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A numerical approach is proposed for solving multidimensional parabolic diffusion and hyperbolic wave equations subject to
the appropriate initial and boundary conditions. The considered numerical solutions of the these equations are considered as
linear combinations of the shifted Bernoulli polynomials with unknown coefficients. By collocating the main equations together
with the initial and boundary conditions at some special points (i.e., CGL collocation points), equations will be transformed into
the associated systems of linear algebraic equations which can be solved by robust Krylov subspace iterative methods such as
GMRES. Operational matrices of differentiation are implemented for speeding up the operations. In both of the one-dimensional
and two-dimensional diffusion and wave equations, the geometrical distributions of the collocation points are depicted for clarity of
presentation. Several numerical examples are provided to show the efficiency and spectral (exponential) accuracy of the proposed

method.

1. Introduction

Many of the physical models and chemical reactions can
be formulated in terms of parabolic and hyperbolic partial
differential equations (PDEs) [1, 2]. Since analyzing these
models and reactions has considerable importance in applied
science and engineering, we should investigate the solutions
of the associated governed PDEs by modern tools [3, 4].
Analytical approaches for solving PDEs have received the
researchers attention for solving a large number of PDEs, but
numerical methods are more favorable with respect to these
approaches. One of the basic advantages of the numerical
methods, which made them more popular with respect to
the analytical approaches, is based on the implementation of
the operational matrices of differentiation and high accurate
Gauss quadrature rules instead of direct differentiation and
integration. By using these operational matrices and quadra-
tures, computations time in numerical algorithms may be

decreased significantly. Therefore, in most of the numerical
methods, one of the above-mentioned tools may be applied
for speeding up the operations in solving PDEs [5].

In a numerical point of view, the methods that are based
on the operational matrices of differentiation may be divided
into the collocation and Tau matrix methods. In Tau matrix
methods, all the known and unknown functions should be
approximated in terms of a specific complete basis (such as
orthogonal polynomials or trigonometric functions). Since
the mentioned basis is complete, one can factorize this
basis and simplify the considered PDEs into the associated
system of algebraic equations. On the other hand, in every
considered PDE one may have some boundary conditions
and we should impose these conditions in the procedure
of the Tau matrix method. Our numerical implementation
experiences show that if the boundary conditions are first
imposed to the main equations [5] (via transforming the basic
PDE:s into the associated integro-PDEs), then we may have
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more stable numerical solutions. However, in some research
works (e.g., Taylor matrix method [6, 7], Euler matrix method
[8], and Chebyshev Tau method [9]) boundary conditions
are imposed after discretizing the main equations. Such ideas
may have similar numerical results with [5] but produce more
algebraic equations and this may take more computations
time and therefore make these methods deficient. Another
disadvantage of Tau matrix method is that these methods
apply the operational matrices of product for solving PDEs
with variable coefficients [10]. Such idea again reduces the
accuracy of the Tau matrix method. Moreover, Tau matrix
schemes in general have difficulties in the treatment of
nonlinear multidimensional PDEs, since no straightforward
algebraic system of equations can be efliciently achieved for
such problems [11]. However, the collocation schemes for
PDEs are rarely ready to implement and they can overcome
the aforementioned challenges.

In recent years, some research works have been focused
on the application of collocation methods for solving lin-
ear one-dimensional parabolic and hyperbolic (specially
Telegraph equations) PDEs such as Chebyshev collocation
method [12] and Bessel collocation method [13, 14]. But appli-
cation of this scheme for solving multidimensional PDEs
has had few results. This partially motivates us to propose
a new collocation scheme, which is based on the Bernoulli
polynomials, for solving linear multidimensional diffusion
and wave PDEs. It should be noted that the proposed
collocation method can be generalized for solving other
linear multidimensional parabolic and hyperbolic PDEs. In
this paper we consider the following linear one-dimensional
diffusion equation

oy 0
o - % ro(mt), (7)€ [apby] x[ab], )

with the initial condition
y(na)=rf(n), nelayb,] (2)
together with the Dirichlet boundary conditions
v (a,7) =9, (1),
v (b,1) =9, (1), 3)
7€ [a,b,].

Also, we will consider the following linear one-dimensional
wave equation

o’y 9
% B % +tw(mt), (1,7) € [an’ bf?] x[apb], @)

with the initial conditions

v (ma.) = f(n),
W (a) =k 1), ®

nelayb],
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together with the Dirichlet boundary conditions

v(@p7) =0 (),

V’(br,»T) =g, (1), (6)
7€ |a,b,].

It should be noted that all the known functions in above-
mentioned PDEs such as f (1), k(1), g,(1), g,(1), and w(#, T)
are some smooth functions. Numerical solutions of the
above-mentioned equations are considered in the literature
through some classical and modern techniques such as
finite difference methods (FDMs) [15-18], finite element
methods (FEMs) [19], finite volume methods (FVMs) [20],
dual reciprocity boundary integral equation method [21],
interpolating scaling function method [22], and Haar wavelet
scheme [23]. In this paper, we treat the above equations
(together with their 2D generalization forms) by a numerical
method which is based on Bernoulli polynomials as the
basis and the well-known Chebyshev Gauss Lobatto (CGL)
collocation points. In this regard, the considered equations
are collocated and then transformed into the associated
systems of linear algebraic equations which can be solved
through some iterative methods such as GMRES.

The structure of the remainder of this paper is as follows.
In the next section, we will review some preliminaries regard-
ing the shifted Bernoulli polynomials and shifted operational
matrices which play important roles throughout the paper.
In Section 3, implementation of the Bernoulli collocation
method (BCM) for solving both of the 1D equations (1)-(3)
and (4)-(6) will be provided and in Section 4, generalization
of BCM for solving 2D diffusion and wave equations will
be implemented. In Section 5, several numerical examples
are given to illustrate the spectral accuracy of the proposed
method. Finally, some conclusions regarding the suggested
BCM are conveyed in Section 6.

2. Preliminaries

Bernoulli polynomials form a complete basis in the interval
[0, 1]. Since in our considered PDEs we have arbitrary inter-
vals, we should introduce the shifted Bernoulli polynomials,
which keep the property of completeness, and the shifted
operational matrices of differentiation. The shifted Bernoulli
polynomials can be constructed via the relation B;(y) =
B((n - a,])/ (b,7 - an)) for any arbitrary positive integer
index i in the interval [, b,l]. It should be recalled that the
standard Bernoulli polynomials, in the interval [0, 1], have
the following properties [24]:

B (x) =B (x), Viz1l,

1
J B;(x)dx=0, Vix1, (7)
0

B, (x) = 1.
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Therefore the shifted Bernoulli polynomials have the
following properties in the interval [a,, b, ]:

Vi>1,

Bi(m) =7

n

i a it (n),
n

b'l
J Bi(n)dn=0, Vix1, (8)

Bo (n) = 1.

Now we assume that B =

(Bo() B -+ Byl Ix(N+1)* The shifted operatlonal
matrix of differentlauon associated with the shifted Bernoulli

polynomials can be derived from the first relation in (8):

!

" Bo(n) 7
By (1)
Br-1 (1)
L B (1)
M, )
(00 0 -+ 07T B(n) ]
100 0[] Bi(n)
_ 1 020 ---0 :
by~ ay ' ,
et e Bx-1 (1)
00 - N olL By(n) |

where M, is the shifted operational matrix of differentiation
in the interval [an, bn]' Because of the existence of two-
variable functions in (1)-(3) and (4)-(6), we must extend the
mentioned matrix through the Kronecker multiplication. For

this purpose, assume that

B(mt)=[Bo(1:7) Bi(m7) ~+ B ()] yrgarye > (10)
where Bi(n,7) = [Bo(n, 1) B, T) -+ By, 1)] for all
i =01,..,Nand B, 1) = B,0p,(7) for all m,n =

,1,...,N. Evidently, f(n,7) = B(n) ® B(r), where B(1) =
[Bo(®) Bi(T) -+ Bn(Dlixnen)
In the following lemma, operational matrices of differ-
entiation associated with the two-variable functions will be
introduced.

Lemma 1. Suppose that M = Iy,, ® M and M = M;IF®IN+1,
where Iy, denotes the identity matrix of dimension (N + 1)

and M, = ((bq - an)/(bf - aT))Mq. One can conclude that
@)
oB(n,t —
U g ) =Bl 1
(11)
o’ ﬁ(m T)

CELD e (1) = B ) (M)

3
(ii)
0 ,
’3(’”)—/3,4 )= By o) M,

(12)

02 T —\2

L0 ) = B ) ()
Proof. See [24]. O

Since in 2D diffusion and wave equations, which will be
considered in Section 4, we have three-variable functions,
again one can develop the subject of operational matrices via
the Tensor product. For this goal, we should suppose that

Bn&1)= (B eBEO PO pmy>  (13)
where B(E) = [Bo(®) Bi®) - Byl ixoyen- Similar to

the previous lemma, operational matrices of differentiation
corresponding to the three-variable functions will be intro-
duced.

Lemma 2. Assume that M = Iins1y ®MTT, M = M§®I(N+1)z,

and M = Iy,;®M} ®ly,, where My = ((b,~a,)/(bs—ag))M,.
The following relations hold.

(i)
BOLD) g (n80)=pln&m) T
(14)
B (&7 70}
% = Ber (pE7) = B & 1) (M) .
(ii)
%ﬂ“ = B, (p&7) = B &) I,
(15)
B (n.E 7 )
% = By (&) = B &) () .
(iii)
%’;’T) = B (1.6:7) = B(n.E.7) M,
(16)

0&? = Ber (1:&,7) = B(, &, 7) (M)z .

Proof. The proof of this lemma is similar to the previous
lemma. O

3. Bernoulli Collocation Method for
1D Equations

This section is devoted to implement BCM for solving 1D
diffusion equations (1)-(3) and also 1D wave equations (4)-
(6). In this regard, we first discretize 1D diffusion equation
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FIGURE 1: CGL collocation points in the unit square for N = 8 for
1D diffusion equation.

and then localize 1D wave equation in two separate sub-
sections via a geometrical point of view. In both cases, we
should assemble the associated algebraic equations to form
a final linear system AU = b which can be solved by some

U= [”00 L

It should be noted that our aim is to find the unknown
vector U. From the previous section we have

v, (17) = Y. (1, 7) = B (1, 7) MU,

Vi (’7’ T) = VN (’7’ T) =p (71’ T) (M)Z U.

Also, we should define some suitable collocation points.
In this paper, we choose the CGL points in the following form:

b,—a (i-Dn
_m "
;= 2 <1—cos< N >>+a,7,

i=1,2,...

b, - j—1
2 N

j=1,2,..,N+1

(19)

S N+1,
(20)

Figure 1 plots such collocation points for N = 8 in the unit
square (i.e., [aq, bq] x a,, b,] = [0, 1] x [0, 1]) for the diffusion
equation. At the first step, we collocate the main equation via
the interior collocation points.

Step I (interior collocation points: main equation (1)). In this
part of the paper, wehave 2 <i < Nand2 < j < N + 1 (see
the purple rhombics in Figure 1). So we should define A

main

UNn U Uy o
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efficient iterative solvers such as GMRES method. It should be
noted that BCM has received considerable attentions during
recent years. The interested readers can refer to [25] and the
references therein for application of BCM in solving complex
ODEs, nonlinear two-point BVPs, delay Pantograph ODEs,
and other types of applied mathematics problems.

3.1. 1D Diffusion Equations. In this subsection, the aim is to
reduce (1)-(3) into the associated system of linear algebraic
equations in the form of AU = b by implementing the BCM.
This process has three steps.

(1) Collocating the main equation (1).
(2) Collocating the boundary conditions (3).
(3) Collocating the initial condition (2).

At first we assume that

N N
Y1) =yn (17) = Y Yt (1) B, ()
m=0 n=0 (17)
=B (1)U,
where S(#, 7) is defined in the previous section and
T
Uittt Ung Unt uNN](N+1)2X1 . (18)

with N(N - 1) rows and (N + 1)* columns. Moreover, we
should define a column vector b,,,;, with N(N — 1) elements.
Therefore, one can refer to the first step of Algorithm 1 for this
purpose.

Step 2 (boundary conditions collocation (3)). In this part of
the paper, we have i = 1 for the left boundary condition and
i = N + 1 for the right boundary condition. In both cases,
we have 2 < j < N + 1. Therefore, we should define A,
(left boundary condition: see the red triangles in Figure 1) and
Ay, (right boundary condition: see the blue down triangles
in Figure 1) with N rows and (N + 1)? columns. Moreover, we
should define column vectors b, (left boundary condition)
and b, (right boundary condition) with N elements. Thus,
one can refer to the second step of Algorithm I for this goal.

Step 3 (initial condition collocation (2)). In this part of the
paper, we have j = 1 and also 1 < i < N + 1 (see the black
squares in Figure 1). In this case we should define A;, matrix
with (N +1) rows and (N +1)* columns. Moreover, we should
define b, column vector with (N +1) elements. Therefore, one
can refer to the third step of Algorithm 1 for this aim.

Step 4 (assembling the matrices and column vectors). Finally,
by assembling the coefficient matrices and right hand side
column vectors, we will reach to the system of linear algebraic
equations in the form of AU = b, which can be solved by some
appropriate iterative methods such as GMRES algorithm.



Advances in Mathematical Physics 5

Step 1: Collocating the main equation (1):

fori=2:N

forj=2:N+1

Apain((i = 2) % N+ (j = 1),2) = By, 7)) * (M = (M)*);

bnain (i = 2) * N+ (j = 1), 1) = w(n,, 7));

end

end

Step 2: Collocating the boundary conditions (3):

forj=2:N+1

Apa(G-1,0) = [S(an,rj);

Ape(j =1, = BB, 7))

Ba(i— 1.1) = g,(r));

b (j = 1, 1) = g,(1);

end

Step 3: Collocating the initial condition (2):

fori=1:N+1

Ain(i’ :) = ﬂ(rli’a‘r);

bin (i,1) = f(ﬁz)

end

Step 4: Assembling the coeflicient matrices and right hand side column vectors:

A= [Amain;Abcl;Abcr;Ain];

b= [bmain; bbcl; bbcr; bin];

maxit = size(A, 1);

tol = 107N"?;

U = gmres (A, b, [], tol, maxit)

AvLGoriTHM 1: Implementation of BCM for solving (1)-(3).
Algorithm 1 can describe BCM for solving 1D diffusion CGL collocation points in [0, 1] x [0, 1]
equations (1)-(3). 0;_ I R
B
3.2. 1D Wave Equations. This subsection is similar to the 07 e
previous subsection and we have just an extra initial condi- B0.6 L
tion (0y/07) (1, a,) = k(r). Also, the aim is to reduce (4)-(6) 73 U I R T
into the associated system of linear equations in the form of QO
AU = b by implementing the BCM. Similar to the previous é g'; ) ' ' ' ' ' '
subsection, this process has three steps. ol b ]
0 :

(1) Collocating the main equation (4).
(2) Collocating the boundary conditions (6).
(3) Collocating the initial conditions (5).

Again, we assume a similar approximate solution in the
form of (17) and consider the collocation points in the
rectangle [a,, b,] x [a,, b;] that was previously introduced in
(20). Similar to the previous subsection, one can write

Vee (07) = Y (17) = B(p0) (M) UL (2D

It should be noted that Figure 2 plots such collocation
points for N = 8 in the unit square for the wave equation.
The readers can see the difference between this figure and
the previous figure in distribution of collocation points. At
the first step, we collocate the main equation via the interior
collocation points.

Step 1 (interior collocation points: main equation (4)). In this
part of the paper, we have 2 < i < Nand3 < j < N +1

0 01 02 03 04 05 06 07 08 09 1
Spatial axis # -

» Initial collocation points from (5)

* Initial collocation points from (5)
Boundary collocation points from (6)
Boundary collocation points from (6)
Interior collocation points from (4)

>

<

-

FIGURE 2: CGL collocation points in the unit square for N = 8 for
1D wave equation.

(see the purple rhombics in Figure 2). So we should define
A, with (N —=1)% rows and (N +1)* columns. Moreover, we
should define a column vector b,;, with (N — 1)* elements.
Therefore, one can refer to the first step of Algorithm 2 for
this purpose.

Step 2 (boundary conditions collocation (6)). In this stage,
we have i = 1 for the left boundary condition andi = N + 1
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fori=2:N
forj=3:N+1

end
end

forj=3:N+1
Apa(G=2,1) = [S(an,rj);
Ape(j =2, = B, T))s
Ba(i-2.1) = g,(1));
B 2.1) = g,(7));
End

fori=1:N+1

Ain(i’ :) = :8(111" a‘r); A

A (052) = B a)M;

b, (i, 1) = f(1:)s

binl (l> 1) = k(f’],))

end

A= [Amain; Abcl; Abcr; Ain; Ainl];
b= [bmain; bbcl; bbcr; bin; binl];
maxit = size(A, 1);

tol = 1072,

U = gmres(A, b, [], tol, maxit)

Step 1: Collocating the main equation (4):

Apmain((i=2) % N+ (j = 2),2) = Bl 7)) * (M) = (M)*);
bmain((i - 2) * N + (] - 2), 1) = w(y]i,‘[j);

Step 2: Collocating the boundary conditions (6):

Step 3: Collocating the initial conditions (5):

Step 4: Assembling the coefficient matrices and right hand side column vectors:

ALGORITHM 2: Implementation of BCM for solving (4)-(6).

for the right boundary condition. In both cases, we have 3 <
j < N + 1. Therefore, we should define A, (left boundary
condition: see the red triangles in Figure 2) and A, (right
boundary condition: see the blue down triangles in Figure 2)
with (N —1) rows and (N +1)? columns. Moreover, we should
define column vectors b, (left boundary condition) and b,
(right boundary condition) with (N — 1) elements. Therefore,
one can refer to the second step of Algorithm 2 for this goal.

Step 3 (initial conditions collocation (5)). For the initial
condition y(15,a,) = f(1), wehave j = landalso 1 < i <
N + 1 (see the black squares in Figure 2) and for the initial
condition (dy/ot)(1,a,) = k() we have j = 2 and also
1 < i < N + 1 (see the green circles in Figure 2). In these
cases, we should define A, and A, , matrices with (N + 1)
rows and (N + 1)* columns. Moreover, we should define b,
and by, column vectors with (N + 1) elements. Therefore, one
can refer to the third step of Algorithm 2 for this aim.

In this case, assembling the coeflicient matrices and
right hand side column vectors is similar to the previous
subsection. Algorithm 2 can describe BCM for solving 1D
wave equations (4)-(6).

4. Bernoulli Collocation Method for
2D Equations

In this section, we generalize the BCM for solving linear
2D diffusion and wave equations. Similar to the previous

section, we depict the collocation points associated with the
initial conditions and boundary conditions in each case of
the diffusion and wave equations for clarity of presentation.
Therefore, we consider the following linear 2D diffusion
equation:

oy ( oy 'y )

— = —=+=—= |+to(né1),

or 6172 BEZ (22)
(n.&71) € [aq, bn] X [af,bg] x [a,, b,],

with the initial condition

y(m&a) =8, (1.8 e[apb,]x[asb]. (23

together with the Dirichlet boundary conditions
1// (aq’ ga T) = gl (ga T) 5
I// (br]> E: T) = gz (E) T) 5
(&,1) € [ag, b,g] x [a,b,],
(24)
v (1,05 7) = hy (1,7),
y (n.be7) = hy (1,7),

(n,7) € [an, bn] x [a,,b,].
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Also, we will consider the following linear 2D wave
equation:

o’y [(dy 'y
W_< +a€2>+w('7’§ i (25)
(n.&71) € [aq, bn] X [ag,bg] x [a,, b,],
with the initial condition
v(n&a)=fn9)),
al// (7]’ 5’ aT) _ 26
Q5 - k(n,€), (26)

URIE [ari’ bri] X [aé’bi] >
together with the Dirichlet boundary conditions
v (a,&7) =g, (&7,
y(bp&7) =9, 1),
&1) e [ag,bg] x [a,b,],

U, = [”ioo Ujor -

According to discussions in the second section, one can
deduce that

v, (1.6,7) =y (1,6,7) = B(,6,7) MU,

—\2
Yoy (1.6:7) = Yy (1.67) = B1.&7) (M) U, (30)

Ve ORE.7) = ygge (1E.7) = B (1.7 (1) U

Similar to the 1D cases, one can consider the following
CGL collocation points in 2D equations in the rectangle cube
[a,l,b,l] x [ag, be] % [a,, b,]:

b,—a, G-V
_n "
n; = —2 <1—cos< N )>+a,7,

i=1,2,...,N,
b:—a i—1
Ejzg(l—cos<(1 )n>>+ag,
2 N (31)
j=1L2,...,N,
b, aT< < —1)71))
T, = 1 - cos +a,,
2 N
k=12,...,N

Ujon Uito Uin1 “ -

y(n.as7) = (n.7),
y(n.by7) =y (7)),
(n,7) € [aq, b”] x [a,,b,].

(27)

In the next subsection, we will extend BCM for solving
2D diffusion equations (22)-(24).

4.1. BCM for Solving 2D Diffusion Equations. We suppose that
the approximate solution of (22)-(24) can be written in the
following form of

1//(77’&‘[)’“’1//1\](1’],5,1’)
N

Z > g (1) B ©) By (1) (28)
= & 4

=B, 1)U,
where S(n,&,7) = P ® PE) ® B(r) and U =

[ug_ u: . ug__]Tin which
Uipn o ting Yint 0 Ui - (29)

Figure 3 shows only the collocation points associated with
the initial condition (23) and also the boundary conditions
(24) for 2D diffusion equation for N = 6. It should be noted
that depicting the collocation points associated with the main
equation (22) may make the readers confused. Moreover, in
this figure x stands for the # variable, y stands for the &
variable, and z stands for the T variable.

BCM for solving (22)-(24) has also three steps: main
equation collocation; initial condition collocation; and
boundary conditions collocation. Despite the 1D cases, we
first start with the initial conditions.

Step 1 (initial condition collocation (23)). For the initial
condition y(1,&,a,) = f(1,&) we have k = 1 and also
1 <i< N+1,1 < j < N+1 (see the black squares in Figure 3).
In this case we should define A, matrix with (N + 1)* rows
and (N +1)* columns. Moreover, we should define b, column
vector with (N + 1)? elements. Therefore, one can refer to the
first step of Algorithm 3 for this aim.

Step 2 (boundary conditions collocation (24)). Since we have
four boundary conditions, we should discretize them in two
different ways. For the x variable, we have i = 1 for the left
boundary condition and i = N + 1 for the right boundary
condition. In both cases, we have 1 < j < N + 1 and
2 < k < N + 1. Therefore, we should define Ay, (left
boundary condition: see the red circles in Figure 3) and A,
(right boundary condition: see the green circles in Figure 3)



F1GURE 3: CGL collocation points in the unit cube for N = 6 for 2D
diffusion equation.

with N(N + 1) rows and (N + 1)* columns. Moreover, we
should define column vectors b, (left boundary condition)
and b, (right boundary condition) with N(N + 1) elements.
For the y variable, we have j = 1 for the bottom boundary
condition and j = N + 1 for the top boundary condition. In
both cases, we have 2 <i < Nand 2 < k < N + 1. Therefore,
we should define A4, (bottom boundary condition: see the
blue circles in Figure 3) and Ay (top boundary condition:
see the yellow circles in Figure 3) with N(N — 1) rows
and (N + 1) columns. Moreover, we should define column
vectors by, (bottom boundary condition) and b (top
boundary condition) with N(N — 1) elements. Therefore,
one can refer to the second step of Algorithm 3 for this
goal.

Step 3 (interior collocation points: main equation (22)). In
this part of the paper, we have 2 < i < N,2 < j < N, and
2 < k < N + 1. So we should define A ;, with N(N — 1)
rows and (N + 1)° columns. Moreover, we should define a
column vector b, with N(N — 1)* elements. Therefore, one
can refer to the third step of Algorithm 3 for this purpose.

In this case, assembling the coeflicient matrices and
right hand side column vectors is similar to the previous
subsection. Algorithm 3 can describe BCM for solving 2D
diffusion equations (22)-(24).

4.2. BCM for Solving 2D Wave Equations. Similar to the
previous subsection, we should consider an approximate
solution in the form of (28) and also the collocation points in
the rectangle cube [a,l, b,]] x[ag, be] % [a,, b,] that is introduced
in (31). Moreover, one can write

Vo (16.7) = Y (16,7) = B 6) (M) U 32)
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0.0 0.0

FIGURE 4: CGL collocation points in the unit cube for N = 6 for 2D
wave equation.

Distribution of collocation points in 2D wave equations
is similar to 2D diffusion equations and just has a difference
(see the brown squares in Figure 4). Such brown squares are
related to the initial condition dy(, &, a,)/0t = k(n,§).

For clarity of presentation, we just provide Algorithm 4
for describing BCM for solving (25)-(27). In this algorithm,
we first discretize initial conditions (26) and then localize
boundary conditions (27) and finally collocate the main
equation (25) via the shifted CGL collocation points.

5. Numerical Examples

In this section, we will test our method for solving both
of the considered diffusion and wave equations. In the first
example, we consider a constructed 1D diffusion equation
and in the second example, we provide a 1D wave which is
selected from [6]. Moreover, in the third and fourth examples,
we will provide two test problems that are selected from
[5] in the case of 2D diffusion equations. The presented
idea (i.e., BCM) is easy to implement and can be applied
for solving other 2D parabolic and hyperbolic equations
such as 2D Telegraph equations [26]. All of the programs
associated with the implementation of BCM for solving
the considered examples are written in Matlab 2015b in a
Laptop PC with 12 GB Ram with Cash of 6. Readers of this
paper can communicate for receiving the associated codes
for each example via email of the corresponding author. It
should be noted that the tolerance for the GMRES solver
is set to be 10"V and also the iterations associated for
applying this solver is set to be “size (A, 1).” GMRES
algorithm for solving the linear algebraic systems of the
considered problems has a good performance and no pre-
conditioning technique is needed for solving the algebraic
systems.
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fori=1:N+1

forj=1:N+1

Ap(G-1)« (N+1)+j,:) =B, ¢a,);
b (=1« (N+ 1)+ j,1) = f(5,§,);
end

end

— x variable discretization:

forj=1:N+1
fork=2:N+1
Apa((G=1) * N+ (k= 1),2) = fla, &, 1)

A= 1) % N+ (k= 10,2 = by, £ 1)
bbcl((j - 1) * N + (k - 1)) 1) = gl(Ej, Tk)§

by (G = 1) * N + (k= 1),1) = g,(§, Ti)s
end

— y variable discretization:

fori=2:N

fork=2:N+1

App((i=2) * N+ (k= 1),:) = B 2, 70)s
Ap((i=2) = N+ (k=1),:) = (1, be, 73.)s
bbd((z - 2) * N+ (k-1),1) = h(;, 7)s
bbcr - *N+( -1, l)zh(’/]z"rk)
end

Step 3: Collocating the main equation (22):
fori=2:N

forj=2:N

fork=2:N+1

bmain((i -
end

end

end

A= [Amain; Ahcl; Abcr; Abcb; Ahct; Ain];
b= [bmain; bbcl; bbcr; bbcb; bbct; bin];
maxit = 51ze(A 1);

tol = 1072,

U= gmres(A b, [], tol, maxit)

Step 1: Collocating the initial condition (23):

Step 2: Collocating the boundary conditions (24):

Apan((i=2) ¥ N« (N=1)+ (j—2) * N+ (k- 1),2) = B, &, 73) * (M) - (M) - (M)
)« N*(N-1)+(j-2)« N+ (k-1),1)

Step 4: Assembling the coefficient matrices and right hand side column vectors:

= w("]v S" Tk)§

ALGORITHM 3: Implementation of BCM for solving (22)-(24).

Example 1. As the first example we consider (1)-(3) with the
following assumptions:

w(n1)=0
f (1) =exp(n);
9, (1) = exp (1)

(33)

g (1) =exp(t+1),

with the exact solution y(#, T) = exp(y+ 7) in the unit square
[an’bn] x [a,,b,] [0,1] x [0, 1]. We have implemented
the BCM for solving this constructed example by assuming
several values of N starting from 4 up to 14. It is observed
that as N gets greater values, the associated errors decreased.
For this example and the next example, we have defined the

error function ey (1, 7) = w(y, T) — Y, T), where Yy (1, T)

is the approximate solution that is computed via applying
BCM for solving the considered problems. Figures 5 and 6
depict the ey(y, T) associated with the obtained numerical
solution of the this example for N = 7,9 and N = 11,13,
respectively. From these figures, one can see the robustness
of the proposed method for solving 1D diffusion equations.

Example 2 (see [6]). As the second example we consider (4)-
(6) with the following assumptions:

w(n,t)=0;
f () =sin(n);
g1 (1)=0

g, (1)=0
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Step 1: Collocating the initial condition (26):

fori=1:N+1

forj=1:N+1

A=)+ (N+ 1)+ j,1) = B &5 a.); N

A (=1« (N+1)+j,2) = B, € a,) * M;

b =1« (N+1)+j,1) = f(n,&;);

b ((—1)« (N+1)+j,1) = k(ni,fj);

end

end

Step 2: Collocating the boundary conditions (27):

— x variable discretization:

forj=1:N+1

fork=3:N+1

Apg((=1) * N+ (k-2),:) = Ba,, &, 1);

Ape((j=1) = N+ (k=2),:) = f(b,, &, 7)s

ba((G =1 * N+ (k-2),1) = g,(§;, )s

Booe (= 1) # N+ (k=2),1) = g,;, 70)5

end

— y variable discretization:

fori=2:N

fork=3:N+1

Ay (i =2) N + (k= 2),:) = B, ag, 1.)s

Aba«i 2) x N+ (k= 2),) = Bl b 70);

byg((i=2) * N+ (k-2),1) = h,(n;,1.)s

by, (G - 2) * N+ (k—-2),1) = hy(n;, 7);

end

Step 3: Collocating the main equation (25):

fori=2:N

forj=2:N

fork=3:N+1

Apain(((=2) * N« (N = 1)+ (j = 2) * N + (k= 2),2) = B(n,, €, 1) % (M) = (M)* = (M)?);

Boain (1 =2) * N« (N=1)+(j—2) * N+ (k-2),1) = 0(;, &, 7,.);

end

end

end

Step 4: Assembling the coeflicient matrices and right hand side column vectors:

A [Amam’Abcl’Abcr’Abcb’Abct’Am’Aml]

[bmam’ bbcl’ bbcr’ bbcb’ bbct’ in> ml >

maXlt =size(A, 1);

tol = 10"N2;

U = gmres(A, b, [], tol, maxit)

ALGorITHM 4: Implementation of BCM for solving (25)-(27).
TABLE 1: Numerical results of the BCM and TMM associated with the error ey (#, 7) in the second example.
(1. 7) BCM T™MM
’ N=8 N=10 N=12 N=8 N=10 N=12

(0.6,0.6) 1.62x10°° 6.90 x 107" 251 x 107! 8.26 x 107/ 7.08 x 1077 4.63x 107"
(0.7,0.7) 137 x 107° 1.56 x 107° 229x 107" 3.18x10°° 3.69x 1078 327 %107
(0.8,0.8) 1.12x10°° 2.84%x107° 2.52%x 1071 1.01x10°° 1.52x 1077 1.75x107°
(0.9,0.9) 1.22%x10°° 2.52x107° 222x 1071 276 x107° 524 %1077 7.61 x 107
1,1) 1.40 x 107° 1.59 x107° 1.81x 1071 6.70 x 107 1.55%x107¢ 2.76 x107°

with the exact solution y(n,7) = sin(y)cos(t) in the
rectangle [an,b”] x [a,,b.] = [0,7] x [0, 1]. Again, we have
implemented the BCM for solving this provided example
by assuming several values of N starting from 4 up to 14.
Since this test problem has been selected from [6], we make

some error comparisons with the Taylor matrix method
(TMM) in Table 1 at some special points in the considered
computational domain. From this table one can see that
the errors associated with the BCM are more stable and
accurate than TMM [6]. Since in [6] the authors considered
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Error history associated with the BCM for N =7

v, 1) - yn(T)
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Error history associated with the BCM for N =9
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FIGURE 5: Error histories associated with the obtained numerical solution of the first example for N = 7,9.
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Error history associated with the BCM for N = 13
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FIGURE 6: Error histories associated with the obtained numerical solution of the first example for N = 11, 13.

the Maclaurin approximation for the computational interval
[an, b”] = [0, 7], this assumption may decrease the accuracy
of the TMM. Figures 7 and 8 illustrate ey (#, T) associated
with the obtained numerical solution of this example via
BCM for N = 6,8 and N = 10,12, respectively. From
these figures, one can conclude that the proposed BCM is an
efficient numerical approach for solving 1D wave equations.
For instance, in Figure 8, the error function values e, (1, 7)
are around 107'! approximately, while the associated error
function values e, (#, ) of the TMM [6] are around 1077 (see
the fourth figure of [6] for this aim).

Example 3 (see [5]). As the third example we consider (22)-
(24) with the following assumptions:

w(m,&1)=0;
f(1.8) =exp(7+&);
91 (&, 7) = exp (§ +21);
92 (& 1) =exp(§+2t+1);
hy (n,7) = exp (n +2t);
hy(n,7) =exp(n+2t+1),

(35)
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Error history associated with the BCM for N =6
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Error history associated with the BCM for N = 8

x1077
4

v, 7) — vy, T)
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FIGURE 7: Error histories associated with the obtained numerical solution of the second example for N = 6, 8.

Error history associated with the BCM for N = 10
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FIGURE 8: Error histories associated with the obtained numerical solution of the second example for N = 10, 12.

with the exact solution y(1,&,7) = exp(n + & + 7) in the
unit cube [an’bn] x [agb] x [a,b] = [0,1] x [0,1] x
[0,1]. The numerical results of this example are provided
with the numerical results of the next example in Table 2.
Moreover, numerical solution y,(1,&, 7), which is obtained
via the proposed BCM, together with the exact solution
w(1,&,7) is depicted in Figure 9.

Example 4 (see [5]). As the fourth example we consider (22)-
(24) with the following assumptions:

w(n,&1)=0;
f (7,€) = cos () sin (7€) ;

0.5
0
-0.5
-1
-15
g1 (€, 7) = sin (7€) exp (—27127);
g, (€, 7) = —sin (7€) exp (—anr) ;
hy (1,7) = 0;
h,(n,7) =0,
(36)
with  the  exact  solution  y(1,&,7) =

cos(mn) sin(n{)exp(—Zr:ZT) in the unit cube [a,l,b,l] X
[ag, be] x [a,,b,] = [0,1] x [0,1] x [0,1]. For solving this
example and the previous example, we applied several
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TaBLE 2: Comparisons of the BCM and BMM associated with the errors Ej in the third and fourth example.
N Third example Fourth example
BCM BMM BCM BMM

4 32x1072 35%x1072 73%x107° 2.8%1072
6 1.6x107° 22x107° 29%107° 6.1%x107°
8 82x107° 1.7x107* 27%x107 14x107°
10 34x1077 1.4x107° 42x107° 3.7%x107*
12 1.8x107° 1.1x10° 7.9x107° 9.1x107°
14 5.4x 107" 92x1078 12x10°° 23%x107°

Numerical solution y (1, &, 7) obtained by BCM for N = 7
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Exact solution y(1, £, 7)
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FIGURE 9: Numerical solution (1, &, 7) and exact solution (1, ¢, ) of the third example.

values of N such as 4, 6, 8, 10, 12, and 14 and achieve the
numerical solution yy(#,&,7) by the suggested BCM. For
these numerical solutions, we have defined the discrete error
function

max

Ey =
1<i<N+LI<j<N+1

|V/ (’7#5"1) 4N (’1:',5"1)| (37)
for both of the third and fourth examples and make a
comparison with the Bernoulli matrix method (BMM) [5] in
Table 2. From this table, one can conclude that the proposed
BCM is more accurate with respect to the numerical solu-
tions achieved via BMM [5]. Moreover, numerical solution
yo(1, &, 7), which is obtained via the proposed BCM, together
with the exact solution y(1,, 7) is depicted in Figure 10.

6. Conclusions

Applying analytical methods for solving multidimensional
parabolic and hyperbolic PDEs usually is not efficient,
because symbolic computations (such as direct differen-
tiation and integration) in higher dimensions are time
consuming. Therefore, numerical methods which are based

on the operational matrices of differentiation (instead of
direct differentiation) and high accurate Gauss quadrature
rules (instead of direct integration) are more favorable for
solving PDEs. In this paper, we apply a numerical approach,
which is based on the Bernoulli polynomials and their
operational matrices of differentiation and also the CGL
collocation points for solving multidimensional diffusion
and wave equations. In this regard, the above-mentioned
equations will be reduced to the associated systems of linear
algebraic equations which can be solved by robust iterative
solvers such as GMRES algorithm. Moreover, geometrical
distribution of collocation points for the considered PDEs is
depicted for clarity of presentation. To show the robustness
of the proposed method, some test problems are provided.
In all of the considered numerical examples, as N gets
greater, more accurate solutions will be achieved. Also, more
accurate results (even in larger computational domain) in
the second example are obtained with respect to the Taylor
matrix method (TMM) [6] which confirm high accuracy
of the BCM. The presented method is easy to implement
in any software such as Matlab and Maple and can be
generalized for solving three-dimensional PDEs. In this case,
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Numerical solution y (1, &, 7) obtained by BCM for N = 9

V/N(l’ E’ T)
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Exact solution y(1, £, 7)

FIGURE 10: Numerical solution y,(1, &, 7) and exact solution y(1, &, 7) of the fourth example.

BCM for collocating the space variables (x, y,z) should be
combined with method of lines (MOL) [26, 27] to reduce
three-dimensional PDEs into the associated systems of ODEs
that can be integrated by some efficient ODEs solvers.
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