

The exact solution is u(x,y,t) = e tsinh(x)sinh(y). The solution parameters are set as: N = 11, (b, Ny) = (9,5).
Figure (1) shows the variations of RMS error versus time for several values of v. It is evident that for v = 0.5, the
solution provides better approximation with the lowest maximum error. Hence, v = 0.5 is set for obtaining the next
results. Moreover, it is evident that the RMS decreases as the time elapses. This is one of the advantages of this
method since in time-marching methods, e.g. finite difference method, the error is accumulated and subsequently
increases as the time passes. However in step-by-step DQM, the time span is discretized similar to boundary value
problems and the whole discretized domain is solved simultaneously whereas in time-marching methods the solution
at each time step is obtained directly from previous time steps resulting in accumulating the error over time. Hence,
in this method, the errors do not increase necessarily and may even decrease.

In Figure (2), maximum L for each point is plotted over whole time span, [0, 3] conceding the accuracy of the solution
throughout the domain. This is similarly certified using Figure (3) depicting exact and numerical solution at various
times. To receive a better consideration of accuracy, different errors obtained by this method are tabulated in Table
(1). Tt is inferred that the present results are almost one order of magnitude more accurate than those reported in [5].

(=)=
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Masdimum absolute error

08

04

0.0

0.0 012 04 0;6 08 1.0-
FIGURE 2. Maximum absolute error over time span throughout the domain in example 4.1.

Excact and numerical solution at t=0 66 Excact and numerical saluton at t=1.33

FIGURE 3. Exact and numerical solution throughout the domain in example 4.1 at various times: (a)
t =0.66, (b) t = 1.33, (¢) t =2, (d) t = 2.66 ; Black points: numerical solution, 3D plot: exact
solution.

TABLE 1. Comparison of the present solution of example 4.1 with the corresponding results in [5].

t Loy Loo € RMS RMS reported in [5] by IMQ
0.5414x10°[1.16 x 107° [ 1.42x 1075 [ 3.76 x 10~ 1.76 x 10~ °
1 [3.18%1075[6.41x107%]1.80 x 1075 [ 2.89 x 10~ 6 6.96 x 106
2 [1.39x107°[3.33x1076[215x107°|1.26 x 10~ 3.05 x 1075
3 [279%107%[5.06x10~7 | 1.17x 107° | 2.563 x 10~ 4.63 x 1077
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BIVE wersus time
Black: v=0, Blue: v=02, Red: v=0.3, Green: v=08, Brown: v=1

RMSE)

000002

0.000015

1 2 3 4 5

FIGURE 4. RMS error of example 4.2 through time for various values of v. Black: v = 0, Blue:
v =0.2, Red: v =0.5, Green: v = 0.8, Brown: v = 1.

Example 4.2. In the this example, « = § = 1, and A = B = 1. In addition,(z,y) € [0,1] x [0,1]and T'= 5. The
initial and boundary conditions are as follows.

u(z,y,0) = sin(z) sin(y)
u(z,y,t)|t=0 = 0

u(0,y,t) = u(z,0,t) =0

u(1l,y,t) = cos(t) sin(1) sin(y)

u(z, 1,t) = cos(t) sin(1) sin(x) (4.3)

The exact solution is u(x,y,t) = cos(t) sin(x) sin(y). To solve this initial-boundary value problem, N and (b, N;) are
respectively taken 11, (9,5). Figure (4) illustrates RMS error through time for various values of v. Similar to example
4.1, it can be realized that applying v = 0.5 results in a more accurate solution. Therefore, v is set to be 0.5. Moreover,
maximum value of Ly, all over the domain is depicted in Figure (5). In Figure (6), exact and numerical solution at
different times are shown through the domain. Figures (4) and (5) demonstrate the capability of the proposed method
for solving two dimensional telegraph equation.

Additionally, various errors, defined in Eq. (4.1) are calculated and given in Tables (2) and (3). Comparing the results
with those presented in [8], [3] and [5] using these tables reveals higher accuracy of this method. On the other hand in
[8] and [3], N = 21 . While in [8] standard RK4 method with At = 0.001 was employed to solve time-dependent set of
ordinary differential equations (ODEs), an iterative process with At = 0.1 was used in [3] to solve ODE set. Hence, in
the current paper, total number of spatial and temporal nodes are fewer than those in the aforementioned researches
whereas the obtained accuracy is higher. This proves the superiority of the present method over some previous works.

(=)=
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Masdimum absolute error

FIGURE 5. Maximum absolute error over time span throughout the domain in example 4.2.

Exact and mumerical solution 2t t=0.66 Exact and numencal solition ot t=2

FIGURE 6. Exact and numerical solution throughout the domain in example 4.2 at various times: (a)
t=0.66, (b) t=2, (c) t=3.33, (d) t=4.66; Black points: numerical solution, 3D plot: exact solution.

TABLE 2. Comparison of the errors in example 4.2 with the corresponding results in [8] and [5].

t Loy RMS RMS reported in [8] | RMS reported in [5] via
IMQ

1]3.18x107°[3.18 x 10°° 4.27 x 1076 7.24 x 107°

2[229%x107°[2.08x10°° 3.94 x 10°° 9.37 x 10°

3201 x107°|1.83x10°° 7.65 x 107 5.46 x 107°

4358 x107°[3.25x10°° - -

5289 %1077 | 2.63 x 10~° 4.18 x 1076 -
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FiGURE 7. RMS error of example 4.3 with respect to time for different values of v. Black: v = 0,
Blue: v =0.2, Red: v = 0.5, Green: v = 0.8, Brown: v = 1.

TABLE 3. The results of example 4.2 compared with those reported in [8] and [3].

t L € Relative error reported in | Relative error reported in | Relative error reported in
8] [3] by MLWS-MLS [3] by MLPG-MLS

1[6.24x10°°%12.09x107°]2.66 x 10°° 5.60 x 10~° 2.24 x 10~°

21515x1078[1.78 x 107° [ 3.19 x 10~° 8.17 x 1075 5.00 x 1075

3[7.57%x1075]6.59x107% | 2.60 x 10~ 1.90 x 1074 8.00 x 10~°

41620%x1070[1.77x107° | - - -

51629 x107%[3.30 x 107° [ 4.98 x 10~ ° - -

Example 4.3. Similar to foregoing examples, a = § = A= B =1,(z, y) € [0,1] x [0,1] and T = 5. The initial and
boundary conditions are written as:

u(z,y,0) =log(1+ = +y)

e (@, ) =
1+z+y
u(0,y,t) =log(1+y+1t)
u(z,0,t) =log(l+ z + 1)
u(1l,y,t) =log(2 4+ y + 1)
u(x,1,t) =log(2+x +1) (4.4)

The exact solution is u(z,y,t) = log(1+x+y+t). In this example, N = 9 and (b, N;) = (15,5) . In order to clarify the
role of v in attaining an appropriate approximation, RMS error versus time for v = 0,0.2,0.5,0.8, 1 is plotted in Figure
(7). According to this figure, v is taken to be 0.2 as this value offers higher accuracy. Furthermore, Figures (8) and
(9) indicate that the numerical results agree well with the exact solution. To have a precise image of accuracy level,
Tables (4) and (5) compare the results with obtained errors in [8],[3], and [5]. It can be inferred that the proposed
method provides more accurate solution using fewer spatial and temporal nodes and consequently less computational
cost.
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FIGURE 8. Maximum absolute error over time span throughout the domain in example 4.3.
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FIGURE 9. Exact and numerical solution throughout the domain in example 4.3 at various times: (a)
t=0.66, (b) t=2, (c) t=3.33, (d) t=4.66; Black points: numerical solution, 3D plot: exact solution.

TABLE 4. Comparison of the errors in example 4.3 with the corresponding results in [8] and [5].

t Loy RMS RMS reported in [8] | RMS reported in [5] via
IMQ

1]6.19x107°[6.87 x 10°° 5.39 x 10~° 1.14 x 107°

2[245x107° | 2.72x10°° 4.95 x 10~° 2.39 x 107°

3[1.84x107° [2.04x10°° 4.96 x 107° 3.18 x 107°

41209x107°]233x10°° - -

5197 x 107> | 2.19 x 10~° 4.42 x 107° -
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FIGURE 10. RMS error of example 4.4 with respect to time for different values of v. Black: v=0,
Blue: v=0.2, Red: v=0.5, Green: v=0.8, Brown: v=1.
TABLE 5. The results of example 4.3 compared with those reported in [8] and [3].

t L € Relative error reported in | Relative error reported in | Relative error reported in

[8] [3] by MLWS-MLS [3] by MLPG-MLS
1[1.43x107°6.26x107%|5.34 x 107> 9.09 x 10—° 7.19 x 10~°
2[6.72x 1075 [1.96 x 1075 [ 3.33 x 1075 8.70 x 10~* 8.78 x 107°
31476 x107°%|1.27x107°° | 2.77 x 107° 9.93 x 107* 4.80 x 10~*
41575%x107%]1.30x107% |- 470 x 1073 6.09 x 10~%
5]5.46 x 1076 [ 1.12x 107° [ 2.27 x 107° 7.30 x 1073 9.49 x 10~%

1 1
Example 4.4. In this example, the following singular problem is investigated: o = 2 8= e A= B =1+22, (z, y) €

[0,1] x [0,1] and T' = 5. The initial and boundary conditions are written as:

u(x,y,0) = sinh(z) sinh(y)
ug(w,y,t)|t=0 = — sinh(z) sinh(y)
u(0,y,t) = u(z,0,t) =0
u(1,y,t) = sinh(1)e* sinh(y)

u(z,1,t) = sinh(1)e~ " sinh(x) (4.5)

The exact solution is u(z,y,t) = e !sinh(z)sinh(y). In this example, N = 11 and (b, N;) = (15,5) . Similar to
previous examples, RMS error versus time for v = 0,0.2,0.5,0.8,1 is depicted in Figure (10) suggesting v be selected
as 0.2. Besides, Figures (11) and (12) reveal the agreement of numerical solution with the exact one. Moreover, Table
(6) displays various errors and compares them with those given in [2] where finite difference scheme was used with
N; = 1001 andN = 11. It is induced that this method is capable of solving 2D telegraph equation more accurately
with significantly less computational cost.
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FIGURE 11. Maximum absolute error over time span throughout the domain in example 4.4.
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FIGURE 12. Exact and numerical solution throughout the domain in example 4.4 at various times:
(a) t=0.66, (b) t=2, (c) t=3.33, (d) t=4.66; Black points: numerical solution, 3D plot: exact solution.

TABLE 6. Comparison of the errors in example 4.4 with the corresponding results in [2].

t Ly L reported in [18] L, L reported in [2] | € RMS RMS reported in [2]
1]4.55x107%[4.06 x 107 1.88 x 107° 1.70 x 1077 1.07 x 107 1.71 x 1076 [ 1.55 x 10~°
21 1.74x1075]2.10 x 10~° 7.69 x 1076 8.57 x 1075 1.18 x 107° 6.99 x 1077 [ 7.79 x 1076
3]6.68x1077[9.35 x 10 3.02 x 1076 3.71 x 1075 1.26 x 107 2.74 x 1077 [ 3.37 x 1076
41252%x1077 379 %106 1.17 x 1076 1.51 x 10~° 1.33 x 107° 1.06 x 107 | 1.37 x 10~
5]9.54x1078[1.48 x 106 4.48 x 1077 5.95 x 106 1.39 x 1077 4.07 x 1078 | 5.41 x 1077
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5. CONCLUSION

This paper deals with solving two-dimensional hyperbolic telegraph equation. The solution method is based on
a linear combination of shape functions arising in the moving least square (MLS) meshless method and local radial
basis functions (LRBFs). In order to obtain higher accuracy in comparison with some previous works, the step-by-
step differential quadrature method (DQM) is employed to solve the time-dependent ODE set. Moreover, a control
parameter is introduced to be experimentally optimized to achieve minimum errors. Besides, numerical examples
are provided to validate the applicability and efficiency of the method. The results demonstrate that by using the
proposed method, higher accuracy, as well as less computational cost, are achieved. This proves that the presented
method is a trustworthy and promising tool for investigating the telegraph equation.
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