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Abstract In this paper, a Hybrid Finite Integration Method (HFIM), modified based on the research
of P.H. Wen et al. (Wen et al. 2015), is presented to solve partial differential equations. The method
requires the integral matrix, induced by the combination of the trapezoidal rule and Simpson’s rule to
produce the integral matrix. This paper also confirms the advantage of using HFIM that only one integral
matrix is required to solve the n-th order differential equation. The integral matrix is straightforward to
implement and not complicated. Moreover, in order to demonstrate the HFIM’s accuracy and efficiency,
we illustrate numerical examples and compared the results with the finite difference method and the
traditional FIM.
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1. INTRODUCTION

Many problems in science, engineering and economics can be formulated as mathe-
matical models involving partial differential equations (PDEs). Since the exact solutions
of these equations in many cases are too complicated to determine in closed form, it is
common using numerical methods to approximate solutions. There are many techniques
to deal with the numerical solution of PDEs such as the finite difference method (FDM),
finite element method (FEM), finite volume method (FVM), boundary element method
(BEM) and spectral method.

In 2013 Wen et al. [1] proposed the finite integration method (FIM) to solve numerical
solution of differential equations. The finite integration matrices of the first order can
be constructed by implementing ordinary linear approach (OLA) or radial basis function
(RBF) interpolation. These matrices of first order can be directly used to obtain finite
integration matrices of higher order. Therefore, the advantage of the FIM is using only
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an (one layer) integral matrix to solve any n-th order differential equation. Moreover,
the first order integral matrix of FIM has a form of lower triangular matrix so the FIM
procedure is simple and saves the computational core memory. There are many researchers
developed and modified the FIM to improve the accuracy of the approximated solutions.
The common idea to improve the FIM is to construct the first order integral matrix using
various numerical methods such as the trapezoidal rule [I-3], radial basis interpolating
function [1, 2], Simpson’s rule, Cotes integral formula, Lagrange formula [2], Chebyshev
polynomial interpolation [, 5], or Legendre polynomial interpolation [(]. The traditional-
and modified-FIM have been successfully applied to solve differential equations in 1D as
well as in multi-dimensional PDE. Moreover, the FIM has been implemented to deal with
direct and indirect problem solving [7—11].

In 2020, Makaje et al. [12] modified FIM by combining the trapezoidal rule and the
Simpsons rule in order to construct the first order integral triangular matrix to solve the
initial value problem and boundary value problem. This hybrid method provided higher
accuracy than the traditional FIM and FDM. However, this work has been only focus on
one dimensional but not yet considering the PDE problems. This became the motivation
for us to extend this hybrid FIM method to solve PDEs.

This paper is organized as follows. In Section 2, the hybrid FIM is introduced by
expressing the integral matrix, A, induced by the combination of the trapezoidal rule and
the Simpson’s rule. The use of HFIM for solving the heat equation is presented in Section
3, whereas Section 4 constructs the case of the Poisson equation solved by HFIM. Several
examples are studied in Section 5 to verify the accuracy and efficiancy of using HFIM to
solved PDEs. Section 6 presents the conclusion of this study.

2. A HYBRID FINITE INTEGRATION METHOD

In this section, we present the hybrid finite integration method (HFIM) which is the
numerical method for approximating any n-layer integrations. This method is modified
based on the traditional FIM, presented by P.H. Wen et al. [1], together with the trape-
zoidal rule and the Simpsons rule. We firstly mention the use of the trapezoidal rule and
Simsons rule that the trapezoidal rule employ the first-order interpolating polynomial
to connect two points equally spaced whereas the Simpsons rule use the second-order
interpolating polynomial to connect three points equally spaced, then the number of in-
terval of using the trapezoidal rule can be any positive integer whereas the Simsons rule
has to be even number. The HFIM was first introduced in [12] by considering the finite
integral from 0 to the spatial domain x € [0, L] defined as FM(z) := [ f(y)dy . Let

and

{0 =21 <z3 <...<zy = L} be a partition of the interval [0, L], where h = N1

x; = (i — 1)h, for i = 1,2,3,..., N. Then the first order approximated definite integral
becomes,

FO(zp) = /mk f(y)dy for ke{l,2,...,N}. (2.1)

When k& =1, , the definite integral from x to x1 equal to zero,

/ F(y)dy = 0.
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When k = 2, the definite integral is approximated via the trapezoidal rule,

/ Flo)dy = o7 + f(2)]

When k > 2, we first define

N, if NV is odd
Noda = I
N —1, if N is even

N, if N is even

and Neven =
{N— 1, if N is odd

and

i) For k € {3,5,7,..., Nogqa} , the definite integral is approximated via the Simp-
sons rule as,
o " (k—1)/2 (k—1)/2—1
[ty =5 |4 Y St Y S+ S
z1 i=1

=1

ii) For k € {4,6,8,..., Neyen} , the definite integral is approximated via the
combination of the trapezoidal rule and the Simpsons rule as,

/:k fy)dy = /:k_ Fly)dy + /: fly)dy, k—1is odd,

i (k—2)/2 (k—4)/2
fle)+4 Y flwa)+2 D flee)+ flog)
i=1 i=1

D Fn) + Flaw)

h
3

_I_

(k—2)/2 (k—4)/2

2f(x1) +38 Z f(z2i) +4 Z f(x2i-1) +5f(zp—1) + 3f(zk)

h
6

Therefore the first order definite integral F'() (a;,) f f(y)dy can be rewritten in a
matrix form as

FO = AWF, (2.2)

T
where F(1) = [fwf FWdy, [ fy)dy, ..., [~ f<y>dy} £ = [f(21), f(@2), .., flan)]"
and A(1) is a coefficient matrix of the first order definite integral, and we denote A() = A
which can be expressed in matrix form as

for N is even

o) >

NN WO
o 00 0o W O
= ot OO
0w o oo
N OO OO
o O O OO
OO O OO

L Jd NXN
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NN WO
00 00 0 W O
= ot O O
o w o oo
N OO OO
o O O oo
o O O OO
o O O OO

for N is odd.

| =

0¢)
=~
0¢)
=
ot
w
(@)

2
(2 8 4 8 4 ... 4 8 2| o

Furthermore by above consideration, for each k € {1,2,3,..., N} the integral f;lk fly)dy
can be written as

Tk k
[ty =Y i) 2:3)

where ay; is the element of matrix A(®) corresponding to (2.2) for j € {1,2,3,..., N}.
For the second order integration, we define the definite integral as

F® () = /:k /: f(y)dydy*.

Applying the first order definite integral in (2.3), we have

/ / Fdydy =33 o Fay).

=1 j=1
Explicitly,
for k = 2, f;z f fy)dydy* = (az1a11 + azean:) f(x1) + azeaszs f(x2) and
3 3
for k = 3 fxa fy dydy = Z (agkakl) f(xl) -+ Z (agkakg) f($2) + (a33a33) f(x3)
k=1 k=2

In general, for k = t, where ¢t € {2,..., N}, we have
/ / f(y)dydy™ = Zatkaklf z1) + Zatkaka To) + -+ Zatkaktf Tt).
k=t

This second order definite integral F( fwl 2 y)dydy* can also be rewritten
in a matrix form as

F®? = A®)f, (2.4)

where A is a coefficient matrix of the second order definite integral, and can be calcu-
lated as a multiplication matrix of A as

A®) = [ (2)} [Z aixak; f(z;) ] —A-A=A2

Similarly, the n-order definite integral
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o O e
F(”)(J:k) :/ / / j‘”(y)dydy(l)...dy”_1

/

n layers

can be expressed in the matrix form as
A — A(")f = A"f.

One thing to note that the coefficient matrix A" is a lower triangular matrix for all n.
This is an advantage of using HFIM since it can save the computational core memory.

3. THE HFIM FOR SOLVING HEAT EQUATION

This section describes the use of the HFIM to solve the heat equation. We propose
to solve the time-dependent PDE by applying the FDM for the time discretization. For
illustration, we here consider the heat equation together with the initial and boundary
conditions:

ou 0%u
E(xat): @(.T,t)+p($,t)u($,t)+f($,t), S (OaL)vtE (07T) (31)
I.C. wu(z,0)=¢(x), z€(0,L) (3.2)
ou ou
B.C. —(0,t) = t —(L,t) = t t 0, T 3.3
(%( ) ) ,ul( )7 6:1:( ’ ) NQ( )7 E( ) ]7 ( )
where u(z,t) is the temperature at point « € [0, L] and time ¢ € [0, 7. For the discretiza-
tion, we divide equally the time domain [0,77] as t; € [t1,t2,t3,...,tn,] for Ny — 1 small
subintervals [t;_1,t;];5 € {2,3,...,N¢e},t; = (j — 1)ho , and hy = N1 We use the
 —
backward FDM to approximate the time domain as
du _ U(l‘,tj) _u(matj*1>
ot (@45) = ho '
Therefore the heat equation (3.1) can be discretized as
1 0%u
o [u(z, ;) —u(z, tj-1)] = 55 (2. 4) + p(a, t;)u(e, ;) + f(z,1;). (3.4)

Here, the discretization of temperature u(x,t) and given functions p(z,t), f(x,t) in heat
equation (3.4) are defined as

o)~ flaity) =2 f7,
where i € {1,2,...,N},7€{1,2,..., N:}.

In order to apply HFIM for solving the discrete heat equation (3.4), we apply the
integral over the equation (3.4) twice and then transform into the matrix form defined in
(2.4). Thus we have

1 A2yl — i

. . AWt =) + AP + A2 F + cox + e, (3.5)
0 0 =
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. o AT
where v/ = [u{,u%, .. ,ug\,} is an N column vector of temperature solution at time

t; P = diag (p{,p%,...,p%) is an N diagonal matrix, f/ = |f{,f3,.... f4| . x =

[z1,za,. .. ,xN]T ,i=[1,1,...,1]7 are N column vectors of source function, space nodes
and constant of 1, respectively, and cg,c; are integral constants corresponding to the
above equation. Rearranging equation (3.5) gives

. . 1 ) )
[h A? —1- AQPJ} W = h—A@H + A% 4 cox + cii. (3.6)
0 0 -

Next, we discretize the Neumann boundary condition (3.3) as

ou ; ou ;
g (Ot = mlty) = m and - (Lity) = pa(ty) =:

In order to apply the boundary condition, we take the integral once over the heat equation

and approximate the integral via HFIM in (2.2). This yields

1 - 1 . ou’
AW — AT =
P P Br

Considering the matrix equation (3.7) at x = 0, we have

N
EOSIER) SUALEEES SRS DI o
=1

This yields

+ AP + A f + coi. (3.7)

co = —l. (3.8)
Plugging in = = L and ¢y = — into equation (3.7), we get
AN 1
) . . . . . .
S Lol o]t =Sl (Lt 4 2) 44— (3.9)
= Lho i=1 ho

From equations (3.6), (3.8) and (3.9), we obtain the following block matrix equation,

iA2 o arpi | e | i hiAQHjl +A2ij .
ho = 77w 0 ;
Q 10 | |a|= 1 :
" (3.10)
where Q%) = [ 5\1,)1, 5\1%, .. a%}v} is an N row vector of integral coefficients ag\l,g . In

order to solve the solution of the problem (3.1)-(3.3), we use u, := [u(z;,0)] = [¢(x;)],i €
{1,2,..., N} , for the initial temperature at time step ¢; =0 or j = 1 , as prescribed in
the initial condition. At each time step j = 2,...,N; , for computing u’/ , we use u/—!
for previous time step, and then substitute it into the block matrix equation. Hence, at
final time step tn, =1 or j = Ny, u’t is the temperature solution as desired.
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4. THE HFIM FOR SOLVING POISSON EQUATION

The previous section has presented the use of HFIM to solve the heat equation in
1D which is a parabolic equation. In this section we will extend the study in 2D ellip-
tic equation by considering the Poisson equation together with the Dirichlet boundary
conditions:

s 00) + G5 (@0) = fa), € @)y € (nd) (1.1
B.C. u(a,y) =pm(y), udy)=p2(y), yE€lcd (4.2)
( ) (x)a u(xvd) = 901(37)’ S [avb]

where u(x,y) is a real function in rectangular domain [a,b] x [¢,d]. For the discretiza-
tion procedure, we divide the domain [a,b] X [¢,d] to the grid with mesh points x €

) —a d — C
{xlvaa --'axN}a y e {y17y27 7yM} and step sizes hﬂ? = N —1 and hy - M—1
(15 Ya0) = Conar-ty - Ynar-y) = Car Var) Cens Var) = Giaags ) = o> var)
YN,
YN, 1
Y2 @y) =y ) = Ry 3
M ds prp q°7q
/
/
Vi =

(. 32) = Gy V) = (322’5’22;

'y
<3

(xl,y1)=(5cl,5/1)=(3?1,5/1)

b2

N
x/&z Xy o Xy Xy Xy Xy

(2.3 = (X5, 75) = Xpp010 Vagsr) ey 1) = R Iv) = agv-nyits Varv-1y+1)
F1GURE 1. The grid points of global and local numbering systems

Here we use the global numbering system with the total point number N x M to index
the local node (z;,y;) for i € {1,2,..., N} and j € {1,2,...,M}. We define the global
numbering system along X-axis as (Zp,%,) and the global numbering system along Y-
axis as (24, Jq) illustrating in Figure 1 for p = N(j —1)+i,g=M(i— 1)+ j and p,q €
{1,2,..., NM}. Along the finite integration introduced in Section 2, the first order integral
approximations with respect to x and y can be defined via using HFIM as U x)(x y) =
f u(&,y)dé and U (1’9) (z,y) f Yu(x,¢)d¢. Therefore the integral approximations at
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the global points ﬁ(l’m)(jp, Up) can be expressed as

AR ) xp,yp

Z

xkv Z/k)

x ~(1,x . k .
where Zi,(:’ ) defined as a,(:’ ) = Gir, When ¢ =p— N {%J ,r=k—N {NJ and 1 <r <,

(1

otherwise a,,’

)

matrix form as

where U !

u =

and A(1 x)

u(&, g2) d§, ...

S/

- A",
T w6, ) de, [
[ (ml,yl) (mzyyz)
AD 0
0o AW 0
: : 0
0 0 A
M Blocks

“ NMxNM

)

LA(E N, Ivm)] T

= 0. Then the first order integral with respect to x can be rewritten in a

(4.4)

T
u<£7gNM)d€ )

)

for AW is a first-order integral matrix

introduced in Sectlon 2. Whereas the first order integral with respect to y at the global
points U* ) (&4, 7,) can be expressed as

q
Zak

k=1

(Ly) »

W( Tk, Yr)

k
where d,(:’y) defined as dg’y) = a5, when j = qg—M L%J ,s=k—M {MJ and 1 < s <7,

otherwise af{;

,Y)

matrix form as

o

where U (1)

= [

>

2 (Ly)

and A

Y)

(1y)A

= A

>

(i'l,@l),

= (. Then the first order integral with respect to y can be rewritten in a

(4.5)

(77 wir, Q) dG, [ (i, G, [ winear, )]

a(i?ag?)a sy

a(@nars Inar)] b

AD 0
o AWM 0
: : 0
0 0 AW
N B‘l'ocks

- NMxNM

)
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Similarly as the double layer integration in Section 2, we have the second order integral

with respect to x as follows.

-/ ” / " (6. 7y) dede,

or the matrix form as

U (Zp, Up

where U™ = [[7 [ (e, gu) dedea, [T 5 u(€, o) dedgr, o, [TV [ ul, Gvr) dedes,

A® 0
(2 0 A® 0
and A(2 ) i
: : 0
0 0 A®?)
L M P:l'ocks A NMxNM

(4.6)

T

for A@ is a second-order integral

matrix introduced in Section 2. And the second order integral with respect to y can be

defined as follows

A~ g; Cl
U(27y) (i-q, yq) = / / U(i'q, O dCdCh

or the matrix form as

-["J—(27y) — A(er) ~
where 'Y [ [P 19 u(ay, €) dCdcy, ny 5 uia, ¢
AP o 0
0 A2 0
and A(2,y) ' . '
: : .. 0
0 0 A®
L N B?lrocks - NMxNM

Likewise for the n-layer integration, we have

~ *

(4.7)

o T
)dCdC, oy [P [ u(@ N, €) dCdC,

U(nm@p,gp):/jp... /52 /jl (€, ) dEdE... dép_1,

and U9 (24,9,

= 7.

[ [ @y, €) dCdCy .. dCp s
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which can be written in matrix forms as INJ(r_l’ =) A( )@ d ﬂ(n’y) = A(n’y)@
AM™ 0
() _ | 0 AM o0
where A ) )
0
0 0 A™
b M]glrocks _ A NMxNM
A 0 0
- (n 0o AM™ ... 0
and A( v _ _
0
0 0 A
N Igl,OCkS A NMxNM

Turning to the point of solving the Poisson equation (4.1) by using HFIM, we first
apply the four layer integral over the equation as

/ / / / [%wwg%w] drdzdydy

(4.8)
- ////f(l‘ y) dedrdydy 4+ Co o (y)x + Cr o + Coy(x)y + Cry

where Cp 5 (y), C1 4(y) are unknown functions of y obtaining from the above integration
with respect to z and Cp (x), C1 y(x) are unknown functions of z obtaining from the
above integration with respect to y. These unknown functions assumed to be approxi-
mated by Taylor interpolation polynomial as follows,

Co,z(y) = (1) +yc(2) +y 0(3) 4o yM 10(()]\?,
Cra(y) = cgli + yc@t +y 053:1 oo yM 1051\?,
Coy(z) = Célz)/ + xC(Q) + xzcési 4o 4N 1061‘;)’
Cuy(w) = ey + wel’) +a%el’) + 2V

For convenience to rewrite the integral (4.8) as the matrix form with unknowns U(ip,
7p), Ul%q,7q), Co.x(v), C1.2(y), Coy(x) and Cy , (x), we are fixing on considering the global
numbering system along X-axis. Therefore we transform all nodal points of integration in
the global numbering system along Y-axis to the global numbering system along X-axis
defined by A®Y = 7. APV
matrix defined by

-T~1 where T = [tg, k,]NMx N is the transformation

lky ks = .
0 ;otherwise,

forie {1,2,...N}, j€{1,2,.... M}.
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Hence the matrix form of (4.8) via the global numbering system along X-axis can be

written as
AP LAY 5= APPAY Fixw. 0, +0,C, +YU,C,. +T,C
+ u= i+ Yy=0,z + y=1,x + X0,y + TX1,x0
(4.9)
_ _ _ _ T
where f = [f(.%l,gjl), f(Z2,72), -y f(:iNM,gNM)] is an N M column vector of function
f(z,y), Cy.r Cy, are M column vectors of unknown constant value of cé{ ;, cgji for
je{1,2,...., M}, Co,y» €y, are N column vectors of unknown constant value of ¢, ng)y
for i € {1,2,..., N} and the coefficient matrices of unknown functions defined as
(1w e [ [ =1 wyl R
1 oy yr TN TNyl ey
\I/y = 7X\ij =
1wk gt T Ty ziyn
[ L1 wm ar 1 I NMxum | [ av avyn TNy I Nmxm
[ [ 1 i AR [ v oyl EA
1 xf Nt yMm Ymai yuzy
U, = YU, =
1ok V. vy ey yay
| L] T ry ! 1 Inmxn yM Ymry VEIN I NMxN

Next we discretize the Dirichlet boundary conditions (4.2) - (4.3) and apply to the
matrix equation (4.9), this yields the following block matrix equation,

A LA xw, v, ve, U,
I, 0o 0 0 0
I, o 0o o0 o
I, 0o 0 o0 o
I o 0 o0 o

M« (2,I) A (2,y) ra

where ., p, are M column vectors of boundary functions 4 (y), pa2(y),
¥, p, are M column vectors of boundary functions ¢1(x), p2(),
I,, I are M x NM matrices corresponding to the boundary on the left-hand

A A i
a3}
oy !
#y
L LD _
(4.10)
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and right-hand sides of rectangular domain.
and I., I; are N x NM matrices corresponding to the boundary on the bottom and
top sides of rectangular domain.

5. NUMERICAL EXAMPLES

This section presents three benchmark test examples in order to demonstrate the
HFIM’s accuracy and efficiency. The first two examples are problems of heat equation
with Neumann boundary conditions and initial condition. Whereas the last example is a
problem of Poisson equation together with Dirichlet boundary conditions. Furthermore,
we will compare results with the FDM and the traditional FIM.

5.1. EXAMPLE 1

We consider the first example with the following heat problem,
2

) = &)+ (w4 1 Dl 1) — (24 2%+ 2%)el (a,1) € (0,1) x (0,1)
LC. wu(z,0) =p(z) =2% x€(0,1)

ou B B ou B ot
B.C. SU(0,6) = pu(t) =0, S2(1,1) = palt) =26, te (0,1]

The analytical solution of this example is u(z,t) = z2e which is used for testing the accu-
racy of the approximation with RMSE. In order to test the accuracy of the approximation,
let us introduce the root mean square error (RMSE) defined as

RMSE(u(z,t;)) = %i <vf - uf), (5.1)

=1

where vg and ui represent the analytical and numerical solutions of u(z;,t;) , respectively.
In order to apply HFIM to solve this example, we substitute known functions and parame-
ters, i.e. P7, fj , ,u{, ,u%, ho, and others into equation (3.10). Then the approximate solution
can be obtained by solving the system of linear equation (3.10). Table 1 shows the RMSEs
of the temperature u(x, 1) obtained by using HFIM with N, N, € {20, 40, 60, 80, 100} .

TABLE 1. The RMSEs of the temperature u(z,1) obtained by using
HFIM with N, N, € {20,40, 60,80, 100}, for Example 1.

N 20 40 60 80 100
N 20 40 60 80 100
RMSE(u) 5.3742E-2 2.4067E-2 1.5505E-2 1.1437E-2 9.0593E-3
N 20 40 60 80 100
N 100 100 100 100 100
RMSE(u) 9.0630E-3 9.0605E-3 9.0599E-3 9.0595E-3 9.0593E-3
N 100 100 100 100 100
N 20 40 60 80 100

RMSE(u) 5.3723E-2 2.4064E-2 1.5504E-2 1.1436E-2 9.0593E-3

It is obvious to see that when increased the number of time subintervals N; , the
RMSE(u) decrease. Here, with N; = 100 among various N € {20, 40, 60, 80, 100} gives
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the smallest errors, i.e. RMSE(u) ~ 8.9 x 1072 . This means that by using small
spacing subinterval N; = 100 and N = 20 can yield the small error among those N €
{20, 40, 60, 80, 100}. The illustration of both analytical and approximation solution u(z, t)
obtained using N = 20 and N; = 100 can be seen in Figure 2 that the agreement between
the numerical and the analytical solutions is excellent.

Analytical Solution
+s21e2e: Numerical Solution

1 /
05

o

0 L L . L L . ‘
0 01 02 03 04 05 06 07 08 09 1
x

FIGURE 2. The analytical (—) and numerical (---) solutions of u(z, 1)
obtained using HFIM with N = 20 and N; = 100, for Example 1.

5.2. EXAMPLE 2

The previous Example 1 displayed that the HFIM can solve the time dependent PDE
with very good performance observed by RMSEs and the illustration of the solution. In
this example, we are considering the heat equation together with the initial and boundary
conditions solved by using HFIM, in comparison with the FDM and the traditional FIM.
Note that the traditional FIM presented in [I] is constructed based on the FIM with
ordinary linear approximation (OLA) namely the trapezoidal rule over the space domain
[0, L] , whereas the FDM used here is backward difference in time and central difference

in space.
The following heat problem is considered in Example 2,
2
%(x,t) = %(x,t) — (2 + 42 u(x, t) + cos(t)er, (xz,t) € (0,1) x (0,1)
I.C. wu(x,0)=¢(x)=0, ze€(0,1)
ou Ju _
B.C. %(O,t) =pu1(t) =0, g(l,t) = uo(t) = 2esin(t), t e (0,1].

The analytical solution of this example is u(x,t) = sin(t)e“72. For using HFIM to this
example, all known functions and parameters are applied to equation (3.10) and solve
the block matrix equation in order to get the approximate solution. The RMSEs of the
numerical result u(x, 1) obtained using HFIM, FDM and traditional FIM are tabulated in
Table 2 with N; € {10,20,30,...,100} and the number of grid points is fixed as N = 10.

From Table 2, it can be observed that the RMSEs obtained using HFIM decrease with
increasing of the number of time N, i.e. from RMSE(u) ~ 1 x 1072 to RMSE(u) =~
5x 1073 for Ny = 10 to N; = 100, respectively. Whereas, the RMSEs obtained us-
ing FDM and traditional FIM are playing around RMSE(u) ~ 1 x 1072 for all N; €
{10, 20, 30, ...,100}.
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TABLE 2. The RMSEs of the temperature u(z,1) obtained by using
HFIM, FDM and traditional FIM with N; € {10,20,30,...,100} and
N =10, for Example 2.

N N, HFIM FDM Traditional FIM
10 10 1.8396E-2 2.5463E-2 2.5279E-2
10 20 1.0785E-2 1.8299E-2 1.7663E-2
10 30 8.3658E-3 1.6107E-2 1.5240E-2
10 40 7.1785E-3 1.5057E-2 1.4050E-2
10 50 6.4739E-3 1.4443E-2 1.3343E-2
10 60 6.0075E-3 1.4041E-2 1.2874E-2
10 70 5.6761E-3 1.3758E-2 1.2541E-2
10 80 5.4286E-3 1.3548E-2 1.2292E-2
10 90 5.2367E-3 1.3385E-2 1.2098E-2
10 100 5.0836E-3 1.3256E-2 1.1944E-2

Additionally, we consider the converging performance under the error tolerance e, =
1 x 1072. Among the methods tested, i.e. HFIM, FDM and the traditional FIM, we
found that the HFIM converges fastest with minimum number of steps taken at N; =
30. Increasing the number of nodes M results in more accurate solutions u(zx, 1) for all
methods but the RMSEs of the FDM and the traditional FIM are not lower than error
tolerance when N; = 100. We, also, note here that the algorithm of the FDM is relatively
stable even for a large number of nodes N;, the errors are at the accuracy degree of 102
when N; € {10, 20, 30,...,100}.

5.3. EXAMPLE 3

We now consider the use of HFIM to solve the Poisson equation together with the
Dirichlet boundary conditions and compare our results with results obtained by the FDM
and the traditional FIM. The root mean square error (RMSE) employed in this example
is defined as

1 NM
N > (@ — ),

p=1

RMSE(i(#, §)) = (5.2)

where 0, and @, represent the analytical and numerical solutions of %(Z,, g, ), respectively,
via the global numbering system along X-axis.
We consider the following Poisson equation with a =c=0and b =d =1,
0%u 0%u ) )
@(%9) + a—yg(l‘»y) = —22% sin(7z) sin(my),

subject to the boundary conditions u(0,y) = u(l,y) = u(x,0) = u(x,1) = 0. The
analytical solution of this boundary value problem is u(z,y) = sin(nzx)sin(7y). In this
example we present numerical results obtained with N = M € {5,10, 15}.

We have tried solving system of linear equations (4.10) and found that this system
is ill-conditioned since the condition number of the left-hand side matrix herein is large.
The singular value decomposition (SVD) technique needs to be applied here to solve
the linear system. In this study we operate this decomposition by using command in
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MATLAB namely ‘svd’, i.e. [U,S,V] = svd(X), which produces matrices U, S, V that
X =U x 8 x VT, whereas S is a diagonal matrix with nonnegative diagonal elements
in decreasing order and having the same dimension as matrix X, and U, V are unitary
matrices with the size corresponding to X = U x S x VT, One thing can be noted that
if the inaccurate results is found by using SVD technique, then in order to improve the
accuracy we suggest to truncate the diagonal matrix S by omitting its last some small
singular values. This method is called the truncated SVD (TSVD), and the MATLAB
command for the TSVD is 'svds’, see more in [13].

Analytical Solution

09 Numerical Solution

. 1
0 10 20 30 40 50 60 70 80 90 100
(T, Yp)

FIGURE 3. The analytical (——) and numerical (----) solutions of @(Z,, §p)
obtained using HFIM with N = M = 10, for Example 3.

Firstly we solve the problem with N = M = 10 and illustrate the analytical and
numerical results of @(Z,,7,) shown in Figure 3. It indicated that the HFIM can be
used to solve the Poisson equation with Dirichlet boundary conditions accurately and
efficiently with RMSE(@) = 1.7305 x 1073. The RMSEs of numerical results with N =
M € {5,10,15} are shown in Table 3 in comparison with numerical results obtained by
the FDM and the traditional FIM. From this table it can be observed that, as expected,
the accuracies of all results are improved when numbers of N and M are increased.
Whereas the results obtained using the traditional FIM is less accurate than both results
obtained using HFIM and FDM. With N = M = 15 | it can be clearly seen that the
result obtained using the HFIM is higher, with RMSE(%) ~ 10, than results obtained
using the traditional FIM and FDM, with RMSE(@) ~ 1073.

TABLE 3. The RMSEs of the solution @(Z,, §,) obtained by using HFIM,
FDM and traditional FIM with N = M € {5, 10, 15}, for Example 3.

M =N HFIM FDM Traditional FIM
5) 1.3904E-2 2.1212E-2 4.0473E-2
10 1.7305E-3 4.5972E-3 9.1105E-3

15 4.4113E-4 1.9632E-3 3.9116E-3
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6. CONCLUTIONS

In this study, the HFIM has been developed to solve partial differential equations,
particularly for the heat equation and Poisson equation. The use of HFIM together
with FDM has been considered to solve the heat equation subjected to the Neumann
boundary conditions and the initial condition. Whereas the Poisson equation subjected
to the Dirichlet boundary conditions has been solved by using HFIM with transforming
the numbering system from local to global. The numerical results obtained using HFIM
have been investigated with very good agreement with the analytical solution in both
problems of the heat equation and Poisson equation. Moreover, the accuracy of the
solution obtained using HFIM found higher than that results obtained by using both
FDM and traditional FIM. For the application of HFIM to solve wave equation can be
studied in future work since this equation is more complicate to be solved than the heat
equation or Poisson equation as it is time-dependent with two dimensions.
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