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Combinations of the Boundary Knot Method with Analogy
Equation Method for Nonlinear Problems

K.H. Zheng' and H.W. Ma?3

Abstract: Based on the analogy equation method and method of particular so-
lutions, we propose a combined boundary knot method (CBKM) for solving non-
linear problems in this paper. The principle of the CBKM lies in that the analogy
equation method is used to convert the nonlinear governing equation into a corre-
sponding linear inhomogeneous one under the same boundary conditions. Then the
method of particular solutions and boundary knot method are, respectively, used to
construct the particular and homogeneous solutions for the newly-introduced inho-
mogeneous equation. Finally, the field function and its derivatives involved in the
nonlinear governing equation are expressed via the unknown coefficients, which are
established by collocating the equations at discrete knots on the physical domain.
A classical nonlinear problem, among numerous examples, is chosen to validate
the convergence, stability and accuracy of the proposed method.

Keywords: Boundary knot method, analogy equation method, nonlinear, radial
basis function.

1 Introduction

Many realistic problems encountered in engineering practice always perform the
nonlinear character [Liu, Hong and Atluri (2010);Liu and Kuo (2011);Liu and
Atluri (2011)]. Thus, numerical methods are inevitably introduced to solve these
nonlinear problems, such as the finite difference method, finite element method
and boundary element methods [Liu, Zhang, Li, Lam and Kee (2006);Partridge,
Brebbia and Wrobel (1992)]. However, the boundary element method has a major
obstacle, just like the finite element method, surface mesh or re-mesh requires ex-
pensive computation, especially for moving boundary and nonlinear problems. The
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boundary-type meshless methods are regarded as alternative techniques to alleviate
these drawbacks, take the method of fundamental solutions (MFS) [Fairweather
and Karageorghis (1998);Young, Jane, Fan, Murugesan and Tsai (1998);Chen,
Karageorghis and Smyrlis (2008);Liu (2008); Chen, Lee, Yu and Shieh (2009);Lin,
Chen and Wang (2011)] and boundary knot method (BKM) [Chen and Tanaka
(2002);Jin and Zheng (2005);Wang, Chen and Jiang (2010)] for example.

The MFS is an attractive method since it is integration-free, truly meshless, and
easy-to-use. By using the MFS, Wang and his coworkers [Wang, Qin and Kang
(2006)] proposed a meshless method which combines the analogy equation method
(AEM) and radial basis functions to solve nonlinear Poisson-type problems. Re-
cently, Li and Zhu [Li and Zhu (2009)] investigated nonlinear elliptic problems
by using the similar procedure described in [Wang, Qin and Kang (2006)]. It is
stated that the numerical solution is not sensitive to the locations of source points.
However, their numerical results of the MFS are just confined to regular-shaped
boundary problems. It still has difficult in dealing with complex-shaped bound-
ary problems due to the requirement of fictitious boundary [Wang, Chen and Jiang
(2010);Lin, Chen and Wang (2011);Chen and Wang (2010);Chen, Lin and Wang
(2011)].

To circumvent the fictitious boundary, Kang et al. [Kang, Lee and Kang (1999)]
proposed a new method, named as BKM [Chen and Tanaka (2002)], which uses
the non-singular general solutions. In the BKM, the collocation and source points
are simultaneously placed on the physical boundary of the problem. Particularly,
the BKM is found to produce high accurate solution to complex-shaped boundary
problems.

Based on the above-mentioned work, we propose the CBKM which is composed
of the AEM, the method of particular solutions (MPS) and the BKM. The structure
of the paper is as follows. In Section 2, we briefly describe the AEM, the MPS
and the BKM. In Section 3, we examine a classical nonlinear boundary value prob-
lem to demonstrate the convergence, stability and accuracy of the current method.
Followed by Section 4, we make some concluding remarks.

2 Formulation of AEM in combination with BKM

Consider a non-homogeneous body occupying the two-dimensional domain €,
whose dynamic response is governed by the following boundary value problem

N () = fX), XeQ 0]
BII/H‘BZC] = & XGF; (2)
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where u = u(X) is the unknown field function, X = (x,y) € Q, ¢ =¢(X) =du(X)/dn
and

N () = N (U, Uy, Uy, U, Uy, Uyy) 3)

represents a nonlinear second order differential operator defined in Q2. Moreover,
B; = B;(X),i=1,2 and g = g(X) are functions specified on the physical boundary
I, f(X) the forcing function.

2.1 The analogy equation method

The AEM is first proposed by Katsikadelis to solve nonlinear problems [Katsikadelis
(1994)]. After that, some applications have been done in many other areas, see
other works done by Katsikadelis [Katsikadelis and Nerantzaki (1999);Chinna-
boon, Katsikadelis and Chucheepsakul (2007);Katsikadelis (2002); Katsikadelis
and Tsiatas (2003);Nerantzaki and Katsikadelis (2003);Tsiatas and Katsikadelis
(2006)] and references therein. It is well known that the fundamental solution of
the Laplace equation has the singular property. For this reason, the nonsingular
general solutions of the Helmholtz equation is used as an alternative [Wang, Ling
and Chen (2009)]. Here, the AEM is established following a procedure similar to
that presented in [Katsikadelis (1994)]. Let u = u(X) be the sought solution to the
problem (1)-(2). This function is two times continuously differentiable in Q. Thus,
if the Helmholtz operator A+ 1 = 9% /dx* + 9% /dy* +1 is applied to it, we have

Au+u=b(X), 4)

where [ is the identity operator.

Eq. (4) indicates that the solution of Eq. (1) can be established by solving this
equation under the boundary condition (2), if the source density function b(X) were
known. The establishment of this unknown source density function is one of the
essential ingredients of AEM [Katsikadelis (1994)]. By using the Dual Reciprocity
Method [Partridge, Brebbia and Wrobel (1992)], we can approximate b with a finite
series of basis functions

NAM
b~) ;0 ®)
=1

where N and M are boundary knot number and inner knot number, respectively,
@; = @;(X) denote a set of approximate basis functions and ¢; the coefficients to
be determined.
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2.2 The method of particular solutions

Using the method of particular solutions [Tsai, Chen and Hsu (2009)], we can split
the solution of Eq. (4) together with boundary condition (2) into a homogeneous
solution u;, = u,(X) and a particular solution u, = u,(X) of the nonhomogeneous
equation, that is,

U= up+Up, (6)

where u,, is a particular solution satisfying the nonhomogeneous equation

N+M
Duptup =Y @), (7)
j=1
which yields
N+M
Up = Z O!ijj, 3
j=1

where W;(j = 1,2,...,M) are particular solutions of the equation
A‘Pj—l—\Pj:(Pj, j=12,...N+M. )

The approximate particular solution '¥/; is always determined beforehand, and then
we evaluate the corresponding RBF ¢; by a simple differentiation process, The
particular solution of Eq. (9) can always be determined, if @; is specified.

In this study, the chosen approximate particular solution ‘¥'; is [Power and Barraco
(2002)]

¥ = (5 +)2, (10)

where ¢ is the Multiquadrics (MQ) shape parameter and r; =|| X — X; || the Eu-
clidean norm distance. The corresponding RBF ¢; is

(Pj:6(”?"’02)1/2+3r§/\/(r?4-7€2)+(r?—l—cz)yz. (11)

The homogeneous solution uy, is obtained from the boundary value problem

Aup+uy = 0, XeQ, (12)
N+M N+M

Biup+Bogy = g—(B1 Y, ajij+B, Y a;4;), XEeT, (13)
P =

where g, = duy,/dn and §; = dit;/In.
The boundary value problem (12)-(13) is solved by using the BKM, which is briefly
illustrated in the following part.
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2.3 The boundary knot method

For the homogeneous Helmholtz equation (12), the non-singular general solution
is given by

A

(d/2)-1
ug(r) = (27”> Japp)-1(Ar), d =2, (14)

where A is the wave number, d the dimensionality of the problem considered, J rep-
resents the Bessel function of the first kind, / denotes the modified Bessel functions
of the first kind, and » means the Euclidean norm distance.

Using the non-singular general solution (14) as the interpolation basis function, we
can approximate the solution of equation (12) by

N

un(X) =Y Bjug (IX = X;1), (15)
j=1

where j represents the index of source knots {X;,X5,...,Xy} on physical bound-

ary I, N denotes the total number of boundary knots and B; (j = 1,...,N) are
the unknown expansion coefficients. For more details, we refer readers to [Wang
(2011);Wang, Chen and Jiang (2010)].

2.4 Numerical implementation

On the basis of Egs. (6), (8) and (15), the solution of Eq. (4) can be illustrated as

N+M N
uX)="Y 0¥ (X)+ Y Buy (X —X)). (16)
=1 =1

According to the AEM, the approximate solution for boundary value problem (1)-
(2) is expressed as the form in Eq. (16).
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Differentiation Eq. (16) yields

N+M N
qX) = Y a¥.(X)+ ) Bjug,(IX —X;l), 17
= j=1
N+M N
ux(X) = Y 0¥ (X)+ ) Bu (X — X)), (18)
j=1 j=1
N+M N
uy(X) = Y o¥;,(X)+ Y Buy, (IX — X)), (19)
j=1 j=1
N+M N
unX) = Y X))+ Y B o (IX — X)), (20)
=1 j:l
N+M
Uxy(X) = Z oW ( +Zﬁj’4dxy X —X;l)), (2D
Jj=
N+M
uy(X) = Y oW (X)) + Zﬁjuzw(ux - XD, (22)
=1 j=1

where ¥; , = dii;/dn, u};, = du;/dn.

Substituting Egs. (16), (18) —(22) into Eq. (1) and collocating at N + M collocation
knots, then forcing the boundary conditions Eq. (2) at N boundary knots, we can
obtain M + 2N equations to determine the unknowns «; and f;. Note that the
boundary conditions are linear, thus there have N linear equations. If the M 4 2N
simultaneous equations are solved directly, a considerable computational time may
be wasted. In the following, we use an indirect approach to save computational
time.

Applying Eq. (2) to N boundary knots X;(i = 1,2,...,N), we have the matrix form

([B\][K] + [Ba] [Kn]){ o} + ([B1] [H] + [Bo] [Ha]){ B} = {g} (23)

where By = Bi(X;) and B, = B>(X;) are N x N diagonal matrices, [K] = ¥;(X;)
and [K,| = ¥;.(X;) are N x (N + M) matrices, [H] = uy(||X; — X;||) and [H,] =
(|| X; — X;||) are N x N matrices, the vector {a} and {3} are unknown vectors.

Solving Eq. (23), we get
{B} = ([B\][H] + [B2)[Ha)) "' ({g} — ([B1][K] + [B2][Ka]){t}), 24

then applying Eq. (16) to M collocation knots yields

{u} = [K{a} +[A{B} = [T{a} +{f}, (25)
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where [K] and [H] are (N+M) x (N+M) and (N +M) x N known matrix, respec-
tively. The matrix [T] = [K] — [H]([B1][H] + [B2][H,]) "' ([B1][K] + [B2][K;]) and
{/} = [HI([B1][H] + [B2][H,]) "' {&}-

Similarly, applying Eq. (18)-(22) to M collocation knots, we have

{usd = [Tu{a}+{fs}, (26)
{uy} = [L{o}+{/s} (27)
{ux} = [Tul{a}+{ful), (28)
{un}t = [Tol{a}+{fo} (29)
{uyt = [Typl{a}+{fn} (30)

where [T, [Ty], [Txds [Txy) and [T,,] are M x M matrices, {f.}, {fy} {fxc}s
{fx} and {f,y} are known vectors.

Finally, collocating Eq. (1) at collocation knots X;(i = 1,2,...,N + M) yields

(SR UNI R UM S USSR USRS S USRS ) SR Vi 2 €20

then substituting Eqs. (25)-(30) into Eq. (31), one gets
{4 {a})} ={r}. (32)

Eq. (32) is a system with M nonlinear equations and M unknowns {a}, which
can be solved using the iteration method. Then, substituting {ct} into Eq. (22),
the unknowns {f} can be solved easily. Once the coefficients {a} and {B} are
calculated, the field function u and its derivatives at any point X inside the domain
or on its boundary can be determined by using Egs. (16)-(17).

3 Numerical results

Like the other traditional numerical methods, the adoption of iteration procedure
in the CBKM is a key to the solution of nonlinear problems. However, the con-
struction of efficient iterative algorithms for solving nonlinear problems is still an
important task of computational mathematics [Farhat, Lacour and Rixen (1998)].
One of the most popular methods used for such problems is the Newton’s method.
In this study, the solution of Eq. (32) is obtained by implementing the ’fslove’
subroutine of MATLAB. If the initial value o in Eq. (32) is too far from the true
zero, ’fslove’ may fail to converge. For this reason, the initial value guess will be
investigated in the following example.
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Figure 1: Configuration of 2D multiply connected domain.

Using the analytical and numerical procedure presented in the previous sections,
we examine a classical boundary value problem stated as below:

Au+ ufuxx — Dttty + Uty — k(1 + 12 + u§)3 = 0, (x,y) €Q, (33)
u = g (yerl, 34)

from which we can determine a surface u = u(x,y) bounded by one or more nonin-
tersecting space curves and having constant mean curvature k.

Eq. (33) is solved on an irregular physical domain which is depicted in Fig. 1 under
Dirichlet boundary condition and mean curvature k = —/2/5. The exact solution
for this problem is

u=(50—x>—y»)/2 (35)

The relative average error(root mean-square relative error: RMSE) used in the fol-
lowing figures is defined as below :

— Y Rerr?, 36)
where Rerr = %X;‘;X’) for |u(X;)| > 1072 and Rerr = |u(X;) — a(X;)|, for |u(X;)| <

1073, respectively, j is the index of inner point of interest, u(X;) and #(X;) denote
the analytical and numerical solutions at the j-th inner point, respectively, and N,
represents the total number of test points of interest.
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Figure 2: Effect of initial guess of iterations to numerical results.

For completeness, we investigate three aspects which may have effect to the numer-
ical results, that is, the initial value choice encountered in the ’fsolve’ subroutine,
MQ parameter and inner knot number.

3.1 Initial value effect

Due to the importance of the initial vector value & in the ’fsolve’ subroutine, we
consider this issue first. All initial vector elements o; (i = 1,2,...,N+ M) are
assumed equal. Fig. 2 describes the influence of initial vector value in the interval
o; € (0,0.2) to numerical results when the MQ parameter ¢ = 1.2 and boundary
knot number N = 105 without inner knots. It is noted that the numerical solution
is sensitive to the choice of initial vector value. However, we observe that initial
vector value o = 0.04 (i = 1,2,...,N + M) corresponds with the best solution
accuracy RMSE = 0.013. In the following investigation, we will choose ¢; = 0.04
(i=1,2,...,N+M) to get better numerical results.

3.2 MQ parameter effect

Here, we consider the influence of MQ parameter to the numerical results. For
the case that initial vector value o; = 0.04 (i = 1,2,...,N + M) and boundary knot
number N = 105 without inner knots, Fig. 3 illustrates the effect of MQ parameter
to the numerical results in the interval ¢ € (0,3). From which we can see that the
numerical result is not sensitive to the MQ parameter in the interval ¢ € (0.1,0.4)
but sensitive to ¢ € (0.4,3). Nevertheless, the best numerical result RMSE = 0.012
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Figure 3: Effect of MQ parameter to numerical results.

is observed at ¢ = 1.9 from Fig. 3.

3.3 Inner knot number effect

When using the BKM to solve inhomogeneous problems, inner knots are always
considered to improve solution accuracy [Chen and Tanaka (2002)]. On this condi-
tion, we examine the effect of inner knot number variation to the numerical results.
For inner knot number M =0, M =3, M =5, M = 10, Fig. 4 depicts the nu-
merical results versus boundary knot number N when initial vector value ¢o; = 0.04
(i=1,2,...,N+M) and MQ parameter ¢ = 1.9. It is observed that the largest inner
knot number performs the best numerical result when the boundary knot number
N =33. Meanwhile, we find that the more inner knot number corresponds with the
worse numerical results for boundary knot number N > 81, while the case without
inner knot number performs the highest accuracy and convergence.

4 Conclusions

In this paper, we proposed a combined boundary knot method for solving nonlinear
problems which is based on the AEM, the MPS and the BKM. Three aspects having
impact to the numerical results are investigated by solving a classical nonlinear
boundary value problem on a complex-shaped physical domain.

Among the most important characteristics of the proposed CBKM, we mention
several advantages and shortcomings:
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Figure 4: effect of inner knot number to numerical results.

(1) It is an inherently meshless, boundary-only technique since the inner knot is
unnecessary.

(2) There is no restriction on the domain geometry as it happens with the BKM.
(3) Itis easy to program for a variety of nonlinear problems.

(4) For any nonlinear problems, only the non-singular general solution of the Helmholtz
equation is needed.

(5) The numerical solution is sensitive to the MQ parameter and initial value in the
"fsolve’ subroutine. Therefore, the optimal choice of the MQ parameter and
the initial value remain an open issue for further investigation.

References

Chen, C. S.; Karageorghis, A.; Smyrlis, Y. S. (2008):  The Method of Funda-
mental Solutions — A Meshless Method. Dynamic Publishers, Southampton.

Chen, J. T.; Lee, Y. T.; Yu, S. R.; Shieh, S. C. (2009): Equivalence between
the trefftz method and the method of fundamental solution for the annular green’s
function using the addition theorem and image concept. Engineering Analysis with
Boundary Elements, vol. 33, no. 5, pp. 678—688.

Chen, W.; Lin, J.; Wang, F. Z. (2011): Regularized meshless method for nonho-
mogeneous problems. Engineering Analysis with Boundary Elements, vol. 35, no.
2, pp. 253-257.



236 Copyright © 2012 Tech Science Press ~ CMES, vol.87, no.3, pp.225-238, 2012

Chen, W.; Tanaka, M. (2002): A meshless, integration-free, and boundary-only
rbf technique. Computational & Applied Mathematics, vol. 43, pp. 379-391.

Chen, W.; Wang, F. Z. (2010): A method of fundamental solutions without
fictitious boundary. Engineering Analysis with Boundary Elements, vol. 34, no. 5,
pp- 530-532.

Chinnaboon, B.; Katsikadelis, J. T.; Chucheepsakul, S. (2007): A bem-based
meshless method for plates on biparametric elastic foundation with internal sup-
ports.  Computer Methods in Applied Mechanics and Egnieering, vol. 196, pp.
3165-3177.

Fairweather, G.; Karageorghis, A. (1998): The method of fundamental solutions
for elliptic boundary value problems. Advances in Computational Mathematics,
vol. 9.

Farhat, C.; Lacour, C.; Rixen, D. (1998): Incorporation of linear multipoint
constraints in substructure based iterative solvers. part 1: a numerically scalable
algorithm. [International Journal for Numerical Methods in Engineering, vol. 43,
pp- 997-1016.

Jin, B. T.; Zheng, Y. (2005): Boundary knot method for some inverse prob-
lems associated with the helmholtz equation. International Journal for Numerical
Methods in Engineering, vol. 62, pp. 1636—-1651.

Kang, S. W.; Lee, J. M.; Kang, Y. J. (1999): Vibration analysis of arbitrarily
shaped membranes using non-dimensional dynamic influence function. Journal of
Sound and Vibration, vol. 221, no. 1, pp. 117-132.

Katsikadelis, J. T. (1994): The analog equation method — A powerful BEM-
based solution technique for solving linear and nonlinear engineering problems,
chapter In Boundary Element Method XVI, pp. 167-182. Southampton: CLM
Publications, 1994.

Katsikadelis, J. T. (2002): The analog equation method. a boundary-only inte-
gral equation method for nonlinear static and dynamic problems in general bodies.
International Journal of Theoretical and Applied Mechanics, vol. 27, pp. 13-38.

Katsikadelis, J. T.; Nerantzaki, M. S. (1999): The boundary element method for
nonlinear problems. Engineering Analysis with Boundary Elements, vol. 23, no.
5, pp. 365-373.

Katsikadelis, J. T.; Tsiatas, C. G. (2003): Nonlinear dynamic analysis of hetero-
geneous orthotropic membranes. Engineering Analysis with Boundary Elements,
vol. 27, pp. 115-124.



Combinations of the Boundary Knot Method 237

Li, X. L.; Zhu, J. L. (2009): The method of fundamental solutions for nonlinear
elliptic problems. Engineering Analysis with Boundary Elements, vol. 33, no. 3,
pp. 322-329.

Lin, J.; Chen, W.; Wang, F. Z. (2011): A new investigation into regularization
techniques for the method of fundamental solutions. Mathematics and Computers
in Simulation, vol. 81, pp. 1144-1152.

Liu, C. S. (2008): Improving the ill-conditioning of the method of fundamental
solutions for 2d laplace equation. CMES: Computer Modeling in Engineering &
Sciences, vol. 28, no. 2, pp. 77-94.

Liu, C. S.; Atluri, S. N. (2011):  Simple "residual-norm" based algorithms, for
the solution of a large system of non-linear algebraic equations, which converge
faster than the newton’s method. CMES: Computer Modeling in Engineering &
Sciences, vol. 71, pp. 279-304.

Liu, C. S.; Hong, H. K.; Atluri, S. N. (2010): Novel algorithms based on the
conjugate gradient method for inverting ill-conditioned matrices, and a new regu-
larization method to solve ill-posed linear systems. CMES: Computer Modeling in
Engineering & Sciences, vol. 60, pp. 279-308.

Liu, C. S.; Kuo, C. L. (2011): A dynamical tikhonov regularization method for
solving nonlinear ill-posed problems. CMES: Computer Modeling in Engineering
& Sciences, vol. 76, pp. 109-132.

Liu, G. R.; Zhang, J.; Li, H.; Lam, K. Y.; Kee, B. T. B. (2006): Radial point
interpolation based finite difference method for mechanics problems. International
Journal for Numerical Methods in Engineering, vol. 68, pp. 728-754.

Nerantzaki, M. S.; Katsikadelis, J. T. (2003): Ponding on floating membranes.
Engineering Analysis with Boundary Elements, vol. 27, no. 6, pp. 589-596.

Partridge, P. W.; Brebbia, C. A.; Wrobel, L. W. (1992):  The Dual Reciprocity
Boundary Element Method. Southampton: Computational Mechanics Publication.

Power, H.; Barraco, V. (2002): A comparison analysis between unsymmetric and
symmetric radial basis function collocation methods for the numerical solution of
partial differential equations. Computers and Mathematics with Applications, vol.
43, pp. 551-583.

Tsai, C. C.; Chen, C. S.; Hsu, T. W. (2009): The method of particular solutions
for solving axisymmetric polyharmonic and poly-helmholtz equations. Engineer-
ing Analysis with Boundary Elements, vol. 33, no. 1, pp. 1396-1402.

Tsiatas, C. G.; Katsikadelis, J. T. (2006): Large deflection analysis of elastic
space membranes. International Journal for Numerical Methods in Engineering,
vol. 65, no. 2, pp. 264-294.



238 Copyright © 2012 Tech Science Press ~ CMES, vol.87, no.3, pp.225-238, 2012

Wang, F. Z. (2011):  Applicability of the boundary particle method. CMES:
Computer Modeling in Engineering & Sciences, vol. 80, no. 3, pp. 201-217.

Wang, F. Z.; Chen, W.; Jiang, X. R. (2010): Investigation of regularized tech-
niques for boundary knot method. International Journal for Numerical Methods
in Biomedical Engineering, vol. 26, no. 12, pp. 1868—1877.

Wang, F. Z.; Ling, L.; Chen, W. (2009): Effective condition number for bound-
ary knot method. CMC: Computers, Materials, & Continua, vol. 12, no. 1, pp.
57-70.

Wang, H.; Qin, Q. H.; Kang, Y. L. (2006): A meshless model for transient heat
conduction in functionally graded materials. Computational Mechanics, vol. 38,
no. 1, pp. 51-60.

Young, D. L.; Jane, S. J.; Fan, C. M.; Murugesan, K.; Tsai, C. C. (1998):
The method of fundamental solutions for 2d and 3d stokes problems. Journal of
Computational Physics, vol. 9, pp. 69-95.



