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1. Introduction

ABSTRACT

A comparison of the performance of the global and the local radial basis function collocation meshless
methods for three dimensional parabolic partial differential equations is performed in the present
paper. The methods are structured with multiquadrics radial basis functions. The time-stepping is
performed in a fully explicit, fully implicit and Crank-Nicolson ways. Uniform and non-uniform node
arrangements have been used. A three-dimensional diffusion-reaction equation is used for testing with
the Dirichlet and mixed Dirichlet-Neumann boundary conditions. The global methods result in
discretization matrices with the number of unknowns equal to the number of the nodes. The local
methods are in the present paper based on seven-noded influence domains, and reduce to discretiza-
tion matrices with seven unknowns for each node in case of the explicit methods or a sparse matrix
with the dimension of the number of the nodes and seven non-zero row entries in case of the implicit
method. The performance of the methods is assessed in terms of accuracy and efficiency. The outcome
of the comparison is as follows. The local methods show superior efficiency and accuracy, especially for
the problems with Dirichlet boundary conditions. Global methods are efficient and accurate only in
cases with small amount of nodes. For large amount of nodes, they become inefficient and run into
ill-conditioning problems. Local explicit method is very accurate, however, sensitive to the node
position distribution, and becomes sensitive to the shape parameter of the radial basis functions when
the mixed boundary conditions are used. Performance of the local implicit method is comparatively
better than the others when a larger number of nodes and mixed boundary conditions are used. The
paper represents an extension of our recently made similar study in two dimensions.

Published by Elsevier Ltd.

problems; (ii) they are flexible in dealing with complex geometries,
and are easily extendible to multi-dimensional problems. Meshless

In recent years radial basis functions (RBFs) have been exten-
sively used in different applications [2,3,5,17,32,36,37,39,43] and
emerged as a potential alternative in the field of numerical solution
of partial differential equations (PDEs). A detailed discussions
on meshless methods and their applications to many complex
PDEs, industrial and large-scale problems can also be found in
[8,11,12,22-24,40,42] and the references therein.

Different types of meshless methods, based on RBFs, have
gained popularity in the engineering and science community for a
number of reasons. The most attractive features of the meshless
methods are (i) they provide an alternative numerical tool, free
from extensive and costly mesh generation or manipulation related
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methods have been proved successful for solving PDEs on both
regular and irregular node arrangements. They use functional basis
which allows arbitrary placement of points. Traditional numerical
methods, such as the finite difference method (FDM), the finite
volume method (FVM), and the finite element method (FEM), are
based on the local mesh based interpolation to find the solution and
its derivatives. In contrary to these mesh-based methods, meshless
methods use a set of uniform or random points which are not
interconnected in the form of a classical mesh. Meshless methods
actually reduce to multivariate data fitting between the points and
related calculation of the derivatives and/or integrals. In the case of
meshless methods, interpolation can be accomplished both locally
and globally with high efficiency.

In 1971, Hardy introduced radial basis functions interpolation
[13] to approximate two-dimensional geographical surfaces based
on scattered data. Later on, meshless methods, based on


www.elsevier.com/locate/enganabound
www.elsevier.com/locate/enganabound
dx.doi.org/10.1016/j.enganabound.2012.04.012
dx.doi.org/10.1016/j.enganabound.2012.04.012
dx.doi.org/10.1016/j.enganabound.2012.04.012
mailto:siraj.islam@gmail.com
dx.doi.org/10.1016/j.enganabound.2012.04.012

G. Yao et al. / Engineering Analysis with Boundary Elements 36 (2012) 1640-1648 1641

Multiquadric (MQ) RBFs [15], were derived for numerical solutions
of different types of PDEs. The idea was extended by [10] after-
wards. The existence, uniqueness, and convergence of the RBFs
approximation was discussed in [9,26,28]. The importance of shape
parameter c in the MQ RBF was elaborated in [35]. Solvability of the
system of equations with respect to distinct interpolation points
was discussed in [28]. All of these methods can be called the global
radial basis function collocation method (GRBFCM). The most
recent applications of the GRBFCM can be found in [1,17,32-34].
The main disadvantage of the GRBFCM is that it involves full
matrices that result from the discretization of the PDEs. These
matrices are often ill-conditioned and extremely sensitive to the
choice of the shape parameters in RBFs.

To overcome the problems of ill-conditioning and shape
parameter sensitivity of the GRBFCM, the local radial basis
function collocation method (LRBFCM) was first introduced for
diffusion problems in [43] with improved results in terms of
accuracy and efficiency of the method. Subsequently, due to
handiness of this approach, the LRBFCM has been applied to more
complex problems such as convection-diffusion problems with
phase-change [37], continuous casting [40], solid-solid phase
transformations [22], heat transfer and fluid flow [41], Navier-
Stokes equations [7], Darcy flow [19], turbulent flow [39], etc.

The main idea of LRBFCM is the collocation on the overlapping
sub-domains of influence instead of the whole domain which
drastically reduces the size of the collocation matrix at the
expense of solving many small matrices. The size of each small
matrix is the same as the number of nodes included in the domain
of influence of each node.

The main disadvantage of the LRBFCM is that the method does
not work for elliptic problems in a straightforward way. Another
kind of RBF-based meshless methods use the integration of RBFs
instead of the differentiation of the RBFs. They are known as
indirect RBF collocation methods. This class includes indirect
RBFN method (IRBFN) [27], the method of approximate particular
solutions (MAPS) [6], the localized method of approximate parti-
cular solutions (LMAPS) [47], and others. The recent studies can
be found in [49]. The LMAPS works well for elliptic PDEs, and can
be extended to time-dependent problems as well [46]. This
approach yields sparse matrices instead of full matrices, which
makes the LMAPS suitable for solving large-scale problems.
However, in this paper, we will focus on the LRBFCM only.

PDEs govern physical problems like transport processes, includ-
ing heat transfer and fluid flows, wave propagation or interaction
between fluids and solids, and option pricing. Unlike lower-dimen-
sional problems, the numerical simulation of three-dimensional
problems [4,44,45] is much more computationally intensive in
terms of CPU time and huge memory requirements. Local meshless
methods are not that much prone to these problems since the
coefficient matrix is of the same size as the size of the local sub-
domain, which is usually relatively small. In the case of uniform
node arrangement, the small matrix needs to be inverted only once
outside the time-loop for time-dependent problems. This saves a
considerable amount of CPU time and consumes less memory as
well. The computational efficiency of the local meshless methods in
the case of two-dimensional problems and its usefulness in large-
scale simulations can be found in [19-21,25,38,39,48].

This paper is an extension of work in [48] to three-dimensional
problems. The main motivation for this work is that literature on
the numerical methods for three-dimensional problems is sparse
compared with lower-dimensional problems. This is particularly
true in the field of meshless methods. Some of the related work
can be found in Refs. [4,14,18,44,45]. We compare performances
of the following five meshless collocation methods: the global
implicit radial basis function collocation method (GI), the global
Crank-Nicolson radial basis function collocation method (GCN),

the global explicit radial basis function collocation method (GE),
the local explicit radial basis function collocation method (LE), and
the local implicit radial basis function collocation method (LI).

The structure of the rest of the paper is as follows. In Section 2,
we introduce the governing equations. In Section 3, we discuss
the time discretization technique from implicit and explicit points
of view. In Section 4, the numerical methods are introduced from
the local and global views. Section 5 is devoted to discussion
regarding the scaling technique of the shape parameter ¢ of MQ
RBF and the numerical tests on benchmark problems. At the end,
conclusions are drawn.

2. Governing equations

Consider a dimensionless form of the three-dimensional
diffusion-reaction equation, defined on domain 2 with boundary I"

ou(x,t)

f?t = LluX,n]+puX,t)+gx,t), XeQ, t>to, €Y
with the initial condition
uX,tg)=ug, XxeQUT, 2)

and Dirichlet or Neumann boundary conditions
Blux, )] =fx,t), t>to, xel, 3)

where u,t,x =[x,y,z]" are the diffusion, time and space variables,
respectively, tr represents the matrix transpose, g and f are the
known functions of x and t, I'=I'p+1I ', Where I'y and I'p are the
boundaries that satisfy Neumann and Dirichlet boundary conditions,
respectively. p is a real constant, £ is a differential operator
consisting of first- or second-order derivatives of space variables
and B is a first-order differential operator with respect to space
variables in the case of the Neumann boundary conditions and is
identity operator in the case of the Dirichlet boundary conditions.

3. Time discretization

Let At be the time-step size, and t=ty+At be the time
discretization, where ty refers to the beginning time of every time
step, and t refers to the end of the time step. For a time period [tg,t],
the time derivative in Eq. (1) is approximated by Euler formula:

oux,t) _ u(x,t)—u(x,to)
at At ‘

“

Let 0 € (0, 1]. The parameter 0 is used in the time discretization of
Eq. (1) as

u(x,to + 0AL) ~ Qu(x,t) +(1-0)u(x,ty), (5)
g2(X,to+0AL) ~ 0g(X,t)+(1-0)g(X,to), (6)
LU, to+ 0AD] ~ OL[uX, )] +(1—0)L[u(X, to)]. 7)

Then Eq. (1) can be discretized in time-space as

(1—pb0AOuX, t)—OALLIuX, t)]—0Atg(X,t)

= (1+puA-0)AtuX,te)+(1-0)AtL[ux,to)]

+(1-0)Atg(x,to), (8)
note that t =ty + At. Similarly, for x e I', Eq. (3) can be discretized in
time-space as

OBux,0]-0f (x,t) = —(1-0)B[u(X,to)] +(1-0)f (X,to). )

To represent the approximate solution of Egs. (1)-(3) in a single
equation, at the interior and boundary points, we define the following
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domain and boundary indicators:

xel,

XeQ, « 1,
’r= 0, Xﬁér, (10)

1,
X
Yo = { 0, x¢Q,

where xe QU TI'. By using Egs. (8) and (9), Egs. (1)-(3) can be
approximated as
VOB, H]-60f (%, 0)] +yHI(1—pbAt)u(x,t)

—OAtLIu(x,t)]—0Atg(X,1)]

= yH=(1-0)B[u(X,to)]+(1-0)f (X,to)]

+70[(1+p(1-0Atu(X,to)

+(1-0)AtLIuX,to)]+(1—0)Atg(X,to)]. (11)
More specifically, if 0 =0, i.e., the explicit method:

YIBlUX,to)] + youX,t)
=1 (X, to) +yHl(1+ uAbu(x,to)
+AtLIuX,to)]+ Atg(X,to)l; (12)

if 0 =0.5, i.e.,, Crank-Nicolson method:

0.5y [Bu(x,t)—f (x,0)]+ yH[(1-0.5uAb)u(x,t)
—0.5AtL{ux,t)]—0.5Atg(x,1)]
= 0.5y} [=Blu(x,to)]) +f(X,to)]
+y5[(14+0.5uAbu(X,tp)
+0.5AtL[u(x,to)]+0.5Atg(X,to)]; (13)
if 0 =1, i.e.,, implicit method:

VIBU, 0]+ 75[(1-pADuX,t)—AtLlux,t)]
—Atgx,0)] = y1fx.0) +yHuX,to). (14)
These are the commonly used two-level time stepping strate-
gies which approximate u(x,t) in Q from the values given at the
initial time t; and further time t=to+ At. In the global cases

derived in this paper, we take 0 = 0,0.5 and 1, whereas in the local
approximations, we choose =0 and 1.

4. Space discretization

Let {x;}) € QU I be the space discretization where N = Ng UNp
and N denotes the total number of points, N denotes the number
of interior points, and N denotes the number of boundary points.

4.1. Global method

In this approach, the formulation of the problem starts with
the representation of u with RBFs on the entire domain. The RBFs
approximation for u(x,t) is given in the following form:

N
u(x,t) = Z PUX—X Na(t), XeQ, (15)
k=1

where oy (t),k=1,2,...,N are the real RBFs coefficients. MQ RBFs
are defined as

DUIX—X ) = m (16)

where c is the shape parameter. RBFs approximation for the
derivatives of u(x,t) can be represented by

N
Lun =" LoUX—Xeoty(D). a7)

k=1

The coefficients oy (t),k=1,2,...,N can be found from the colloca-
tion as

u(xy,t) d(Ixg—x11l)  Pp(lIx;—Xa 1) d(Ixy—xnID) ] [ o1 ()
u(xa,t) d(Ixa—x11)  P(IXa—X 1) d(Ixa—xnll) | | 0ta(t)
u(x;v,t) d)(l\xN.—x] I (/)(\Ile—xz 1)) d)(HxN.—xNH) cxN.(t)
(18)
This can be written in the matrix notation as
u==®aq, (19)

where u = [u(Xq,t),u(Xz,b), ... ,uXy, D], o= {[a1(t),c2(t), ...,on]"
and @y = ¢(IIXs—X; ) is the matrix element of N x N matrix ®.
By inserting Eqs. (15)-(17) in Eq. (11) we get

N

OyE >~ Be(Ixi—Xe o)~y LOF (X;,1)
k=1

+vg

N
(1=0uAt) >~ PR —X; Not(t)
k=1

N
9At<z L(b(xjxk)ock(t)g(xj,t))}
k=1

N
=72 (1=0)f (X;,t0)—7F (1-0) > BH(IXj—X )% (0)
k=1

+78 | 1+ uA-0)Adu(x;,to) +(1-0)At

(Z £¢(|Xj—Xk||)0<:<(0)+g(xj.fo)>} (20)
k=1

forj=1,...,N,and 0 < 0 < 1 and ag = [0£1(0),0:2(0), .. . ,otn(0)]7 is the
value of oy, at to which is updated in every time iteration. The above
linear system of equations can be written in a matrix notation as

Wa—b, 1)

where W is the matrix in N by N system of linear equations

Eq. (20), the unknown coefficients on the left-hand side of

Eq. (20) are denoted by a=/[o;(t),02(b),...,an(H)]" and b=

[b1,ba, ...,by]" is the right-hand side of Eq. (20). The matrices ¥

and b are defined as

Wi = 0yF BA(IXs—Xp 1) +75 [(1—OuAD (11X —x 1))
—OALLHNXs—Xi D],

bs = y¥0f (X5, t) + 75 OALtg (Xs,t)— )7 (1-0)B®ag
+7F (-0 (Xs,t0) + 75 (1-0)Atg(Xs,to)

+75 [+ u(1-0)ADux;s,to)
—(1-0)AtLDag] s,k=1,2,...,m,

where @ is given in (19). We determine the coefficients a by
inverting ¥':

a=%""b, 22
which implies that

N
as(t)= > Py'by, s=1.2,....N, (23)
k

=1

where %! denotes the matrix element of the matrix ¥~'. The
diffusion variable u, at the next time t =ty + At and position X, can
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be approximated in the following form:

N
ux) = > pUIX—Xo(t), XeQ. (24)
k=1

4.2. Local methods

In order to reduce the size of the dense matrices arising from
the global scheme, we propose a local meshless scheme instead of
the global methods, as discussed in the last section and compare
its performance with global method in the context of three-
dimensional time dependent PDEs.

For each x;e QUT, j=1,2,...,N we choose n nearest neigh-
boring points contained in the sub-domain ;Q = {;x, }; _ ;, where k
denotes the local indexing for each collocation point x; being
center of ;Q instead of these whole domains. The schematic
diagram of the local domain of influence containing seven points,
i.e., n=7, is shown in Fig. 1.

To approximate u(x,t) through the local explicit radial basis
function collocation method (LE), consider collocation on the sub-
domain ;Q = {jxk},’j: 1»J=1,...,N instead of the whole domain €.
The diffusion variable u can be approximated on each sub-domain
in the following form:

n

u(X,to) =Y X=X )0, Xe;Q. (25)
k=1

It follows that for j=1,2,...,N,

n
Lu(x,to) = > LOUX—x 0y, Xe;Q, (26)
k=1
n
Bu(X,to) = > B(lx—x, oy =f(X.t0), X €;Q. 27)
k=1

The coefficients 0 are determined by collocation in the following
form:

n n
7o Z BUIX =X D00+ VT Z Bp(lx—x )00,
k=1 k=1

= ’y?gsu(jxsvto)+’)))](“sf(jxsvt0)v (28)

where s=1,2,...,n, 5 and y} are defined indicators of x;. The
above linear system can be written in matrix notation as

@ =b, (29)

where o ={[;0t1,,00,, . .. ,jcxn]", b =[by,;b,, ... ,jbn]rr is the right-
hand side of Eq. (28). The matrices ;® and ;b are defined as

1P =75 P X=X N+ YT Bo(X—X, 1), s,k=1,2,...,n,

ibs =v5u(Xsto) Y (X t0), s=1,2,....n,

X6

Fig. 1. Seven-node local domain schematics.

where ;® =[;®,]e R"". We determine the coefficients ;& by
inverting ;@

4= b, (30)

which implies that

n
A= iPg b s=1.2,....n, 31

k=1

where ;@' denotes the matrix element of the matrix ;®'. Then,
n n
LuXi,to) = > LOUIX—X,) > ;05 by (32)
s=1 k=1

Let 0 = 0. The diffusion-reaction variable u for 0 = 0 at the interior
point X;, u(x;,t), can be approximated by using Eq. (26) in (11):

u(xj,t) = (14 AOUX;,t0) + At Y LH(IXj— X))

s=1

n
qu);kljbk—FAtg(Xj,to). (33)

k=1

For boundary point x;, from Eq. (25), we have

n n
u;,t) = > G(Ix—x ) S @5 by (34)
s=1 k=1

This completes the formulation of the local explicit radial basis
function collocation method (LE). The formulations are similar for
the global and the local methods, however, the global methods
involve inversion of a full matrix, but the local methods invert N
small n x n matrices.

In the case of local implicit radial basis function collocation
method (LI), let 0 =1 in Eq. (11),

n n
Vo | (1—pADUX;,O—AL S~ LH(IXi—X 1) D /DGl u(x,,0)

s=1 k=1
x N n ’
77D Bodlixi—x ) D @ u(x,.0)
k=1 k=1

= YU, to) + AtgX;, O]+ FX;,b). (35)

Note that {{jxk},ﬁzl,jz1,2,....N}={xj}}"=1. Eq. (35) leads to a
linear system of N equations with N unknowns {u(xj,t)}]’-":1 with
all entries in each row equal to zero except those related to the
sub-domain. This leads to N x N sparse system which can be
solved by an efficient sparse matrix solver.

5. Numerical results

The performance of the explicit/implicit and global/local
collocation methods, both on uniform and random node arrange-
ments, is investigated in this paper. Two test problems are con-
sidered for the numerical validation. The MQ RBF

) =r2+c2 36)

are used throughout this text. The differentiation operator
involved is £ = V2. Thus, the differentiation of ¢ involved in all
the numerical methods is

212 +3¢?
(r2+ C2)3/2'

V() = 37)

We investigate the performance of the global and local RBFCM
that can both be implemented on evenly or randomly distributed
nodes. The computer program has been coded in MATLAB. Three
kinds of error measures: absolute error, maximum absolute error
and root mean squared error

Laps = \u(xj,t)—ﬁ(xj,t) ’ j: 1,2,....N,
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Lo = max Lgps,

172
1 & N 2
Lims = N}; |u(x;,t)—(X;,t)|

are considered, where u and @i represent exact and numerical
solutions of the given PDE, respectively. N is the total number of
collocation points considered. However, the points on the eight
corners of the cube domain are not included. Let A/ be the number
of points on unit length (0, 1) (note this is not a closed interval)
when a unit cube domain with evenly distributed nodes is con-
sidered, the total number of interior collocation points is N; = N 3
and total number of boundary collocation points is Nj, = 6A72. Thus,
the total number of collocation points is N = N;+Nj, = N> +6A72.
For example, N=2°+6(2%)=32 when N =2, and N=33+
6(3%) =81 when N = 3. The random nodes are generated from the
uniform nodes through the following transformation:

xj = xj =+ Crand 1" min, (38)

where X; = (x;,);,2)), is jth collocation node, ¢gnq is @ random number
between 0 and 1, ry;; denotes the minimum distance among
different points which are uniformly distributed throughout the
domain, # stands for a displacement factor. The number # is chosen
from 0 to 0.8 in this paper, the uniform nodes are used if not stated
otherwise (i.e., #=0). A scaling technique similar to the one
introduced in [43] is used to alleviate the difficulty of choosing
different values of shape parameter in MQ RBFs. The scaling
parameter ;r, is the maximum nodal distance in the sub-domains:

N n
o= Snji( g{n:a)lu/l\jxk X; <. (39)

The parameter c in all RBFs and the corresponding derivatives is
replaced by cry. Hence, a larger shape parameter of the MQ RBF can
be used in the numerical implementation. Scaling of the shape
parameter is performed to make MQ RBFs approximation insensitive
to various dimensions of the domain. Thus, the LRBFCM is less
sensitive with respect to the shape parameter unlike the GRBFCM. In
this paper, the shape parameter in the local methods is chosen as
=100 if not otherwise specified. The shape parameter c for the
GRBFCM (GCN, GI, GE) is chosen as ¢ = 1.6/+/N [45], where N is the
total number of collocation points. The number of nodes in each
sub-domain in the case of LRBFCM is chosen as n=7, which is the
simplest possible 3D local implementation. As n increases, all the
three kinds of errors are expected to improve while the computa-
tional efficiency will decrease, and we may run into ill-conditioning
problem.

Example 1. Consider the three-dimensional problem:

oux,y,zt) 1

a FVzu(x,y,z, £)—2 exp(t—m(x+y +2)), (40)

where 0 <x,y,z < 1, with the initial condition
ux,y,z,tg) = exp(—n(xX+y—+2)+x+y+z (41
and subject to the boundary condition

u(0,y,z,t) =exp(t—n(y+2))+y+z,
u(x,0,z,t) = exp(t—m(x+2)) +x+2,
u(x,y,0,t) = exp(t—m(x+y))+x+Y,
u(l,y,z,t) =exp(t—n(1+y+2)+1+y+z,
ux,1,z,t)=exp(t—n(x+142))+x+1+2z,

ux,y,1,t) =exp(t—nx+y+1)+x+y+1.

The analytical solution is given by
u(x,y,t) =exp(t—n(x+y+2z))+x+y+z. (42)

The numerical results of the above problem are shown in
Tables 1-3 and Figs. 2 and 3.

In Table 1, we compute the L., and L,,,;5 errors at t=1 by using
different numbers of collocation points, N, fixed and time-step size
At =1073. RBF collocation methods have been shown [9,16] to be
very accurate even for a small number of collocation points. As
shown in [31], when the shape of the basis functions matches the
shape/feature of the PDE solution, a small number of basis functions

Table 1
Gl, LI, GE, LG, Ly, and L, Example 1, t=1, with different node densities,
At=1073.

N Gl GCN GE LI LE
Lo
32 842x107° 841x1073 436x1072 646x107> 6.38x1073
81 924x1073 922x10°3 556x1072 536x10"3 528x103
160 822x1073> 820x107> 589x1072 391x10"> 3.88x103
1600 158x107> 1.57x1073 661x1072 121x10"3 881x10~*
9025 - - - 1.84x1073 2.05x10°%
ers
32 161x1073 161x1073 1.02x10°%2 158x10"3 156x 103
18 145x1073 145x10~3 122x1072 1.16x10~> 1.15x10°°
160 9.46x10~% 9.48x10"% 1.38x1072 840x10~* 8.32x10°*
1600 135x107% 137x107% 173x1072 270x10"% 1.96x10~*
9025 - - - 420x10* 4.67x10~°
CPU (s)
32 052 0.29 0.30 0.19 0.28
18 0.8 0.88 0.82 0.42 0.59
160 3.10 3.18 3.41 0.77 1.21
1600 1068.54 1058.78 828.18 40.75 14.92
9025 - - - 2470.00 2505.95
Table 2

G, LI, GE, LG, L, and L5, Example 1, t=1, with different time-steps, N=160.

At GI GCN GE LI LE

Ly

10" 958x10°3
1072 853x10°3
1073 822x10°3
10% 841x1073

6.06 x 103
2.98 x 1073
3.88x1073
3.97 x1073

5.92x 1073
416x 1073
391x1073
2.84x10°3

8.10x 1073
8.19x 1073
8.20x 1073
8.20x 1073

8.53x10

5.83x 1072
5.89 x 1072
5.90 x 1072

ers

107" 1.75x1073
1072 1.62x1073
1073 946x10~*
107* 161x1073

1.38x 1073
6.39x10°4
8.32x10~%
8.51x10~*

127 %1073
8.93x 104
8.40x10~*
6.09 x 10~4

1.03x 1073
9.54x 104
9.48 x10~*
9.47 x10~4

2.07 x 10
1.37x1072
138x1072
1.38x 1072

Table 3
GI, LI, GE, LG, L and L, Example 1, t=1, with different displacement factors, #.
N=160.

7 Gl GCN GE LI LE

Lo

00 822x10~3 820x10"3 589x1072 391x10"3 3.88x10°°
02 1.07x1072 124x10"2 652x10°2 337x10°2 3.50x10°?
04 129x107°2 186x10"2 6.17x10°2 458x10°2 4.16x10° 2
06 135x1072 136x1072 571x102 586x10"2 3.06x10°?
0.8 990x1072 558x10"2 551x10"!' 6.16x10"2 8.51x10°2
LT!TIS

00 946x10* 948x10"*% 138x10°2 840x10"* 832x10°*
02 129x1073 120x1073 135x1072 416x10~3 461x10°°
04 122x1073 187x1073 122x1072 636x10"3 431x103
0.6 130x1073 151x1073 122x1072 6.44x10"3 491x103
08 161x107> 638x10"3 468x10°2 644x10"3 958x10°°
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Fig. 2. The analytical solution and the approximate solutions using GI, GCN, GE, LI, and LE at z=0.4, t=1 in Example 1, N=160, At =10">.
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Fig. 3. The rate of convergence with respect to the time-step size and the grid distance in Example 1.

approximates the solution of PDE very well. As N increases, both L.,
and L,,s are seen improving a little, while the computational
efficiency decreases as N gets larger. As shown in Table 1, CPU
times (in second) of GI are 15%, 650%, 1042%, 1837% more than LI
for N=32, 81, 160, 1600, respectively. It is clear that in three-
dimensional space, LE and LI have shown accurate solution for
N=9025 whereas in the case of global methods (GCN, GI and GE) no
solution is obtained due to excessive memory requirement and
large CPU time.

Table 2 shows the accuracy of all methods at t=1 regarding
different time-step sizes with N=160, where the results of GE are
not as accurate as the results of other methods. As we have seen,
Lo and L,,s improves slightly as At decreases. In Table 3 a
comparative performance of the global and the local methods
are given for random nodes with random parameter # ranging
from 0.0 to 0.8, where N=160. This table shows that both the
global as well as local methods produce accurate approximation

to the exact solution. As discussed in Introduction, this attribute is
only specific to meshless methods [30].

Fig. 2 shows the absolute errors of the five methods together
with the exact solution u when t=1, z=0.4, At=10"3, N=160.
The pattern of absolute errors of GI, GCN are similar, and the
pattern of absolute errors of GE, LI, and LE resembles each other.
Clearly, GI, GCN, LI, and LE show smaller absolute errors in the
entire domain, where LE is slightly better than LI when larger
number of nodes are used. Fig. 3 shows the rate of convergence of
the five methods with respect to time-step size and minimum
grid distance in the case of uniformly spaced collocation nodes.
All the methods perform with a similar rate of convergence
except GE.

It is clear that the performance LRBFCM (LE, LI) is marginally
better than GRBFCM (GCN, GI, GE) for three-dimensional Dirichlet
boundary value problems, especially when large number of
collocation points is used. Apart from some improvement in the
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accuracy of the LRBFCM, there is a considerable reduction in the
memory requirement and CPU time as well.

Another advantage of LRBFCM in the case of uniform node
arrangement is that a small matrix (of the size of sub-domain
which is 7 x 7 in the present case) needs to be inverted only once
outside the time-loop. Among the global methods (GCN, GI, GE)
performances of GCN and GI are similar, whereas accuracy of GE
is little lower than both GCN and GI. The global methods are
prone to the problem of ill-conditioning and large CPU time in
case of larger nodal density.

Example 2. Consider a three-dimensional problem [29]

% = 0.2V2u(x,y,z,t)+0.1u,
xy,2) e 2, t>0, (43)

where Q =[0,7] x [0,7] x [0,7], with the initial condition:
u(x,y,z,0)=cos x+siny+cos z, (x,y,z)eQ (44)

and subject to the boundary condition

u(x,y,0,t) = exp(—0.1t)(cos x+siny+1), t>0,
u(x,y,m,t) = exp(—0.1t)(cos x+sin y—1), t>0,
ou(x,0,z,t)

- exp(—0.1t), t>0,

oux,mz,t) _ _

T_ exp(-0.1t), t>0,

u(0,y,z,t) = exp(—0.1t)(1 +siny+cos z), t>0,

u(m,y,z,t) = exp(—=0.1t)(—1+sin y+cos z), t=>0.

The analytical solution is given by

u(x,y,z,t) = exp(—0.1¢t)(cos x+sin y +cos z). (45)
The numerical results are shown in Tables 4-6 and Figs. 4 and 5.

In Table 4, we compute the L., L, errors at t=1 and CPU time
using different sets of collocation points, N for the time-step size
At =1073. As we observe from Example 1, as N increases, both L.,
and L,,s are recorded to improve marginally while the computa-
tional efficiency decreases at the same time. It is clear that the

Table 4
GI, GCN, GE, LI, LE, L, and L,,s, Example 2, t=1, with different node densities,
At=1073.

N Gl GCN GE LI LE
L
32 513x107' 497x107' 9.18x10"' 1.29x10 6.69x10!
81 3.09x10°!' 254x10"!' 560x10"' 7.13x10"!' 574x107!
160 222x10°' 1.78x10"' 350x10~' 289x10"' 473x10""
432 1.15x107' 898x1072 1.15x10"' 6.83x10°%2 3.32x10°!
1215 5.44x1072 434x1072 544x10"2 414x107%2 216x107!
6647 - - - 239x1072 1.28x107"!
ers
32 1.73x107' 157x10"' 3.02x10"' 6.44x10""' 2.89x10""!
81 669x1072 514x1072 1.17x10°!' 1.38x10"' 264x10""!
160 4.52x1072 3.14x1072 699x10~' 683x1072 1.72x10""
432 219x1072 130x10"2 2.85x1072 140x102 8.67x102
1215 1.09%x1072 551x1073 1.09x10°2 7.67x10"3 481x1072
6647 - - - 440x1073 216x1072
CPU (s)
32 026 0.29 0.30 1.22 1.39
81 0.80 0.81 0.82 2.72 3.05
160 2.54 2.66 2.30 5.23 6.78
432 14.00 14.43 14.00 7.55 17.01
1215 191.00 192.84 190.00 35.04 52.06
6647 - - - 643.26 117.5

Table 5
GI, LI, GE, LG, Ly, and L,,s, Example 2, t=1, with different time-steps, N=1215.

At GI GCN GE LI LE

2.16x 107!
2.14x 107!
2.14x 107!
2.14x10°!

438x10°2
441x10°2
408 x 1072
9.23x 1072

5.54 x 10~2
5.55x 1072
5.55x 1072
5.55x 1072

543 x 1072
5.44 x 1072
5.44 x 102
5.44 x 102

10! 554x10°2
1072 555x1072
103 5.55x10°2
1074 555x102

4.81x1072
4.79 x 10~2
4.80 x 1072
4.80 x 1072

8.04x 1073
8.13x 1073
7.65x 1073
2.79x 1072

1.09x 1072
1.11x 1072
1.11x102
1.11x1072

1.07 x 1072
1.09 x 102
1.09 x 1072
1.09 x 1072

107" 1.09x10°2
1072 1.11x10°2
1073 1.11x10°2
1074 1.11x1072

Table 6
G, LI, GE, LG, Ly and L, Example 2, t=1, with different displacement factors, 7.
At=1072%, N=1215.

n Gl GCN GE LI LE

Lo
0.0 555x1072 544x1072 555x1072 4.41x10"2 6.15x 10!

0.1 6.85x1072 7.79x 1072 7.73x1072 420x10""! 9.84x 10" (¢=10)
02 9.38x1072 851x1072 9.97x10°2 7.03x1072 9.68 x 10~ '(¢;=10)
03 1.32x107! 140x10"! 1.10x 107! 892x102 1.03x 10-%¢=10)

ers

00 1.11x1072 1.09x1072 1.11x1072 8.13x10"> 1.83x 107!

0.1 1.20x1072 121x1072 1.20x1072 1.62x1072 2.18 x 10" (¢=10)
02 147x1072 1.32x1072 1.33x1072 8.79x 1073 2.12x107'(¢=10)
03 1.66x1072 1.80x 1072 1.74x1072 124x1072 2.09x 10~ (=10)

u (x,0,27/5,1)

0 0.5 1 1.5 2 2.5 3 3.5

Fig. 4. The analytical solution and the approximate solutions using GI, GCN, GE, LE
and LI, y=m,z=27/5, t=1 in Example 2, N=1215, At = 1073,

accuracy of LE is comparable with GRBFCM (GCN, GI, GE) for
three-dimensional mixed problem, whereas LI gives very large
errors when a very small number of collocation points (N=32) is
used. On the other hand, with larger number of collocation points
LI performs slightly better than their other counter parts. Same
scenario has been observed in our earlier study in [48] for two-
dimensional case with the mixed boundary conditions. In the case
of LRBFCM, there is a considerable reduction in the memory
requirement as well as CPU time.

Table 5 shows that all methods are stable with respect to time-
step size in the given range where N=1215, t=1 are used.
However, LE performs slightly less accurate for all the time-step
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Fig. 5. Lo at t=1 in Example 2. Left: the rate of convergence w.r.t. time-step size where N=1215. Right: the rate of convergence w.r.t. grid distance, where At =107>.
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Fig. 6. Performance GCN and LE in terms of L, for Dirichlet boundary conditions in Example 1 and for the mixed boundary conditions in Example 2, with At =107,

sizes chosen, and LI performs slightly better with respect to Ly
when the time-step At is larger than 104, All the global methods
perform with a similar accuracy in all the cases.

In Table 6 a comparative performance of the global and local
methods are given for 1215 random nodes with random parameter,
n, ranging from 0.0 to 0.3. When the mixed boundary condition is
used, the acceptable random parameter has smaller ranges than the
problem with Dirichlet boundary condition. Furthermore, both the
global and local methods produce enough accurate approximation
to the exact solution except LE. LE cannot approximate the solution
accurately when the shape parameter c=100 is used. However, as
shown in the table, LE with a smaller shape parameter, c=10 yields
acceptable solutions. Thus, LE is very sensitive to the shape para-
meter in random node distribution case.

Fig. 4 shows the exact solution versus numerical solution
when y =, where z=2n/5, xe[0,n], t=1, At=10"3, N=1215.
The distribution of absolute errors of GI, GCN, GE, and LI are
similar to each other. Clearly, LE shows larger absolute errors
throughout the entire domain in comparison with the other
methods.

Fig. 5 shows the rate of convergence of the global and local
methods with respect to time-step size and minimum grid
distance. LI is more sensitive to the grid distance, and it performs
better accuracy with smaller time-steps. All other methods per-
form similarly.

From Fig. 6, it is clear that the gap between the accuracy of the
global method GCN in the case of Dirichlet and mixed type of
conditions is comparatively less than its local counter part LE. Over
all, performance of both the methods is satisfactory for both types of
boundary conditions. In the case of global methods, the performance
of GCN and GI are similar, whereas accuracy of GE is little lower than

both GCN and GI. Global methods run into troubles due to ill-
conditioning and CPU runs out of memory for larger node density.

6. Conclusions

A comparison of the meshless methods based on the global and
the local approximations with the three-dimensional parabolic PDEs
is performed in the present paper. The global methods run into
difficulties for cases with large number of collocation points and the
coefficient matrix becomes ill-conditioned. The local methods are
based on local interpolations and work well when a large number of
nodes is used. They save CPU time since several small matrices are
inverted only once outside the time-loop instead of a large matrix.
Tests on different benchmark problems show superiority of the local
collocation methods for problems with both Dirichlet and mixed type
of boundary conditions. In the case of mixed type of boundary
conditions, performance of the global methods is comparatively
better than their local methods if small number of nodes are used.
Nevertheless, global methods are more prone to ill-condition and
hence cannot be used for the numerical solution of multi-dimensional
problems with denser nodes.
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