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Abstract

This thesis is concerned with the improvement of numerical methods, specifically boundary-
element methods (BEMs), for solving Fredholm integral equations in both one- and two-
dimensions. The improvements are based on novel (computer-algebra-based) error analyses that
yield explicit forms of correction terms for a priori incorporation into BEM methods employing
piecewise-polynomial interpolation in the numerical approximation. The work is motivated by
the aim of reducing errors of BEM methods for low-degree interpolating polynomials, without
significantly increasing the computational cost associated with higher-degree interpolation. The
present thesis develops, implements and assesses improved BEMs on two fronts.

First, a modified Nystrém method is developed for the solution of one-dimensional Fredholm
integral equations of the second kind (FIE2s). The method is based upon optimal approximation
and inclusion of an explicit form of orthogonal-polynomial integration error, and it can be extended
to systems of integral equations. It is validated, in both the single and system cases, on challenging
FIE2s that contain a finite number of (integrable) singularities, or points of limited differentiability,
within the integral kernels.

Second, BEMs are developed for solving two-dimensional FIE2s in the widely applicable context
of harmonic boundary value problems in which the boundary conditions may be either continuous
or discontinuous. In the latter case, modifying the BEM to conquer the adverse effect (on
convergence with decreasing mesh size) caused by boundary singularities requires considerable
additional theory and implementation; the motivation for doing so is that such singularities
arise naturally in the modelling of, e.g., stress fractures in solid mechanics and dielectrics in
electrostatics. For both non-singular and singular BVPs, standard BEMs are improved herein
by optimal approximation and inclusion of explicit forms of Lagrange-interpolation integration
errors. The modified BEMs are validated against pseudo-analytic results obtained by a conformal-
transformation method, for which a novel implementation of the inverse transformation (needed to
recover the physical solution) is included explicitly by use of an algebraic manipulator.

Through a set of test problems with known (or otherwise computable) solutions, both the one- and
two-dimensional modified methods, for both regular and singular BVPs, are demonstrated to show

marked improvements in performance over their unmodified counterparts.

X1



Xii



Contents

Jointly-Authored Publications . . . . . . . .. .. ... oL vii
Acknowledgements . . . . . . . ... L. e ix
ADbStract . . . . .. e e e xi
Contents . . . . . . . i e e e e e e xiii
List of Abbreviations . . . . . . . . . . . . Xvii
Listof figures . . . . . . . . . . . e Xviii
Listoftables . . . . . . . . . . e XXiV
1 Introduction 1
1.1 Background and motivation . . . . . . . . . .. .. L. 1
1.2 Aimsandobjectives . . . . . . . . . ... e 4
1.3 Outlineofthesis . . . . . . . . . . . . 5

2 Numerical Solutions of One-Dimensional Fredholm Integral Equations of the Second

Kind 11
2.1 The Nystrommethod . . . . . . . . . ... ... .. ... 13
2.2 The modified Nystrommethod . . . . . . ... ... ... .. ... . ...... 18

2.2.1 Implementation of the modified Nystrém method . . . . . . .. ... ... 21

xiii



CONTENTS

23

24

2.5

2.2.2 Collocation equations . . . . . . . . . . . oL e e 22
Erroranalysis . . . . . . . . . L e 23
2.3.1 Validation of the predictederror . . . . . . . . ... ... ... ...... 25
Comparison of numerical schemes . . . . . ... ... ... ... ... ... .. 27
Summary and discussion . . . . . . ... Lo e 36

3 Numerical Solutions of One-Dimensional Fredholm Integral Equations of the Second

Kind with Internal Singularities 37
3.1 The vector-Nystrom method . . . . . .. . ... ... ... . ... 42
3.2 The modified vector-Nystrom method . . . . . . ... .. ... ... ....... 46

3.2.1 Implementation of the modified vector-Nystrém method . . . . . ... .. 48

3.2.2 Collocation equations . . . . . . . . . . oL 50
3.3 ErroranalySis . . . . . . . .. e e e e 54

3.3.1 Validation of the predicted error . . . . . . . ... ... ... L. 56
3.4 Comparison of numerical schemes . . . . . ... ... ... .. .......... 60
3.5 Summary and discussion . . . . . . ... ... 67

4 Improved Boundary Element Methods for the Solution of Nonsingular Harmonic
Boundary Value Problems 69
4.1 The boundary-integral equation . . . . . . . . . ... ... 70
4.2 The constant boundary element method (CBEM) . . ... ... ... ....... 72
4.2.1 Erroranalysisofthe CBEM . . . .. ... ... ... ... ........ 74
4.2.2 Test case: nonsingular boundary value problem . . . . . ... ... .... 78
4.3 The modified constant boundary element method . . . . . .. ... ... .. ... 82

X1V



CONTENTS

4.3.1 Approximations of the CBEMerror . . . . ... ... ... ... ..... 83

4.3.2 Validation of the error approximations . . . . . . . . .. ... ... .... 86

4.3.3 Implementation of the modified CBEMs . . . . . . ... ... ... .... 91

4.3.4 Collocation equations . . . . . . . . . . .ttt 92

4.3.5 Error analysis of the modified CBEMs . . . . . . .. ... ... ...... 94

4.4 Comparison of the modified numerical schemes . . . . . . ... ... ... .. .. 95
4.5 Summary and discussion . . . . . ... ..o oL 105
5 Pseudo-Analytic Solution of a Singular Harmonic Boundary Value Problem 107
5.1 Singular harmonic boundary value problems . . . . . . . . ... ... ... .... 108
5.2 The conformal transformation method (CTM) . . . . ... .. ... ... ..... 110
5.2.1 Schwarz-Christoffel mapping: rectangular domains . . . . . . . ... ... 112

5.2.2 The sequence of transformations inthe CTM . . . . . .. ... ... ... 116

5.2.3 Power-series solutionof the CTM . . . . . .. ... ... ... ...... 123

5.3 Analytic solution of the stripline problem by the CTM . . . . . . ... ... ... 130
5.4 Summary and discussion . . . . ... ... 134

6 Numerical Solutions of Singular Harmonic Boundary Value Problems by Improved

Boundary Element Methods 135
6.1 The boundary-integral equation . . . . . . . . . . . . .. ... 136
6.2 The constant boundary element method (CBEM) . . . ... ... ......... 137
6.3 The singularity incorporation constant boundary element method (SICBEM) . . . . 141

6.3.1 Erroranalysisof the SICBEM . . . . . ... ... ... ... ... .... 145
6.4 The singularity subtraction constant boundary element method (SSCBEM) . . . . . 148

XV



CONTENTS

6.5

6.6

6.7

6.8

6.4.1 Error analysisof the SSCBEM . . . . . .. ... ... ... ... ..
Comparison of the numerical schemes for the stripline problem . . . . . . . .. ..
Modified boundary element methods . . . . . . . . ... ... 0oL,
6.6.1 The modified singularity incorporation method (MSICBEM) . . . . . . ..
6.6.2 The modified singularity subtraction method MSSCBEM) . . . . . . . ..
6.6.3  Error analysis of the MSICBEM and MSSCBEM . . . . . . ... ... ..
Comparison of the modified numerical schemes for the stripline problem . . . . . .

Summary and discussion . . . .. ...

7 Conclusions

Appendix
A Geometric seriestheorem . . . . . . ... Lo
B Analytic formsof Ajjand By; . . . .. ... oo
C  Analyticformsof Jyjand Ky . . . .. ... ... oo
D  Integrals G5, D5, Ejjand Fy; . . 0 . 0 o 0oL
Bibliography

XVi

183

185

187

188

190

192

192



CONTENTS

FIE
FIE2
BVP
SBVP
FDM
FEM
BEM
CBEM
SIM
SSM
SICBEM
SSCBEM
MCBEM
MSICBEM
MSSCBEM
FDMCBEM
CTM

RMSE

List of Abbreviations

Fredholm integral equation
Fredholm integral equation of the second kind
Boundary value problem
Singular boundary value problem
Finite difference method
Finite element method
Boundary element method
Constant boundary element method
Singularity incorporation method
Singularity subtraction method
Singularity incorporated constant boundary element method
Singularity subtracted constant boundary element method
Modified constant boundary element method
Modified singularity incorporated constant boundary element method
Modified singularity subtraction constant boundary element method
Finite-difference modified constant boundary element method
Conformal transformation method

Root-mean-square error

XVii



List of figures

XViil



List of Figures

1.3.1 3D representation of the stripline and its cross-sectional field pattern . . . . . . . . 8

2.1.1 Log plot of the maximum norm of the actual Nystrom error ||u—u,, ||~ and the error
bound (2.1.27) for the test FIE2 with kernel K (T, S) = exp(—T2S), A = 1/2,
p=1/2, v =1/3 and exact solution U (S) = exp(S) cos(S) for varyingn . ... 18

2.3.1 True error discrepancy A& u(t, s*) and predicted error discrepancy A&, u(t) for

n = 2,4, 6,8 and a singular kernel function using Gauss-Jacobi quadrature . . . . 27

2.3.2 Actual error £,u(t) and predicted error £,u(t) for n = 2,4,6,8 using Gauss-

Jacobi quadrature for the same example as Fig. 2.3.1 . . ... ... ........ 29

2.4.1 The modified Nystrom errors egM)u(t) for fixed n = 2 for the same test problem

as Fig. 2.3.1 but with = v = 0 to match Gauss-Legendre quadrature . . . . . . . 30

2.4.2 The modified Nystrom errors e%M)u(t) for fixed n = 2 for the same test problem as

Fig. 2.3.1 butwith y = v = —% to match Gauss-(first-kind-)-Chebyshev quadrature 32

2.4.3 The modified Nystrom errors e%M)u(t) for fixed n = 2 for the same test problem as

Fig. 2.3.1 butwithy =v = % to match Gauss-(second-kind-)-Chebyshev quadrature 33

2.4.4 The modified Nystrom errors egM)u(t) for fixed n = 2 for the same test problem

as Fig. 2.3.1 but with a highly singular kernel function where p = —% and v = —1% 34

2.4.5 The modified Nystrém errors egM)u(t) for fixed n = 3 for the same test problem

as Fig. 2.3.1 but with a highly singular kernel function where p = —% and v = —1% 35

XiX



LIST OF FIGURES

3.1.1 Log plot of the maximum norm of the actual vector-Nystrom error ||u; — wn,i| oo
for the test FIE2 (3.0.1) with kernel K (T, S) = exp(—=T2%S), A = 1/10,a = 1/2

and exact solution U (S) = exp(S) cos(S) for different valuesof n . . . . . . . .. 46

7.])
n

3.3.1 True error discrepancy Agf\l u;j(t,s*) and predicted error discrepancy

Agf\i,’f;)uj (t) for4,j = 1,2 and n = 2 using Gauss-Jacobi quadrature . . . . . . . . 57

3.3.2 Actual error 5/(\i;f)uj(t) and predicted error ?gi’,{)uj(t) fori,j = 1,2andn = 2

via Gauss-Jacobi quadrature applied to the same test problem as Fig. 3.3.1 . . . . . 58

(M)

n,i

3.4.1 The modified Nystrom errors e, .’ u;(t) for fixed n = 2 and ¢ = 1 for the same test

problem as Fig. 3.3.1witha=0.5. . . ... . ... ... ... ... ..... 61

3.4.2 The modified Nystrom errors e, .’u;(t) for fixed n = 2 and ¢ = 2 in the same test

(1)

problem as Fig. 3.3.1witha=05. .. ... .. ... ... ... ... ... .. 62

(1)

3.4.3 The modified Nystrom errors e, .’ u;(t) for fixed n = 2 and 7 = 1 in the same test

problem as Fig. 3.3.1withaa — -1 . . ... ... ... . ... .. ... .. 64

%)uz(t) for fixed n = 2 and 7 = 1, 2 in the same

3.4.4 The modified Nystrom errors e
test problem as Fig. 2.4.1 for a nonsingular kernel function (o« = 0), equivalent to
Gauss-Legendre quadrature. Here the location of ¢ € (a, b) is varied to show the

end-point behaviour can be recovered asc —+aorc—b . . ... ... ... ... 65

(v

3.4.5 The modified Nystrém errors en;)ui (t) for fixed i = 1 and n = 2,3 in the same

test problem as Fig. 3.3.1 witha =05 . . ... ... ... ... ... ...... 66
4.2.1 Notation for the analytic evaulation of the integrals A;; and B;; over element e . 77
4.2.2 Graphical representation of the nonsingulartest BVP . . . . . ... ... ... .. 79

4.2.3 Log plot of the error in the CBEM solution of the test problem in Fig. 4.2.2, for
n=48,72and 108 . . . . . . ... 80

4.2.4 Contour plots of the logarithm of the error in the CBEM solution of the test problem
inFig. 422, forn =48,72and 108 . . . . . . ... ... oL 81

XX



LIST OF FIGURES

4.3.1 Schematic representation of 4™-order finite-difference molecules for the second

derivative . . . . . . . e e e

4.3.2 Log plots of the discrepancy between the truncated-series error and the true
erTor, Ae%m) (p), in the CBEM solution of the test problem in Fig. 4.2.2, for
n=12,24,48,96andm =1,2,3,4 . . . . . . ...

4.3.3 Contour plots of the logarithm of the discrepancy in the truncated-series error in

the CBEM solution of the test problem in Fig. 4.2.2, forn =48and m =4 . . . .

4.3.4 Contour plots of the logarithm of the discrepancy in the finite-difference-series
error in the CBEM solution of the test problem in Fig. 4.2.2, forn = 48, m = 4
and a = 2,4,6,8 . . .. e e e

4.4.1 Log plots of the error in the MCBEM solution of the test BVP in Fig. 4.2.2, for
n=48,72,108and m = 1,2,3,4 . . . . . ...

4.4.2 Contour plots of the logarithm of the relative error in the MCBEM solution of the

test problem in Fig. 4.2.2, forn =48 andm=1,2,3,4 . ... ... ... ....
4.4.3 Log plots of the error in the FDMCBEM solution of the test problem in Fig. 4.2.2,

fora =8n=48,72,108and m =1,2,3,4 . . .. .. .. ... ... .. ...,
5.1.1 Schematic diagram of the physical origin of the stripline problem . . . . . . . . ..
5.1.2 A pictorial summary of the stripline singular problem . . . . . ... ... ... ..
5.1.3 A pictorial summary of the Motz problem . . . . . .. .. ... ... .......
5.2.1 The conformal mapping of a generalised polygon to a quadrilateral . . . . . . . ..
5.2.2 A Schwarz-Christoffel mapping . . . . . . .. . .. ..o oL
5.2.3 The zj-plane for the stripline SBVP . . . . . . ... ... oL
5.2.4 Schematic representation of the first transformation 71 : z; — 29 inthe CTM . . .

5.2.5 Schematic representation of the second transform 75 : zo — 23 in the CTM

XX1

89



LIST OF FIGURES

5.2.6 Schematic representation of the third transformation 75 : 23 — z4 inthe CTM . . . 120
5.2.7 Schematic representation of the fourth transformation 7y : z4 — z5 inthe CTM . . 121
5.2.8 Flowchart summary of the power-series solution of the CTM . . . . . .. ... .. 129
5.3.1 The near-exact analytic solution ¢,, of the stripline problem . . .. ... ... .. 133

6.2.1 Log plot of the relative error in the CBEM solution of the stripline SBVP for n =
24,48 and 96 . . . .. 138

6.2.2 Contour plots of the logarithm of the relative error in the CBEM solution of the
stripline SBVP in Fig. 6.2.1 forn =24,48and 96 . . . . . . . .. ... ... ... 139

6.3.1 Anticlockwise numbering of the boundary elements in the discretised boundary . . 142

6.3.2 Log plot of the error in the SICBEM and the CBEM over the first and last elements

for the stripline problem forn =24 . . . ... ... ... ... ... ....... 148

6.5.1 Contour plots of the logarithm of the relative error in the SICBEM solution of the
stripline problem, for M =2andn =24,48,96 . .. ... ... ... ...... 155

6.5.2 Contour plots of the logarithm of the relative error in the SSCBEM solution of the
stripline problem, for M =2andn =24,48,96 . . ... .. ... ... ..... 156

6.5.3 A comparison of the relative errors in the CBEM, SICBEM and SSCBEM solutions
of the stripline problem, forn =48and M =2 . . . . .. ... ... ... .. .. 157

6.5.4 Contour plots of the logarithm of the relative error in the MSICBEM solution of
the stripline problem, for M = 2, n = 24,48, 96 and varying element lengths over

which the singular behaviour is incorporated . . . . . . ... ... ... ...... 159

6.6.1 Contour plots of the logarithm of the relative error in the MCBEM solution of the

stripline problem, form =4 andn =24,48,96 . . . . . .. ... .. ... ... . 162

6.7.1 Contour plots of the logarithm of the relative error in the MSICBEM solution of

the stripline problem, for M =2, m =4andn =24,48,96 ... ... ... ... 172

XXil



LIST OF FIGURES

6.7.2 Contour plots of the logarithm of the relative error in the MSICBEM solution of
the stripline problem, for M = 2, m = 4, n = 24,48,96 and varying element

lengths over which the singular behaviour is incorporated . . . . . . . ... .. .. 174

6.7.3 Contour plots of the logarithm of the relative error in the MSSCBEM solution of
the stripline problem, for M =2, m =4andn =24,48,96 . ... ... ... .. 175

6.7.4 Contour plots of the logarithm of the relative error in the MSICBEM and
MSSCBEM solutions of the stripline problem, for M = 4, m = 4 and n = 24,48,96177

6.7.5 Comparison of the relative errors in the CBEM, SICBEM, SSCBEM, MCBEM,
MSICBEM and MSSCBEM solutions of the stripline BVP, for n = 48, M = 2
andm =4 . . . .. e e 179

XX1il



List of tables

XX1V



List of Tables

2.3.1 The root-mean-square error of A&*u and A€, uin Fig. 2.3.1) . . . . ... .. .. 28

4.2.1 The root-mean-square error, error convergence rate and error order in the CBEM

solution of the test problem in Fig. 4.2.2, forn = 48,72and 108 . . . . . . . . .. 82

4.3.1 The root-mean-square error and convergence rate of the truncated-series error in

the CBEM solution of the test problem in Fig. 4.2.2, for n = 12,24,48,96 and

4.4.1 The root-mean-square error in the MCBEM and the FDMCBEM solution of the
test problem in Fig. 4.2.2, forn = 48,72, m = 1,2, 3,4 and different values of

the order of accuracy a in the finite-difference method . . . . . . . . ... ... .. 99

4.4.2 The error convergence rate and error order in the MCBEM and the FDMCBEM
solution of the test problem in Fig. 4.2.2, fora =, n = 48,72,108 and m = 1,2, 3,4102

4.4.3 The root-mean-square error in the CBEM, MCBEM and the FDMCBEM solution

of the test problem in Fig. 4.2.2, for n = 48,72, m = 4 and order of accuracy

a = 8 in the finite-difference method . . . . . . . . .. .. Lo 103
5.2.1 Summary of composite transformations {7;}?_, inthe CTM . . . ... ... ... 122
5.2.2 Transformations of the vertices in the stripline problem by the CTM . . . . . . .. 123
5.3.1 The first ten coefficients F; and a; in the stripline problem . . . . . ... ... .. 132

XXV



LIST OF TABLES

6.2.1 The root-mean-square error, error convergence rate and the error order in the

CBEM solution of the stripline SBVP, forn =24,48and 96 . . . ... ... ... 140

6.5.1 The error in the computed eigenfunction coefficients in the SICBEM and SSCBEM

solutions of the stripline problem, for M =2andn =24 . . . ... ... ... .. 156

6.5.2 The convergence rate and order of the error in the SICBEM and SSCBEM solutions
of the stripline problem, for M =2andn =24,48,96 . ... ... ... ..... 157

6.5.3 The convergence rate and order of the error in the SICBEM solution of the stripline
problem, for M = 2, n = 24,48, 96 and varying element lengths over which the

singular behaviour is incorporated . . . . . . ... ... oL oL 160

6.6.1 The root-mean-square error, error convergence rate and error order in the CBEM

and MCBEM solutions of the stripline problem for m =4 and n = 24,48,96 . . . 163

6.7.1 The root-mean-square error, error order and error convergence rate of the SICBEM
and MSICBEM solutions of the stripline problem, for M = 2, m = 4 and n =
24,48,96 . . . 173

6.7.2 The root-mean-square error, error order and error convergence rate of the SSCBEM
and MSSCBEM solutions of the stripline problem, for M = 2, m = 4 and n =
24,48,96 . .. 176

6.7.3 The convergence rate and order of the error in the MSICBEM and MSSCBEM

solutions of the stripline problem forn =24, M =2andm=1,2,3,4 . ... .. 176

6.7.4 The convergence rate and order of the error in the MSICBEM and MSSCBEM
solutions of the stripline problem, for M = 2,4, n = 24,48, 96andm =4 . ... 178

6.7.5 Comparison of the root-mean-square errors in the CBEM, SICBEM, SSCBEM,
MCBEM, MSICBEM and MSSCBEM solutions of the stripline BVP, for n = 48,
M=2andm =4 . .. . . . . . e 178

XX Vi



Chapter 1

Introduction

1.1 Background and motivation

Many problems in applied sciences can be modelled and formulated in two distinct ways, namely
as differential equations or integral equations. In the latter, the boundary and/or initial conditions
are incorporated a priori which, in practice, can often make integral-equation formulations
advantageous over their differential-equation counterparts.

Integral equations, categorised by the unknown function occurring under an integral sign, arise
in the modelling of a wide range of physical problems, e.g. in the mechanics of solids,
acoustics, viscous flow and electromagnetism. Hence there exists an abundance of research in
the study of integral equations, including both theoretical and numerical solution techniques,
e.g. Muskhelishvili [1953], Bernkopf [1966], Green [1969], Baker [1977], Tricomi [1985], Kress
[1990], Porter and Stirling [1990], Power and Wrobel [1995], Hackbusch [1995], and Atkinson
[1997]. Generally, there are two classifications: Volterra (VIEs) and Fredholm integral equations
(FIEs), with respectively variable and constant limits of integration. In this thesis we focus on
Fredholm integral equations due to their frequent occurrence in the representation of boundary-
value problems (BVPs).

A BVP, like an initial-value problem, is a partial differential equation coupled with additional
restraints whose solution, in general, lies beyond the reach of purely-analytical approaches.

Consequently there are numerous methods, such as finite elements and finite difference, which
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can be classified as domain methods, that provide approximate solutions to BVPs. Finite element
and finite difference methods are the most widely used spacial discretisation techniques, whereby
the governing partial differential equation is approximated locally by a discretised equation whose
solution is defined at a set of prespecified points in the domain. An alternative (global) approach,
upon which the present work concentrates, considers the reformulated integral-equation form of the
partial differential equation resulting from the divergence theorem, known as a boundary-integral
equation.

The philosophy behind various boundary-integral equation formulations is that the divergence-
theorem reformulation of the partial differential equation, in terms of an integral equation and an
accompanying fundamental solution (a Green’s function), reduces the spatial order of the problem
by one. For example, with reference to Laplace’s equation V2¢ = 0 in two-dimensions, by Green’s
integral formula (Green [1969]), the harmonic function ¢ defined within a domain €2 enclosed by
a boundary OS2 satisfies

1
_271' o0

o(p) [#(q) log' [p — q| — ¢'(q) log |p — q|] dg, (1.1.1)

where p € QUO, ¢ € 012, the prime represents differentiation with respect to the outward normal
to J€) at g and dq denotes the differential increment of Jf2 at g. Eqn. (1.1.1) relates the harmonic
function ¢ at any point in the domain to the boundary distributions of both ¢ and ¢, in which if both
of the distributions are known, then ¢ may be obtained at any interior point. Alternatively, when
given one of the boundary distributions, (1.1.1) becomes closed-form equation whose solution
completes the boundary distribution data. Note, when only the boundary distribution ¢’ is known,
(1.1.1) is an integral equation of the second kind (Atkinson [1997]).

The work presented in this thesis can be divided into two broad categories of integral equations’:
one-dimensional Fredholm integral equations of the second kind (FIE2) and two-dimensional
boundary-integral equation reformulations of Laplace’s equation, the latter of which motivated
the original work of Ivar Fredholm [1903] on the solvability of integral equations of the second
kind.

An explicit closed-form solution of a boundary-integral equation is generally not obtainable,

"Muskhelishvili [1953], Elliott [1979, 1989], Jen and Srivastav [1981], Monegato and Scuderi [1998], Smith [2000],
Jin et al. [2008]
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necessitating the development of numerical methods (Blue [1977], Fairweather et al. [1979],
Fairweather and Karageorghis [1998], Atkinson and Chandler [1990], Cheng [1994], Elliotis et al.
[2002, 2006]). Most uses of boundary-integral equations in engineering applications have involved
approximating the solution using piecewise-polynomial functions over a decomposition of the
boundary; such approximations are known as boundary element methods? (BEM).

BEMs readily incorporate the boundary conditions; contrast this with the finite-element and finite-
difference methods, in which special relations are necessary at the mesh points along and/or near
the boundary. Furthermore, BEMs have proved to be a successful tool in solving numerous
engineering problems, e.g., elasticity, including crack problems, (Blue [1977], Jaswon and Symm
[1977]), fluid flow (Bush et al. [1984], Brebbia and Trevelyan [1986], Grilli and Svendsen [1990],
Hansen and Kelmanson [1994]) and heat conduction (Mera et al. [2001, 2002]).

As noted by Mason and Smith [1982], rigorous convergence and error analyses for BEMs are
particularly hard to achieve: Wendland [1982] and Hsiao and Wendland [2004] presented error
analyses for the asymptotic convergence of the BEM based on Galerkin methods, Rencis et al.
[1990] and Liang et al. [1999] considered a posteriori error of the BEM and Lu et al. [2004]
presented error analyses on the collocation Trefftz method for a harmonic problem. However,
these concentrate on error bounds rather than implementable formulae. The existence of literature
investigating the error in BEMs on a practical basis is sparse, e.g., Kelmanson [1985] presented a
technique for assessing the nature of the error incurred in the constant BEM for both harmonic and
biharmonic problems, providing an insight into the behaviour of the error in the numerical scheme.
In practical problems the boundary conditions often exhibit singular behaviour. Most commonly,
the singular behaviour arises from sudden changes in boundary geometry or conditions, e.g., sharp
corners (Kelmanson [1983a]) and changes in dielectric properties (Daly [1973]). The presence
of these boundary singularities have an adverse affect on the convergence rate of the solution
computed by the standard numerical techniques, such as BEMs (Motz [1946], Woods [1953]).
Consequently, the possibility of modifying the BEMs to improve the treatment of the boundary

singularities has received considerable attention (Symm [1973], Jaswon and Symm [1977], Xanthis

2Jaswon and Symm [1977], Brebbia [1978], Brebbia and Trevelyan [1986], Brebbia and Dominguez [1989], Fenner
[1983], Bush et al. [1984], Ingham and Kelmanson [1984], Kelmanson [1984], Manzoor [1984], Kelmanson [1985],
Aitchison and Karageorghis [1988], Brebbia and Dominguez [1989], Hsiao [2006], Ang [2007]
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et al. [1981], Ingham et al. [1981a], Manzoor [1984]). It was shown by Symm [1973] that,
by a suitable modification of the BEM, harmonic problems containing boundary singularities
could be accurately solved in an efficient manner. The improved accuracy, however, was often
obtained at the expense of a large increase in analysis. Alternatively, Xanthis et al. [1981] offered
a modification technique for harmonic problem which, compared with Symm [1973], required
minimal extra analysis. Both types of modified methods have been subsequently applied to physical
problems, e.g., in transmission-line singularities, (Ingham et al. [1981c]), heat transfer (Manzoor
[1984], Mohammadi et al. [2010]) and viscous flows (Wrobel [1981], Kelmanson [1983a,b]).

The discussion above motivates the investigation into improving the accuracy of numerical

methods, for both singular and nonsingular integral equations.

1.2 Aims and objectives

The present work aims to provide both accurate and reliable numerical methods for approximating

the solutions of integral equations. To achieve this, the present work is based on three main aims:

e To compute numerical solutions for one- or two-dimensional integral equations;

e To provide rigorous analyses of the numerical methods in order to yield an explicit

understanding of the numerical errors, and;

e To modify the existing numerical methods by incorporating this error information in an
explicit way, so that the accuracy of the approximate solution is improved for a minimal

increase in cost and effort.

The new modified methods, which are based on incorporating a priori, as accurately as possible, an
explicit form of the error in the standard method, are always validated by test problems to ensure
that improvements over existing methods are obtained in an economic and efficient fashion. As
part of the validation process for our new methods, the present work also focusses on deriving
pseudo-analytic solutions of singular BVPs.

Two specific objectives in the latter part of this thesis are: first, to modify the constant BEM so
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that it emulates higher-order Lagrangian interpolation (which would demand both more complex
algorithms and the solution of larger systems of equations) without increasing the size of the
system, and; second, to use the modified BEM to improve the numerical solution of a BVP in

the presence of a boundary singularity.

1.3 Outline of thesis

Throughout this thesis, three persistent themes are followed: to outline a numerical method and its
error formulae for solving an integral equation; to derive an explicit error formulae of the numerical
method, and; to build the explicit error formulae into the numerical method a priori thus defining
a, new, modified method. With these themes in mind, the structure is as follows.

In chapters 2 and 4 we present the modification techniques used to improve the numerical solutions
of one- and two-dimensional integral equations respectively. In chapters 3 and 6 we extend the
range of applications of the modification techniques to more complex integral equations.

In chapter 2 a FIE of the second kind (Fredholm [1903]) is presented in which the integrand is
singular at one or both extrema of the integration domain. Although there exist a plethora of
numerical solutions of FIEs (Kantorovich et al. [1964], Bernkopf [1966], Baker [1977], Anselone
[1981], Graham et al. [1985], Elliott [1979, 1989], Kress [1990], Hackbusch [1995]), the present
work considers the Nystrom approach (Nystrom [1930], Atkinson [1974, 1989, 1997], Benko et al.
[2008]). The Nystrom method, which is based upon employing Gaussian quadrature, determines
the solution of the FIE at a set of predefined quadrature nodes, which is then extended to all
points in the domain (Patterson [1968], Porter and Stirling [1990], Crow [1993], Laurie [2001],
Ralston and Rabinowitz [2001], Smith [2000]). The cost of Nystrom’s method is minimised by
using a high-degree orthogonal-based quadrature rule (Karpenko [1966], Gerasoulis and Srivastav
[1982], Kelmanson and Tenwick [2010]) that requires only low numbers of quadrature nodes. A
modified Nystrom method is then presented, the essence of which is to include the best possible
error estimate into the standard Nystrom method a priori. Comparisons of solutions of test FIEs
are conducted to reveal the improved accuracy of the modified Nystrom method compared with the

standard Nystrom method.
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Chapter 2 illustrates the basic concept of the modified Nystrom method, in particular its restriction
upon the type of integrand and the size of the integration domain. The restrictions of chapter 2 are
investigated in chapter 3, where a FIE with an integrand that is singular at multiple points within
the domain is considered: this integral equation is expressible as a system of FIEs. Numerical
techniques for solving of systems of FIEs have seen a sudden growth in popularity over the past
decade, to the extent that they now include: Adomian decompositions (Babolian et al. [2004]),
Chebyshev-collocation (Akyliz-Dagciolu [2004]), block-pulse function methods (Maleknejad et al.
[2005]), Taylor-series methods (Maleknejad et al. [2006]), homotopy perturbation methods (Javidi
and Golbabai [2007]), Sinc-collocation (Rashidinia and Zarebnia [2007]) and Legendre wavelets
(Jafari et al. [2010]). However, we are primarily concerned with the approach of De Bonis and
Laurita [2008], as it is based on the aforementioned Nystrom—type method which we also adopt.
As in chapter 2, a modification of the Nystrom method for the system of FIEs is presented in
chapter 3, which is restricted to low numbers of quadrature nodes.

The standard and modified Nystrom method for systems of FIEs, illustrated for only one internal
singularity, are applied to several different test problems with known exact solution to reveal
the superior accuracy of the modified Nystrom method. The position of the singularity in the
integration domain, however, transpires to be essential for determining the extent of improvement
in the degree of accuracy in the modified Nystrom method compared to the standard Nystrom
method.

In chapter 4 we consider Laplace’s equation in two-dimensions, the boundary-integral equation
reformulation of which is conducted following the work of Jaswon [1963] and Symm [1963]. The
present work considers solving the boundary-integral equation using the constant BEM algorithm
(Brebbia [1978]). To gain a complete understanding of the behaviour of the constant BEM,
we present rigorous error analyses in terms of explicit error formulae. We remark that, to our
knowledge, the existence of error analyses that provide explicit error formulae for the BEM is
sparse (Mason and Smith [1982], Kelmanson [1985]).

Brebbia [1978] improved upon the constant BEM by taking higher-order piecewise-polynomial
functions over each element. However, this requires the solution of larger systems of equations than
in the constant BEM. Instead, in chapter 4 we present a novel modification technique to improve

the accuracy of the constant BEM, one that emulates the higher-order piecewise-polynomial
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functions without increasing the size of the discrete system. The new modified method, which
incorporates the leading behaviour of error into the standard method a priori, is illustrated for a
nonsingular test BVP revealing an improved accuracy over the unmodified method. Furthermore,
the illustration shows that the rate of convergence of the modified constant BEM is predictable
a priori, depending upon the degree of the leading order in the incorporated terms. That is, the
modification technique, which requires only a minor modification of the constant BEM, provides
an efficient, straightforward and computationally superior method to the higher-order piecewise-
polynomial BEMs.

Another contribution of the present work is to extend the modified BEM of chapter 4 to solve
a BVP in which there is a boundary singularity. Motz [1946] defined a BVP with mixture of
Dirichlet and Neumann boundary conditions, known as the “Motz problem”, in which the presence
of a boundary singularity was due to a sudden change in boundary conditions. The Motz problem
is a fundamental singular BVP, inspiring many subsequent studies to obtain pseudo-analytic or
numerical solutions?.

In chapter 5, a new singular harmonic BVP known as the “stripline problem” is presented, where
a flat strip of conducting metal is sandwiched in a grounded non-insulating material, as illustrated
in Fig. 1.3.1. The importance of the stripline problem is three-fold: first, its application in
electromagnetism; second, the presence of a singularity at the ends of the conducting strip, and;
third, its near-identical geometrical resemblance to the Motz problem. The similarity between
the Motz and the stripline is important because it indicates that the pseudo-analytic and numerical
methods for the Motz problem are applicable to the stripline problem (subject to minor adaptations)
and vice versa.

In a remarkable paper by Whiteman and Papamichael [1971], a conformal mapping technique is
presented to derive a near-exact (subject to machine precision) pseudo-analytic solution for the
Motz problem. Adapting the algorithms of Whiteman and Papamichael [1971] and Rosser and

Papamichael [1975], chapter 5 presents the derivation of a pseudo-analytic solution for the stripline

Motz [1946], Kelman [1970], Whiteman and Papamichael [1971], Papamichael and Whiteman [1973], Papamichael
and Symm [1975], Blue [1977], Crank and Furzeland [1978], Kermode and McKerrell [1985], Li et al. [1987], Steinberg
[1987], Wigley [1988], Olson et al. [1991], Karageorghis et al. [1996], Poullikkas et al. [1998], Li and Lu [2000], Hu
[2003], Lu et al. [2004], Li et al. [2005], Dosiyev [2005], Bernal and Kindelan [2010], Pashos et al. [2010]
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Figure 1.3.1: As shown by Bart et al. [2009]:(a) 3D representation of a stripline configuration; the
blue central strip is the conducting metal. Here the dimensional parameters are: 1 (length of the
strip), w (width of the strip) and d (distance between the ground planes). (b) Cross-sectional field
pattern of a stripline. The field pattern is homogeneous, except for the field around the extreme

edges of the strip, due to the presence of singularities.

problem by the means of a conformal mapping technique: this constitutes the first direct attempt at
deriving the analytic solution of the stripline problem by the use of conformal mappings.

In chapter 6, a numerical approach is first presented for the solution of the stripline problem using
the constant BEM algorithm of Brebbia [1978]. As outlined in Motz [1946] and Woods [1953], the
existence of a singularity adversely affects the convergence rate of any standard numerical method.
Symm [1973] and Xanthis et al. [1981] presented two approaches in which the asymptotic nature
of the singularity may be incorporated into the constant BEM. The work of Symm [1973], Ingham
etal. [1981a], Manzoor [1984], Xanthis et al. [1981] and Kelmanson [1983a] cover a wide range of
BEM approximations for the solution of harmonic BVPs with boundary singularities. Ingham et al.
[1981c] in particular, considered a BEM solution of the stripline problem, although no numerical
results were presented for comparison making the pseudo-analytic solution ever more essential.
Based on the modification technique of chapter 4, in chapter 6 we improve the rate of convergence

in the methods of Symm [1973] and Xanthis et al. [1981]. The modified BEMs are again based on
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incorporating the leading behaviour of the error into the original BEM a priori. The application of
the modified BEMs is illustrated for the stripline problem where, by using the analytic solution in
chapter 5, its ability to improve the accuracy and the rate of convergence in the standard BEM is
shown. However, as only the leading behaviour of the singularity is accounted for in Symm [1973]
and Xanthis et al. [1981], it is hardly surprising that the accuracy of the modified BEM results are
restricted by the residual behaviour of the singularity.

In summary, chapters 4, 5 and 6 present distinct contributions to the solution of harmonic BVPs
including the modification and refinement of the constant BEM. Finally, a general summary is
given in chapter 7, concluding the key observations and achievements in the thesis plus any possible

future work extending from the work presented.
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Chapter 2

Numerical Solutions of
One-Dimensional Fredholm Integral

Equations of the Second Kind

In the early 20t century, Erik Ivar Fredholm [1903] made significant contributions to the field
of mathematics now known as Fredholm theory, which concerns classifying and solving related
types of integral equations. The basic form of a linear Fredholm integral equation for an unknown

function U (S) defined on S € [a, b] is that of the first kind (FIE1),
b ~
F(T) = / K(T,S)U(S) dS, T € [a,b], (2.0.1)

in which the interval limits ¢ and b are real constants, K is the kernel and F is the source function.
When U occurs both inside and outside the integral, a linear Fredholm integral equation of the

second kind (FIE2) is then defined by
b o~
U(T) = F(T) + A / R(T,S)U(S)dS, T ¢ [a,b] (2.0.2)

which, provided F'(T") # 0, is inhomogeneous. Here the associated constant A plays the role of an
eigenvalue i.e. the existence and/or uniqueness of solutions of (2.0.2) may be affected by A; when
A is known a priori, it is often absorbed into the kernel. An analysis and implementation of new

numerical solution techniques for approximating the solution of (2.0.2) will form the substantial

11
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part of this chapter.
To demonstrate the efficacy of the new methods, we shall consider the challenging case of non-
infinitely differentiable kernel functions (and hence integrands of FIE2 (2.0.2)) with respect to

S € (a,b), in which the kernel function is factorised into the form
K(T,S) = W(S)K(T,S), (2.0.3)

where K (T, S) is infinitely differentiable but W (.S), the “badly-behaved” part of the kernel, is not.
To admit the possibility that K (T, S) in (2.0.3) is either singular at the interval limits or limited-
continuously differentiable at the interval limits in the sense that one or more of its derivatives is
not finite at the interval limits (i.e. has end-point singularities), the singular behaviour is more
specifically given in the form

W(S) = (b— S)*(S —a)”, (2.0.4)

in which p, v > —1, so that the FIE2 may be singular but not hypersingular. We also admit the
possibility that the weight function T¥ (,S) can simply be equal to unity.

For our subsequent analysis, we proceed by mapping 7', S € [a, b] in (2.0.2) onto ¢, s € [—1,1] by

(T,S) = = [(b—a)(t.s) + (b+a)]. (2.0.5)

N |

Accordingly, rescaling A using

+v+1
A:A<(b_a)>ﬂ , (2.0.6)

the canonical form of FIE2 (2.0.2) becomes

1

u(t) = £(1) —1—)\/_1w(s)kz(t, Su(s)ds, tel-1,1], (2.0.7)

where the lower-case functions correspond to their upper-case counterparts in (2.0.2), and the

transformed weight function, which now has potential discontinuous derivatives at s = +1, is
w(s) = (1 —s)*(1+s) (2.0.8)
Defining the integral operator C by

1
(Ku)(t) E/ w(s)k(t, s)u(s) ds, (2.0.9)

-1

12
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the symbolic form of (2.0.7) is
u— AMCu = f, (2.0.10)

with corresponding unique solution (Atkinson [1997])
uw= (T —-MC)"Lf, (2.0.11)

where Z denotes the identity operator and ||(Z — MC)~!|| is bounded for any suitable norm || - ||.
An explicit closed-form solution u(t) of FIE2 (2.0.7) is generally not obtainable, necessitating the
implementation of numerical approximation techniques. We shall focus on applying the Nystrém
method and describing novel modifications thereof that improve the accuracy of the approximate
solution.

The remainder of this chapter is structured as follows. First, the theory of approximating FIE2
(2.0.7) via the Nystrom method using Gaussian quadrature is outlined in §2.1. In §2.2 a theoretical
error is included in the Nystrom method, which forms the basis for a new, modified, Nystrém
method. An explicit definition of the theoretical error is given in §2.3. Finally, the modified
Nystrom method is validated by a series of test problems in §2.4. The validation highlights
the accuracy, reliability and robustness of the method, hence justifying its application to integral

equations in higher dimensions.

2.1 The Nystrom method

The Nystrom method is one of numerous techniques employed to approximate the solution w(t)
of (2.0.7), e.g. Kaneko and Xu [1994], Benko et al. [2008], Dick et al. [2007], Kang et al. [2003]
and Mastroianni and Monegato [2003]. The basis of the Nystrom method is the optimally accurate

approximation of the integrand in (2.0.7) using an n-point quadrature of the form
n
/ g(s) ds =Y cing(ojn), 2.1.1)
Q =
where c¢; ,, are the weights and o ,, the abscissae defined by the particular choice of the integration

scheme. In (2.1.1) we use well-known integration schemes based upon orthogonal-polynomial

approximation of g(s): see, e.g., Delves and Mohamed [1988], Atkinson [1989], Ralston and
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Rabinowitz [2001] and Gautschi [2004]. Nystrom [1930] originally adopted a high-order Gaussian
quadrature in (2.1.1).

Taking into account the factorisation of K (T, S) in (2.0.3), the n"-order Gaussian quadrature
(2.1.1) can be used to integrate only the continuous part K (7', S) of the integrand in (2.0.2). Hence,
by (2.0.3), the Nystrom method is referred to as the product Nystrom method (Atkinson [1997]).
In view of the explicit form of the weight function in (2.0.8), we shall employ Gauss-Jacobi
quadrature. Gauss-Jacobi quadrature is based on the Jacobi polynomials P, (s; u, ) because these

are orthogonal on s € [—1, 1] with respect to the weight function (2.0.8), i.e.

1
(P, Pj) = / (1 —s)"(1+ s)"Pi(s; p, v)Pj(s; ,v) ds = 045, Vi, j €N, (2.1.2)
-1

where d;; is the Kronecker delta function. The explicit form of the Gaussian quadrature

approximation C,,u of Ku in (2.0.9) is then
(Knw)(t) = > cjnk(t,o)ulo;), te[-1,1], (2.1.3)
j=1

for which (Ku)(t) = (Kpu)(t) when k(t, s)u(s) is a polynomial of degree < 2n — 1 (Atkinson
[1989]). In (2.1.3) the weights, ¢; ,,, are defined by

An+17n
Cin = — : (2.1.4)
M A Puga (05 1, v) 01 Pa(0js 1, v)
where
2 !
4, = ntptv) (2.1.5)
2nnl(n+ p+v)!
is the leading coefficient in P, (s; 11, ), o; are the n distinct roots of P, (s;u,v) forj =1,...,n

and 0; denotes the partial differential of P, (s; i, v) with respect to s. In (2.1.4) =, is given by

1

Tn = / (1 —8)*(1 + 5)" [Pa(s; o v)]? ds, (2.1.6)
-1

that can be evaluated exactly (Abramowitz and Stegun [1972]). Using (2.1.5) and (2.1.6), the

weights ¢; , in (2.1.4) can be evaluated explicitly (Kelmanson and Tenwick [2010]) as

24 n+p+v+2)T(n+p+D(n+v+1)

in = 2.1.7
G T 2T+ 1+ 0+ 2)Part (0733 1)1 Palerys s ¥) @1
forj=1,...,n.
The quadrature error is defined to be

(Ea)(t) = (K — Ka)u)(1) (2.1.8)

14
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which, although is pointwise convergent to zero for a sufficiently differentiable function u(t),
(Enu)(t) =0, n— oo, (2.1.9)
is not norm convergent (Hackbusch [1995]), i.e.
1€l = K] (2.1.10)
for all n € N. But note that, by (2.0.9), (2.1.3) and (2.1.8),
[Enull =0, n— o0 2.1.11)

and, based upon a convergence analysis of the quadrature rule (2.1.3) for continuous integrands,

Atkinson [1997] proves the results, needed for our subsequent analysis,
|ELK | EKCh|l = 0, n — oo. (2.1.12)
The Nystrom application of FIE2 (2.0.7) is, in symbolic form,
Up, — MCpun = f, (2.1.13)

in which w,, is the finite-dimensional approximation to w and K, is defined by (2.1.3). By (2.0.10)

and (2.1.13), the Nystrom error u — u,, satisfies
(Z — MCp)(u —up) = MK — Kp)u, (2.1.14)

which admits the observation that the error v — u,, is explicitly dependent upon the existence of
(Z — MC,)~ L. Both (2.1.13) and (2.1.14) require the invertibility of (Z — AK,,), which cannot be
assumed but can be shown as follows.

Since, by hypothesis, FIE2 (2.0.10) has the explicit solution (2.0.11), (Z — AK) must be invertible
and so

1(Z — M) M| < oo, (2.1.15)

By (2.1.12) and (2.1.15), there exists an m € N such that

1
I(Z =)

1€aKnll < 13 (2.1.16)
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for n > m. That is,

1
MK = KKyl < e, 1> m. (2.1.17)
=l < 7 T
Now
T=T - MCp+MCp, =T — MCp, + MZ — M) (Z — MCo) K,
= (T — MGy [T+ MT — AKn) 'K, (2.1.18)
and hence
(T M) h=[IT+NT - AK,) 'Ky (2.1.19)

Without any justification at this stage, we make the assumption that (2.1.19) can be approximated
by (Atkinson [1997])
(Z—MCo) ' = [T+ MZ - M), (2.1.20)

since KCp, = K. In order to check such an approximation, consider

[T+ XNZ —AC)7K,] (T - AKn)

= (T — MKp) + MZ — MC)HKCL(Z — MACy)

= (T = MCp) + MZ — AC) I, — AT — AT, K,

=T+ (Z M) I — (T = MO A, — X(T — M\C) KL,

=T+ (Z - MK)"'N(K — Kp)Kn, (2.1.21)

the right-hand side of which is invertible by geometric series theorem (Appendix A) because, by

condition (2.1.17), [[(Z — AKC)7'A%(K — K,)K,| < 1. Then the geometric series theorem also

implies

(2.1.22)

[+ @ w26 kel | < s —mE e T

Since the right-hand side of (2.1.21) is invertible, the same must be true for the left-hand side, thus

(Z — AK,,) is invertible and satisfies
(T—AK) ' = [T+ (T =20 "N (K—K)Kn] T+ (T -M)TAKC,] . (21.23)

By (2.1.22), the norm of (Z — AK,,)~! is uniformly bounded for sufficiently large n as

L+ MIIEZ = AR) Il
NI(Z = AR) (K = Ka) Kol

I(Z = M) < = S (2.1.24)
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in which
n

n
IKnll = max > |ejnk(t,o5)] <sup > |ejn
te[—1,1] ‘= n>1577

max _|k(t,s)| < co (2.1.25)
t,s€[—1,1]

and &, is a constant. Collecting the results, in particular (2.1.14) and (2.1.24), we have shown that
[(u = un) oo < EnlAI(K = Kn)ulloo, (2.1.26)

for sufficiently large n; hence the Nystrom error converges to zero with n at the same rate as that
of the error of the quadrature scheme.
For the specific case of Gauss-Jacobi quadrature, the Nystrom error bound in (2.1.26) can be

asymptotically estimated for large-n (Kelmanson and Tenwick [2009]) as
7r
[l = tnlloo < W”a2n[k(tas)u(3)moo, n — 00, (2.1.27)
in which 9,,, denotes the m'" derivative with respect to s. Taking logarithms of (2.1.27)

log [[u = unloc <logm +log ||02n[k(, s)u(s)]llec — (2 + p + 1) log 2

= log 7 + log ||O2n[k(t, s)u(s)]|lcc — (1 + V) log 2 — 2nlog 2, (2.1.28)

in which the first three terms on the right-hand side are constant. Letting ¢ = logm +

log ||Oan [k (t, s)u(s)]||co — (1 + v)log 2 then, by (2.1.28),
log ||lu — up||leo < ¢ —2nlog2. (2.1.29)

Given the kernel function k(t, s) is, by construction, infinitely differentiable with respect to s,
(2.1.27) and (2.1.29) reveal that ||u — uy|| o converges to zero exponentially with n when 9, u(s)
is bounded.

In Fig. 2.1.1 the logarithm of the actual error ||u — uy, || and error bound (2.1.27) in the Nystrom
solution of a test FIE2 (with known solution) is depicted as a function of n. The exponential
convergence of ||u — uy, ||~ is reflected in Fig. 2.1.1 in both the maximum norm of the actual error
and the error bound (2.1.27), e.g. in the latter the linear line of best fit has gradient log 1/4, as
predicted by (2.1.29).

Our aim is to modify the standard Nystrom method in such a way that, if %, is the numerical

solution of the new modified Nystrom method, we require

Ju — T || < fJu — ], (2.1.30)
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Figure 2.1.1: Log plot of the maximum norm of the actual Nystrom error ||u — uy ||~ (black) and
the error bound (2.1.27) (red) for the test FIE2 with kernel K(T,S) = exp(~=T2S), A = 1/2,
[a,b) = [-2, %], p = 1/2, v = 1/3 and exact solution U(S) = exp(S) cos(S) for different values
of n. The exponential convergence of the actual error of the Nystrom method is evident here for
increasing n. As is the exponential convergence of error bound (2.1.27), whose line of best fit

through the logarithmic data is linear with a gradient of log 1/4, as predicted by (2.1.29).

particularly for low values of n in order to maximise the potential for practical applications.

2.2 The modified Nystrom method

In order to modity the standard Nystrom method of §2.1, we shall first establish the nomenclature
following that in Kelmanson and Tenwick [2009, 2010]. Recalling &, = K — IC,, in (2.1.8), the

basis of the modified Nystrom method lies in finding an error E,u where

En ~ K — K, 2.2.1)

whose effect is incorporated a priori into the standard Nystrom method to achieve condition

(2.1.30). That is, we augment the standard Nystrom method such that

Tp — AKnln + Enin) = f, (2.2.2)

18



Numerical Solutions of One-Dimensional Fredholm Integral Equations of the Second Kind

where u,, denotes the solution of the modified Nystréom method and, consistent with (2.1.12), we
hypothesise
€K, 1EnfCall = 0, 1 — oc. (2.2.3)

The difference between the real error £,u and its approximate counterpart Enu is denoted as the

error discrepancy

(A&u)(t) = (& — Eu) (1), (2.2.4)

whose norm converges in a pointwise sense

IAE ]| = 0, n— oo, (2.2.5)
for suitably continuous functions u(t) and must, by construction, satisfy

|AE =0, n— oo. (2.2.6)

Equations (2.0.10), (2.2.2) and (2.2.4) define the modified Nystrom error as the solution of the
perturbed FIE2

(T — MK — A& (1 — Typ) = AAEu, (2.2.7)

which should be compared with the “standard” error (2.1.14). Furthermore, (2.2.7) demonstrates
the dependence of the modified Nystrom error upon the existence of the inverse of (Z — A, — )\gn)

which, by (2.1.8) and (2.2.4), is equivalent to
(T — MK — AAE,). (2.2.8)
Hence the modified Nystrom method (2.2.2) can be alternatively stated as
(T — AK — NAE U, = f. (2.2.9)

Thus, the evaluation of the modified Nystrom error (2.2.7) depends upon the invertibility of the
operator (Z — A\K — )\Agn). To prove this, we consider the identity (Kelmanson and Tenwick
[2010])

(T —AK—AAE) = (Z—MNZ - M) TAE,) M T — AK) 7Y, (2.2.10)

in which (Z — AK) ! exists by (2.0.11). Defining

Ap = MT — AC)'AE,, (2.2.11)
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the limit in (2.2.6) implies there exists a sufficiently large N € N such that (Groh and Kelmanson
[2008])

Al < NIEZ = AR AE] < 1, n > N. 2.2.12)

Thus (Z — An)_l may be expanded by the geometric series theorem as the Neumann series
m .
(T—A) =) A, (2.2.13)
=0

from which

1
I_An -t §77
I = A7 T
1.e.
1

I(Z — AT - A0 AE) ™ < .
L= I = MO 1AE]

(2.2.14)

Hence provided the standard FIE2 (2.0.11) has a unique solution the limit in (2.2.6) exists, and we

have

1(Z = A — AE) Y| < G, (2.2.15)
for some finite constant, ,, say. Thus the modified Nystrom error (2.2.7) is bounded such that
= U loo < Cal M| AER U0, (2.2.16)

i.e. the modified Nystrom error is proportional to an error discrepancy. By contrast, (2.1.26) may

be written as

|l — unloo < En|A|||Enuel] (2.2.17)

in which, by construction,

|AE ul| < ||Enul|. (2.2.18)

Therefore, by (2.2.16)-(2.2.18) we have
lu — tp|oo < |1t — tn||oo, (2.2.19)

thereby achieving condition (2.1.30).
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2.2.1 Implementation of the modified Nystrom method

As shown in §2.3, the standard and approximate Nystrom error operands, &, and 5~n, are differential
operators whose direct action upon the unknown function u,, in (2.2.9) is prevented by expressing
(2.2.9) in the implicit form

U = f + MKp + £,)tn, (2.2.20)

and then recursively replacing w,, that is directly acted upon by &,. That is, by applying M

Neumann iterations to u, whenever it occurs at the operand of gn yields

M M
Tn= > (A& + A Y (&)™ KTty + (M) Ty, M > 0. 2.221)

m=0 m=0
By introducing the linear operator

M
EXM =3 " (AE)™, (2.2.22)

m=1

(2.2.21) can be represented in the more compact form

(T — ACp — AEMMIC, — (AE)M (M) = f 4 XM £, (2.2.23)
where the M iteration of @, using (2.2.20) is denoted by ﬂn(M). Here we take 5,9’0) = 0 and

HS)) = 0 so that the standard Nystrom method (2.1.13) is recovered when M = 0. The standard
Nystrom error £,u is a high-order differential whose order is dependent upon n: by construction,
so is gnu However, as ETEM) is yet to be determined, the error term gff *1@51”) in (2.2.23) cannot

be found explicitly, and so has to be neglected. This is justified if and only if
INMHEMH | < T — MGy, — AEM DI, || < [T — MCo| + MEDDK], (2.2.24)

which, due Eqn. (2.2.22) and the pointwise convergence of gnlCn in (2.2.3), leads to
[y

oM+1
Hgn - H S |A]\/j+1|

, N — 00. (2.2.25)

This bound, referred to as the truncation condition, becomes increasingly stringent when |A| > 1.

Provided condition (2.2.25) holds, (2.2.23) may then be approximated as

(I K, — )\é’p’M)lCn) a0 = f 4 EX g, (2.2.26)
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in which gé)"M) now acts upon the known /C,, and f only, both of which are computable. The
modified Nystrdm method (2.2.26) yields an approximate solution of FIE2 (2.0.2) whose error is
characterised by Eqn. (2.2.19). The method is entirely novel, and shall be implemented on several

test problems.

2.2.2 Collocation equations

Before implementing the modified Nystrom method (2.2.26), we first look at the standard Nystrom
method and the conditions thereupon. Taking a finite-dimensional space of candidate solutions
evaluated at a series of collocation points ¢ = o0y, ¢ = 1,...,n, that are the roots of the Jacobi
polynomial P, (t; i1, /), a system of n linear equations are generated for the n nodal Nystrom values
up (0;). Consequently, the collocated matrix-vector counterpart of the discrete approximation of
the FIE2 (2.1.13)

(I-XK)u, =1, (2.2.27)

is satisfied by the n-dimensional vector (uy,); = uy,(0;), where I is the n x n identity matrix and the
components of K and f are respectively K; ; = ¢ nk(04,05) and f; = f(o;) fori,j =1,...,n.
The nodal u,,(0;) from system (2.2.27) are then used in (2.1.13) to interpolate a spectrally accurate

solution for other source points in the interval. Furthermore, by Atkinson [1997, Eqn. 4.1.54],
1T = AK) Moo < (T = AKn) 7, (2.2.28)

the right-hand side of which is, by (2.1.24), bounded. Thus (I—AK) is indeed invertible in (2.2.28)
and uy, in (2.2.27) can be found.

In practice the systems in (2.2.27) and (2.2.29) are usually solved by LU-factorisation, in which
an n-point quadrature yields a system that is inverted in 2n®/3 floating point operations. The
O(n?) cost of the Nystrom-system inversion motivates, to some extent, the new modified-Nystrom
approach, in which improved accuracy is sought using low-order quadrature rules.

The application of a collocation method to the modified Nystrom method (2.2.26) at the points
t = o; similarly results in a n-dimensional vector ﬁij) consisting of nodal values ué”’) (0;). This

new vector satisfies

(I— 2K — \eMMK)a™ = £+ EMMf, (2.2.29)
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where the components of K and f are identical to those in the standard Nystrom method; in
addition, those of g,(L)"M)K and gé)"M)f require the explicit definition of g,(l)"M).

Provided the operator 8~n closely approximates the existing quadrature operator &,, both should
possess the same quantitative properties. For example, following (2.1.9), Enu also converges to
zero in the pointwise sense,

(Eau)(t) >0, n— . (2.2.30)

)

This implies that the linear operator SNf{\’M consisting of higher powers of En acting upon a given

matrix A = A, ;,
EQMDA =" ATET A, (2.2.31)
m=1
converges in a pointwise sense with increasing n. That is, for all A,

IEMI Al s =0, 1 — o0 (2.2.32)

Therefore, given the proven invertibility of (I — AK) in the standard Nystrom system, (I — A\K —
)\g}(f\’M)K) in (2.2.29) is invertible if (Golub and Van Loan [1996], Groh and Kelmanson [2008])

IMI = AK) LEMMK]| o < 1, (2.2.33)

i.e.

AT = AK) T |EMK o < 1, (2.2.34)

and this is indeed guaranteed for sufficiently large n because of (2.2.32).

2.3 Error analysis

We now consider the explicit form of the error £,u and its approximation Enul required for the
implementation of the modified Nystrom method. For any given orthogonal-polynomial quadrature

rule, the explicit form of the error (£,u)(¢) is (Ralston and Rabinowitz [2001], Gautschi [2004])

(Enu)(t,s) = Budy(ust, s™), (2.3.1)
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where, by the mean-value theorem,
8271

’Yn * *
b= ey 4 Ot s") = | o (k(t s)u(s) 232)

s=s*

for some undefined s* € [—1,1]. Using A4,, and 7, in (2.1.5) and (2.1.6) respectively, for the

Gauss-Jacobi polynomials P, (s; u, V),

ot P4 v+ )T+ p+ DT (n+ p+ v+ 1)

Bn = , (2.3.3)
" Pn+3HT2n+p+v+1)T2n+p+v+2)
whose asymptotic behaviour (Kelmanson and Tenwick [2010]) yields
Br+1 1 3 4—p?—v? -5
~ - : (@) , — 00. 234
5, " 16n? 3 T saa TOMT), moec 2.3.4)

This demonstrates the exponential convergence of 3,, to zero with increasing n independent of the
choice of i and v. A rather more complicated manipulation (Kelmanson and Tenwick [2010]) of
(2.3.3) yields the asymptotic formula

B ~ 22"+“+”(2n)' (1 + 2”222:2_1 + O(n2)> . n— o0, (2.3.5)
which is highly accurate, even for low values of n. For example, when p = v = i, the two-term
asymptotic series for 3, in (2.3.5) is in error from the true value in (2.3.3) by 3.01%, 1.45% and
0.86% for n = 2,3 and 4 respectively. Alternatively, for u = v = —1, P,(s; p, ) = T, (s), the
Chebyshev polynomial of the first kind, and for p1 = v = 3, P,(s; yt,v) = Up(s), the Chebyshev

polynomial of the second kind, the coefficient of every inverse power of n in series (2.3.5) vanishes

so that, without error,
T

1
=v= ii,Vn. (2.3.6)
When 1 = v = 0 the weight function W (.S) in (2.0.4) is simply equal to unity hence K (T,95), by
(2.0.3), is a nonsingular kernel such that it is infinitely-continuously differentiable and exists for
all T, S € [a, b]. In this case, Gauss-Jacobi quadrature is equivalent to Gauss-Legendre quadrature,

i.e. Py(s;p,v) = Py(s), the Legendre polynomial of the first kind, and the constant f3,, in (2.3.2)

takes the form

92n+1 (14
Bn = ) (23.7)
(2n+ 1) [(2n)!]
with asymptotic behaviour (Kelmanson and Tenwick [2009])
B, = — - oo (2.3.8)

4n(2n)V
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The error £,u in (2.3.1) cannot be explicitly implemented in the modified Nystrom method as
0y contains the undetermined parameter s*. To overcome this, we apply the integral mean-value

theorem to 0 (u; t) to obtain

0y =0dp + €, (2.3.9)
where
B 1 [ o2n1 s=1
5n(u, t) = 5 W [k(t, S)U(S)] - s (2310)

in which u(s) must be (2n — 1)-times continuously differentiable for all s because k(¢, s) satisfies
this property by construction. By the hypothesis ||¢} || < [|0,,]| for all n, (2.3.1) and (2.3.9) yield

the computable predicted error as

(Enu)(t) = Bnbn(ust), (2.3.11)

which approximates the true error (£, u)(t, s*) with a sub-error of order O(,,€). We now define

the true and computable error discrepancies respectively as
AEu=(E, —&E))u (2.3.12)

and

A€ u= (€, — Enu. (2.3.13)

Computation of the predicted quadrature error (2.3.11) requires, by (2.3.10), a knowledge of the
solution u(s). Although one could use finite-difference schemes, this is impractical for high-order
derivatives. An advantage of the new modified Nystrom method is the circumvention of the need
to estimate the derivatives in (2.3.10) explicitly. This is so because &£,, in (2.3.11) acts directly upon

Ky, and f only by the argument immediately following (2.2.26).

2.3.1 Validation of the predicted error

To validate the predicted quadrature error (2.3.11), we quantify the error discrepancies (2.3.12) and
(2.3.13) using series of prespecified test problems. The test problems in both this section and the

remainder of the chapter are based on the FIE2

=

2
3

U(T) = F(T) + A/_g (; — 5>M <S + 2) exp(=T28)U(S) dS, (2.3.14)
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where given a known exact solution U (S) = exp(.S) cos(.5), the forcing function is defined by

F(T) = exp(T) cos(T) — A : (g - S)ﬂ <S + g)yexp(TzS) exp(9) cos(S) dS.

_5
3

(2.3.15)
For example, taking n = 2,4, 6, 8 the theory is tested for FIE2 (2.3.14) with parameters p = %
and v = % Results are presented in Fig. 2.3.1, which demonstrates two facts: first, AE,u(t) is
both smaller in modulus and more uniform than the true error discrepancy A&*u(t, s*); second,

the convergence of the true and predicted error discrepancies indeed satisfies
|AE |0, |AEnUl|o — 0 1 — 00, (2.3.16)

as required by (2.2.5).

For a given function F'(p), its root-mean-square, denoted by o (F), is defined as

o(F) = L D IF (i) (2.3.17)

where M is the number of mesh points ¢; 5, over the internal grid. Using (2.3.17), the root-mean-
square values of AE*u and AE,,u in Fig. 2.3.1 are given in Table 2.3.1. The data shows the mean
of the predicted error discrepancy is smaller than the mean of the true discrepancy and closer to
the exact global discrepancy (A&,u) = 0. Thus the predicted error &£,, which is closer to the
exact global error, is potentially suited for FIE2s with oscillatory kernels K (T, S) as it takes the
mean-value of the oscillating data.

Further comparisons of the exact error £,u(t) in (2.1.9) against its predicted £,u(t) counterpart
can be seen in Fig. 2.3.2. In keeping with the discrepancy comparisons demonstrated in Fig. 2.3.1,
the error comparisons of Fig. 2.3.2 indicate good prediction of the true error by the predicted error,
where the slight discrepancy between lines and circles quantifies the sub-error €, in (2.3.9). In
summary, we have demonstrated the ability to predict, with quantifiable accuracy, the action of the

error operator &, that is key to the application of the new modified Nystrém method.
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c)n==6 dn=38

Figure 2.3.1: True error discrepancy AE}u(t, s*) (dark) and predicted error discrepancy AE u(t)
(light), forn = 2,4,6,8 in (2.3.12) and (2.3.13) for a singular kernel function using Gauss-Jacobi
quadrature with p = % andv = % in the test FIE2 (2.3.14).

2.4 Comparison of numerical schemes

The theory of §2.1- §2.3 is now used to test the standard Nystrom method against the modified
Nystrom method for both nonsingular and singular kernel functions. Based upon the findings of
§2.3, we take £,,u to approximate Enu in the implementation of the modified Nystrom method, in
_(A’M)K)ij and (E(A’M

which the required terms are therefore (&, N £ )i» previously seen in the vector-
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n o(A&ku) o(AE,u)

2| 6.1984 x 10~* | 7.8009 x 10~°
4 | 1.3465 x 1078 | 1.9759 x 107°
6 | 4.1956 x 10714 | 6.4700 x 1071°
8 | 1.5386 x 1071 | 1.5008 x 10~19

Table 2.3.1: The true root-mean-square error of AEu and the predicted root-mean-square error of
A&, u. Here we have a quantification of the errors in Fig. 2.3.1. The mean value of the predicted
error discrepancy is both smaller than the mean value of the true discrepancy and closer to the

exact global discrepancy (A&,u) = 0.

matrix system (2.2.29). Defining

)\ﬁn a?n—l sr=1
D, . [F(s)] =222 2 _1F(s, , 2.4.1

then, by the definition of the error operator &,, in (2.3.10) and (2.3.11),

ENMK)iy = ¢jn (Dan k(04 51)k(s1,0;)]
—|—Dn71 [k‘(O’i, Sl)DmQ [k‘(sl, 52)]{?(52, O'j)]] 4 .. ) s 24.2)
and
EXME), = D [k(os, 51) £ (51)] + Dot (605, 51) D [k(s1, 52) f(s2)]] + ... (2.43)

each terminating with D,, ,,. Here the components of (2.4.2) and (2.4.3) comprise increasing
powers of 3, that, by (2.3.4), converge exponentially to zero with increasing n. By (2.3.1), (2.3.9)
and (2.3.11), along with ||, — &,|| = O(Bpe’), itis clear that ||E,, — £,|| — 0 exponentially with
n. Hence the M-term truncation (2.2.22) should approximate the action of &, for relatively low
values of M; a maximum of M = 3 will be imposed in the subsequent numerical implementations.
The modified Nystrom method of §2.2 was implemented and validated for the test FIE2 (2.3.14)
with known exact solution U (S) and varying parameters A, p and v: the corresponding forcing
function F'(T') and quadrature rule K,, were generated using (2.3.15) and (2.1.3) respectively. For

notational convenience, we introduce the modified Nystrom error,

eMu) = [[u — 5, ||oe, M >0. (2.4.4)

n
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Figure 2.3.2: Actual error E,u(t) (line) and predicted error E,u(t) (circles) for n = 2,4,6,8 in
(2.1.9) and (2.3.11), computed using the Gauss-Jacobi quadrature of (2.1.3). The test problem is
the same as that used in Fig. 2.3.1. It is evident that discrepancy between both the curves scales

with By, and reflects the truncation €}, in (2.3.10).

Recalling that the original aim was to obtain improved accuracy in the modified Nystrém approach
for low values of n over the standard Nystrom approach, Figs. 2.4.1-2.4.5 show the modified
Nystrom error (2.4.4) for low orders of quadrature for test FIE2 (2.3.14). For the results in Fig.
2.4.1 we take ¢ = v = 0 to which we recover identical results to those generated independently
by Gauss-Legendre quadrature (Kelmanson and Tenwick [2009]). Fig. 2.4.1 shows the modified

Nystrom error for the lowest possible order of quadrature n, where each separate sub-figure is for
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Figure 2.4.1: The modified Nystrom errors e%M)u(t) of (2.4.4) for fixed n = 2 and different values
of A, computed using Gauss-Jacobi quadrature (2.1.3). The above numerical experiment uses
pw = v = 0in the test FIE2 (2.3.14). Successive modifications of the standard Nystrom error,
M =0 (), are shownby M =1 (¢), M = 2 (o) and M = 3 (+). Validating computations using
Gauss-Legendre quadrature yield results indistinguishable from those presented. These results are

also comparable with those in Kelmanson and Tenwick [2009].

a fixed value of A and separate curves on each sub-figure are for different values of M.
In Fig. 2.4.1 we note an impressive error reduction due to simply taking first-order error terms
(i.e. M = 1) in the modified Nystrom method, for a crude quadrature based on only n = 2 nodes.

Fig. 2.4.1 also demonstrates two features: first, the convergence to zero of eSf” with M is most

30



Numerical Solutions of One-Dimensional Fredholm Integral Equations of the Second Kind

pronounced for |A| < 1 and least so for |A| > 1. This follows since (2.4.2) and (2.4.3) are power
series in A, equivalently AS,, via (2.0.6), so that the convergence of the error Hgn —&n|| is eroded
as |A| increases. Second, the results for M = 2 and M = 3 are indistinguishable for any A, which
indicates that the exponential decay of 3, with n leads to negligible changes in computed data for
M as low as 3.

An identical trend in the behaviour of the modified Nystrom error of Fig. 2.4.1 reoccurs in Figs.
24.2 and 24.3, in which p = v = —% and p = v = % matching Gauss-Chebyshev (of the first
and second kind) quadrature.

In Figs. 2.4.4 and 2.4.5 the number of nodes in the quadrature are varied asn = 2 and n = 3
respectively for a highly singular test FIE2 in which p = —% and v = —%. In Fig. 2.4.4(d)
the modified Nystrom error when M = 3 is uniformly larger than that when M = 2, which
indicates a violation of condition (2.2.25) for |A| > 1. However, as Fig. 2.4.5(d) reveals, condition
(2.2.25) can be recovered by increasing n. Fig. 2.4.5 also demonstrates no gained accuracy in the
modified Nystrom method by taking M > 1 when n = 3; the exponential convergence of 3, in
(2.3.4) means that the omitted error €, in operator &,, determines the accuracy threshold that can
be achieved.

When |b—a| > 2, the domain must be broken into subintervals: if not, then the power series (2.4.2)
and (2.4.3) will diverge when A5, > 1 via the scaling (2.0.6). The domain division ensures that
ABn < 1in all subintervals. An in-depth analysis of such an amendment is considered in detail in
the following chapter.

Finally, note that the inclusion of M error terms in the modified Nystrom method requires a greater
number of operations to be undertaken than the standard Nystrom method in order to obtain the
approximate solution EEM), as evidenced by the increase in CPU system times of 626%, 2813%

and 8220% respectively for M = 1,2 and 3 from the CPU system time for M = 0.
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Figure 2.4.2: The modified Nystrom errors eglM)u(t) of (2.4.4) for fixed n = 2 and different values
of A, computed using Gauss-Jacobi quadrature (2.1.3). The above numerical experiment uses
w=v= —% in the test FIE2 (2.3.14). Successive modifications of the standard Nystrom error,
M =0 (—), are shownby M =1 (¢), M = 2 (o) and M = 3 (+). Validating computations using

Gauss-(first-kind-)-Chebyshev quadrature yield results indistinguishable from those presented.
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Figure 2.4.3: The modified Nystrom errors eﬁlM)u(t) of (2.4.4) for fixed n = 2 and different values
of A, computed using Gauss-Jacobi quadrature (2.1.3). The above numerical experiment uses
w=v = % in the test FIE2 (2.3.14). Successive modifications of the standard Nystrom error,
M =0 (—), are shownby M =1 (o), M = 2 (o) and M = 3 (+). Validating computations using

Gauss-(second-kind-)-Chebyshev quadrature yield results indistinguishable from those presented.
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Figure 2.4.4: The modified Nystrom errors e%M)u(t) of (2.4.4) for fixed n = 2, different values of
A and a highly-singular kernel function with u = —% and v = —1% in the test FIE2 (2.3.14),
computed using Gauss-Jacobi quadrature (2.1.3). Successive modifications of the standard

Nystrom error, M = 0 (=), are shown by M =1 (o), M = 2 (o) and M = 3 (+).
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Figure 2.4.5: The modified Nystrom errors 67(1M)u(t) of (2.4.4) for fixed n = 3, different values
of A and a highly-singular kernel function with p = —% and v = —1% in the test FIE2 (2.3.14)
computed using Gauss-Jacobi quadrature of Eqn. (2.1.3). Successive modifications of the standard

Nystrom error, M = 0 (=), are shown by M =1 (¢), M = 2 (o) and M = 3 (+).
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2.5 Summary and discussion

The aim of this chapter was to modify the classical Nystrom method so that it could accommodate
problems in which the kernels in FIE2s have challenging end-point singularities.

The presented new modified Nystrom method enables the accurate treatment of singular FIE2 in a
computationally efficient and economical manner. The crudest modified Nystrém method solutions
required an 626% increase in CPU system time compared against the CPU system time for the
classical Nystrom method. The modified Nystrom results were, however, more accurate than those
obtained from the classical approach: a substantial improvement throughout the entire solution
domain of approximately one hundredfold for only n = 2 quadrature nodes.

Numerous test FIE2s have been considered to demonstrate the applicability of the modified (and
classical) Nystrom method with singular kernels, for which Gauss-Jacobi quadrature is appropriate.
The theory on which the modified Nystrom method is founded has been conducted in the context
of general orthogonal polynomials, although is applicable to any such FIE2 with a kernel function
factorisable as a product of “well-behaved” and “poorly-behaved” functions, i.e. a product of
infinitely-differentiable and finitely-differentiable functions.

Further investigations in this area include: finding improved estimates of the true Nystrém method
error £,u in order to reduce the inherent error €, developed by the removal of second and higher-
order error terms in &,u; implementing Clenshaw-Curtis quadrature (Trefethen [2008]), based
on unevenly spaced abscissae, as an alternative to Gauss-Jacobi quadrature, and; extending the
Nystrom method to a Chebyshev-spectral method (Boyd [2001]) that leads to nested quadrature
rules.

Given that in this chapter the outlined theory is for nonsingular or end-point singular kernel
functions only, in the subsequent chapter, we aim to extend the modified Nystrém method to
solving FIE2s with more complicated singular kernel functions. In particular, we shall consider

kernel functions with singularities at any location in a bounded interval.
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Chapter 3

Numerical Solutions of
One-Dimensional Fredholm Integral
Equations of the Second Kind with

Internal Singularities

We progress from the end-point singular kernel functions in chapter 2 by considering the FIE2
b ~
U(T) = F(T) + A / R(T,S)U(S)dS, T € lab, (3.0.1)
a

with more complicated kernel functions; that is, K (T, S) is now singular (or finitely-continuously
differentiable) at m > 1 points say, {&;}I"; € (a,b). The aim of this chapter is to therefore develop
and apply the numerical solution techniques of chapter 2 to solve (3.0.1) in the presence of multiple
singularities.

Following chapter 2, the kernel function in (3.0.1) is factorised as
K(T,S)=W(S)K(T,S), (3.0.2)

where K (T, S) is again an infinitely-differentiable function. To admit the possibility that K (T, S)

in (3.0.2) has limited differentiability at multiple points {{;}1*; € (a,b), (2.0.4) is now amended
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to
m
w(S) =[] - &l™, (3.0.3)
i=1
in which the parameters o; > —1 for ¢« = 1,...,m, so that FIE2 (3.0.1) is singular but not
hypersingular.

The interval [a, b] in (3.0.1) is divided into m + 1 subintervals

m

UI&: &), (3.0.4)

=0

where
So=a<&§ << <1 Sm <&mp1 =0, (3.0.5)

in which {&;}", are located at the subinterval limits. Considering (3.0.2), the kernel function is

defined over each subinterval by
K(T,S) = Wy(S)K,(T,S), S€l1,&), p=1,...,m+1, (3.0.6)

where W,(S) contains the “badly-behaved” (i.e. finitely-differentiable) part of the kernel and
K, (T, S) is infinitely-differentiable. By (3.0.2) and (3.0.3),

Wi(S) = Wa(S) = |S — &, (3.0.7)

and

K\(T,S) = Ky(T, S) = K(T, S), (3.0.8)

if m = 1. Otherwise, for all m > 1

S — & | p=
Wp(S)=1q |S =& 1|1 |S =&l p=2,....,m (3.0.9)
S — | p=m-+1
and .
I115 =& K(T,s) p=1
j=2
Ky(T,S) = H1 S =GIVK(T,S)  p=2....m (3.0.10)
j:
J#p,p—1
m—1
[[1S-¢I“KTS)  p=m+1.
j=1
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Without loss of generality, for the remainder of the chapter we presume only one singular interior
point, e.g. &1 = c say, exists within the interval [a,b]. This is sufficient enough to illustrate
the different principle of internal singularities without complicating the issue with over-complex

algebra. Weight function (3.0.7) is equivalent, on the first interval, to

Wi(S1) = (c— S1)%, S1€]a,c], (3.0.11)
and, on the second interval, to

W5(S2) = (S2 — ), Sy € [, b], (3.0.12)

with o = a.

Given the existence of a unique singular point in (a, b), FIE2 (3.0.1) becomes

U(T) = F(T) + A U Wa(S1) K1 (T, 51)U (1) dS) + /bWQ(Sg)Kg(T, $)U(S2) dSy)

’ ’ (3.0.13)
where T' € [a,b]. Thus the domain of 7" does not match that of S; or Sy in either integrand
in (3.0.13), hence (3.0.13) is not a FIE2 in the formal sense. However, if the solution U(7") of
integral equation (3.0.13) exists when T" € [a, b] then it must also exist when 7" € [a, ¢] U [¢, b]. In

other words, (3.0.13) is equivalent to the system of Fredholm integral equations of the second kind

c b
U(T)=F(T)+A [/ W1(S1) K1 (T, S1)U(S1) dSy +/ Wa(S2) Ko (T, S2)U(S2) dsz] ,
(3.0.14)

for T' € [a, c| and

U(T)=F(T)+A [/C W1i(81)K1(T, S1)U(S1) dSy + /b Wa(S2) Ko (T, S2)U(S2) dSz] ,

’ ’ (3.0.15)
for T' € [c,b], where K (T, S), Ko(T,S), W1(S), Wa(S) and F(T) are given but U(T) is yet to
be determined.

For compatibility with (2.0.5), the mapping of 7', S; € [a,c] and T, S2 € [¢,b] onto ¢, s € [—1,1]

is achieved by a combination of

(T7 Sl) = %[(C_ a)<t7 51) + (C+a)]7 (T7 Sl) € [G’?CL

(T, %) =3i[b—c)(t.s2)+(b+0)], (T,5%)E€/cb. (3.0.16)
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Using (3.0.16), the FIE2s (3.0.14) and (3.0.15) have respective canonical forms

1
wi (s)EMY (¢, s)up(s) ds + )\2/ wa ()2 (¢, 8)ug(s) ds (3.0.17)
-1

1
ui(t) = f1(t) + )\1/

-1
and

1
wi ()@Y (¢, s)ui(s) ds + )\2/ wa(s)k > (¢, s)ua(s) ds, (3.0.18)
—1

1
us(t) = fa(t) + )\1/

-1

fort € [—1, 1], where

2

o a+1
AQ:A<b2C>, (3.0.20)

c—a a+1
MzA( ), (3.0.19)

and the canonical form of the weight function, with potential discontinuous derivatives at s = 41,
is

(1—3s)~ 1=1,

wi(s) = (3.0.21)

(1+s)” i=2,
corresponding to its transformed upper-case counterpart W;(.S;) in (3.0.11) and (3.0.12). Similarly,
in (3.0.17) and (3.0.18), the functions u;(t), fi(t) and k(%7 (¢, s) with t, s € [~1, 1] correspond to
their upper-case counterparts U(T"), F/(T') and K;(T, S;) in (3.0.14) and (3.0.15) in which " = S
andi,j =1,2.
We note that applying the linear transformations (2.0.5) and (3.0.16) to (3.0.13) before splitting the
domain of 7 results in the canonical integral equation

1 1

wi(s)k1(t, s)ui(s)ds + Ao /1 wa(s)ka(t, s)ua(s)ds, (3.0.22)

ul(t) = f(t) + A /

-1
for t € [—1, 1], where w and f are as defined in chapter 2. Essentially, (3.0.22) has three unknown

functions u(t), u;(s) and uz(s) and is therefore unsolvable.

Defining
(1,1) (1,2)
ko= (BT g o ) = (M),
KED(t,s) k(8 5) us(t) fa(t)
(3.0.23)
and
wl(t) = wit) 0 , (3.0.24)
0 WQ(t)
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the vector form of the system of equations (3.0.17) and (3.0.18) is

1
u(t) = f(t) +/ k(t,s)Aw(s)u(s) ds, (3.0.25)
-1
where
A0
A= , (3.0.26)
0 Ao

hence the vector A cannot be taken outside the integral in (3.0.25). Now we define the linear

operator IC(;’j ) by

.. 1 ..
(/Cf\m)u])(t) = / kD (8, s)\jw;(s)uj(s) ds, i,5=1,2, (3.0.27)
-1

and matrix operators

ey k(- T 0
Ka=| 4y Ty | and I= , (3.0.28)
SRS 0 T

in which Z denotes the identity operator. By (3.0.23), (3.0.24) and (3.0.26), we have

1
(ICau)(t) = /_1 k(t,s)Aw(s)u(s) ds, (3.0.29)

and the symbolic form of system (3.0.25) is
(ZT-Kx)u=f (3.0.30)

which, provided f = 0 and (Z — KCx)u = 0 has only the trivial solution w = 0, the unique vector
solution is

u= (T -Ky)'f. (3.0.31)

Using (3.0.23) and (3.0.28), the expanded form of (3.0.30) satisfies

up — K Wuy — KM g = £ (3.0.32)
and
Ug — K;Q’l)ul — /C§\272)’LL2 = fo, (3.0.33)

with corresponding solutions

up = (T — kY — k(@ = k)Y + kP - kP ) (3.034)
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and
ug = (T — K& — kP = kD)) 1+ KBV - k()L h). (3.035)
When Ay = 0, by (3.0.27), K"?) = 0 for all  and (3.0.32) is reduced to
uy — KMy = £ (3.0.36)
Similarly, when A; = 0 (3.0.35) reduces to
uy — K3 ug = fo. (3.0.37)

Eqgns. (3.0.36) and (3.0.37) are FIE2s (Atkinson [1997]), the numerical solution of which was
discussed in chapter 2.

The remainder of this chapter is structured, parallel to that in chapter 2, as follows. In §3.1 we
numerically approximate the solution of system (3.0.30) via the vector-Nystrom method using
Gaussian quadrature. In §3.2 the new, modified, vector-Nystrom method for approximating the
solution of systems of FIE2s is discussed. Then §3.3 provides an error analysis of the standard
vector-Nystrom method, whose approximation is essential in the implementation of the new
modified method. Finally §3.4 presents a series of validations of the modified vector-Nystrom

method using prespecified test problems.

3.1 The vector-Nystrom method

The past decade has seen systems of FIE2s (3.0.30) solved by various numerical methods
(Maleknejad et al. [2006], Babolian et al. [2004], Javidi and Golbabai [2007], Jafari et al. [2010]).
Rashidinia and Zarebnia [2007] applied a Sinc collocation method for solving system of linear
Fredholm integral equations. On ther other hand, a vector-Nystrom method based on orthogonal-
Jacobi polynomials (discussed in §2.1) to approximate the solutions of a system of FIE2s, has been
proposed by De Bonis and Laurita [2008]. In this chapter, we extend the theory of Rashidinia and
Zarebnia [2007] and De Bonis and Laurita [2008] to solve the system of FIE2s in (3.0.25).

Owing to the composition of the weight function w;(s) in (3.0.21)

w;(s) = (1— )" (1 + s)", 3.1.1)
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where
o =1, 0 =1,
i = J and v; = J (3.1.2)
0 ] = 27 « -] = 2’
hence we employ Gauss-Jacobi quadrature to approximate the integrals in (3.0.25). Analogous
with (3.0.28), the definition of the explicit orthogonal-polynomial quadratures approximating the

linear operators (3.0.27) are now

(K un) () = S kED (top) My ur (0r), € [-1,1] (3.1.3)
k=1
and
(K u) () = S k0D (2, i) Nachuz (pr), £ € [-1,1], (3.1.4)
k=1

where i = 1,2 and (K(Aig)uj) = (Kgf’j)uj) when k(9)(t, s)u;(s) is a polynomial of degree <
2n — 1 (Atkinson [1989]). In (3.1.3) and (3.1.4), the weights c,(j L, defined in accordance with the

weight function wj;(s), are

g
AV Py (ok; i, 11)01 Po(ogs i, 1) T

) = (3.1.5)
_ A£L2<|)*177(L2) 9
AP Pt (pgs pi2, 1)1 Po(pis 12, v2) T

where

" 2nn!(n + pj + v;))!

is the leading coefficient in P, (s; 15, ;) invariant for any choice of j because of the symmetry of

(3.1.6)

p; and v; in (3.1.2),

1
W= [ =1 9 Pasing, vy P, (3.17)
-1

and 0; denotes the first-order partial derivative of P, (s; 115, 7;) with respect to s. The abscissae
or and pg, k= 1,...,n,in (3.1.3), (3.1.4) and (3.1.5) are the n distinct roots of P, (s; 1, 1) and
P, (s; 2, v2) respectively.

In what follows, all subsequent ¢, j,! and m take the values of i, j,[,m = 1,2 unless otherwise

stated. By comparing (3.1.3) and (3.1.4) with (3.0.27), the quadrature error is defined as

(€T (0) = (5 = K{5us) 1) G.18)

43



Numerical Solutions of One-Dimensional Fredholm Integral Equations of the Second Kind with
Internal Singularities

Although the quadrature error (3.1.8) is pointwise convergent to zero for a sufficiently differentiable
function w;(t),

() ui)(6) 0. 0= oo, (319

it is not norm convergent (Hackbusch [1995]):

RIS (3.1.10)
for all n € N. However, by (3.1.9),
IES D us|l =0, n— oo 3.1.11)
and (Atkinson [1997])
e NESI KM 0, n— . (3.1.12)

Letting €y, be the matrix operator combining the quadrature errors (3.1.8); acting upon vector

solution u, €y, is defined by

6/(\1,1) 5)(\1’2)
(Exnw)(t) = | 20 | (o). (3.1.13)
g)\,n 5)\,71

Then, by (3.1.11) and (3.1.12), corresponding to (2.1.12) we now have
lExn, [|EXRICAL, [|EAnKAn| — 0, n — 0. (3.1.14)
The Nystrom approximation u, ; to u; is, in symbolic-matrix form,
(Z - Kxn)uy = f, (3.1.15)

where, from (3.1.3) and (3.1.4),

K(lfl) IC(172)
Kan = ?2”‘1) (*2’"2) . (3.1.16)
K™ Ky

The vector-Nystrom error u — un,, by (3.0.30) and (3.1.15), satisfies

(Z — Kan)(u —uy) = (IKKx — Kan)u, (3.1.17)
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and thus depends upon the existence of the matrix (Z — KCx,,)~*. The proof of the invertibility
of the matrix (Z — ICy,,) is similar to that for a single FIE2, as in §2.1. Recalling the hypothesis
that the system of FIE2 (3.0.30) has a unique solution, then (Z — /Cx)~! must exist and its norm
is bounded, i.e.

(T —1CA) 7 < oo (3.1.18)

Following Rashidinia and Zarebnia [2007], provided k(¢, s) in (3.0.23) is continuous for ¢,s €
[—1,1], by (3.1.14) and (3.1.18), there exists an m € N so that for n > m

1

Kx — K)ol £ 70—
It Kol < Tz =i

(3.1.19)

Extending (2.1.20)- (2.1.24), as shown by Rashidinia and Zarebnia [2007, Proof of Thm. IV],

(Z — KCxn) ! exists and is bounded for sufficiently large n as

L+ [(Z = 1€3) " [IHFCxnll

Z—Kan) | < < Uy, (3.1.20)

&= Toxn) = T = 1) 0 — K]l =

where 1, is a constant. Thus the vector-Nystrém error (3.1.17) is bounded as
”u - un”oo < ¢n“(KA - ’CAn)uHoo (3.1.21)

for sufficiently large n. Eqn. (3.1.21), by the definition of £ )(\Zrz) in (3.1.8), is therefore equivalent

to

in which the right-hand side converges to zero with increasing n by (3.1.14).
Recall for Gauss-Jacobi quadrature, by linearity with (2.1.27), the i component of the Nystrom

error vector bound can be estimated for large-n as (Kelmanson and Tenwick [2009])

2 ™
i = wnilloo <) YT,
=1

o [k(i’j)(t, s)uj(s)} H oo, (3.1.23)
o

where k("7)(t, s) is infinitely differentiable with respect to s. Eqn. (3.1.23) shows ||u; — n.i|oo

converges to zero exponentially with n when 0, u;(s) is bounded for all j. Fig. 3.1.1 depicts the

exponential convergence of the actual error ||u; — ;|0 for a test FIE2 as its logarithm decreases

linearly with increasing n.
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Figure 3.1.1: Log plot of the maximum norm of the actual vector-Nystrom error ||u; — U i||oo in
(3.1.23) for the test FIE2 (3.0.1) with kernel K (T, S) = exp(—T?25), A = 1/10, [a,b] = [-3, 5],
a = 1/2 and exact solution U (S) = exp(S) cos(S) for different values of n. The two solutions of
the system of FIE2s are shown as © = 1 (black) and i = 2 (red). The pure-exponential convergence
of the actual error of the vector-Nystrom method is evident here for increasing n by the linear

relationship.

We proceed by modifying the standard vector-Nystrom method in such a way that, if w, is the

solution of the new, modified, vector-Nystrom method then
lu — uplloo < U — Wy oo, (3.1.24)

for low values of n, in precise accordance with (2.1.30).

3.2 The modified vector-Nystrom method

The modified vector-Nystrom method, with solution w,, is based on incorporating the
approximation £ An to the real error £y,u in the standard vector-Nystrom method (3.1.15), so

that (Kelmanson and Tenwick [2009, 2010])

Un — (Kan + Exn)n = f. (3.2.1)
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The matrix error operator Exn acting upon vector w is defined by

g)(\l,l) 5(1,2)

(Exnu)(t) = Jort g?;;) u(t), (3.22)
An An

with components £ >(\Z;Z) ~ & y;) = /c(;’j ) _ ICE\Z;’Z) which, consistent with (3.1.12), satisfy
IESD L™ NESI K™ = 0, 0 — oo (3.2.3)
Comparing (3.2.2) with the real error matrix operator (3.1.13), the error discrepancy matrix
(A&xnu)(t) = ((Exn — Ean)u) (D), (3.2.4)
and the norm of (3.2.4) converges in a pointwise sense
|AExnul| =0, n— o (3.2.5)
for some suitably continuous vector u () in which, as distinct from (2.2.6), we now have
IAExA]l =0, n— o0 (3.2.6)

because the modified method is based upon error discrepancies rather than the errors. That is, by

definition of error discrepancy matrix (3.2.4), the modified method (3.2.1) is equivalent to
(T — Kx — Aéan)uy = f, (3.2.7)
which combined with (3.1.15), yields the modified vector-Nystrom error that satisfies
(T — Kx — Aéxn)(u — Uy,) = Axpu. (3.2.8)

The existence of the modified vector-Nystrom error clearly requires the existence of (Z — ICx —
Agm)*l. To prove the existence of this operator we follow (2.2.10)-(2.2.14) in §2.2, e.g. by

considering the identity
(T—IKx—AEx) ' = (T — (T—Ka)TAE) (T -K)L, (3.2.9)

(3.1.18) and (3.2.6) imply there exists a significantly large N € N such that (Groh and Kelmanson
[2008])
I(Z =) AExnll <1, n>N. (3.2.10)
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Letting
Ap = (T — Kx) A, (3.2.11)

then, by (3.2.10),

Ayl < 1 when n > N and the Neumann series (Appendix A) implies that
(Z — A,,)~ ! exists and is bounded by

I(Z — A Ml <

1
< (3.2.12)
1= [J Al

that is,
1

L= [(Z = 1Cx)HI[[ A&
Thus, provided the standard FIE2 system (3.0.31) has a unique solution and limit (3.2.6) exists

I(Z — (T — Kx) ' AEx) Y| <

(3.2.13)

then, by (3.2.9), (Z — ICx — AgAn)_l exists and is bounded according to

(T — Kx — AExn) M| < 6, (3.2.14)
for some constant ¢,,. Furthermore, by (3.2.8) and (3.2.14),

= Tnloo < Pl AERR2 oo, (32.15)

for some constant ¢,, and sufficiently large n.

Recalling the modified Nystrom error bound (2.2.16) and standard Nystrom error bound (2.2.17)
in §2, then regardless of whether there is a system of FIE2s or an individual FIE2, the modified
vector-Nystrom error (3.2.15) is less than the standard vector-Nystrom error (3.1.22) owing to the

former being composed of the error discrepancy rather than the error itself, i.e.
lu —plloo < U — wp]| oo, (3.2.16)

as

1AEAR Ul < [[Exnte]oc- (3.2.17)

3.2.1 Implementation of the modified vector-Nystrom method

As shown in §3.3, the standard and approximate vector-Nystrom error-matrix operands, €, and
Exn, are differential operators whose direct action upon the unknown function w,, in (3.2.1) are

circumvented by expressing (3.2.1) as

u, =f+ (K:)\n + g)\n)ﬂna (3.2.18)
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then recursively replacing w,, whenever it is directly acted upon by Exn. That is, applying M
successive Neumann iterations to w, whenever it occurs as the operand of the operator E An 10

(3.2.18) yields
M " M » _
Ty =Y Exd"f+ D Exd"Kantin + Exi . (3.2.19)

m=0 m=0

Introducing the matrix operator

M _
= Z Exm, (3.2.20)
m=1
the compact form of (3.2.19) is
M = F 4 EM e, a + E M ICa T + &y M HaM) (3.2.21)

where the explicit dependence of u,, on the M iterations is denoted by H%M). We take w0 = w,
and E; )‘n(o) = 0 so that, when M = 0, (3.2.21) is equivalent to the standard vector-Nystrom method
(3.1.15).

()

M+ acting upon Uy,

The implicit scheme (3.2.21) can be applied only if the error operator £ An is

neglected, as ﬂ% D is yet to be determined. This is justified if

1Exi | < I = Koan — ExXS7 Il < 1T = Konnl| + 1EXEICxn]l- (3.2.22)
Eqn. (3.2.22) is referred to as the vector-truncation condition which, due to (3.2.3) and (3.2.20),
i.e.
IEX Koan] = 0, n— o0 (3.2.23)
becomes

[ExMT| < || T = Kxnll, n — 0. (3.2.24)

Vector condition (3.2.24) is more intricate than its scalar modified Nystrom method counterpart
(2.2.25); for the system of FIE2s (3.0.25) there are four truncation conditions that contain 2

products of error operands. For example, when M = 1, the expanded form of (3.2.24) is
1L, (1,1, 71,2 g21 1,1
IEVE +ELDERI I < T = KL,
(1,2) 5(2,2) |, #(1,1) 51,2 1,2
|EVESY +ELELI < IKSI
2,1) 7(1,1 2,2) (2,1 2,1
uan)e( P+ ELVERD < I,

IEZDELD 4 EZDERD | < (T - KD, (3.2.25)
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which must be satisfied for all n. By standard norm inequalities, we have
5 sz (23,Z4) 5(10726)5 %7728) g 11712)5 z3724) glissie) glinis) S
I +En < léxn IHIE " En s ip = 1,2,Vp, (3.2.26)
in which each term on the right-hand side converges to zero for significantly large n by (3.2.3), i.e.
||g/(\1;711712 13714 ” ~ ||5(11712 ( (i3,44) ’C(zs,u )H -0, n— oo, ip =1,2,Vp. (3.2.27)

Due to the left-hand side of the conditions in (3.2.25) increasing in complexity with increasing M,
the modified vector-Nystrom method vector-truncation condition for systems of FIE2s is more
stringent than that in the modified Nystréom method in §2.2 (Eqn. (2.2.25)). In addition, the
increasing complexity of (3.2.25) implies that, as per the modified Nystrom method in §2.2, only a
low value of M should be taken in the numerical implementations of the modified vector-Nystrom
method.

Provided condition (3.2.24) holds, the modified vector-Nystrom method may be approximated as
(I +Can + Exn’ )ICM) u) =+ &L, (3.2.28)

with the error matrix operator Exn acting only upon known matrix operator /Cy,, and vector f. The
error of the modified vector-Nystrom method in approximating the solutions of systems of FIE2s,
as defined in (3.2.16) and (3.2.17), is therefore reduced by comparison with that in the standard

vector-Nystrom method.

3.2.2 Collocation equations

In the standard vector-Nystrom method, each equation in the system (3.1.15) is evaluated at a series
of collocation points thus generating a finite-dimensional space of candidate solutions. That is, the
first equation in (3.1.15) is collocated at ¢ = o3, © = 1,...,n, that are the roots of the Jacobi
polynomial P, (t; i1, v1) and the second equation in (3.1.15) is collocated at ¢t = p;, i = 1,...,n,

that are the roots of the Jacobi polynomial P, (¢; o, 12), i.e.,

Z( i — kD UaUk))\lcl(clﬂ)l> Un,1(0%) Zk(” o ,Ok)/\ZCLZLUnﬂPk) fi(os) (3.2.29)
k=1 k=1
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and

n

n
=S TR (ps, o) Mk una (on) + Y (5 k= K32 (pi, pr) e ,)1> un2(pr) = f2(pi),
k=1 k=1
(3.2.30)
where ¢ = 1,...,n and J;; is the Kronecker delta. Eqns. (3.2.29) and (3.2.30) are a system of
2n-linear equations for the nodal vector-Nystrom values uy, 1 (0;) and w,, 2(p;), which via (3.1.15),
are used to interpolate solution u,, for any point in the interval [—1, 1].

Specifically, let

A, = (3.2.31)
Ag,l) ASI2,2)

be a particular collocated-equation matrix (CEM) with components

AGD [ k(1,1)(0i70k))\10§€1’21] - - -az(lk,l)' .
AS’Q) = _—k:(l’Q)(Ui, Pk))‘QCI(cQ,H ] = _az(,llf)_ )
. L " ik=1,..., L o 1); hk=1,...,n, 3.2.32)
Ay = _k(271) (pi7 Uk))‘lck,n} ik=1 - ai’k, i,k=1,...,n
A7(12’2) = 5zk — k(2’2) (ﬂia Pk))‘ch(j?z]Z k=1..m - az(72k’2) ik=1,...n

Taking the 2n-dimensional vectors @, and b,, with components defined as

uml(O'i) ;= 1,...,77,,
()i = (3.2.33)
Un,2(Pi—n) i=n+1,...,2n
and
g 1= 1, Loy
(bn)i = file) (3.2.34)

fa(pi—n) i=n+1,...,2n,

then the collocated vector-Nystrom system (3.2.29) and (3.2.30) are expressible as the 2n-system
Apx, = by, (3.2.35)

with solution

x, = A, 'b,. (3.2.36)

By De Bonis and Laurita [2008, Proof of Thm. 3.1], the maximum norm of CEM A,, is

| Anlloo = max { (ALY ALD) oo, 1(AZD AL o } (3.237)
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where
1,1 1,2
I(ALD AL e = max ( a3 + la) N}) (3:238)
- k=1
and
2,1 2,2
1AV AZ) oo = max (Z 1001+ 1a% ’|}> , (3.239)
- k=1

each being bounded for Gauss-Jacobi quadrature (De Bonis and Laurita [2008, Eqn. 45]). De Bonis

and Laurita [2008] moreover show that
[Anloe < o0 (3.2.40)
and that, for some positive constant 7,
145 oo < TI(Z = Kxn) M. (3.241)
where the right-hand side is bounded by (3.1.20) and
cond(Ay) < U|(Z — IKxn)||I(Z = Kan) Y| = Ceond(Z — Kan), (3.2.42)

in which ¥ is some positive constant and cond(A) = | Al|||A™}| is the condition number of
the arbitrary matrix A. Therefore, by (3.2.42), provided the vector-Nystrom method is well-
conditioned, so is its CEM (3.2.31) and hence x,, in (3.2.36) can be found.

The modified vector-Nystrom method is similarly collocated at abscissae o; and p;, 2 = 1,...,n,
that are roots of the respective Jacobi polynomials P, (t; u1,v1) and P, (t; u2,v2), providing a

discrete approximation of the FIE2 system (3.0.25)

A,x, = b,, (3.2.43)
satisfied by the 2n-dimensional vector
~ ﬂiﬁ)(ai) i=1,...,n,
(@n); =13 ) (3.2.44)
Uy, o (Pi—n) i=n+1,...,2n,
where
(A g = (b
A, = —91)  ~(29 and b, = _ . (3.2.45)
A AR a2
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Defining the matrix operator (3.2.20) as

_ F0n] D 7500712
= %g;g%@l) [52”2)}(22) ) (3.2.46)

the components of the CEM Zdn in (3.2.45) are

. [ ~uy1 (L) ~()] (1:2)
A = 18 = KD (03, 01) Aucy), - ([g%)] i+ &) ’C(zﬁl)> ]
L bk k=1 )
(1,1
- __al('v’“ )]Lk:l,...,n, )
_ —1(L1) (1,2)
Ay _k(l’Q)(O'i,Pk))\QC](jzl _ <[5§A7?] ]C(l 2) [5( )} ,Cg2n2))
L bkl k=1,..n
(1,2
- _al('vk )]i,kzl,...,n, i
_ 1 (21) (2,2)
AP = ke anelt, - ([E0] a0+ [0]) )
L k] k=1,.n
(2,1
- __agvk )]i,kzl, ,
~ ~)](251) (2,2)
A2 = o 102000 perad?, = ([0 02+ 8] ) ]
L Wk i k=1,.n
(2,2
- _a;k )]i,kfl,...,n
(3.2.47)
and collocated-equation vector (CEV) gn are
_ (L) (1,2)
bn = |:f1(0i) + <[5,(\Ai)] fi(os) + [Ein)} f2(Uz’)> ]
idi=1,...,n,
- —1(2,1) —11(2,2)
bno = [fQ(pz-) + ([5%)} filp) + [5&?} f2(Pz‘)> } (3.2.48)
idi=1,...n.

The components of matrix operator (3.2.46) are summations of M products of the error operators
£ )(frf) recall the left-hand side of truncation condition (3.2.25) when M = 1. Hence the explicit

composition of the components

([éﬁ?] " K&}f))k and ([5(“)] ) f“(az))l, injy=1,2Yp,  (3.2.49)

)

(i3)

require the definition of £ P

Provided & )(f;) closely approximates the exact quadrature operator £ )(\i;z), both should possess the
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same quantitative properties., e.g. following (3.1.9),

ECDus)(t) 0, n— . (3.2.50)

Eqn. (3.2.50) implies the matrix operator £ A(ri”), which consists of products of &l )(\i’r{), acting upon

an arbitrary matrix A = A; ;
M
EXMA = Z ExT Ay, (3.2.51)
m=1

converges to zero in a pointwise sense with increasing n, i.e. (Kelmanson and Tenwick [2010])
IEXI Ao =0, 1 — oo, (3.2.52)

Letting F,, be the matrix (N.B. not operator) difference between the CEM A,, in the standard
vector-Nystrom method (3.2.31) and the CEM An in the modified vector-Nystrom method (3.2.45),

namely
E,=A,—A,, (3.2.53)
then, by (3.1.15) and (3.2.28),
E, = &M KCan (3.2.54)
and thus (3.2.52) yields
|Enlloc = 0, n — 0. (3.2.55)

Therefore, provided A,; L exists, ;in is also invertible if and only if (Golub and Van Loan [1996],
Groh and Kelmanson [2008])
145, oo | Bnlloo < 1, (3.2.56)

which is guaranteed for large n because of (3.2.41) and (3.2.55).

3.3 Error analysis

The explicit form of the error & (3.7 )uj, denoted as f)(\i;{)uj, for any orthogonal-polynomial

An
quadrature is

(EVTuj)(t,57) = A BPSG (ujit, %), (3.3.1)
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where

4 T(lj) . 9%n hy
BY) = [“?}2() and 009 (uj;t, s%) = [ — <k(’77)(t,s)uj(s)>] , (33.2)
An 2n ' s=8*

for some unknown s* € [—1, 1]. The variables ’y(] ) and Aﬁi ) are respectively defined in (3.1.6) and
(3.1.7) for Gauss-Jacobi polynomial P, (s; 15, v;).

Owing to the symmetry of p; and v; in (3.1.2) for j = 1,2, (3.3.2) implies B,(LI) = 57(12) and so
,Bg ) = By, for all j. Moreover,

245tV /D (n + v + DD(n 4 py + D)0 (n + pj + v 4 1)
L(n+ 3)0(2n+ pj + v + D020 + p; + v + 2)

(3.3.3)

n =

is exponentially convergent to zero with n (Kelmanson and Tenwick [2010]) independently of 1.,
and v;.
In parallel with §2.2, the implementation of error (3.3.1) is possible only if the unknown parameter

s* is removed. Therefore, we apply the integral mean-value theorem to 0. A( ) in (3.3.2) so that

30 = 509 4 20), (3.34)
where -1
56D = L1 L6 o]l

57 (i) = 5 [ e [k (t,s)u](s)} o (3.3.5)

and k(") (t, 5) is continuously differentiable for all s, by construction, but w;(s) must be (2n — 1)-

times continuously differentiable for all j. By the hypothesis H H < ||d,, ’])|

(3.3.1) and (3.3.4) we approximate the true error (5’§ n)uj)(t s*) as the mean value, over all s*,

| for all n, using

(X)) (6) = XiBudy” (1), (336)

A(J))‘

referred to as the computable predictable error, with a sub-error of order O(f3,,

Finally, a comparison between (3.3.1), (3.3.6) and the actual error (c‘f}(\ﬁ)uj) in (3.1.8) yields the

true and predicted error discrepancies respectively as
A&y = (80— 8L uy, (3.3.7)

and

A8y = (&)~ &) u, (3.3.8)
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which lead to the matrix forms

S I N P i W
An — X , an An — 77 77 3 e
AERY AERY AETY AgR?

)

corresponding to (3.1.13).

3.3.1 Validation of the predicted error

We validate the predicted quadrature error (3.3.6), by quantified discrepancies (3.3.7) and (3.3.8),
in a series of test problems. In both this section and the remainder of the chapter we will use the

test FIE2
b
U(T) = F(T) + A / 1S — ¢ exp(—T28)U(S) dS, (33.10)

where given a known exact solution U (S) = exp(.S) cos(.5), the forcing function is defined by
b
FT) = exp(T) cos(T) — A / 1S — €| exp(—T2S) exp(S) cos(S) dS. (33.11)

The theory is tested for n = 2 and parameters [a,b] = [—-2,2], ¢ = $(a + b) and & = 1 in FIE2
(3.3.10). A comparison of the predicted error discrepancy A?E\i:i)uj (t) against its true counterpart
Aa\f;f)uj(t, s*) is depicted in Fig 3.3.1 for both solutions, u1(t) and ua(t), of system (3.0.25).
Each sub-figure in Fig 3.3.1 are for the different values of ¢, j = 1, 2 that correspond to the four
Gaussian quadrature approximated integrals in the system (3.2.28). Fig 3.3.1 demonstrates three
facts: first, A€ x, &y, is both more uniform and smaller in modulus than the true error discrepancy
AE. Anln; second, the error discrepancies are converging to zero as n is increased in agreement
with (3.2.5), and; third, AE ,, 4., is closer to the exact global error discrepancy Delta&Expu, = 0
than AE; Anlp,.

Fig. 3.3.2 compares the individual components of the actual error (€ y;)uj) in (3.1.8) with the
predicted error (Eg\li)uj) in (3.3.8), for only n = 2 in both solutions u; (¢) and us(t). Divergences
occur between & /(\175) and ?E\iﬂ) in Fig. 3.3.2 due to the latter having an error of order O (5n€££)),
which decreases exponentially with n, from the integral mean-value estimation (3.3.4). The results
in Figs. 3.3.1 and 3.3.2 reflect those seen in the validations of §2.2 (Figs. 2.4.1 and 2.4.2), and show

a close correlation between that of the exact error and the predicted error. This is a demonstration
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Figure 3.3.1: True error discrepancy A@(\i;{)uj(t, s*) (light) and predicted error discrepancy

A?gi’i)uj(t) (dark) fori,5 = 1,2 and n = 2 in (3.3.7) and (3.3.8) for a singular kernel function

using Gauss-Jacobi quadrature with [a,b] = [-2,2], ¢ = 1(a +b) and o = % in test FIE2

(3.3.10).

of the justification to employ the predicted error operator ?&%) as an approximation to £ )(fé) in

the application of modified vector-Nystrom method. With a validation prediction in place, we

may now define the composition of the terms <§>‘£,,M)IC An) " and (?A%M) f) in (3.2.49), i.e. the
1

7

components of the CEM (3.2.47) and the components of the CEV (3.2.48). The operator matrix

E)\%M)KZ An comprise a series of products of gf\i”i) acting upon

E\l;n ), relative to quadrature based
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Figure 3.3.2: Actual error Ef\f;f)uj (t) (line) and predicted error Eg\i’i)uj (t) (circles) fori,j = 1,2
and n = 2 in (3.1.8) and (3.3.6), for a singular kernel function computed using Gauss-Jacobi
quadrature (3.0.27). The test problem is same as that used in Fig. 3.3.1. It is evident that
the discrepancy between the curves results from the omission of Eg) in (3.3.6): this discrepancy

decreases rapidly with increasing n, and is not visible on this scale for n = 3.

on the Jacobi polynomial P, (S; fim, V). Defining

5 82n71 sr=1
Hor [F(sr)] = = —5— [F(sy , 3.3.12
Bl = 5 5 g [F(sr)] - (3.3.12)

58



Numerical Solutions of One-Dimensional Fredholm Integral Equations of the Second Kind with
Internal Singularities

then, by (3.3.6), the direct action of gg\i”i) upon ICE\I;T ) becomes

- Y
(ENKL) () = Haua [k“vj)(t, s1) ) _ kD1, Ok)Alc]%] "l
= (3.3.13)
(5(Z,J)K(7n)> (t) = Hna ), [k(i,j)(u 51) Z kG2 (s, pk))\zcz(jy)z] m=2,
k=1

where 7, j,l = 1,2. Eqn. (3.3.13) is extendible to the direct action of IV error operators & gl 7%),

(l,m)

J=1,...,N,acting upon K’ ", required for implementing €yl A )in (3.2.20),e.g. whenm =1

H e ) (1) =Ho [)\qlk(”“ql)(t, 51)Hns [A@k(mm)(sl, s2)...

Hun [)\qu(pN’qN)(le, Sn) Z k:(l’l)(sN, ak))\lc,(i%] .. ” ,
k=1

(3.3.14)

where p;,q; = 1,2 forall jand N = 1,..., M. A similar expression is obtainable when m = 2
from extending the second expression in (3.3.13).

By (3.3.6) and (3.3.12), the direct action of 8(%’%), j=1,...,N,upon f,, is

N

H pqu] ) Hn,l [)‘ql k(phql)(t; Sl)Hn?Q [)\qQk(p%%)(Sl? 32) T

Hyn [)\qu(pN’qN)(sN_l,sN)fm(sN)] ” m=1,2 (3.3.15

where pj,q; = 1,2 forall j and N = 1,..., M. Evaluating (3.3.14) and (3.3.15) at t = o; or
t = p;,t = 1,...,n, depending upon the integral equation in the system of FIE2s, the collocated
forms for (5 A%I)ICAHLIC and (gA(TJLW) f)i can be acquired.

The key attribute of expressions (3.3.14) and (3.3.15) lies in the demonstration of the increasing
powers of 3, with increasing M, owing to the definition of H,, , in (3.3.12). Consequently, due
to the aforementioned exponential convergence of 3, in (3.3.3), the M-term truncation E A(/Lw) in
(3.2.20) should closely approximate the action of €y, for relatively low values of M ; a maximum

of M = 2 shall be imposed in the subsequent numerical implementations.
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3.4 Comparison of numerical schemes

The standard and modified vector-Nystrom method will now be validated for the test FIE2 (3.3.10)
with known exact solution U(S) = exp(.S) cos(S) and constant A prescribed over interval [a, b].
The corresponding forcing function F'(T') and quadrature rule IC(;:Z) are generated from (3.3.11)
and (3.1.3)-(3.1.7) respectively.

To proceed, we define a modified Nystrom system error,

(a1)

ey uilt) =

. M >0. (3.4.1)

The test problems, assimilated for low values of M and n to agree with our original aim, present
both solutions u; and ug of the system of FIE2s (3.0.25) unless otherwise stated. With this in mind,

Figs. 3.4.1-3.4.5 show the modified Nystrom error (3.4.1) for low orders of quadrature. In Figs.

3.4.1 and 3.4.2 we have the modified vector-Nystrom error in the approximate solutions ﬂff?

(M)
un,?

and
respectively for « = 0.5 and only n = 2 quadrature nodes, where each sub-figure is for a
fixed value of A and the separate curves on each sub-figure are for different values of M. The key
feature of the results in Figs. 3.4.1 and 3.4.2 are the smallest errors in the modified method when
|A| < 1and the largest when |A| — 1. The reason for such behaviour is due to truncation condition
matrix (3.2.24) consisting of products of M -+ 1 error terms that are dependent upon \;3,,, which
is approximately % Br by (3.0.19) and (3.0.20), hence when |A| — 1 the four truncation conditions
present in the system are violated.

Since

Tim A=A VG, (3.4.2)

the prescribed value of |A| also significantly affects the modified Nystrom error (3.4.1) when the
weight function w;(s) becomes hypersingular, i.e. o — —1. In Fig. 343 o — —1 and A is
taken as |A| = 0.1 or |[A| = 0.001, the former of which yields a converging modified Nystrom
error with increasing M when o = 0.5 in Fig. 3.4.1. However, when |A| = 0.1 and o ~ —1 Fig.
3.4.3(e) shows the modified Nystrom error for M = 2 is uniformly larger than that for M = 1.
A reduction in |A| by two orders of magnitude, i.e. taking |A| = 0.001 (Fig. 3.4.3(f)), recovers
the accuracy in the modified Nystrom error yet causes a negligible effect when M > 1. This is

a result of the product series (3.3.14) and (3.3.15) being a power series in A;3,, which by )A; in
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Figure 3.4.1: The modified Nystrom errors e(N?ui(t) (3.4.1) for fixedn = 2 and i = 1 and different

n,
values of A, computed using Gauss-Jacobi quadrature of Eqn. (3.1.3). The above numerical
experiment uses [a,b] = [—2,5], ¢ = 3(b+ a) and o = 0.5 in the test FIE2 (3.3.10). Successive
modifications of the standard vector-Nystrom error, M = 0 (—), are shown by M = 1 (o) and

M =2 (o).

(3.0.19) and (3.0.20), the convergence of ”5%’) N || is eroded as | A| increases. On the other
hand, by the nested operations in (3.3.14) and (3.3.15), the effect of EASLM) in the modified vector-
Nystrom method is negligible when M increases if the magnitude of A is significantly small, i.e.

|A] < O(1073).
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Figure 3.4.2: The modified Nystrom errors e%)ui(t) (3.4.1) for fixed n = 2 and i = 2 and different
values of A\, computed using Gauss-Jacobi quadrature of Eqn. (3.1.4). The above numerical
experiment uses [a,b] = [—2,3], ¢ = 2(b+ a) and o = 0.5 in the test FIE2 (3.3.10). Successive
modifications of the standard vector-Nystrom error, M = 0 (—), are shown by M = 1 (o) and

M =2 (o).

Another fundamental aspect in determining the accuracy of the standard and modified vector-
Nystrom method is the positioning of the singular point ¢ within the integration domain [a, b].

Further analysis of the position of ¢ necessitates the introduction of the variable £, defined by the
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ratio between the distance from the singular point to either end-point as
)\1 c—a a+1
=|—)= . 3.4.3
¢ <>\2 > ( b~ C) G4

Clearly if ¢ — a then & — 0 and similarly if ¢ — b then £ — oo as @ > —1. In Fig 3.4.4 both

solutions of the FIE2 (3.0.25) are presented for different positions of ¢ in the domain and fixed
o = 0, so that the test problem matches that used in Fig. 2.4.1 in §2.4. As £ — oo in Fig 3.4.4 the
modified Nystrom error of ﬂfﬁ) (t) in (3.2.28) matches that of AR (t) in (2.2.26) for a single FIE2
because of the scalings (3.0.19) and (3.0.20). The modified Nystrom error of H(lg) (t) in Fig 3.4.4,

n
however, is fixed for all M > 0 owing to the dependency of the operator E(jﬁ) upon Ay (< 1 as
|b —c| < 1) in (3.3.6) causing & in the modified method to be negligible. On the other hand,
if |c —a| > 1or |b— c| > 1, the subintervals (3.0.4) must be divided into smaller subintervals to
prevent the divergence of the power series (3.3.14) and (3.3.15) by ensuring \; 3, < 1.

A disadvantage to approximating systems of FIE2s is the large systems generated, e.g. (3.2.35) and
(3.2.43), that must be solved to obtain ﬂ,(lM). That is, for only one interior singular point a 2n x 2n
system is generated and the CPU system times increase by 137% and 756% respectively for M = 1
and 2, compared to the CPU system time for the standard vector-Nystrém method (i.e. M = 0).
Furthermore, compared with the CPU system times discussed in chapter 2 in which the standard
Nystrom method solves a n X n system, even the simplest case of M = 0 in the vector-Nystrém

method requires the solution of an 2n x 2n system thereby increasing the CPU system time by

approximately 100%.
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Figure 3.4.3: The modified Nystrom errors e(f?ui(t) of (3.4.1) for fixed n = 2 and i = 1 for

n

different o and A, computed using Gauss-Jacobi quadrature of (3.1.3). The above numerical
experiment uses [a,b] = [-2,2] and ¢ = (b + a) in the test FIE2 (3.3.10). Successive
modifications of the standard vector-Nystrom error, M = 0 (—), are shown by M = 1 (o)
and M = 2 (o). The test problem become increasingly singular as o — —1, in which case the

modified vector-Nystrom method breaks down for |A| = O(1071).
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Figure 3.4.4: The modified Nystrom errors egx)ui(t) of (3.4.1) for fixed n = 2 and i = 1,2,

for different locations of ¢ € (a,b), computed using Gauss-Jacobi quadrature of (3.1.16). The

above numerical experiment uses [a,b] = [-2,2], « = 0and A = 0.1 in the test FIE2

(3.3.10). Successive modifications of the standard vector-Nystrom error, M = 0 (—), are shown

by M =1 (o) and M = 2 (o). Comparing sub-figure (e) with Fig. 2.4.1(a), as ¢ — b the error

(M) ()

enfl ui(t) — ey ‘u(t) for all t. However, as & — oo we have and erosion of improvement in

65342)’(1,2(15) as shown by sub-figure (d) and (e).
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Figure 3.4.5: The modified Nystrom errors egg)ui(t) of (3.4.1) for fixed i = 1 and varying n =
2,3 computed using Gauss-Jacobi quadrature of (3.1.3). The above numerical experiment uses
[a,b] = [-2,2], ¢ = 3(b+a), @ = 0.5 and A = 0.01 in the test FIE2 (3.3.10). Successive
modifications of the standard vector-Nystrom error, M = 0 (—), are shown by M = 1 (o) and
M = 2 (o). Increasing n reduces the order of the error by up to two orders of magnitude whilst

restricting the impact of M > 1 in the modified vector-Nystrom method, which is in accordance

with the results discussed in §2.2 Fig. 2.4.5.
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3.5 Summary and discussion

The aim of this chapter was to take the theory of chapter 2 for numerically approximating one-
dimensional singular FIE2s and to extend it to FIE2s in which the kernels were either singular or
of limited differentiability at more than one source point. In particular, this chapter was concerned
with the solution of FIE2s whose kernel functions had limited differentiability at more than one
point within the domain of integration, necessitating the solution of systems of FIE2s. The classical
vector-Nystrom method, used to approximate the solution of the systems of FIE2s, proceeded to be
modified by a novel approach so that the accuracy in the vector-Nystrom method was improved.
The theory for the modified vector-Nystrom method has been conducted in the context of
orthogonal-polynomial quadrature and has been validated using a series of test problems, some
of which demonstrate a hundredfold error reduction for low orders of quadrature when compared
with the standard vector-Nystrom approach. The new modified vector-Nystrom method for systems
of FIE2s, albeit resembling the modified Nystrom method for a single FIE2, is considerably more
intricate and complex to implement. It requires the satisfaction of four truncation conditions and
an implementation of a predicted error matrix, whose components are both high-degree products
of the quadrature scheme and the predicted errors for each integral in the system.

This chapter was concerned with a kernel function that had limited differentiability at only one
point within the domain of integration, for which the standard vector-Nystrom method solution of
the system containing two FIE2s increased the CPU system time for the solution of a single FIE2
by 100%. For more complicated singular kernels, i.e. taking m > 1 limited-differentiable points
within the domain of integration, there will be a system of (m+ 1) FIE2s to which a (m+1)n-point
quadrature yields a system that is inverted in operations of order O((m + 1)3n3).

Further investigations in this area include combining the theory in this chapter with that of chapter
2, so that the modified vector-Nystrom method may be adapted to suit FIE2s with a mixture of
nonsingular and/or singular kernel functions, provided the function is factorisable into a product of
“well-behaved” and “badly-behaved” parts. In the proceeding chapters 4-6, we discuss extending
the theory in chapter 2 and 3 to approximate the solutions of higher-dimensional integral equations,

including practical estimates of the error inherent in the numerical method.
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Chapter 4

Improved Boundary Element Methods
for the Solution of Nonsingular

Harmonic Boundary Value Problems

Boundary-integral equations have frequently been used for the analysis of boundary values
problems (BVPs), e.g., Symm [1973], Brebbia [1978], Yeung [1982], Atkinson [1997], Ang
[2007]. The term boundary element method denotes any method that numerically approximates
the solution of boundary-integral equations.

The boundary element methods (BEM) have the advantage over the finite-element method (FEM)
and the finite-difference method (FDM) of superior convergence and reduced requirements in
computer storage and code (Bush et al. [1984], Brebbia and Trevelyan [1986], Mohammadi et al.
[2010]). This is because the FEM and FDM integrate the differential operator numerically, whereas
the BEM integrates it numerically only after Green’s formula is used to integrate the operator
analytically thus reducing the dimension of a BVP by one. That is, the BEM discretises only the
boundary of the domain to yield a finite-dimensional system, which is significantly smaller than
that generated by a FEM or FDM.

The BEM have been applied to numerous problems in the fields of mathematics, including the

solution of harmonic and biharmonic problems (Jaswon and Symm [1977], Blue [1977], Manzoor
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[1984], Kelmanson [1983b], Grilli and Svendsen [1990], Mera et al. [2002], Hsiao [2006], Helsing
[2009]). However, there exists only a limited amount of literature on the error analysis of the BEM,
and that which does exist often defines only asymptotic error estimates or error bounds, which are
not suitable for implementation (Wendland [1986], Rencis et al. [1990], Liang et al. [1999], Hsiao
and Wendland [2004]). Therefore the objective in this chapter is to analyse the error in the BEM
for a harmonic problem, thereby deriving practical error estimates. These practical error estimates
will be used to define a new modified BEM, whereby we aim to emulate higher-order inter-element

Lagrange interpolation without increasing the size of the system.

4.1 The boundary-integral equation

Partial differential equations with elliptic operators are ubiquitous in mathematics, physics,
engineering, e.g., hyperbolic operators in wave problems, diffusion operators in engineering
problems and Laplacian operators in static problems. Take the two-dimensional Laplace’s
equation, which satisfies

V24 =0, 4.1.1)

in a domain ) enclosed by a boundary 0€2. The boundary-integral equation form of (4.1.1)
is derived by invoking Green’s third identity (Muskhelishvili [1953], Christiansen [1974],
Fairweather et al. [1979]) so that at any field point p € 2 U 02

/Q[¢(Q)V2G(P, Q) — G(p.Q)V*¢(Q)] dQ(Q) 2/89 [6(¢)G'(p,q) — ¢'(0)G(p,q)] dq,
(4.1.2)

in which Q € , G(p,q) = log|p — ¢|, ¢ is the source point on the boundary and dq denotes the
differential increment of 9€ at q. The prime in (4.1.2) represents differentiation with respect to the

outward normal to 02 at q. Using the Dirac-Delta property of the Green’s function G,

V2G(p,q) = é(p — q), (4.1.3)

together with its sifting property (Lighthill [1958]), (4.1.2) becomes

nP)ow) = | 6(a)C (p,q) dq / S (@)C(p.q)dg, peQUINGED  (414)
o0 o0
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where
2m p €,
np) =1 0 p ¢ QUI, (4.1.5)
o p € 092,

in which « is the internal angle between the tangents to 9€) on either side of p. In the case that the
field point p = 7 lies on the boundary (4.1.4) yields

" ¢(q)G' (3, q) dg — o ¢'(¢)G(@,q) dg — ap(q) =0, ¢,q € 0L, (4.1.6)
where av = 7 provided that 052 is smooth.
Integral equations (4.1.4) and (4.1.6) reveal the philosophy behind generalised BEMs. That is, in
(4.1.4) one can only solve for the field point p given the knowledge of the Dirichlet and Neumann
conditions along the entire boundary. However, we are concerned with the harmonic problem in
which either Dirichlet or Neumann conditions are given along the boundary. For example, if OS2 is
divided into two parts 94 and 0§y, i.e. 02 = 0§, N 0y, then the Dirichlet condition ¢(x, y)
is prescribed along 0§24 and the Neumann condition ¢/(z, y) is prescribed along 9.
Eqn. (4.1.6) is essentially a closed-form equation between the potentials and their derivatives on
the boundary. In other words, given one type of boundary condition on 92 the other is found
by (4.1.6). The completed boundary conditions can then be used in (4.1.4) to find the Laplacian
anywhere in €. Integral equation (4.1.4) always has a unique global solution ¢(p) at any point
p € QUOIN provided the boundary conditions are continuous and at least once-differentiable along
0 (Jaswon [1963]).
In general the solution of (4.1.4) will not be obtainable analytically, even if the entire boundary
solution is known, as it requires closed-form integrations. Therefore we need a robust numerical
method for determining the solution. Currently the closed-form infinite system (4.1.6) is solved by
some kind of finite-reduction method. It is an improvement upon this method that will be the focus
of this chapter.
The remainder of this chapter is structured as follows. In §4.2 we outline the constant BEM and its
inherent error for approximating the solution of integral equation (4.1.4). This method is validated
for a nonsingular test BVP. In §4.3 we present new, modified, constant BEMs. In §4.4, we validate

the modified BEM solutions of §4.3 for a nonsingular test BVP. The validation of the modified
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methods highlights their superior accuracy, hence justifying their application to singular BVPs in

chapter 6.

4.2 The constant boundary element method (CBEM)

For the remainder of this chapter p € QU 02 and ¢ € OS2 unless otherwise stated. Discretising the

boundary 9 into n smooth elements (hence the name boundary element method), e\) say, where

= J eV, 4.2.1)
j=1
then (4.1.4) becomes
= . d(q)G'(p, q) dq — /(_) ¢'(¢)G(p, q) dg. (4.2.2)
j=1"€ J el

In the constant BEM (CBEM) (Jaswon and Symm [1977], Brebbia [1978], Manzoor [1984], Ang
[20071), ¢(q) and ¢'(q) are respectively approximated by piecewise-constant functions ¢y, ; and

(;5;1, ; over element el). The corresponding discretised form of (4.2.2), with approximate solution
Pn(p), is
0(0)én(p) = {«zm / G'(p,q) dg — &, / G(p.q dq} (423)

7j=1
in which ¢,, ; = ¢(¢n ;) and gb;w- = ¢'(qn ;) Where g, ; is the mid-point of e,

By introducing the operators
(Gt Z / bniG' (1, (42.4)

and

(Gnds)) Z / ¢, ,G(p,0) da, (42.5)

(4.2.3) can be rewritten in symbolic form as

(Gh, — L) bn — Gnd), = 0, (4.2.6)

in which 7 is the identity operator.

For the remainder of this chapter, unless otherwise stated, indices ¢ and j take the values ¢,;j =
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1,...,n. Collocating (4.2.6) at the mid-point of each element by taking p = g, ; yields the system

of n equations

> A (Ayj = 0jdi)bng + Bijdn, ;3 =0, (4.2.7)

=1

where 1; = 1(qn,;), 0i; is the Kronecker delta function and

Ajj :/ log’ |qn.i — ¢l dg,
e(d)

Bij = — / log |gn,i — ql dg. (4.2.8)

J

The integrals in (4.2.8) may be evaluated analytically when element e(?) is a straight-line segment
(see Appendix B). Otherwise, integrals (4.2.8) may be evaluated using Gaussian quadrature with a
logarithmic weighting function (Mason and Smith [1982]) when e/ ) is not linear.
Taking
Ay = Ay dEE# (4.2.9)
Aijj—m; if =7,

(4.2.7) is equivalent to
n —~
> Aijéng=—> By i=1,...,n. (4.2.10)

Linear system (4.2.10) can alternatively be denoted by K(b = B¢’ in which, by (4.2.7), only some
of the elements of ¢ and ¢’ are known; hence (4.2.10) must be recast into the form Hx. = g
where the vector X contains the unknown mid-element nodal values of ¢,, ; on J€2y and gb;% ;jon
0€y. The dense system Hx. = g is then solved using the NAG routine FO7AAF. With all nodal
boundary data now prespecified or approximated, ¢,,(p) in (4.2.3) can be computed directly from
the complete boundary distributions of ¢ and ¢'.

When the boundary conditions are spatially dependent on the domain, the accuracy to which they
will be represented in the BEM depends upon the degree of the piecewise-polynomial interpolation.
However, whenever possible, the boundary conditions in (4.2.3) should be computed exactly.
There are two distinct types of solutions for the CBEM, the theoretical discretised solution ¢,, in
(4.2.3) and the numerical discretised solution (En The theoretical discretised solution is generated
without having to go through the two-stage process, i.e. is simply based upon (4.1.4), whereas

for the numerical discretised solution you have to go through (4.1.6) and then (4.1.4). That is, the
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theoretical discretised solution enables the subsequent quantification of the error in the Lagrangian
interpolation, which we assume dominates the error in the BEM, whereas the numerical solution
includes both Lagrangian interpolation and matrix inversion errors. Throughout the remainder of
this thesis the theoretically and numerically derived solutions (and their corresponding errors) for
each numerical method will be defined in a similar format.

Based upon the theoretical discretised solution in (4.2.3), the numerical discretised solution ¢~Sn of

the CBEM satisfies

n

n(p)on(p) = {/m nj G'(p,q) dg — /(j) & G(p,q) dQ} 7 (4.2.11)

j=1

in which

- O(qn;)  ifel) C 00y, and 3 O (qn;)  ifel) C OOy,
n,) — ~ n,g ~
&(gn.;) otherwise, ’ & (qn,j) otherwise.

4.2.12)
Recalling the operators defined in (4.2.4) and (4.2.5), the symbolic form of (4.2.11) is

(Gl — nT) by — Gudly, = 0. (4.2.13)

In the case that the CBEM applies piecewise-constant polynomial interpolation with nodes
separated by a constant spacing h, the error ||¢ — ¢ is O(h2) (Atkinson [1989], Ralston and
Rabinowitz [2001]). In the remainder of this chapter the CBEM is modified in such a way as to
reduce these errors to O(h™) where m > 2 is chosen a priori. Before attempting this, however,

we first analyse the error inherent in the constant BEM.

4.2.1 Error analysis of the CBEM

To recap we have ¢(p) is the exact solution, ¢, is the theoretical discretised solution that satisfies

1 n
On(p) = —~ ) {cbn,j / G'p.q) dqg— ¢, / G(p,q) dq} : (4.2.14)
n(p) = et et
and qzn is the numerical discretised solution that satisfies

7 1 - Y l Py
ulp) = o Zl {qbn,j / g g, / ) dq} . (4.2.15)
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The numerical CBEM error is defined as

én(p) = ¢(p) — Pn(p) (4.2.16)

which, by the linearity of (4.2.2) and (4.2.11), satisfies Green’s integral formulae, i.e.

n(p)en(p) = {/(,) &n,i(q) G'(p.q) dg — /( ) (@) G(p,q) dq} , (4.2.17)
j=1 et eld
where
—¢n;  ifel) C o0y,
Cni(a) = P9) = Ong = (4.2.18)
é(q) — bn,j otherwise,
and
—¢n;  ifeld) C a0y,
aila) = ) = 9ng =0 (4.2.19)
P'(q) — ;w' otherwise.
On the other hand, the theoretical CBEM error is defined as
en(p) = 0(p) — dn(p) (4.2.20)
which, by (4.2.3), satisfies
n(p)en(p) = {/(,) enj(q) G'(p,q) dg — /( } en.i(q) G(p.q) dq} , 4.221)
]:1 el elJ
where
€n,j(q) = ¢(q) — bn,j (4.2.22)
and
e,.(a) =¢'(q) — o, ;. (4.2.23)
The symbolic form of (4.2.21) is
(G, — nT)en — Gney, = 0, (4.2.24)
in which we use the predefined operators G/, in (4.2.4) and G,, in (4.2.5), so that
(Gren) @) = / . en,j(@)G'(p,q) dq (4.2.25)
eld

=1
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and
=> / e,;(@)G(p,q) dg. (4.2.26)
j:1 e(])
Consider now the Taylor expansion for ¢ and ¢’ about node (n,j» namely
qn )k ok
= ¢n,j + Z o [8(0)] =g, , (4.2.27)
and
= +§: qw jl[WMH (4.2.28)
™. k q=Gn,j -4
Letting
Ti(p) = / Sl ng)* G (p,q) dg (4.2.29)
el
and
K j(p) = / o (¢ — any)* G(p,q) dg, (4.2.30)
el

then both Jj, ;(p) and K, j(p) may be determined exactly (see Appendix C). By (4.2.21),(4.2.22)
and (4.2.23) the infinite-series form of the theoretical error €, (p) satisfies
ok .,

; ; : { S O, Tuslp) — o [0, Kas) ). @230
We first utilise (4.2.31) to deduce the well-known O(h?) error of the CBEM. The nodally evaluated
k™ differentials of ¢ and ¢ are constant, therefore only the integrals Jk,; and Ky, ; affect the order
of the CBEM error. Initially let ¢, ; and ¢z, ; be points on 02 marking the ends of boundary
segment (/). For a general field point p € 9Q U €, if

a=[p—qan;l,
b=p— dan,l,
h=1qan; = qn,l;
B = Zqsn ;qan,;Ds

Y = 2qan, P50 (4.2.32)

we have the geometry as shown in Fig. 4.2.1. By (4.2.32), we have

h—acos h k .
() = / (:z: 5 +acos ,B> __asmf . (4.2.33)

—acos 8 x2 + a? sin? 15}

76



Improved Boundary Element Methods for the Solution of Nonsingular Harmonic Boundary Value
Problems

p = (Tp, Yp)

Figure 4.2.1: Notation for the analytic evaulation of the integrals A;; and B;; over element el

and

h—acos 3 h k 1
Ky.(p) = / <x — 5 +acos 5) log (z° + a*sin® B) 2 da, (4.2.34)

—acos 3

which can be evaluated exactly: when k = 1, (4.2.33) implies

1
2 _2ah h2\ 2 h
Ji,j(p) = asin flog <a ¢ aCQOSﬁ + ) + Yacos 8 — %, (4.2.35)
and (4.2.34) implies
1
K1 )_a2¢sin2ﬁ_a2cos2ﬁlo a®? — 2ahcos B+ h?\ 2
Li\P) =75 2 & a2
1
. 2 _9 2\ 2 2
_whsmﬂ+hcosﬁ log a ahcos B+ h 1 +h7‘ 4.2.36)
2a 2a a? 4a

The analytic expressions (4.2.33) and (4.2.34) were derived by Kelmanson (private communication,
2011), who also obtained exact expressions for Jy ; and K} ; for higher values of k; these are
presented in Appendix C.

An analysis of the exact forms of the integrals Jy ; and K, ;, e.g. (4.2.35) and (4.2.36), define the
leading behaviour of the error of the CBEM. However, particular consideration must be taken into
the behaviour of these integrals at specific field-point locations. When the field point is not close
to segment e\, je. h/a < 1in (4.2.32), the integrals (4.2.33) and (4.2.34) have a leading order

of O(h3). Furthermore, it can be shown (Kelmanson, private communication, 2011) that the order

7
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of (4.2.33) and (4.2.34) increase indefinitely with increasing k in a period two-cycle, e.g.

O(h3) when k = 1,

O(h®%)  whenk = 2,3,
Jk,j (D), K, j(p) =

O(h") when k = 4, 5,

O(h?) when k =6, 7.

\

(4.2.37)

Alternatively, if the field point p is close to element e/) the orders of Ji. ;(p) in (4.2.33) and K} ;(p)

in (4.2.34) are affected. For example, if the field point approaches the mid-point of e, we have

lim J;(p) =0, VEk,

p%q'n“,j

and

lim K ;(p) = O(h?).

P—qn,j

However, if the field point approaches either end-point of element e, we have

lim K ;(p) = O(h?),

P—qAn,j9Bn,;j

or, if it lies close to the element, i.e. h/a = O(1), we have

K1;(p) = O(h?),

(4.2.38)

(4.2.39)

(4.2.40)

(4.2.41)

or, if the field point is in close proximity to a corner in the domain both .J; j and K ; are O(h?).

When collocating the CBEM at the mid-points p = ¢, ; a system of n equations is generated in

which each coefficient has a local error of O(h?), therefore the inversion of the system will have

an expected order of O(h2) overall as n is proportional to 1/h. However, by (4.2.38)-(4.2.41), we

expect the error to be lower than O(h?) because the local O(h?) coefficients go to O(h?) in the

corners and at points along the boundary thus reducing the overall O(h?) nature.

4.2.2 Test case: nonsingular boundary value problem

As a test problem, we take the harmonic function

P(z,y) = e”sin(y),
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¢ = e® cos(1)

¢ = sin(y) V2 =0 ¢ = esin(y)

0 ¢ =—-e" 1

Figure 4.2.2: Graphical representation of the nonsingular test BVP.

in the unit square that satisfies Laplace’s equation (4.1.1) with the Dirichlet and Neumann boundary
conditions illustrated in Fig. 4.2.2.

The error in the numerical CBEM solution of the test BVP (Fig. 4.2.2) is depicted in Fig. 4.2.3.
The key aspects of Fig. 4.2.3 are: the convergence of the error with increasing number of elements
n and the prominently large errors at the corner points of the domain. The large errors at the corner
points reflect the theoretically predicted O(h?) behaviour of the integrals Jjkin (4.2.33) and Ky ;
in (4.2.34) as the field point approaches the corners. It is also a direct result of the Maximum
principle (Jaswon and Symm [1977]) inherent in the solution of contained harmonic BVPs.

To give an insight into the behaviour of the CBEM error when n > 48, the three surfaces in Fig.
4.2.3 are depicted on individual contour plots for n = 48,72 and 108 in Fig. 4.2.4. The contour
plots show a clear reduction in the CBEM error as n increases as per Fig. 4.2.3, however, the
contours also demonstrate the converging behaviour of the error peaks at the corners. As predicted
by the Maximum principle, Fig. 4.2.4 shows the largest of the error peaks occurs at the corner
furthest from the origin.

The CBEM error is furthermore analysed by computing its root-mean-square error (RMSE) and its

convergence rate. The former of these, the RMSE, is defined by

1 M
i i > @nlpa))?, (4.2.43)

Q
3
Il

Jj=1

where M is the number of mesh points, chosen so that the mesh is not finer than the boundary

resolution. Note in the remainder of this chapter we take M = (% + 1)? for the given test BVP.
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Figure 4.2.3: Log plot of the error in the CBEM solution of the test BVP in Fig. 4.2.2, €,(p) in
(4.2.16), where p is defined on the unit square. Here n = 48 (red), n = 72 (blue) and n = 108
(green). The CBEM error is converging to zero with increasing n, the rate of which is shown
in Table 4.2.1. Furthermore, the error €, demonstrates the effect of the theoretically predicted

localised O(h) pollution when the field point approaches any corner.

The convergence rate on the other hand, is defined using Richardson’s extrapolation (Ralston and

Rabinowitz [2001]).

Richardson’s extrapolation

Richardson’s extrapolation determines the rate of convergence from numerical data generated on
two or more refined meshes. It assumes that the approximate solution ¢y to the exact answer ¢

depends on the mesh size h according to
¢ ~ ¢p + AhP, (4.2.44)

where the three unknowns ¢, A and p can be estimated by using (4.2.44) for three different values

of h. Increasing h by a factor of « or o5 the two respective approximate solutions are

P p
¢~ Gan + A(Z) and ¢ ~ Qapn + A<o?ﬁ> (4.2.45)

which, in combination with (4.2.44), yields the ratios

m — aP (4.2.46)
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(c) n = 108 (green)

Figure 4.2.4: Contour plots of log |€,(p)|, the logarithm of the error in the CBEM solution of the
test BVP in Fig. 4.2.2, for n = 48,72 and 108. These plots separate and quantify the three error

surfaces given in Fig. 4.2.3.

and

m: P 4.2.47
¢_¢aﬁn ﬁ ( )

Therefore,

_ P _ AP
¢i: - zaz _ (agz - 1ﬁ — ), (4.2.48)

say. Eqn. (4.2.48) can be used to predict the order p. For example if « = = 2

(i.e. p = 4) then (4.2.48) gives p = 2, i.e. second-order convergence is predicted.

By Richardson’s extrapolation (4.2.48), the RMSE, error convergence rate p and error order p in

the approximate CBEM solution %n is defined in Table 4.2.1 where o = /8 = 1.5 (identical v and
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n On P p

48 0.0012 2.0357 | 1.7531
72 | 6.0309 x 1074 | 2.0595 | 1.7818
108 | 2.9283 x 10~

Table 4.2.1: The RMSE G,,, error convergence rate p and error order p in the CBEM solution of
the test BVP in Fig. 4.2.2, forn = 48,72,108 and o = 1.5 (= 3). The results correspond to
the error depicted in Figs. 4.2.3 and 4.2.4. The CBEM error does not exhibit the expected O(h?)
behaviour (i.e. p # 2), due to the pollution at the corner points in the interpolation error. There
is also an error introduced by interpolating (using low order polynomials) the exact form of the
specified boundary conditions, and that the effect is exasperated as you go into the corners of the

domain where you get a geometric change in derivative.

5 taken in Fig. 4.2.3). Theoretically we expect p = 2.25, so that the overall error in the CBEM is
O(h?),i.e. p = 2, however, p < 2 in Table 4.2.1. The reason for such an occurrence is due to two
factors: first, the O(h) pollution when the field point approaches a corner from integrals J; ;. in
(4.2.33) and K} ; in (4.2.34); second, the interpolation error within the pre-inversion of the system
of equations (4.2.10), in itself, produces an error post-inversion in the approximated boundary data
gn,j and 5;1 ; used to determine the numerical discretised solution $n in (4.2.11).

Our aim for the remainder of this chapter is to modify the standard CBEM, by reducing the
interpolation error within the pre-inversion of the system, so that the O(h?) error is recovered

without compromising on computational expense.

4.3 The modified constant boundary element method

Recall €,(p) in (4.2.20) is the true error of the CBEM that is expressible as an infinite-series in
accordance with (4.2.31). The modified method, with solution ¢,,(p), is based upon taking the
leading terms in the theoretically deduced error €, and building them into the standard CBEM a

priori. That is, if €, contains the leading terms of ¢,, then we have

¢n(p) = n(p) + €n(p)- 4.3.1)
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The difference between the true and approximated errors, defined by the discrepancy

(A€,)(p) = (en — €n)(p), (4.3.2)

means that, by (4.2.20) and (4.3.1), the modified CBEM error satisfies

¢—$n:¢_(¢n+gn)
= €p —€n

= Ag,. (4.3.3)

Thus the modified CBEM error is less than the standard CBEM error, owing to the former being

composed of an error discrepancy rather than the error itself, i.e.

16 — Dplloe < |6 — dnlloo (4.3.4)

as, by construction, ||A€,|c < ||€n|lco- Consistent with (2.2.19) and (3.2.16) in the previous
chapters, Eqn. (4.3.4) demonstrates the philosophy behind finding improved methods: the error
of the improved method should be minimal in comparison to the error of the original method. We
now modify the CBEM in §4.2 by deriving an explicit form of the approximate error €, in (4.3.1)

because, once known, we can implement a modified CBEM whose solution 5,1 satisfies (4.3.4).

4.3.1 Approximations of the CBEM error

Truncating the infinite-series of the CBEM error €, in (4.2.31) to order m, the truncated-series
(m)

error €, ~ satisfies

@) =3 () G'(p,q)dg— | " (q) Glp.q) day, (4.3.5)
n(p pz;{/e,q pqq/,qpqq}

- ()
Jj= e

where
m k ak
m q—dnj 0
SHOEDY <,€.J)8 7 [9(@)] =, ; (4.3.6)
k=1 : q
and
im), y N (@ = gny)" O
€n.j (q) = ; T&Tﬁ [¢/(q)]q:qn7j . 4.3.7)
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The symbolic form of (4.3.5) is
(G = D)) = Grmen™ =0, (4.3.8)

in which, by the definitions of Jj, ; and K}, ; in (4.2.29) and (4.2.30),

(Grmes™)P) =D / B €™ (9)G' (p, q) dq
j=1"¢"

=32 W ogk [¢(D)]g=q,, ki (P) (4.3.9)

j=lk=1 "
and
(Gnmer™)(p) = / " ()G (p.q) dq

j=1"¢
S~ 10,

:ZZETM (@] 4y, . K (0)- (4.3.10)
=1k ™

The constant error analysis only allows the CBEM error to be expressed in terms of the solution,
which is of course, unknown a priori. The following approach circumvents this problem by using
estimates based not upon unknown derivatives, but rather on increasingly complex molecules of
existing Dirichlet and Neumann data to simulate those derivatives. Of course the number of points
that can be included in the molecule will be restricted by n: this restriction will be quantified later.
A finite-difference molecule is a closed-form expression defined by the order of the error a and the
degree of differentiation d, such that it has N points. By (4.3.9) and (4.3.10) we require derivatives
of order d = 1,...,m, hence the number of atoms in each finite-difference molecule will range
from N =a+1to N =a+m—1lif misevenor N = a + m if m is odd, each of which will
be centred on the n base points q = qy_ j along each side of the domain. Thus standard central-
difference molecules can be applied at the base points that are further than a — m nodes from
each corner. For the remaining points, special asymmetric, ultimately one-sided, formulae must be
derived. An example is given in Fig. 4.3.1 in whichm = 2 and a = 4.

By applying asymmetric central-difference molecules our finite-difference method will require a
minimum of only N points along each edge, whereas a standard central difference molecule would
require a higher number of forward and backward differences thus requiring a minimum of N +

(a — 2) points along each edge in order to maintain an error of order a. Note that although the
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Figure 4.3.1: Schematic representation of 4™-order finite-difference molecules for the second
derivative. Base points are indicated in black. The first molecule is centrally symmetric and applies
at all base points further than 2 from the corner (O); the second is asymmetric () and the third

is one-sided ().

applied finite-difference molecules are restricted to evenly spaced elements for the purpose of the
test BVP, they can be easily modified to cope with arbitrary spaced grids if required, e.g. Fornberg
[1988, 1998].

By the use of finite-difference methods, the partial differential equations in (4.3.9) and (4.3.10)
are re-expressed as linear combinations of the nodal boundary data ¢,, ; and gi);h ;- Let c,(:;) (p)
and dgj;) (p), which consist of combinations of finite-difference coefficients and integrals .J;, ; and
Ky j, k = 1,...,m, respectively define the coefficients of the nodal data ¢, ; and ¢}, ;. Then the

finite-difference-series error eg ) satisfies

(G — ML) — Gy pell™ ) = 0, 43.11)

where, by (4.3.9) and (4.3.10),

Il
M=

G @) =Y [ @G v.0) da
eld

=1

<
Il

Z C](:]L) (p) ¢n,j

1 k=1

= (Cnm®n)(p) (4.3.12)

I
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and

= (Domdl,)(p)- (4.3.13)

Consistent with the true error of the CBEM (4.2.20), the discrepancies in the truncated-series error

and the finite-difference-series error are defined by

Ael™ (p) = enlp) — €™ (p) (4.3.14)
and
Ae™ ) (p) = e, (p) — €7 (p). (4.3.15)

4.3.2 Validation of the error approximations

(m,F)

5{”) and ¢, "’ are validated using discrepancies

The approximate truncated-series CBEM errors e

(4.3.14) and (4.3.15) for the nonsingular test BVP in Fig. 4.2.2. This experiment is first conducted

for e%m), where we do know the solution a priori, so that it can be compared with the numerical

approximated eﬁl’”’” for which the solution is not required.

@

In Fig. 4.3.2 the discrepancy in the truncated-series error Ae,,  is depicted for different values of

n and m, which demonstrates two facts: first, as the truncation order m increases, 6,({”) converges
to the exact error ¢,,, i.€.

Aeglm) (p) =0, n,m— oo; (4.3.16)
second, there is a close agreement between the error discrepancy surfaces when m = 2 and m = 3
regardless of n as the truncated-series error eq(lm) in (4.2.37) consists of integrals J, ; and K}, ; that

are order O(h%) for both values of m.

The RMSE of ¢/™ is defined by

1 M 9
Onm = [ 77 2 (€ (0 ) (4.3.17)
i=1
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(c) n =148 (d)n=96

(m)

Figure 4.3.2: Log plots of the discrepancy between the truncated-series error €, ~ and the true
error €, Aé{”) (p), in the CBEM solution of the test BVP in Fig. 4.2.2, for n = 12,24,48,96
and different values of m. The varying shades in the surfaces from light to dark correspond to
m = 1,2,3 and 4 respectively. The truncated-series error is converging to the true error with

)

increasing m and n, reflected by the decrease in the absolute values of Aegm on each sub-figure.

where M is the number of mesh points.

In Table 4.3.1 the RMSE and the rate of convergence of the truncated-series error e,(lm) are
presented for the test BVP (Fig. 4.2.2) with different values of m and n. The RMSE of the
truncated-series error is fixed when m > 3 due to the convergence of the Taylor-series, therefore a
maximum of m = 4 will be imposed in the implementation of 67({”). As for the rate of convergence
in truncated-series error, oy, /025 m, Table 4.3.1 shows it is tending to second order (i.e. p = 4)
with increasing n thus recovers the predicted O(h?) convergence. Although, most interestingly we

have oy, /2n,m — 47, which is not reflecting the O(h?) pollution, due to the construction of the
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m|n On,m Un,m/UQn,m
1 12 0.0201 5.1475
24 0.0039 4.8112

48 | 8.1234 x 1074 4.3623
96 | 1.8622 x 1074
2|12 0.0190 5.0946
24 0.0037 4.7370
48 | 7.8670 x 1074 4.3057
96 | 1.8271 x 10~*
3012 0.0189 5.0816
24 0.0037 4.7348
48 | 7.8668 x 1074 | 4.3055
96 | 1.8271 x 10~*

4112 0.0189 5.0817
24 0.0037 4.7348
48 | 7.8668 x 10~* 4.3055
96 | 1.8271 x 1074

Table 4.3.1: The RMSE oy, , and convergence rate oy, /0o, m of the truncated error e;m) (p) in

the CBEM solution of the test BVP in Fig. 4.2.2, forn = 12,24,48,96 and m = 1,2,3,4. By
the nomenclature of Richardson’s extrapolation in (4.2.48), for O(h2) error p = O m/02nm = 4,
however, here p — 47 as n — oo due to the mesh points being taken at the end-points of the

boundary elements.

mesh points. For example, recall Jj, ; and K}, ; define the leading behaviour of the truncated-series
error e,(lm) in (4.3.9) and (4.3.10). When the field point p is situated at either end-point of element
el9) (denoted by ¢, ; and gp,; in Fig. 4.2.1), by (4.2.37) and (4.2.40), Ji j(p) = O(h?) and

Ky j(p) = O(h?), as

1 1 1
Kij(p = qany) = ~h* + [ = log(h) — = | ¥+ —h* + ... (4.3.18)
3J »J 24
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Figure 4.3.3: Contour plots of log |AE£Lm) (p)

, the logarithm of the discrepancy in the truncated-
series error in the CBEM solution of the test BVP in Fig. 4.2.2, for n = 48 and m = 4. The contour
plot corresponds to the dark surface in Fig. 4.3.2(c) and is used as a quantitative comparator for

the finite-difference-series error in Fig. 4.3.4.

and

1 1 1 1
Kij(p = qpn;) = —th + ( log(h) — ) h3 — ﬁh4 +.... (4.3.19)

However, over the n end-points along the boundary, where the mesh is defined, the coefficients of
the even powers of h in K, ; cancel so that K}, ; = O(h?) and hence we recover oy, /02nm —
47,

In the finite-difference method we chose the order of accuracy a priori so that its error is of order
O(h®). Although, the choice of the order of accuracy a, which determines the number of points in
the molecule, is restricted by n in the finite-difference-series error egm’F): for the nonsingular test
BVPin Fig. 4.2.2

a< % —m, (4.3.20)

where m is truncation limit. With this in mind, the discrepancy in the finite-difference-series error
Ael™")(p) is depicted in Fig. 4.3.4 for a = 2,4,6,8 and fixed n = 48 and m = 4. Fig. 4.3.4

m,F . .
demonstrates that e% /F) converges to the exact error €, as the order of accuracy increases, i.e.

AP =0, a— oco. (4.3.21)

Also, by comparing Fig. 4.3.4 with the truncated-series error discrepancy equivalent in Fig. 4.3.3
where n = 48 and m = 4,

Aeglm’F) — Aﬁng), a — Q0. (4322)
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1
2
3

-9
-10
-1
-1
.
IO.G 0.8 1

(©)a=6 da=38

(m,F)

Figure 4.3.4: Contour plots of log |Ae, "’ (p)

, the logarithm of the discrepancy in the finite-
difference-series error in the CBEM solution of the test BVP in Fig. 4.2.2, where the error has been
predicted using only linear combinations of nodal boundary values. Here n = 48, m = 4 and the
accuracy order a is varied as a = 2,4,6,8. The contour plots are a quantitative comparison with

the discrepancy in the truncated-series error Aeglm) (p) that is depicted in Fig. 4.3.3 for the same

n and m.
That is, when a > 8 the finite-difference-series eﬁl"”) approximates the truncated-series error
e%m) to at least eighth-order accuracy which, for the test problem considered in Fig. 4.3.3 and

(4)

Fig. 4.3.4, proves to be sufficient. For example, given the truncated-series error €, ’ approximates
the true error €, to O(107'7) degrees of accuracy in the test BVP, which is more than sufficient
for real-life applications, the finite-difference-truncated-series error e%’F) also approximates €, to

O(10717) degrees of accuracy when a > 8. Moreover, provided the accuracy is taken to be greater
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than or equal to eighth-order, eslm’F) will be O(hQ), consistent with egm) in Table 4.3.1. Hence the
truncated-series error eﬁl’") and its finite-difference equivalent eﬁl’"’” will be used to approximate

€y, in the modified method of (4.3.1).

4.3.3 Implementation of the modified CBEMs

Given the validations of the error predictions in §4.3.2, we now build the error predictions into the
CBEM using the modified approach of (4.3.1). There will be two types of modified methods: one

dependent upon the truncated-series error e%m) and the other upon the finite-difference-series error

e%m’F). First, the truncated-series modified CBEM (MCBEM) with solution qs,({”) incorporates

e%m), an approximate of the true error ¢,,. Following (4.3.1), we therefore reformulate the standard

CBEM for ¢,, using

5 (p) = 6u(p) + ™ (). (4.3.23)
Recalling the predefined 67(1”;) in (4.3.6) and e;(?) in (4.3.7), by Green’s integral formula, (4.3.23)
is expressible in integral form as

mmﬂ%mzzjlmww+£Wm<ﬂn@@—/wkw+4?@}an@@}

i=1 c

(4.3.24)
where, following §4.2, gb%m) is the theoretical discretised MCBEM solution. Using (4.2.6), the
symbolic form of (4.3.24) is

(Gh = 1Z) S + Gl pel™ = Gri™ — G me™ =0 (4.3.25)
which, upon applying (4.3.8), is equivalent to
(Gl —nT) ™ — Gpli™ + nZel™ = 0. (4.3.26)

Second, the finite-difference-modified CBEM (FDMCBEM) with solution qﬁglm’F) incorporates
eng’F), an approximate of the truncated-series error eglm). As per (4.3.23), we reformulate the

standard CBEM using

A0 (B) = dn(p) + €7 (p), (4327)
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where, by definition of the finite-difference-series error e%m’F) in (4.3.12) and (4.3.13), d),(lm’F)

satisfies the discretised boundary-integral equation

n(p)el™ " (p) = {¢n,j / . G'(p,q) dg+ > c,(:;‘.) (p)]
j=1 ev k=1

~0nj [ / L G0 da+ 374y (p)] } . (4.3.28)
e’ k=1

To match with the nomenclature of §4.2, gb,(lm’F) in (4.3.28) is the theoretical discretised

FDMCBEM solution. The symbolic form of (4.3.28) is

(Gl —1T) o™ + Gl ™) — Gt ) — Gy ™) = 0 (4.3.29)
which, by (4.3.12) and (4.3.13), may be alternatively expressed in the form
(G + Coum — 0Z) ™) — (G + D)™ = 0. (4.3.30)

Note when C,, ,, = Dy, = 0 (4.3.30) reduces to the standard CBEM in (4.2.6). Eqn. (4.3.30)
demonstrates that the FDMCBEM is a perturbation of the standard CBEM (4.2.6), whereby an

approximation of the error in the CBEM is included over each element ().

4.3.4 Collocation equations

To recap, the standard CBEM has a system of n collocated equations (4.2.10) expressible in the
form Hx. = g, where g contains all prescribed boundary conditions. Now, collocating the
MCBEM (4.3.26) at the n mid-points p = ¢, ; defines a system Hx,, = g + e, where e is

the n-dimensional error vector with components

n
6= {/ ™ (q) G (qniy @) da — / e (q) Glanirq) dq} : (4.331)
= Uew e
In system Hx,, = g + e the vector x,,- contains the unknown mid-element nodal values of
¢n,j on 0y and d);w- on 0€), which, once determined, can be used to compute (;57({”) in (4.3.26)
directly thus defining the numerical discretised solution. That is, by linearity with the numerical
discretised CBEM solution in (4.2.11), the numerical discretised MCBEM solution gz~5,(1m) satisfies

n(p)o™ (p) = zn: { /e . (On + e (@)] C'(p.q) da - / . [

j=1 ¢

By +en?) (Q)} G(p.q) dq} ;

(4.3.32)
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in which

5 o QS(Qn,]) if 6(]) C an), and 5, . Qf)/(qnd) if 6( 7) - 8Q¢/
™y - n,g — ~
?(qn,j) otherwise, ’ & (qn,j) otherwise,

(4.3.33)
where $(qn,j) and 5’ (gn,;) are defined from the solution of the dense system Hx,,- = g + e. As
is evident from (4.3.30), the FDMCBEM is a variation of the CBEM, hence a collocation of the
FDMCBEM at the mid-points p = g, ; results in a discretised system (H + dH)xr» = g with
solution x - containing the unknown mid-element nodal values of ¢,, ; on 9€4 and gi) on 0.

In the dense system (H + 6H)x . = g the n x n matrix H has components

Z qm if e) € 00y,

SH; ;= { k=t (4.3.34)
S A (gag)  ifeld) € 09,
k=1

Given the CBEM solution x along with

xro = (I+H Y6H) 'H !g, (4.3.35)
where I is the identity matrix,
Xo —Xpo = [I— (I+ H'0H) ] xc (4.3.36)
whose norm satisfies
Ixc —xpe| < ||[T- @+HH) || [Ixc]. (4.3.37)

By the geometric series theorem (Appendix A), (I + H~16H)~! in (4.3.35) exists and is bounded
if and only if (Golub and Van Loan [1996])

|H10H| < 1, (4.3.38)
ie.
1
I+H '0H) | € — . 4.3.39
The solution of (H + 0H)x,- = g, which is known as the numerical discretised solution,

completes the boundary distributions of ¢ and ¢’, hence (;S%m’F) in (4.3.28) can be computed
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directly. In other words, by analogy with (4.2.11), the solution of (H + 0H)xr- = g, defined

Z(m,F)

by &F(qw-) and 25’ (gn,;), are elements of the numerical discretised FDMCBEM solution ¢y, "’ that

satisfies
n(p)ey" " (p) = {¢n,] / G'(p,q) dg+ >} ]
Jj=1 k=1
—0n.j /( | G(p,q) dg+ Y di’;(p) ] } , (4.3.40)
eV k=1
where
! ¢ (qn,5) otherwise, " ¢ (qn.j) otherwise.
(4.3.41)

4.3.5 Error analysis of the modified CBEMs

Comparing the theoretical discretised MCBEM solution ¢£Lm) in (4.3.24) with the exact solution
o(p), the theoretical MCBEM error is defined as

enm(p) = d(p) — 7" (p) (4.342)
where, by (4.3.2), (4.3.3), (4.3.14) and (4.3.23), we obtain
enm(®) = 6(0) = (Bn(p) + € ()

= en(p) — €7 (p)
=A™ (p). (4.3.43)

Similarly, by comparing the theoretical discretised FDMCBEM solution d>(m ") in (4.3.28) with
the exact solution ¢(p), the theoretical FDMCBEM error is defined as

") () = o(p) — o™ (p) (4.3.44)

which, by (4.3.15) and (4.3.27), we obtain

= 6(p) = (@n(p) + ™ (p) = A ()
=A™ (p) + Ae™F) (p). (4.3.45)
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Thus, by (4.3.43), we have

lenmlloo = 1A o, (4.3.46)
and, by (4.3.45), we have
et nlloo < NAES™ oo + 1 A€S™ | oo (4.3.47)

In other words, the MCBEM error (4.3.46) and the FDMCBEM error (4.3.47) are theoretically
proportional to error discrepancies and, as the standard CBEM error in (4.2.20) is proportional to
an error, we have

lenmlloo < llebimlloe < lenlloo- (4.3.48)

By construction, the MCBEM and FDMCBEM are methods that reduce the overall error of the

standard CBEM.

Alternatively, by respectively comparing the numerical discretised MCBEM solution nglm) in
(m,F)

(4.3.32) and the numerical discretised FDMCBEM solution gz~5n in (4.3.40) with the exact
solution ¢(p), the numerical MCBEM error is defined as

Eam(D) = 6(p) — o™ (p), (4.3.49)

and the numerical FDMCBEM error is defined as

20 (p) = o(p) — ™) (p). (4.3.50)
Therefore, by (4.3.48), we predict
[Enmlloo < ‘|5§LF7)n||oo < [[€n]loo; (4.3.51)

thereby achieving the aim of the modifications in (4.3.4).

4.4 Comparison of the modified numerical schemes

Before computing the numerical errors of both the MCBEM and FDMCBEM, we first consider
their theoretical behaviours. By (4.3.43) and (4.3.45), the MCBEM error and the FDMCBEM

and e%m’F) that comprise the integrals Jj, ; in (4.2.29)

error are respectively dependent upon e,(lm)
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and K, j in (4.2.30), as seen in §4.3.2. Thus it is the behaviour of J; ; and K}, ; that determines
the overall behaviour of the MCBEM and FDMCBEM errors. For example, in accordance with
(4.3.23) and (4.3.43),

Enm =6 — O™ = ¢ — ¢, — ™), (4.4.1)

in which the first two terms on the right-hand side are O(h?), therefore the order of the MCBEM
error &, 1s determined by the truncated-series error e,(lm). As the truncated-series error is defined
by the integrals Jj, ; and K}, ;, whose orders increase indefinitely with & in a two-cycle, as discussed

in (4.2.37), over n elements we have

O(h?) m=1,
oY)  m=2,3,
Enm = (4.4.2)
O(h%)  m =4,5,
O(h®) m=6,7.

In §4.3.2 the finite-difference-truncated-series error recovered the behaviour of the truncated-series
error when the accuracy in the finite-difference scheme was taken to be sufficiently large, e.g. an
eighth-order accuracy in the finite-difference scheme was sufficient when m = 4. Therefore, the
order of the finite-difference-truncated-series error 555)” will match the order of ¢, ,, in (4.4.2),
provided the accuracy in the finite-difference scheme is sufficiently high, although a quantification
into the exact order of accuracy required is deferred until later.

Both the modified CBEMs of §4.3 are validated for the test BVP of Fig. 4.2.2 by a combination of
graphical and data analysis. Using (4.3.49) and (4.3.50), we define the RMSEs as

M
_ 1 _
Gnm = \| 37 > Enm(pay))®  for the MCBEM, (4.4.3)
j=1
and
1 M 2
ZEENEDY (Eﬁ%@(pM,j)) for the FDMCBEM, (4.4.4)

where M is the number of mesh points p,, ; over the internal grid. The convergence rate and order
of the MCBEM error and the FDMCBEM error are determined by Richardson’s extrapolation
formula (4.2.48), as discussed in §4.2.2.

Similar to the CBEM error €, in §4.2.2, the MCBEM and FDMCBEM errors are computed for
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En,m

En,m

©m=3 dm=4

Figure 4.4.1: Log plots of the error in the MCBEM solution of the test problem in Fig. 4.2.2,
En,m(p), for different values of n and truncation limits m = 1,2,3,4. Each surface corresponds
ton = 48 (red), n = 72 (blue) and n = 108 (green). The MCBEM errors are converging to zero
with increasing n, and furthermore, by comparison with the CBEM errors in Fig. 4.2.3, reduce the

overall error by up to eight orders of magnitude.

different values of n. To simplify the implementation of the modified methods, however, the
computations take a maximum of m = 4 only.

The MCBEM error €, , in the test BVP (Fig. 4.2.2) is depicted in Fig. 4.4.1. By comparison with
the standard CBEM error in Fig 4.2.3, Fig. 4.4.1 shows an impressive reduction in the MCBEM
error, even for the simplest case of m = 1. Furthermore, Fig. 4.4.1 demonstrates two features of
the MCBEM error: first, prominent error peaks at the corner points due to the O(h?) behaviour of

Ji,; and K}, ;; second, the error is converging to zero with increasing n, although further analysis
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Figure 4.4.2: Contour plots of log(&y,m(p)), the logarithm of the relative error in the MCBEM
solution of the test BVP in Fig. 4.2.2, for n = 48 and different values of m. Here we have a detailed
quantification of the red error surfaces given in Fig. 4.4.1 form = 1,...,4. By comparison with
the CBEM error in Fig. 4.2.4(a), the scaling of the colour maps show the superior accuracy gained
by the MCBEM method when m > 1.

into its rate and order is deferred until after the errors of the FDMCBEM have been computed and
discussed.

As a quantification of the n = 48 error surfaces in Fig. 4.4.1, the MCBEM errors are also depicted
in four contour plots in Fig. 4.4.2 with fixed n = 48 and varying m. Compared with Fig. 4.4.1, the
contour plots in Fig. 4.4.2 provide a greater extent of detail of the behaviour of the errors over the
whole domain. In particular, the contours show the error converging to zero with increasing m and

prominent error peaks at the corners, the largest of which is at (z,y) = (1, 1) due the Maximum
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m| n Exact o, Approximate 5,(531
2nd Order 4th Order 6th Order 8th Order

1 | 48 | 5.8686 x 107° | 6.0706 x 107> | 5.9828 x 1075 | 6.0003 x 107 | 6.0124 x 107°
72 | 2.4105 x 1077 | 2.4437 x 107> | 2.4336 x 1075 | 2.4372 x 1075 | 2.4397 x 107°

2 | 48 | 2.4885 x 1077 | 3.5340 x 1076 | 3.1080 x 10~7 | 3.1105 x 10~7 | 3.2030 x 10~
72 | 5.0907 x 108 | 7.1107 x 10~7 | 6.2389 x 10~® | 6.3710 x 10~® | 6.5621 x 10~®

3 |48 | 5.0121 x 1079 | 3.2867 x 107 | 1.5171 x 1078 | 5.1945 x 107 | 5.1945 x 10~
72 1 9.3238 x 10710 | 6.6054 x 1077 | 1.6921 x 1079 | 9.4754 x 10719 | 9.4901 x 10~1'°

4 | 48 | 1.2476 x 10711 | 3.2890 x 1076 | 1.2967 x 10~ | 9.0726 x 10~! | 1.8043 x 10~ 1!
72 | 1.2129 x 10712 | 6.6121 x 1077 | 1.2425 x 1079 | 4.6511 x 10712 | 1.6704 x 10~'2

Table 4.4.1: The RMSE of the MCBEM (exact) oy, and the FDMCBEM (approximate) 57(1?31 in
the solution of the test BVP in Fig. 4.2.2, taking o« = 1.5in (4.2.48), n = 48,72, m = 1,2,3,4 and
order of accuracy a = 2,4, 6, 8 in the finite-difference method. Here the RMSEs are quantifications
of the error surfaces in Fig. 4.4.1 and Fig. 4.4.3 (n = 48 (red), n = 72 (blue)). When eighth-order
accuracy is taken in the FDMCBEM, the difference between the approximate RMSE and the exact

RMSE is the least for all m and n, which is in agreement with Fig. 4.3.4.

principle. Furthermore, by comparison with the contour plot of the CBEM error in Fig. 4.2.4(a),
the scaling of the colour maps show the superior accuracy gained by the MCBEM method when
m > 1.

For the FDMCBEM to closely approximate the MCBEM, we require the error in the finite-
difference molecule, which is dependent upon its chosen size, to be less than the new error that
we are seeking to find in the improvement, namely the MCBEM error. Although, in accordance
with in (4.3.20) of §4.2.1, the size of the molecule in the finite-difference method is restricted by n

. m,F
andmmeg oF)

. Bearing this restriction in mind, the effect of the error in the molecule upon the
accuracy of the FDMCBEM is depicted in Table 4.4.1, in which the size of the molecule (i.e. the
accuracy of order O(h®)) is varied.

When a = 2 in Table 4.4.1, i.e. the finite-difference method is taken to second-order accuracy, the

order of the FDMCBEM RMSE (approximate) only matches that of the MCBEM RMSE (exact)
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when m = 1. For m > 1, taking a = 2 in the finite-difference method adversely affects the overall
FDMCBEM error, as the finite-difference error is greater than that we are seeking to find thus
dominating the behaviour of E(HF,},L Hence we require the accuracy of the finite-difference method
to be greater than second-order when m > 1.

Table 4.4.1 provides another interesting observation: when m = 1 the difference between the
approximate error z?ﬁfr)n and the exact error €, ,, is the least when fourth-order accuracy is taken in
the finite-difference scheme. This follows since, by (4.4.2), £,,1 is of O(h?) therefore fourth-order

. . F
accuracy is enough to recover O(h?) in gfl 1),

i.e. the error in the molecule of the finite-difference
method is less than the new error. However, Table 4.4.1 also shows that no further benefit is gained
for increasing the accuracy above fourth-order, as the errors from the integrals J; ; and Ky ; in

™) will be the most dominant. Similarly, when m = 3, by (4.4.2), &, ,, is of O(h*) therefore

we expect no further improvement in Eﬁfg when the accuracy is above sixth-order, as confirmed
by Table 4.4.1. That is, Table 4.4.1 shows no monotonic improvement between the degree of
the FDMCBEM error and the accuracy of the finite-difference approximation. Instead there is a
staggered improvement, because the inclusion of larger numbers of Jj, ; and K}, ; does not always
compensate for the error in the finite-difference approximation.

For varying values of m, Table 4.4.1 quantifies the degree of accuracy required in the FDMCBEM.
For example, when a = 8 in the finite-difference method, Table 4.4.1 shows |G, ,, — E,(IF,M is the
least for all n and m, hence eighth-order accuracy is taken in the subsequent implementation of the
FDMCBEM.

The errors of the FDMCBEM are depicted in Fig. 4.4.3 for the test BVP in Fig. 4.2.2. By adopting
eighth-order accuracy in the finite-difference scheme, the FDMCBEM errors in Fig. 4.4.3 are
indistinguishable from the MCBEM errors in Fig. 4.4.1 for all n and m. Moreover, by comparing
the FDMCBEM errors in Fig. 4.4.3 with the CBEM errors in Fig. 4.2.3, we note an impressive error
reduction in the FDMCBEM (up to eight-orders of magnitude), therefore achieving the original aim
of the modification in (4.3.51).

The orders (and convergence rates) of the MCBEM and FDMCBEM errors in Figs. 4.4.1 and 4.4.3
are presented in Table 4.4.2. Using the nomenclature of Richardson’s extrapolation in §4.2.2, the

convergence rates are denoted by p and orders by p. The errors of the modified numerical schemes

in Table 4.4.2 are converging to the theoretically predicted in orders in (4.4.2) with increasing n,
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©m=3 dm=4

Figure 4.4.3: Log plot of the error in the FDMCBEM solution of the test BVP in Fig. 4.2.2, éffr)n (p),
form = 1,2, 3,4, fixed eighth-order accuracy in the finite-difference scheme and different values
of n. Each surface corresponding to n = 48 (red), n = 72 (blue) and n = 108 (green). By
comparison with Fig. 4.4.3, the FDMCBEM errors and the MCBEM are indistinguishable for all

n and m when a = 8.

ie. O(h%) when m = 1, O(h*) when m = 2,3 and O(h%) when m = 4. The orders are not
exactly as predicted in (4.4.2) owing to two reasons: first, the imposed truncation m in é{”’ and
egm’F) that respectively define the MCBEM error in (4.3.43) and FDMCBEM error in (4.3.45),
and; second, the O(h) pollution at the corners which, as demonstrated by the CBEM errors in
Table 4.2.1, affects the overall accuracy of the numerical solution.

In addition, the results in Table 4.4.2 show the orders of the MCBEM and FDMCBEM errors are

alternating between converging to the predicted value from above and below as m increases. The
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m | n,an P P

Predicted | Exact | Approx | Predicted | Exact | Approx

1 | 48,72 2.25 2.4346 | 2.4644
72,108 2.25 2.3412 | 2.3570

2.1945 | 2.2245
2.0980 | 2.1146
3.9137 | 3.9100
3.9535 | 3.9495
4.1480 | 4.1925
4.0857 | 4.1104

2 | 48,72 5.0625 4.8884 | 4.8811
72,108 | 5.0625 4.9681 | 4.9599
3 | 48,72 5.0625 5.3756 | 5.4735
72,108 | 5.0625 5.2416 | 5.2942

4 | 48,72 | 11.3906 | 10.2861 | 10.8018
72,108 | 11.3906 | 10.7969 | 10.9647

5.7484 | 5.8691
5.8680 | 5.9060

(= I T S N B R V)

Table 4.4.2: The error convergence rate p and error order p in the MCBEM %lm) (exact) and the
FDMCBEM nglm’F) (approximated) solution of the test BVP in Fig. 4.2.2, for eighth-order accuracy
in the finite difference method, oo = 1.5(= f3) in (4.2.48), n = 48,72,108 and m = 1,2,3,4. The
error orders in the MCBEM and FDMCBEM are approximately O(h?) for m = 1, O(h*) for
m = 2,3 and O(h®) behaviour for m = 4 as predicted in (4.4.2).

reason for such behaviour is due to the errors /™ and ™", which define the MCBEM error in

(4.3.43) and the FDMCBEM error in (4.3.45), comprise the integrals Jj, ; in (4.2.29) and K} ; in
(4.2.30) where k£ = 1,...,m. Then (4.2.37) shows that we require only m = 1 to capture all of
the O(h?) behaviour of the error in both the MCBEM and the FDMCBEM. The interesting case
is m = 2 because we still expect O(h?) behaviour from the m = 3 term. This suggests that we
have a incomplete representation of the O(h*) behaviour when m = 2, and in practise we get an
under-specification. On the other hand, when m = 3 we get an over-specification of the O(h?)
behaviour (consistent with the over-specification in Table 4.3.1) and this repeats in a period-two
cycle in accordance with the period-two cycle implied by (4.2.37).

The O(h*) error in the MCBEM (and the FDMCBEM), which was recovered when m = 2 or
m = 3, is equivalent to the order of the error for a piecewise-quadratic BEM. However, the
modified methods are augmenting a piecewise-constant BEM, thus require only a n-dimensional

collocation system, whereas a quadratic BEM would require a 2n-dimensional collocation system.
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n RMSE ()
CBEM MCBEM FDMCBEM

48 | 1.2001 x 10793 | 1.2476 x 10~ | 1.8043 x 1011
72 | 6.0309 x 10794 | 1.2129 x 10712 | 1.6704 x 1012

Table 4.4.3: An overview of the RMSEs in the CBEM, the MCBEM and the FDMCBEM solution of
the test BVP in Fig. 4.2.2 for a« = 1.5 in (4.2.48), n = 48,72, m = 4 and order of accuracy a = 8
in the finite-difference method. Evidently both modified methods are superior in accuracy over the

standard CBEM for each value of n.

In other words, we have emulated the behaviour of higher-order Lagrangian interpolation without
increasing the size of the system, thereby achieving the aim of the modification.

In general, the order of the error in the MCBEM varies with m as

O(R™1)  if mis odd,

4.4.5)
O(h™*2)  if mis even,

where m is chosen a priori, thus the error order can be enhanced beyond quadratic accuracy. The
accuracy of the error in the FDMCBEM on the other hand, which must be taken to a higher degree
if m is to be increased beyond m = 4, is restricted due to the accuracy in the finite-difference
method.

Increasing m in the modified methods, however, results in an increase in the required CPU system
time. For example, by comparison with the simplest case of m = 1, the MCBEM CPU system
time increases by 22%, 47% and 71% by increasing m to 2,3 or 4 respectively. Similarly, by
comparison with the simplest case of m = 1, the FDMCBEM CPU system time increases by
28%, 77% and 92% by increasing m to 2, 3 or 4 respectively. Furthermore, by construction, the
required FDMCBEM CPU system time will be greater than the MCBEM CPU system time as the
FDMCBEM requires the derivation of the finite-difference molecules, e.g., an increase of 2% when
m = 4 and eighth-order accuracy is imposed.

Essentially, for any m, the required CPU system time in the MCBEM (and FDMCBEM) is less
than the required CPU system time for a standard BEM of an equivalent order of accuracy. For

example, the time taken to invert a n X n matrix in the MCBEM and FDMCBEM, which are
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of order O(h™), is 2n3/3. However, the time taken to invert a (m/2)n x (m/2)n matrix in a
BEM using higher-order Lagrangian interpolation, which is also O(h™), is 2(mn)?3 /24. Therefore,
because the modified methods require only the solution of a n X n system, they are computationally
superior over the standard BEMs that are based on higher-order Lagrangian interpolation, e.g. the
piecewise-quadratic BEM (Manzoor [1984]).

For the simplest case of m = 1 the CPU system time for the MCBEM is an increase from the
CBEM time by 222% when n = 48, although this increase in CPU system time is justified by
the higher order gained in the MCBEM over that in the CBEM. In practice, to obtain a solution
of higher accuracy one usually increases the number of elements taken in a BEM. If we apply
this principle to the CBEM, then only by taking n = 164 elements do we recover a RMSE of an
equivalent order to that in MCBEM in the case when m = 1 and n = 48. However, as the MCBEM
requires a substantially smaller number of elements, the CBEM will increase the CPU system time
by 784% in order to match the accuracy in the new improved BEM, thus demonstrating that the

MCBEM is the superior BEM for solving (and improving) the accuracy of regular BVPs.
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4.5 Summary and discussion

In this chapter we have demonstrated the use of numerical methods to approximate the solution of
a nonsingular two-dimensional harmonic boundary value problem. This involved implementing a
piecewise-constant boundary element method, which was subsequently modified in a novel way,
so that the order of the error in the numerical solution could be chosen a priori.

The modification was based on an in-depth analysis of the behaviour of the piecewise-constant
boundary-element-method error, in which the unpredicted O(h) error peaks occurring in at the
corners of a domain were highlighted. The error peaks, which could be reduced by taking higher-
order Lagrangian interpolation, are subsequently reduced by a modified method without increasing
the size of the system.

For the test BVP considered, the error in the modified methods was shown to emulate the rate
of convergence normally associated with piecewise-quadratic boundary element methods (Brebbia
and Dominguez [1989], Manzoor [1984]) without the need to solve a larger system. In other words,
the modified methods require only a n-point collocation unlike the piecewise-quadratic boundary
element method that require a 2n-point collocation; the corresponding smaller dense system
requiring substantially less time to invert, and so making the modified methods computationally
advantageous. Moreover, by construction of the modified methods, the order of the error in these
methods can be further increased to emulate the order in Lagrangian interpolation of a degree
higher than second-order, again without increasing the size of the system.

The modified methods demonstrated a significant reduction (up to eight orders of magnitude) in
the error of the approximated solution in comparison to the standard piecewise-constant boundary
element method. However, this reduction is achieved at a cost of an increase in the CPU system
time of at least 222% upon that in the piecewise-constant boundary element method. On the other
hand, in order to match the superior accuracy of the modified method, the piecewise-constant
boundary element method would require a substantial increase in the number of elements thus
increasing the CPU system time, e.g. a 784% increase in CPU time is required to match the
accuracy of the modified method when m = 1 and n = 48.

Further investigations into the theory covered in this chapter involve finding improved estimates of

the exact piecewise-constant boundary element method error €, in order to reduce the error in the
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approximated €, that defines the modified method. We proceed by utilising the theory outlined in
chapter 4 to analyse the solution of singular harmonic boundary value problems in chapters 5 and

6.
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Chapter 5

Pseudo-Analytic Solution of a Singular

Harmonic Boundary Value Problem

Previously, in chapter 4 we considered improving the accuracy of the numerical solution of BVPs
that contained no additional difficulties. Now, we consider problems with inherent difficulties, i.e.
BVPs with the presence of a boundary singularity, otherwise known as singular BVPs.

Singular BVPs (SBVP), have attracted much attention (Whiteman and Papamichael [1971], Symm
[1973], Jaswon and Symm [1977], Blue [1977], Crank and Furzeland [1978], Xanthis et al.
[1981], Kelmanson [1984], Manzoor [1984], Mason et al. [1985], Aitchison and Karageorghis
[1988], Atkinson and Chandler [1990], Hansen and Kelmanson [1994], Elliotis et al. [2002], Li
et al. [2005], Elliotis et al. [2006], Helsing [2009], Xenophontos et al. [2010]): they arise in the
mathematical modelling of many real-world problems drawn from applied maths, physics and
engineering. Most commonly, the singularities are those arising from a sudden change in boundary
conditions, e.g. changes in dielectric properties (Daly [1973]), or a sudden change in boundary
geometry, e.g. in stress analysis in regions with cracks (Mason and Smith [1982]) and flow
near sharp corners (Kelmanson [1983a]). SBVPs can generally not be solved explicitly, therefore
numerical procedures are necessary.

To be able to quantify the accuracy of a given numerical procedure, one must be able to validate
the approximate solution against either existing results or an analytic solution. In the present work,

we consider the latter of these. That is, we present a method whereby we can derive the analytic

107



Pseudo-Analytic Solution of a Singular Harmonic Boundary Value Problem
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Figure 5.1.1: Schematic diagram of the physical origin of the stripline problem.

solution of a given singular BVP.

The remainder of this chapter is as follows. In §5.1 we present a singular harmonic BVP, considered
in this and the proceeding chapter. In §5.2 we outline the conformal transformation method,
by the analogy of Whiteman and Papamichael [1971] and Rosser and Papamichael [1975], for
determining a pseudo-analytic solution. Finally, in §5.3 we determine a pseudo-analytic (series)

solution of the singular harmonic BVP.

5.1 Singular harmonic boundary value problems

We consider BVPs with the presence of boundary singularities arising from a sudden change in
boundary conditions, as these occur in the vast majority of problems where we have no control
over the boundary conditions. An example of such a SBVP is seen in the analysis of transmission-
line singularities (Daly [1973], Postoyalko [1986]), such as the stripline problem. The solution of
the stripline problem is essential in electrical engineering owing to its many practical applications,
particularly its use in electromagnetic compatibility testing due to its ability to reduce random
fluctuations in electrical signals, i.e. noise. The physical stripline problem consists of a flat strip of
conducting metal that is contained within insulating material (forming a dielectric), all of which is
inside a grounded rectangular shell, as shown in Fig. 5.1.1.

The SBVP for the stripline (Ingham et al. [1981c], Postoyalko [1986]), summarised pictorially in
Fig. 5.1.2, results from considering only the upper-right quadrant of the dually symmetric physical
problem in Fig. 5.1.1. The stripline SBVP comprises solution of Laplace’s equation, V2¢ = 0,

for the electrostatic potential ¢ in a two-dimensional domain. Moreover, the stripline SBVP in Fig.
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Figure 5.1.2: A pictorial summary of the stripline singular boundary value problem.

5.1.2 has a boundary singularity at O (the origin) due to a discontinuity between Neumann and
Dirichlet boundary conditions either side of O.

The stripline problem is an adaptation of the classical SBVP, which is known as the Motz problem
(Motz [1946]), presented in Fig. 5.1.3. The computation of approximate solutions of the Motz
problem has invited extensive research into a variety of techniques, some pseudo-analytic and
others numerical, e.g. Whiteman and Papamichael [1971, 1972], Papamichael and Symm [1975],
Blue [1977], Crank and Furzeland [1978], Wigley [1988], Karageorghis et al. [1996], Li and Lu
[2000], Hu [2003], Li et al. [2005] and, Li et al. [2006]. Utilising the near-identical geometrical
resemblance between the Motz and stripline problem, the research techniques developed for the
solution of the Motz problem can be extended to the stripline problem, subject to only minor
adaptations. For example, in §5.2 the pseudo-analytic solution of the stripline problem will be

derived using an adaptation of the conformal transformation method for the Motz problem.

Y
c ¢=0 iXﬁé/:O B
¢ =0 Vip=0 b= o

D ¢=do 9 ¢/=0 A

Figure 5.1.3: A pictorial summary of the Motz singular boundary value problem.
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The analytical solution of the stripline (and Motz) problem is expressible as an explicit series
obtained via separation of variables in polar coordinates (r, ) centred at O in Fig. 5.1.3 and 5.1.2.
For either the Motz or stripline problem, the boundary conditions on § = 0 and § = 7 yield the

harmonic potential for (x,y) € [ABC D]

o(r,0) = ¢ + ;airié cos [(z — ;) 0] , (5.1.1)

where a; are expansion coefficients yet to be determined. The validity of (5.1.1) holds throughout
the entire domain (Rosser and Papamichael [1975]).

Several different approaches have been developed to approximate the unknown expansion
coefficients a; in (5.1.1), the conformal transformation method (Whiteman and Papamichael
[1971]) being one of the original. Other methods include: the Trefftz method (Trefftz [1926],
Lu et al. [2004]); the global element method (Hendry and Delves [1979], Kermode and McKerrell
[1985]); the least squares method (Li et al. [1987]); the singular basis function method (Olson et al.
[1991]); the block-grid method (Dosiyev [2005]); the boundary approximation method (Li et al.
[2006]), and; the hybrid BEM (Pashos et al. [2010]). In order to obtain “near-exact” (Papamichael
[1989], Arad et al. [1998], Hu [2003]) estimates of the coefficients a; in (5.1.1), we employ the
conformal transformation method (CTM), not least of which because it yields information that
forms a baseline comparator against which we test the results of our numerical methods in the

proceeding chapter.

5.2 The conformal transformation method (CTM)

The CTM is well-established and has been successfully applied to many types of boundary value
problems, e.g. Whiteman and Papamichael [1971, 1972], Papamichael and Sideridis [1979] and
Li and Lu [2000]. Because of the non-transparency of implementing the CTM, we take this
opportunity to describe the steps of the CTM in some detail, particularly because some of the
process has not yet been described in the literature.

The CTM is based on applying a sequence of conformal mappings, which preserves the angles

in a domain, to transform a complex harmonic BVP into a harmonic BVP for which there
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Figure 5.2.1: The mapping of a generalised polygon in (), through a sequence of conformal
transformations, to a quadrilateral Q)* with a unique aspect ratio. The distribution of the Dirichlet
and Neumann conditions along the boundary of the polygon in ) must be split in a two-two fashion
as shown. The heavy and thin lines denote boundary sub-arcs on which Dirichlet and Neumann

conditions are respectively applied.

exists a simple analytic solution. The CTM has been applied to many problems in mathematical
physics, e.g. aerodynamics, hydrodynamics, electromagnetism, acoustics, and thermal equilibrium
(Schinzinger and Laura [2003]). The application of the CTM, however, usually deals with solutions
of Laplace’s equation, as the harmonic function remains invariant under a CTM, i.e. the solution is
still harmonic after being transformed by a conformal map.

We are particularly interested in the CTM, because of its use in transforming a SBVP with a
mixture of Neumann and Dirichlet boundary conditions, to yield a final nonsingular BVP defined
on a quadrilateral (Whiteman and Papamichael [1971]). For example, provided the boundary
distributions ¢ and ¢’ are split in a two-two fashion, as shown in Fig. 5.2.1, the transformation
is achieved through a sequence of conformal mappings. The boundary conditions in the final
transformed domain (right-hand side of Fig. 5.2.1) occur in two sets of pairs on opposite faces, e.g.
Dirichlet conditions on the north and south face and Neumann conditions on the east and west face.
The (linear) solution in the final domain space, after inverting the sequence of transformations back
to the original domain, defines the analytic solution of the SBVP.

We will illustrate the CTM by transforming a rectangular domain, consistent with the stripline
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problem in Fig. 5.1.2, with discontinuous boundary data into a quadrilateral with continuous
boundary data. To begin with, the generalised Schwarz-Christoffel mapping, used in the sequence
of transformations, is outlined; this includes the definition of complete and incomplete elliptic
functions of the second kind and the their inverses. Using the Schwarz-Christoffel mapping, the
aim is to provide a schematic overview of the sequence of transformations in the CTM, specific for

the stripline problem, thus determining the analytic solution (5.1.1).

5.2.1 Schwarz-Christoffel mapping: rectangular domains

The CTM comprises a sequence of Schwarz-Christoffel mappings (SCM). The SCM is used to
map vertices in a upper-half plane to the corners of a polygon in a complex domain. Let €2 be
the region in the complex plane bounded by a polygon P with vertices wi, wa, ..., wy,, given in
a counter-clockwise order, and interior angles ajm, asm,...,a,7. Assuming ) is bounded and
without any cusps or slits, i.e. «; € (0,2) for each j, then f denotes the conformal map of the
upper-half plane, 2* say, onto 2 with k™ prevertex z; = f~!(w;). If the n distinct points z; in
the real axis are such that |z;| < oo for all j, then the Schwarz-Christoffel mapping is given by the

formula (Driscoll and Trefethen [2002]")

z n
w=f(z) = cl/ [1(¢ -2 Vd¢ + e, (5.2.1)
20 j=1
where 2 is a fixed lower limit, ¢; and c; are constants and w; = f(z;) forj =1,...,n.

As we are concerned with the simple case of a rectangular polygon (to match with the stripline
problem), with length 2a and height b, the Schwarz-Christoffel mapping is as follows. Taking
n = 4 in (5.2.1), by Copson [1946], Nehari [1952] and Bowman [1953], the Schwarz-Christoffel
prevertices are z; = (1,0), 20 = (1/k,0),23 = (—1/k,0) and z4 = (—1,0), where the parameter
k is the elliptic modulus satisfying 0 < k? < 1. Moreover, we have aj =1/2forallj=1,...,n,
so that the Schwarz-Christoffel function f(z) in (5.2.1) maps z1, 22, z3 and z4 in the complex
z = u + v upper half-plane to the corners of a rectangle w1, w2, w3 and wy in the complex plane,

w = x + 1y, as depicted in Fig. 5.2.2.

'The reference by Driscoll and Trefethen [2002] is given in preference to earlier/classic work on the Schwarz-

Christoffel method because of the level of detail presented.
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z w
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z3 24 21 22 Wy w1
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Figure 5.2.2: A Schwarz-Christoffel mapping w; = f(z;) from z = u + iv upper half-plane to
complex plane w = x + iy when n = 4 in (5.2.1). Here k the elliptic modulus, representing the

degrees of freedom in the prevertices {z;}.
Eqn. (5.2.1) may be written as an elliptic integral of the first kind*:

2 4
w=f(z)=a ; [T —2z)@1dC + e,
j=1

1
—), (- 31— k)

dg,

= F(z,k) (5.2.2)

where ¢ = kc; and co = 0 (since the origin is mapped to itself). By (5.2.2), each vertex {w;} in

the rectangle in the w-plane on the right-hand side of Fig. 5.2.2 is related to {z;} in the z-plane by

! 1
a+10= c/ —dc, (5.2.3)
0 [(1—-¢*)(1—k2)]?
1/k
a—+1b= c/ L —d(, (5.2.4)
0 [(1-¢3)(1-k>¢)]2
~1/k
—a+1ib= c/ 1 —d(, (5.2.5)
0 [(1-¢)(1 k22
—1
—a+10 = c/ 1 —dC. (5.2.6)
0 [(1-¢)(1—k2¢)]?

Substituting ¢ = —E in (5.2.6) results in (5.2.3) and, by subtracting (5.2.3) from (5.2.4), the height

of the rectangle b satisfies

k
b:c/1 1 —d¢ (5.2.7)
L[(¢2=1)(1 - k2¢2))2

2Sometimes m is used in place of the elliptic modulus k where m = k> (Abramowitz and Stegun [1972]).
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which, by the substitution ¢ = 1/(1 — k222)2, where k2 + k2 = 1, (5.2.7) becomes

1
b= c/ L —dx. (5.2.8)
0 [(1—a?)(1 - kiz?)]?

The complete elliptic function of the first kind (Abramowitz and Stegun [1972]) is

1
K(k) = F(1,k) = / ! e, (5.2.9)
0 [(1—¢?)(1—k2¢?)]2
where, by (5.2.3) and (5.2.8),
a=cK(k), b=cK(H1-Ek?), (5.2.10)
so that
a_ K(k)
;= 7}((\/@), (5.2.11)

which defines the value of the elliptic modulus & for known dimensions a and b.

When ¢ = 1 in the integral (5.2.2), i.e.

z 1
P = (- 31— k)

¢, (5.2.12)

F(z, k) is a incomplete elliptic function of the first kind which, when k is fixed, gives a one-to-one
relation between the complex z-plane and its mapped w-plane (the geometry of the rectangle).
Introducing the parameter m = k2, the incomplete elliptic function (5.2.12) can be equivalently

denoted by

@
F(sind),m):F(qb\m):/O ; s 29)1d9, (5.2.13)
— msin 2

where ¢ = arcsin z corresponds to the amplitude (Rosser and Papamichael [1975]). In defining
F in (5.2.13), we have used the comma to imply that the argument preceding it is the sine of
the amplitude and the vertical line to imply the proceeding argument is the amplitude itself: this
notation is consistent with Abramowitz and Stegun [1972]. The elliptic function (5.2.13) is said to
be complete when the amplitude ¢ is 7/2, i.e. K(m) = F (5|m) = F(1,k).

We define the complementary parameter m’ by

m =1—m, (5.2.14)
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whence the complete elliptic integral (5.2.9) is

w/2
K(m’) = K’(m) = / ! T deo. (5.2.15)
0 (1 — m/ sin? 0) 2

Eqns. (5.2.9) and (5.2.15) are used to define the nome and the complementary nome respectively

by

q(m) = exp(—7K'(m)/K(m)), (5.2.16)

qd'(m) = q(m’) = exp(—7K(m)/K'(m)), (5.2.17)

as well as the supplementary functions

9
R(q) = K;ﬁ (5.2.18)

9
R(q) = R(¢)= — (5.2.19)

K'\/m!

Note, (5.2.15)-(5.2.19) are consistent with Rosser and Papamichael [1975], whereby the prime
does not denote a differential, but rather the dependence of a function upon the complementary
parameter m’. Observing that K (m) is a increasing function in (5.2.9) and, conversely, that K'(m)
is a decreasing function in (5.2.15) then, by construction of the nomes (5.2.16) and (5.2.17), g(m)
is a increasing function of m, whereas ¢'(m) is a decreasing function of m.

Since the stripline problem is defined on a rectangular domain, we require the inverse of the

Schwarz-Christoffel function in order to map the rectangle onto the complex line, i.e.
¢ = F~Y(w|m) = sn(w, m), (5.2.20)

where sn is the Jacobi elliptic sine function. The Jacobi elliptic sine function (5.2.20) can be

expressed in the series form (Abramowitz and Stegun [1972]) as

1

_ 21 > q . ™
sn(v,m) = RONG nz:% T sin(2n + 1) <2K(m)) , (5.2.21)
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where ¢ is defined in (5.2.16). By using (5.2.18) and sin(z) = Yo% ((—1)"(2*"*1/(2n + 1)!),
(5.2.21) yields

[e.9]

gt 2n—|—1)2r+1 v\ 2r+1
sn(v,m) = Z (2r + 1 ! Z g2 +1 (ﬁ)

( >2r+1
ZA ( )QTH (5.2.22)

where

¢tz (2n + 1)
Arle) = 2r + 1 [ Z 1—g@ntt (5.2.23)

Series (5.2.23) of the Jacobian elliptic sine function is essential in the following implementation of

the CTM.

5.2.2 The sequence of transformations in the CTM

Whiteman and Papamichael [1971] first used the CTM to reduce, by a sequence of transformations,
a complicated harmonic BVP into a simpler harmonic BVP whose solution could be deduced by
inspection. The explicit solution of the simpler harmonic BVP, however, transpires to be in terms of
elliptic functions (and their inverses) that, in practice, require numerical evaluation. Consequently,
we derive a “near-exact” solution in the CTM in the sense that the solution is restricted by only
machine precision.

Both the Motz and the stripline problem are specific cases of general harmonic BVPs that are

amenable to the CTM (Whiteman and Papamichael [1972]), the general form of which is

V2¢ =0, in Q,
0] known on I'y, I3, (5.2.24)
¢’ known on I'y, Ty,

where € is a simply connected open domain with closed boundary 0f) = U —1I'; in which I'y is
the adjacent sub-arc of I', I'; is the adjacent sub-arc of I'3, I'5 is the adjacent sub-arc of I'4 and

I'4 is the adjacent sub-arc of I'y. That is, the Dirichlet and Neumann boundary conditions on the
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Figure 5.2.3: The z1-plane for the stripline SBVP in Fig. 5.1.2. The heavy and thin lines denote

boundary sub-arcs on which Dirichlet and Neumann conditions are respectively applied.

polygonal boundary are split in a two-two fashion, in accordance with Fig. 5.2.1. Specifically, for
the stripline problem of Fig. 5.1.2, the Dirichlet and Neumann boundary sub-arcs are shown in Fig.
5.2.3.

The idea behind the CTM is to apply a succession of four transformations, 77, 75, 13 and T} say,
which include the Schwarz-Christoffel mapping (see §5.2.1), to transform an original SBVP in the
21 = x + iy plane onto a nonsingular harmonic BVP with solution ¢ in the z5 = & + in plane

where if z5 = (£,7) € 0* then

V26 =0, inQ*. (5.2.25)

The composite transformation T' = T, o T5 015 o T} is constructed so that, in the z5-plane, (5.2.25)
has an exact (linear in ¢ or 7)) solution. Hence defining a the solution of the Motz and the stripline
problem, ¢(p) = ¢(p'), where pL p/, p € Q and p' € Q*. Thus the goal is to determine the
(sequence of) conformal mappings 7" that transform the original BVP into (5.2.25).

The conformal mappings in 7' that transform the original BVP into (5.2.25) have already been
defined for the Motz problem (Whiteman and Papamichael [1971, 1972], Li and Lu [2000]),
therefore in this thesis we outline the conformal mappings for the stripline problem so that they
are readily available for others to use. In Fig. 5.2.3 each point of the rectangular domain of the
stripline SBVP (Fig. 5.1.2) in the (z, y)-plane is a complex number z; = = + iy. In particular, the
points A, B,C and D in Fig. 5.2.3, located where there is a change in boundary conditions, are
—1,0,1 and —1 4. The boundary conditions in Fig. 5.2.3 are a zero normal derivative on the line

segment from D to A and from B to 6’, value ¢g on the line segment from At B , and the value
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of ¢1 on the line segment from C around to D along the right and top side of the rectangle.
The mapping of the rectangular domain of the stripline problem onto an upper half-plane is

achieved using the theory of the Schwarz-Christoffel mapping in §5.2.1. Here we first take

= — .2.2
k 7 (5.2.26)

i.e. a =b=1in(5.2.11): then, because m = k2, we have m = %, for which value, (5.2.14) yields

m’ = m and, by (5.2.9) and (5.2.15),
K(m) = K'(m). (5.2.27)

Therefore, (5.2.16) implies

q(m) = ¢'(m) = exp(—m). (5.2.28)

Through (5.2.10), Eqn. (5.2.26) also implies that ¢ = 1/K (k) and so, by (5.2.2), we have

1 2 1
T E® / (— a0 —wap®
1

Thus the inverse of (5.2.29) defines the first transformation in the sequence, 77, from z; to the
upper-half plane zo shown in Fig. 5.2.4, in which the points j’ B, C and D on the rectangle map
to points A’ = —1, B/ = 0,C’ = 1 and D’ = —/2. Note, the red arrows in the right-hand diagram
in Fig. 5.2.4 denote the connection of the Dirichlet conditions at infinity in the transformed domain
that correspond to the same physical connection of the Dirichlet conditions in the original domain
in the left-hand diagram. That is, even though the boundary along the top of the rectangle and the
right-hand side of the rectangle share the same boundary condition type property, they do not share
the same geometric property, thus the transformed plane (right-hand diagram in Fig. 5.2.4) is a
manifestation of this disjointness.

By definition of the Jacobian elliptic sine function (5.2.20), the transformation 77 : z; — 22 in the

CTM is

z9 = sn(Kz1,m). (5.2.30)
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21 | 29
0

Figure 5.2.4: Schematic representation of the transformation T : z1 — 2o from the full complex
plane z1 = x + ty to the upper half-plane zo. The heavy lines represent Dirichlet boundary
conditions otherwise they are Neumann. The points ;1\, E,@ and D map to points A , B , C'and D'
by the inverse of a Schwarz-Christoffel mapping (Fig. 5.2.2), e.g. A = f_l(g) That is, the five
different sections of the original quadrilateral in the left-hand figure are mapped into five different
sections on the real line in the upper half-plane in the right-hand figure. The red arrows in the
right-hand diagram in Fig. 5.2.4 denote the connection of the Dirichlet conditions at infinity in the
transformed domain that correspond to the same physical connection of the Dirichlet conditions in

the original domain in the left-hand diagram.

The next step in the CTM is bilinear transformation 75 : zo — z3 that transforms the upper-half
plane in 22 onto the upper half-plane z3, shown in Fig. 5.2.5. The bilinear transformation for the
stripline SBVP is (Whiteman and Papamichael [1971])

. 22’2
142

Z3 (5.2.31)

in which the points A, B!, C" and D' in the 29-plane map to points A" = —00,B" =0,0" =1
and D" = 4/(2 — /2) in the z3-plane.

The third transformation 73 : z3 — 24 in the CTM, fixed for any BVP, is
z24 = /23, (5.2.32)

which corresponds to a mapping from the upper half-plane z3 onto the first quadrant in the z4-
plane, shown in Fig. 5.2.6. The points A”, B”, C" and D" in the z3-plane map to points A" = oo,

B = 0, C" =1and D" = 4/(2 — /2) in the z4-plane.
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Figure 5.2.5: Schematic representation of the transform I : zo — z3 from the upper half-plane z»
to the upper half-plane zs by bilinear transformation (5.2.31). The heavy lines represent Dirichlet
boundary conditions otherwise they are Neumann. Transform Ty maps the five different sections
on the real line in the upper-half plane in the left-hand figure into only four sections on the real

line in the upper-half plane in the right-hand figure.
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*—y/ ---------- ————/

Ty o ye-va

Figure 5.2.6: Schematic representation of the transform 1 : z3 — z4 from the upper half-plane z3
onto the first quadrant in the z4-plane by (5.2.32). The heavy lines represent Dirichlet boundary
conditions otherwise they are Neumann. Transform T3 is the beginning of “folding” the four

sections into the closed final domain.

We now take a new variable, 7 say, defined explicitly by the bilinear transformation (5.2.31) as

m= (2_4‘/5). (5.2.33)
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Figure 5.2.7: Schematic representation of the transform Ty : z4 — z5 from the first quadrant z,
onto the rectangle in the zs-plane by (5.2.34). The boundary conditions on the quadrilateral are
defined in (5.2.38) and its H is defined in (5.2.39). The heavy lines represent Dirichlet boundary
conditions otherwise they are Neumann. Transform Ty is the final “folding” to give a regular BVP
and an immediate recognition that the closed final domain admits an analytic harmonic-solution

that is linear in €.

From (5.2.15) and (5.2.29), we have

1 = 1
%_”Wé[awwrm@ﬁ%

1
= K(i)F(Z4,m)
= ;sn—l(Z4,m), (5.2.34)
where
K= K(m). (5.2.35)

The last transformation 7 : z4 — z5 in the CTM, shown in Fig. 5.2.7, maps the first quadrant
z4 into a rectangle in the z5-plane. The rectangle of the z5-plane has corners at 0, 1, i(?’ /K) and
1+ z(f//?) where, analogously with (5.2.35),

K = K'(m). (5.2.36)

The points A”/, B”', C" and D" in the z4-plane maps to points A" = i(K /K), B"" = 0,
C" =1and D" =1+ i(K'/K) in the z5-plane.

By the sequence of composite transformations {7;}}_; the original domain z; = (z,y) € (2 has
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Name of Action of Initial domain Final domain
transformation | transformation
T Z1 — 29 Quadrilateral in a full Complex line on a
complex plane upper half-plane
15 2o — 23 Complex line on a Complex line on a
upper half-plane upper half-plane
T3 z3 — 24 Complex line on a First quadrant in a
upper half-plane complex plane
Ty Z4 — 25 First quadrant in a Quadrilateral in the first quadrant
complex plane of a complex plane

Table 5.2.1: Summary of composite transformations {Ti}?:l in the CTM.

been mapped onto a new closed domain z5 = (£,7n) € Q*, in which the transformed BVP has an

exact solution ¢(p). In Q* the stripline problem satisfies the PDE
V3p=0 0<&<1,0<n<H, (5.2.37)

subject to the boundary conditions

a(ovn) = ¢Oa
5(177]) = ¢17
6(6,0)=4(¢,H) =0, (52.38)

in which H is the height of the rectangle (see Fig. 5.2.7) defined by
(5.2.39)

The nonsingular BVP (5.2.37) and (5.2.38) in Q* (there are now no discontinuous boundary

conditions) has the general solution

O(&,n) = d(€) = (¢1 — d0)€ + o, (5.2.40)

which is symmetrical about the line n = H /2 over domain Q2*.
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z1 29 23 24 25
Al (=1,0) | (-1,0) (—00,0) (0,00) (0, H)
B | (0,0) | (0,0) (0,0) (0,0) (0,0)
C| (0 | (1,0 (1,0) (1,0) (1,0)
D|(-1,1) | (-v2.0) | (2v2/(v2-1),0) | (2v2/(vV2-1)2,0) | (1, H)

Table 5.2.2: Composite transformations {Ti}?:l of the vertices (x,y) € Q in the z1-plane onto

(&,m) € QF in the zs-plane for the stripline SBVP where H is defined in (5.2.39).

Although the outlined CTM theory corresponds to the stripline problem, Li and Lu [2000] showed

it can be applied to the Motz problem, subject to adaptations of the composite transformations

{Ti}Yi—,.

5.2.3 Power-series solution of the CTM

In order to connect the final solution in the simplified domain z5 = (£, n) with the original solution
in domain z; = (z, y), it is necessary to determine zs, z4, 23, 22 and 21 as power series. To this end,
we proceed to determine {z;}2_, as power series in z; by the method of Rosser and Papamichael
[1975]. However, the corresponding solution ¢(z1) will be referred to as the “near-exact” solution:
although this is an analytic solution, it is referred to as near-exact in the sense that some of the
infinite-power series will need to be truncated, and also, because of its restriction by the degree of
precision in the computer.

Introduced by Rosser and Papamichael [1975], the exact details of the power-series CTM solution

!, 'We aim to bring this method back into the light in

of a harmonic BVP are now difficult to obtain
a form that is more detailed than the original, so that it can be used in related problems to generate
quasi-analytic solutions against which the results of numerical methods can be validated.

The power-series method is based on the harmonic series solution of the stripline problem (Fig.

5.2.3), namely

1

P(21) = ¢o + Z aizi“, (5.2.41)
=0

!"The author obtained a hard copy of Professor Papamichael’s rare paper directly through private communication
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where z; = x + 7y. By taking the real part of both sides of (5.2.41), we obtain

[ee) ' 1
¢(rcost,rsind) = ¢o+ » a7 +3 cos (z + 2) 0, (5.2.42)
=0

in which the object of the exercise is to determine the coefficients a; as accurately as possible.

In order to calculate the coefficients a; we introduce the series F'(z) defined by
oo
F(z) =) Fua", (5.2.43)
n=1

whose j power defines the coefficients FY of 27+ in (F(x))’. That is,

(F(x)) =Y FPamti—1, (5.2.44)
n=1

By comparing powers of z in (5.2.44), (5.2.43) gives
FWY=F, (5.2.45)

and

Fot) =N "RFEY), . (5.2.46)
r=1

Hence, provided F), is known for 1 <n < N, F7(lj ) can be calculated for all jand 1 < n < N.
If only the values for FT(LJ) are required for 1 < n < N, one can derive them without finding F,(Lj )
for 1 < j < J (Rosser and Papamichael [1975], Nijenhuis and Wilf [1975]). Taking the logarithm

of both sides of (5.2.44) yields

Jlog F(z) =log Y _ F{Namt7~! (5.2.47)

n=1

which, after differentiating and rearranging, gives

o (o.] [o.¢] o
Jlog Y a7 IN kRt =) (n+ s - DEV 22N Frak, (5.2.48)
n=1 k=1 n=1 k=1

Equating the coefficients of "7 on both sides of (5.2.48) gives

M—+1 M—+1
Jlog > FN(M+2-n)Fypon=Y (n+J—1)FVFyisy, (5.2.49)
n=1 n=1
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hence, for M > 1,

M
MFE) P =3 (J(M+1—n)—n+1)F Fyion. (5.2.50)

n=1

If F} # 0 then (5.2.50) defines F\”), beginning with

FY = (R’ (5.2.51)
Now, referring back to (5.2.41), let
Gi=a;—1, 1>1, (5.2.52)
so that .
¢(z1)z§ => GiA (5.2.53)
i=1

from which, by (5.2.43), the j® power satisfies

(e}

(B(21)) =D Gz~

=1

J
2

=376V, (5.2.54)
=1

where Gi(j ) is defined analogously to Fi(j ) in (5.2.46).
In order to match the power-series solution (5.2.53) with the CTM solution ¢ in (5.2.40), we must
express the transformations {7} }%_; in power-series form. The first of these transformations 77 in

(5.2.30), by sine series (5.2.22), can be expressed as

z9 = sn(Kz1,m)

s 21\ 2r+1
= R(q) g Ar(q) (ﬁ)
o0
= Z Cn212”+1, (5.2.55)
n=0

where the coefficients C), are determined by the explicit definition of A, (q) in (5.2.23). By 75 in
(5.2.31), we have

) Z;CLO Cn212n+1 oo
25 = = =Y B,z", (5.2.56)
ST 11 5% Cpzy 20t T;) n<l
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where the coefficients B,, are determined from C,,. Then, by 75 in (5.2.32),

1
1 [ 2
= 22 (Z an1”> , (5.2.57)
n=0

in which the coefficients B, are those in the power series

1) =Y _Buzl, By #0, (5.2.58)
n=0

so that, because of (5.2.43), F'(z1) and B(z1) are related by

so that F;, = B,,/By forn > 1.
By construction of z4 in (5.2.57) the series expansion of [B(zl)]% is required for J > 1 where, by

(5.2.59),

1
[B(z1)]7 = By (14 F(z1))7, (5.2.60)
and hence a new series, with coefficients D,,, is introduced that satisfies
(1 + Z Dnz1> = (14 F(z))7. (5.2.61)

Following (5.2.47)-(5.2.50), we take the logarithm of (5.2.61)

(o0 1 o]
log (1 +> Dnz?> =5 log (1 +) sz’f> , (5.2.62)
k=1

n=1

then differentiate (5.2.62) with respect to z; and clear all fractions to obtain

JY nDpz (1 + sz{f> = kFf! (1 +) Dnz{‘) : (5.2.63)
n=1 k=1 k=1 n=1

which may be simplified as

o (o] m
J [Z(n + 1)Dypp1 27 + Z Z nDpFo—ni12]"

n=0 m=1n=1
= Z(n+ DF,120 + Z Z —n 41Dy Fpni1 2. (5.2.64)
n=0 m=1n=1
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Matching the coefficients of z{" in (5.2.64) yields explicit expressions for the coefficients D,,

namely
F;
Dy = 71 (5.2.65)
and
1 M—1
n=

By combining (5.2.57), (5.2.58) and (5.2.60), and by taking J = 2 because of the transformation
T3 1in (5.2.32), we have

NI

z4 = [B(21)21]

1 1
= 22B2[1+ F(2)]? (5.2.68)

(5.2.67)

which, as the series form of z4 is known from the definition (5.2.22) of the elliptic sn function,
defines F); for all j > 1 and, in effect, D, through (5.2.65) and (5.2.66).

The first three transformations in the CTM have been defined in a power-series form with known
coefficients. The inverse for the final mapping 74 in (5.2.34), however, requires the parametric
inversion and comparisons of the coefficients of two infinite series. Instead, consistent with Rosser

and Papamichael [1975], we use the following. By the sn series (5.2.22) and T} in (5.2.34),

24 = sn(K z5,m) (5.2.69)

= B! (5.2.70)
n=1

= En(p(z1))*" ", (5.2.71)
n=1

this last result arising because z5 is the required solution ¢. The coefficients F,, in (5.2.71) are
determined by matching the series in (5.2.71) with the known expression for the sn series (5.2.22),
i.e.

E, = RAw1 () (g)%_l , (5.2.72)

where R = R(q) is dependent upon nome g and parameter 72 defined in (5.2.16), (5.2.18) and
(5.2.33).

We now have two expressions for z4, i.e. (5.2.67) and (5.2.71), that by definition must match,
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therefore
S Ea(6(21)?"! = [B(21)21]2. (5.2.73)
n=1
The combination of (5.2.53), (5.2.54), (5.2.60) and (5.2.73) yields
e oo 1 g 11 o)
> B GEUATT = 2B (14 ) Daat |, (5.2.74)
n=1 m=1 n=1

in which, by (5.2.45), G} = G, and (5.2.74) implies

oo o0 oo 1 oo
By Y Gl ' 4> > EGE VT = B (1 +)° sz{”> : (5.2.75)
m=1 r=2m=1 m=1
By equating the coefficient of 2" when M = 0, we have
%
B
G =2, 5.2.76
1T R ( )
Hence (5.2.75) simplifies to
oo 1 o0 oo o
By Y Gz ' =BZ Y Dpal" =Y Y EGETD (5.2.77)
m=2 m=1 r=2m=1
By considering the coefficient of z{ for M > 1in (5.2.75), G, is deduced to be
1 1 M 9
G = 5 | B Duo1 S EGYV|, M>2 (5.2.78)

r=2
which, by the relation a;_; = G; in (5.2.52), determines the coefficients in the expansion (5.2.41)
of the solution of the stripline problem, thereby solving the original SBVP. However, in practice
only a finite truncation, defined as ¢,,, of the series in (5.2.41) is used, from which (5.2.41) is

approximated by

1

M .
(1) = o+ D aizy . (5.2.79)
=0

A summary of the power-series method described in this section is given in the flowchart of Fig.
5.2.8, which is subsequently implemented to derive a “near-exact” (i.e. truncated power-series)

solution of the stripline SBVP.
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Ty : zg = sn(Kz1,m)
expressed as series

expansion C'(z1)

Ty : 23 = 23(22)
bilinear transformation

defines series B(z1)

. i J

[ Ty :a=ym | { By and F(z1) are
series expressible in determined by
the form [B(z1)z1]2 ] { (5.2.58) and (5.2.60)

Ty: 25 = &sn~ ' (z4,m) Eqns. (5.2.65) and
& 24 = sn(Kzs,m) (5.2.66) determine D;

s 00 N -
. FE; is related to
24 = ZEJ'Z52]_1 —| !
j=1 B(z1) in (5.2.73)

( . . . 0
E; is determined using p

Expression for G in
series expansion for  —
terms of By, F/; and D)
elliptic function sn ~ 7
J
s N
aj-1 = Gj
. J

Analytic expansion

solution

e 1
$(z1) = ) _ajzI*
j=0

Figure 5.2.8: Flowchart summary of the power-series solution of the CTM. For implementation,

the infinite limits of the summations are truncated to M, in accordance with (5.2.79).
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5.3 Analytic solution of the stripline problem by the CTM

Recall, for the stripline SBVP in Fig. 5.1.2 that, by (5.2.26), we have m = 1/2 for which the

complete elliptic function (5.2.15) can be evaluated numerically as
K(m) = 1.85407467730 (5.3.1)

and, by (5.2.33), we also have

2 -2
1

Thus (5.2.9), (5.2.15), (5.2.18) and (5.2.28) are respectively evaluated (here using Maple 12) to be

(5.3.2)

m:

K =K(m) =1.63358630746, (5.3.3)
K =K'(m) = 240009445913, (5.3.4)
— 2T
R = R(q = — = 10.0507419612, 5.3.5
(@) oV (5.3.5)
7/
7 =q(m) ::emo(—wl(>::oxm9&m4mm4, (5.3.6)

all to 12 significant figures. Note that in the works of Rosser and Papamichael [1975], (5.3.3)-
(5.3.6) had to be approximated by highly-accurate computations of the truncated series, whereas
this feature is inbuilt in Maple in which the number of digits can be chosen a priori.

The power series for each of the transformations {Ti};Lzl can be explicitly defined. For example
(5.2.55) becomes, for m = 1/2,

11 . 13 . 181 o 351 31861
—9ly P TP 22T 29 2P 13
=2 VU Y T 0% T1a0Y T 200”7 T 16007

185363 15 9777931 ;» 2625613
v v — e
78000 3536000 816000 ’

(5.3.7)

where
B K 21
==

Similarly, applying the binomial theorem or Padé approximants to (5.3.7), the power-series form

(%

(5.3.8)

of the bilinear transformation (5.2.31) for the stripline problem is

51, 32 . 79
23 = 4o 1_2U+3U2_4vg+ﬁ”4_ - o 1OU6
4 1381 1024 o 3213
SR L 00 =210 4

. 5.39
5 120 75 200 ’ ( )
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where v is as defined in (5.3.8).
By the definition of transformation 73, the square root of (5.3.9) yields

51 32 79
24 =200 |1 =204 3% — 40 + =0t — 00 4 6

10 ) 10
48 . 1381 4 1024 4 3213 2
-— - U 5.3.10
5 T120" T T2 T 6310
Comparing (5.3.10) with (5.2.68), we explicitly determine that
By = 2K, (5.3.11)
3K2 2 KS 3
F(z) = —Kz + 4"’1 - ;1 T (5.3.12)
Therefore, by the construction of F'(z1) in (5.2.43), we have
1
F=—-K,F,= %KQ,F;; = —§K3, o (5.3.13)
thus (5.2.65) gives
K
D=7 (5.3.14)

and D; for j > 2 is defined by (5.2.66).

Now, by (5.2.78) and the summary in Fig. 5.2.8, the computed D;, F/; and By yield G; for j =
1,..., M and (5.2.52) yields approximations of the coefficients a;; the first ten a; are presented
in Table 5.3.1. The coefficients a; in the analytical expansion solution of the stripline problem
are presented, as they will affect subsequent discussions on both the accuracy of the CTM and the
numerical methods employed to solve the stripline SBVP.

Thus armed with a near-analytic solution, which was computed using 100 working digits, the CTM
solution ¢,, of the stripline SBVP in (5.2.79) can be computed, along with its normal derivative on
all boundaries. To this end, Fig. 5.3.1 depicts the computed forms of ¢,;, ¢, /0x and I, /Dy.
In Fig. 5.3.1, the finite nature of the jump at the origin in both derivatives of ¢,, is a result of
computing data on a finite mesh: in reality these jumps are infinite. Moreover, the discontinuities
occur only in terms of the normal derivatives of ¢,, and not in terms of ¢,, itself, from which it is
clear that discontinuous boundary data will adversely affect the performance of standard BEMs.
Using the power-series form of the CTM (Rosser and Papamichael [1975]), we have thus computed
a near-exact approximation of the solution of the singular stripline SBVP against which numerical

approximation techniques can be validated.
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E;

aj—1

9

10

Table 5.3.1: The first ten coefficients E; and a; in the stripline problem computed to 12 significant
figures, using (5.2.52) and (5.2.72) in Maple 12. The a; coefficients are presented because these
are the required coefficients in the original solution (5.2.79) in the zy = (x,y)-plane. The E;
coefficients on the other hand, are presented in keeping with Rosser and Papamichael [1975] so

that subsequent implementations, by other authors, of the CTM for the stripline problem can be

verified against these.

1.63358630746

—0.83296899732

0.29778845257

—0.14579375616

0.06898886628

—0.03159457003

0.01463391823

—0.00678919036

0.00314429524

—0.00145646174

132

589.395110654

—128.785658529

25.3262556623

11.8583749967

2.11607464631

—0.48639180785

0.40467751314

0.12772352310

0.04937289333

—0.02260300040
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Figure 5.3.1: The near-exact analytic solution ¢,, and its normal derivatives, |0¢,;/0x| and
|00 /Oy
®o = 500, ¢1 = 1000 and M = 60. The finite nature of the jump at the origin in both derivatives

, on all boundaries of the stripline problem as derived by the power-series CTM for

of @, is a result of computing data on a finite mesh: in reality these jumps are infinite.
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5.4 Summary and discussion

This chapter was based on the derivation of an pseudo-analytic solution of a two-dimensional
singular harmonic BVP using a conformal transformation method (CTM).

The CTM, although well-established, was extensively outlined owing to parts of the details being
difficult to obtain. The CTM maps the original bounded (singular) domain into quadrilateral
containing no singularities, and to which a quasi-analytic solution is known. Although the mapping
technique produces an analytic solution to the original problem, it involves elliptic functions and
integrals which have to be evaluated numerically, so that in practice only a near-exact solution can
be obtained.

The implementation of the CTM was achieved through a power-series method, which approximates
the solution to a pre-defined accuracy, by the analogy of Rosser and Papamichael [1975]. In this
chapter we outlined CTM and power-series for only the stripline problem, however, the theory is
applicable to more general BVPs (Whiteman and Papamichael [1971], Li and Lu [2000]).
Whiteman and Papamichael [1972] showed that the results by the CTM compare favourably with
those obtained previously by other methods, such as the (discrete) finite-difference and finite-
element method. Two obvious advantages of the CTM, over a discrete method, are: first, that
the original problem itself rather than some approximating problem is solved, and; second, that the
same technique produces the solution at all points right up to the singularities. The solution can
also be obtained at any desired point in the domain without the need to interpolate between the
values at mesh points.

The near-exact analytic solution derived in this chapter using the CTM, will serve as a basis to

which all numerical methods are validated against in the subsequent chapter.
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Chapter 6

Numerical Solutions of Singular
Harmonic Boundary Value Problems by

Improved Boundary Element Methods

In chapter 5 we derived a near-exact analytic solution of a singular harmonic BVP, known as the
stripline problem (see Fig. 5.1.2). Now, numerical methods are considered for solving the singular
stripline problem.

The boundary element method (BEM) has proved to be a successful tool for the numerical solution
of two-dimensional harmonic SBVPs (Symm [1973], Ingham et al. [1981a], Manzoor [1984]).
However, it is well-known that the presence of a boundary singularity tends to decrease the rate
of convergence of the numerical solution with decreasing element size (Motz [1946], Woods
[1953]). There exist numerous modified numerical schemes devised to cope with the presence
of boundary singularities. For example, Symm [1973] rendered the singular problem into a regular
one by employing the singularity subtraction method, in which the singularity’s known analytical
form, in terms of a series expansion, was subtracted from the entire solution before the numerical
procedure was employed. Xanthis et al. [1981] on the other hand, used the analytic nature of the
singularity to build in the singular behaviour on only those elements closest to the singularity, i.e.

the singularity incorporation method. More recently, Kelmanson and Lonsdale [1995] employed
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a singularity annihilation method which, by utilising a suitable Green’s function in the boundary-
integral equation reformulation, the boundary singularities are placed in a region in which the
Green’s function are asymptotically small, therefore annihilating most of the singular behaviour.
In this chapter, the aim is to illustrate the application of the singularity subtraction and singularity
incorporation method for the stripline SBVP using the constant BEM. The novel feature is that
modified BEM techniques, defined and applied in chapter 4, will be developed in order to improve
the accuracy of both the singularity subtraction and singularity incorporation methods. The pseudo-
analytic solution of stripline SBVP, which was derived in chapter 5 using a CTM, will be used to
validate the numerical methods.

The remainder of this chapter is as follows. In §6.1 we present the boundary-integral-equation
form of an harmonic BVP. In §6.2 we present BEMs for approximating the solution of a boundary-
integral equation for the stripline SBVP. In §6.5 we use the near-exact analytic solution of the
stripline problem of chapter 5 to validate the BEM solutions of §6.2. Finally, in accordance with
the modified technique of chapter 4, new, modified BEMs are defined in §6.6, that are validated for
the stripline SBVP in §6.7.

6.1 The boundary-integral equation

The stripline problem, which is defined in §5.1, satisfies Laplace’s equation, i.e.
V24 =0, 6.1.1)

in the simply connected domain €2 enclosed by boundary 0€2. To recap on chapter 4, we derive the
boundary-integral-equation form of (6.1.1) as follows. First, for the remainder of this chapter, the
field point p € U 052 and the source point ¢ € €2 unless otherwise stated. Then using Green’s
third identity, the elliptic partial differential equation (6.1.1) can be expressed as a boundary-

integral equation in terms of ¢ and its (outward) normal derivative ¢’. That is,

np)op) = | o(@)G (p,q) dq—/ ¢'(q)G(p, q) dg, (6.1.2)
o0 o0
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where G(p, q) = log |p — ¢| and

27 pEQ,
np) =14 0 p ¢ QUN, (6.1.3)
o p € 09,

in which « is the internal angle between the tangents to OS2 on either side of p.

The data prescribed along 0f2 in the stripline problem of Fig. 5.1.2 is a mixture of Dirichlet
and Neumann conditions. Namely ¢(x,y) is prescribed on 99, and ¢'(x,y) on 0y, where
00y N 0Ny = 0£). When p = 7 lies on the boundary, (6.1.2) becomes a closed-form equation
between the potentials and their derivatives on the boundary, and one can solve for the unknown

boundary data using

¢(q)G'(q,q) dg — / ¢'(0)G(d@.q) — ag(g) =0, 7€, (6.1.4)
) o0

provided that 02 is everywhere smooth. Approximate solutions of (6.1.4) completes the boundary
data, whereafter (6.1.2) can be used to find the harmonic function anywhere in (2. In this chapter

we use boundary element methods (BEMs) to determine the approximate solutions of (6.1.4).

6.2 The constant boundary element method (CBEM)

In the BEM we first discretise the boundary 0f2 into n smooth elements, e say, where

00 =", 6.2.1)
j=1
so that (6.1.2) becomes
W) = [ oG w0 da- [ S @G da (62.2)
le el ell

The constant BEM (CBEM) approximates ¢(g) and ¢’ (¢) by the piecewise-constant functions ¢, ;
and qb;h ; over each element. As the derivation of a the CBEM was discussed at length in 64.2 of
chapter 4, only the basic outline is reviewed in this chapter.

The discretised form of (6.2.2) with piecewise-constant solution ¢,, is

n(p)ba(p) = Zl {¢n,j / g dg 6, / ) dq} , 623)
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04 o5 05

Figure 6.2.1: Log plot of the relative error in the CBEM solution of the stripline SBVP, |,/ ®|, for
different values of n. The singular point is located at (z,y) = (0,0) and each surface corresponds
ton = 24 (red), n = 48 (blue) and n = 96 (green). The relative errors increase near the corners
owing to the O(h) pollution (theoretically predicted using (4.2.31) in §4.2.1), although this is
overshadowed by the large error in the neighbourhood of the singular point; this is an example of

the CBEM failing to model the singular behaviour.

in which ¢,,; = ¢(qn,;) and ¢;, ; = ¢'(qn,j) Where gy ; is the mid-point of el). Collocating
(6.2.3) at the mid-point of each element, by taking p = g, 4, ¢ = 1,...,n, yields a system of n
equations (defined in (4.2.10)), whose solution yields approximations of the unknown boundary
data ¢, ; on 92y and gzb;h ; on 9€. Using the approximated boundary conditions to complete
all the nodal data, ¢, (p) in (6.2.3) can be determined everywhere on €: this is referred to as the
numerical discretised solution (En in (4.2.11).

Using the nomenclature of §4.2, the numerical CBEM error is defined by

&(p) = 6(p) — dnlp), (6.2.4)

and it is presented for the stripline SBVP in Fig. 6.2.1 and, in an alternative form, in Fig.
6.2.2. Figs. 6.2.1 and 6.2.2 both show a large error in the neighbourhood of the singular point
in comparison with the error over the remainder of {2: this demonstrates the inability of the
piecewise-constant boundary representation to model the singularity arising from the discontinuity
in boundary conditions. The effect of the singularity is also evident in the root-mean-square error

(RMSE) &, (defined in (4.2.43)), the error convergence rate p and the error order p of the CBEM
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(c) n = 96 (green)

Figure 6.2.2: Contour plots of log |€,/¢|, the logarithm of the relative error in the CBEM solution
of the stripline SBVP, for n = 24,48 and 96. The singular point is located at (z,y) = (0,0). These
plots separate and quantify the three error surfaces given in Fig. 6.2.1. By comparing sub-figure
(b) with Fig. 6.2.1(a), the effect of the singularity is evidenced from the large errors about the

origin.

solution for the stripline SBVP in Table 6.2.1. By comparison with the corresponding CBEM
quantities for a nonsingular BVP in Table 4.2.1, Table 6.2.1 shows an increase in the RMSE and a
decrease in both the error convergence rate and order. In other words, the presence of a singularity
in a BVP has adversely affected the convergence of the CBEM with decreasing mesh size.

The CBEM errors for the stripline SBVP evidence the well-known adverse affect upon the
accuracy in any numerical method when that fails to model the behaviour of a singularity (Motz
[1946], Woods [1953], Ingham et al. [1981c]). As taking higher-order Lagrangian interpolation
approximations are ineffective at recovering the accuracy when computing the solution of a
singular problem, there are numerous techniques that modify the existing CBEM (Jaswon and

Symm [1977], Ingham et al. [1981a,b], Manzoor [1984], Kelmanson [1983a,b, 1984]). These
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n On p p

24 1 0.0336 | 2.4938 | 1.3183
48 | 0.0135 | 2.5489 | 1.3499
96 | 0.0053

Table 6.2.1: The RMSE G, error convergence rate p and the error order p in the CBEM solution
of the stripline SBVP, for n = 24,48,96 and oo = 2 (= [3). These results correspond to the errors
depicted in Fig. 6.2.2. Due to the singularity in the BVP, the error convergence rate and the error
order are a reduction upon that in the CBEM for a nonsingular BVP. For example, using Table
4.2.1, when n = 48, we find p ~ 1.75 in the CBEM for a nonsingular BVP, whereas for a SBVP
the CBEM erroris p ~ 1.35.

techniques, however, are often based on approximating the harmonic function ¢ near the singular
point by the introduction of special functions displaying the required singular behaviour. In
this chapter, we consider two such techniques: the singularity incorporation method (SIM) and
the singularity subtraction method (SSM). In the SSM, the analytic form of the singularity is
subtracted throughout, yielding a uniformly nonsingular BVP (Symm [1973]), and in the SIM, the
analytic form of the singularity is built into only those boundary elements closest to the singularity
(Xanthis et al. [1981]). Hence the SSM yields a non-physical solution, which requires post-
processing, of a nonsingular BVP in which all physical boundary conditions are pre-processed,
whereas the SIM is used to compute a physical solution of a singular BVP in which the form of
the singularity is included as accurately as possible. Both methods necessitate determination of
unknown coefficients of eigenfunctions in the analytic form of the singularity.

Separable solutions of (6.1.1) in polar coordinates centred at (0, 0), give the analytic form of the
singularity as

ds(r,0) = do + > _ it fi(r,0), (r,0) €9, (6.2.5)

i=1
where «; are unknown eigenfunction coefficients, )\; are constants (which may be complex in

a biharmonic problem, Poullikkas et al. [1998]) and f;(\, 6) represents the §-dependence of the

eigensolution. Following (5.1.1), we have

fi(A,0) = cos(N\0), €N, (6.2.6)
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and, by the boundary conditions either side of (0,0) ony = 0,

(2i — 1)
2

A\ = , ieN. (6.2.7)

That is, (6.2.7) reveals that ¢ has leading order O(r%), and so ¢’ has leading order O(r_%), which
is the most dominant form of a singularity possible for harmonic problems. Hence if the SIM and
the SSM methods are effective on this type of boundary singularity they will readily cope with
weaker forms. The SIM and the SSM are now implemented and their results are compared with

one another, as well as the analytic solution generated by the CTM in §5.2.

6.3 The singularity incorporation constant boundary element

method (SICBEM)

Following Kelmanson [1983a], the elements eU) in the domain discretisation (6.2.1) are numbered
anticlockwise from the singular point, as illustrated in Fig. 6.3.1. The SIM takes ¢ ~ ¢, and
¢ ~ ¢, over the M elements either side of the singular point. Over the remaining (n — M)
elements, ¢ and ¢’ are approximated by piecewise Lagrangian interpolation. For example,

M)

the singularity incorporated constant BEM (SICBEM), with approximate solution ¢7(1SI’ , uses

piecewise-constant Lagrangian approximations over (n — M) elements, as per the CBEM, so that

77( SI M) Z ¢ M) G/ p7 dq + Z / gf)nd p,

j=M+1
n—M

j=n—M+1 et

e(d)

where ¢y, ; = ¢(qn,j) and ¢}, ; = ¢'(¢y,;). The function ¢ denotes the M™-order truncation of
¢ in (6.2.5), i.e. (Manzoor [1984])

¢ (r,0) = do + Zazr if:(\0), (r0) €, (6.3.2)

=1
whereby the number of unknowns in (6.3.1) is equal to n.

Without loss of generality, we take M = 2 in the SICBEM, as this is sufficient to illustrate the
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e(n_l) 6( ) 6(1) 6(2)

——- X

|

|

|

|
Qwuﬂw

Figure 6.3.1: Anticlockwise numbering of the boundary elements in the discretised boundary from

the singularity point O, consistent with the stripline problem in Fig. 5.1.2.

impact of the singularity incorporation without complicating the issue with over-complex algebra.

Thus, by (6.2.6) and (6.2.7), ") becomes

¢g2) (r, 0) = ¢ + alr% cos <§> + QQT% Ccos <326> , (6.3.3)

which is applied to the rwo elements either side of the singularity, e(!) and e("™), in accordance with

Fig. 6.3.1. On (™ the outward normal derivative of ¢gM) is fixed in plane polar coordinates as

1 0¢Y

() i
95 (r.0) r 060

(6.3.4)

so that, by (6.3.3), we have

1
¢ (r,0) = —3 {oqr_% sin (g) + 3aor? sin (329> } . (6.3.5)

Note, the first term on the right-hand side of (6.3.5) contains the highly-singular behaviour as
r — 0. In the stripline SBVP, ¢§2) and ¢;(2) are applied only along y = 0,1i.e. # = 0 or # = T, thus
(6.3.3) and (6.3.5) reduce to

3
@)oo = g+ ur? + asrs,

1
/(2 lo=r = T 34 30427’% (6.3.6)
so that (6.3.1) becomes
ﬁ(p)ﬁbg{g]’Q) (p) = /( ) (% + om"% + 0427“%> q) dq + Z ¢n,g p,q) dgq
e 1 —9 e J

N[

n—1
1 13
—Z/ ¢n,;G(P,q) dq—/ —sonrT2 + Saor? ) G(p.q) dg. (63.7)
o e e \ 2 2

142



Numerical Solutions of Singular Harmonic Boundary Value Problems by Improved Boundary
Element Methods

For the remainder of this chapter, unless otherwise stated, indices ¢ and j take the values 1,...,n.

Discretising (6.3.7) at the mid-points p = g, ; yields the system of n equations

n n—1
o 3o
¢oAin + a1Ci + azDiy + JZ; Pn,jAij + ; i Bij + ElEm + TQFm
1 3 ,
i Pn,i i=2,...,n,
where 71 = (g, 1) = |1] is the mid-point of (), the coefficients are given by
Cij = / r2G (qn,ir 9) da, (6.3.9)
e
Dij = / r2G (gm0, 9) da, (6.3.10)
e(d)
1
Eij = / 172G (qn,i,q) dg, (6.3.11)
e(d)
1
Fij = —/(,) r2G(qn,i, q) dq, (6.3.12)
elJ

and the integrals A;; and B;; are defined as in (4.2.8). In (6.3.9)-(6.3.12) r is the distance from
the origin to point ¢ and the integrals may be evaluated analytically provided each element el is
a straight-line segment (see Appendix D).

Using A\ij in (4.2.9), system (6.3.8) is equivalent to
~ 1 1 n -
poAin +ou | Cin + 5Em —moiari? | + Z On,jAij
j=2

3 5\
= —az <Di1 + 5 Fin — 7715i17"12> - Z ¢ Bij- (6.3.13)

j=1
Eqn. (6.3.13) can be cast into the form Mxg, = t, in which the vector x5, contains the (n — 2)
unknown mid-nodal values of ¢, ; on 9€y and d)ih ; on 99 and the two unknown singularity
coefficients a1 and ap. The vector t contains the prescribed boundary conditions, i.e. ¢ on 0y,

gf), on 8Q¢/ and gf)oA\ﬂ.
The collocated SICBEM (6.3.13) is a minor variation upon the corresponding CBEM system
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Hx. = g, where

1 3
(Ci1 — $Ewm —mm2) Hip ... Hypo1)y (Di— 3Fi, —mri2)
Mj; = Cu-if)  Hw oo Hey  Du3Fw) | (63.14)
(Cnl - %Eﬂn) Hyo ... Hn(n—l) (Dnl - %an)
aq
L2
X
P 6.3.15)
xC,n—l
ag
and

li=gi+e =g — Cf)oA\u- (6.3.16)

The dense system Mxg, = t is solved using the NAG routine FO7AAF, thus completing the
unknown boundary data in (6.1.4). With all nodal boundary data now prespecified or approximated,
%SI’Z)) in (6.3.7) can be computed directly.
By analogy with the CBEM in chapter 4, there are two types of solutions for the SICBEM: the
theoretical discretised solution ¢7(1SI"2) in (6.3.7) and the numerical discretised solution, the latter
of which is defined by 57(151’2). Consistent with the theoretical and numerical discretised solutions
of the CBEM, qbq(fj’?) is defined by a fully specified boundary solution whereas 5&51’2) is defined
by a partly specified (partly approximated) boundary solution. In other words, the theoretical
discretised solution is generated without having to go through the two-stage process, i.e. is simply
based upon (6.1.2), whereas the numerical discretised solution is defined by both (6.1.2) and
(6.1.4). Therefore the theoretical solution enables a quantification of the error in the Lagrangian
interpolation, which dominates the error in the BEM, whereas the numerical solution includes both
Lagrangian interpolation and matrix inversion errors. Throughout the remainder of this chapter,
we will define the theoretically and numerically derived solutions (and their corresponding errors)

in the same way.
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Based on (Z)n S12) i (6.3.7), the numerical discretised solution gbn ) satisfies

~ 1 1 3
(512 (p) = — / +air? 4 aor? ) dg + n d
o) = [ (o @t 4 8rt) Gpa) da ; ) 9na€ 0:0) da

1. 3.
- Z/ ¢n] (p,q dq—/ )(—2a1r§+2a2r5> G(p,q)dq p, (63.17)

in which ¢; are the numerically computed forms of «; from solving (6.3.13), and

5 L ¢<QTL,]) if e(J) - aQqﬁ, and 5, . ¢/(qnd) if 6( 7) C 6Q¢/
n,g) — ~ n,g ~
O (qn.; otherwise, ’ &' (qn.; otherwise.
J J

(6.3.18)

6.3.1 Error analysis of the SICBEM

By comparing %LSM) (p) with the exact solution ¢(p), the numerical SICBEM error is defined by

S22 () = ¢(p) — 1512 (p), (6.3.19)

which, by the linearity of (6.1.2) and (6.3.17), satisfies Green’s integral formulae, i.e.

n(p)éf”)(p)ZZ{ &9 (q) Q' (p,q) dg — / 28" (q) G(p,q) dq}7 (6.3.20)
e(d)

= e(d)
where
~(2) .
— oy =1,
A(yijl 2)((]) _ ¢(q) ¢~ (9) J 6.321)

6(q) — bnj ji=2,...,n
and

'(q) — & . i=1,....n—1,

¢/(a) = 647 (a) j=n
Note that in (6.3.21) and (6.3.22), &g) is the numerical form of ¢§2) with singular coefficients &;

computed from solving Mxg; = t. Therefore, by (5.1.1), we have

3(q) — &) (q) = iw = @) cos [(J - ;> 9}

j=1

N 1
+ j;ajr cos [(] 2) 9] (6.3.23)
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and

2

¢'(a) ~ o (@) = Y (aj — ) (j - ;> P sin [(J B 3) 9]

j=1
+§: j—1 alrj_%sin j—§ 0 (6.3.24)
j=3 2 ’ 2 | a

Similarly, by comparing qﬁgfm) (p) with the exact solution ¢(p), the theoretical SICBEM error is
defined by

512 (p) = ¢(p) — ¢ (p). (6.3.25)

To simplify the following error analysis, we define the functions

B
690 = Y artcos| (-3 ) (6326)
j=a

and

¢/ P (q)

B .
; <j - ;) a1 2 sin K] - Z’) 9] : (6.3.27)

so that ¢(p) = ¢ + $(1:20) (p) recovers solution (5.1.1). Then, by linearity of (6.1.2) and (6.3.7),

the theoretical error of the SICBEM (6.3.7) satisfies Green’s integral formulae, i.e.

n(p)e’? (p) = Z{ / e (q) G (p,q) dg — / e (q) Gp.q) dq}7 (6.3.28)
e(d)

= e(d)
where
(3,00) =1
EEZSJ{Q) (q) = o) (9) J ) (6.3.29)
’ oq) —bn;  J=2,....n
and
/ / .
n(s1,2), N ¢'(q) — n,j j=1.n—1,
n.j (q) = (6.3.30)

§0(g j=n
In (6.3.29) we have ¢(3>)(q) applied only on g € e(!), where § = 0 and r = =, hence, by (5.1.1)
and (6.3.26), eq(ff 2) (q) is equivalent to

63 (q) =Y a0z, q=(z,y) € eV, (6.3.31)
=3
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Similarly, in (6.3.30) we have ¢'(3°°)(q) applied only on ¢ € €™, where § = 7 and 7 = —uz,
hence, by (5.1.1) and (6.3.27), 652’2)(@ is equivalent to

|

¢G> (g) =Y <J’ - ;) a;(—1)(=2) 72, q=(a,y) € e, (6:3:32)

j=3
By comparison with the components of the CBEM error in (4.2.22) and (4.2.23), the SICBEM error
components (6.3.29) and (6.3.30) differ on the first and last element only; this is depicted in Fig.
6.3.2 for the stripline SBVP. Fig. 6.3.2 reiterates the results of the CBEM error in Fig. 6.2.1, namely
the CBEM s inability to model the true behaviour of ¢ and its derivative ¢’ in the neighbourhood of
the singular point. Another feature of the results in Fig. 6.3.2 is that the SICBEM error is smaller
than the CBEM error. That is, on e(!)

IIGEf,f’Z)Iloo < len,1lloo (6.3.33)
and, on (™,
€857 [l og < (1€l loo- (6.3.34)

Therefore, by (6.3.33) and (6.3.34), we have
€57 loo < [lenlloo; (6.3.35)

i.e. theoretically the SICBEM error 67(151’2) is smaller than the standard CBEM error ¢,,.

When the computed ¢ in the numerical discretised SICBEM satisfy
]aj — &]] < |aj], (6.3.36)
where a; are the coefficients in the analytic solution (5.1.1), we have

é(q) — 62 (q) = ¢ (q) (6.3.37)

and
¢'(q) — 9P (q) = ¢ (q). (6.3.38)

Hence (6.2.4), (6.3.20), (6.3.35) and (6.3.36) imply

EE2 [loe < 1Enlloo, (6.3.39)
where Ef{qm) is the numerical discretised SICBEM error and €, is the numerical discretised CBEM.

That is, the aim of reducing the error by using the SICBEM has been achieved.
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Figure 6.3.2: Log plot of €,,1(q) on e and € nn(q) on e for the stripline SBVP for n = 24.
Here we have the SICBEM error (dashed line) and the CBEM error (solid line). As the elements are
adjacent to singular point the piecewise-constant approximations in the CBEM error are poorly
modelling the behaviour of ¢ and ¢', as demonstrated by the vertical scalings. Furthermore, the
peaks in the CBEM result from the error changing sign: in reality these peaks are infinite yet

appear finite because they are computed on a finite mesh.

6.4 The singularity subtraction constant boundary element method

(SSCBEM)

The SSM, which differs from the SIM by removing the analytic form of the singularity throughout,
transforms the SBVP into a uniformly nonsingular BVP. Following Symm [1973], we define 1/(*)
by

D (p) = d(p) — 6™ (p) (6.4.1)

so that, by (6.3.2), the regular function ¢)(*) satisfies

0 (p) = 6(p) — do — Y _ crr™ fr(\,6), (6.4.2)

k=1
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in which we ignore terms of order O(r*+1) and higher. The series solution (5.1.1) of ¢ implies,

that near the singular point, we expect a residual behaviour of the form

) (p) Z arr™ fr (X, 0). (6.4.3)

k=M+1
As the right-hand side of (6.4.1) satisfies Green’s integral formula, the same must hold for the
left-hand side of (6.4.1), i.e. /(") is harmonic and so, by (4.1.4),

n(p)y™ (p) = /8 ) v (q) G'(p, q) dg — / ' (q) G(p, ) dg. (6.4.4)

By (4.2.3), the CBEM approximation wq(lM) of (M) satisfies

NP (p) =Y {(M) / G (p.q) dg — v/ /m G(p,q) dq}, (6.4.5)

7j=1

where w(M.) = ™M (gns), zp/(M) = /(™) (q,, ;) and ¢, ; is the mid-point of V). In accordance

2y}
(M) .

with the notation of the SIM, we define v, ' in (6.4.5) as the theoretical discretised solution
of 1), namely defined by a fully specified boundary solution. Thus, by a rearrangement of
(6.4.1), the singularity subtracted CBEM (SSCBEM), with solution gbn approx1matmg the exact
solution ¢, is given by

o5 (p) = M (p) + ¢ (p). (6.4.6)

The boundary data for 1)) in (6.4.2) is computed from <Z>§M) and the prescribed boundary data
for ¢ (and ¢') in the stripline SBVP. That is, owing to the dependency of ¥(*) upon the analytic
form of the singularity ¢>§M), the boundary data for Y will be dependent upon the unknown

coefficients «;. For example, for the stripline SBVP in Fig. 5.1.2, by (6.2.6) and (6.2.7),

VM (z < 0,0) =0, (6.4.7)
Y (@ > 0,0) =0, (6.4.8)
PO (2 =1,y) = 1 — do — éakrk—% cos [(k: - ;) 9] , (6.4.9)
PO (2 y = 1) = ¢y — o — iakrk_é cos [(k - ;) 9] : (6.4.10)
(= —1y) Zak (k—) 2sin[(k—;) 0]. 6.4.11)
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Contrary to the constant boundary data for ¢ and ¢’ in the stripline SBVP, the boundary data for
M) in (6.4.9)-(6.4.11) are spacially dependent on the domain. Therefore, the accuracy to which
the boundary condition of ¥)(*) will be represented in the BEM, depends upon both the degree of
the piecewise-polynomial interpolation and the index M.

Discretising (6.4.5) at the mid-point of each element by taking p = ¢, ; yields the system of n

equations

Z; A\l]zpfz,] - Z Bl]wn J o (6412)
ji=

where A\ij and B;; are respectively defined in (4.2.9) and (4.2.8). System (6.4.12) contains M +n
unknowns: M singularity coefficients v, and n unknown mid-element nodal boundary data w(M)
on 9y and w ) on 0. Taking M = 2 in the remainder of this section, so that the SSCBEM
can be validated against the SICBEM of §6.3, (6.4.2) becomes

7/)7(12)(10) = ¢(p) — ¢o — <0z1r% cos <Z> + 0427‘% cos <329>> . (6.4.13)

Boundary conditions (6.4.7) and (6.4.8) imply that 1/},(12) in (6.4.13) is zero in the locality of the
singular point, as is its normal derivative zp;@). Thus, by (6.4.7) and (6.4.8), we take wg% =0
and w;@n) = 0, which are known as the balancing approximations, and the number of unknowns in
system (6.4.12) is reduced from M + n to n.

Eqn. (6.4.12) can be cast into the form Pxgs = q where the n-dimensional vector xgg contains
the (n — 2) unknown mid-element values w( ) on €y and w ) on 024 and the two unknown
singularity coefficients ov; and ao. The vector q contains the balancing approximations and the
elements of the prescribed boundary data that do not depend on v, e.g2. ¢o and ¢; in (6.4.9) and
(6.4.10).

The dense system Pxg5 = q, solved using the NAG routine FO7TAAF, yields the discretised
boundary data to supplement the original boundary data in (6.4.7)-(6.4.11). Then using the
completed boundary data, we can compute w,(f) in (6.4.5) directly, which is defined as the
numerical discretised solution: to distinguish it from the theoretical discretised solution in (6.4.5),

we denote the numerical discretised solution by 12;7(12) that satisfies

n

.

=) W) G'(p,q) dg — /(_) ) G(p,q) dq}, (6.4.14)
j=1 e

e(d)
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where
1;(2). _ »3@ (n.j) if el) C 90y, - J’(Q.) _ ¢’(2)(qn,j) if el?) C 0Qy,
" P (g otherwise, " V'@ (gn5) otherwise.
(6.4.15)

Consistent with the SICBEM of §6.3, 5&2) is the numerical form of d)@ with singular coefficients
«; computed from solving Pxgs = q.
Finally, by (6.4.6) and (6.4.14), the numerical discretised solution of the SSCBEM, ¢°?

approximating the exact solution ¢, is given by

o552 (p) = 9P (p) + 62 (p). (6.4.16)

Eqn. (6.4.16) shows that the singularity behaviour, which was subtracted throughout to yield a

non-physical solution, is re-included post-processing to recover the physical solution.

6.4.1 Error analysis of the SSCBEM

(s5,2) -

By comparing the numerical SSCBEM solution gb in (6.4.16) with the exact solution ¢, the

numerical SSCBEM error is defined by

552 (p) = p(p) — ) (p). (6.4.17)

Whereas comparing the theoretical SSCBEM solution ¢7(fs’2) in (6.4.6) with the exact solution ¢
yields the theoretical SSCBEM error defined by

55D (p) = (p) — 52 (p). (6.4.18)

Considering the right-hand side of (6.4.18), by (6.4.5) and (6.4.6) we have

o(p) — 5 (p) = d(p) — (WP + P (p))

n

= ¢(p) - (12{ wffj) G'(p,q) dg
=1

~ [ G, dq} + ) (p)] (6.4.19)

e(d) ’
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which, after applying the balancing approximations, becomes
1 n
00) = 5 (0) = 00) =~ 43~ [ [ny = 6an)] G'(r.0) da
n(p) | =5 /e

n—1
+ / . [cb%,j - ¢;(2)(Qn7j)} G(p,q) dg § — P (p). (6.4.20)
j=17¢"

Using the functions ¢(®®) and ¢/(*#) in (6.3.26) and (6.3.27), (6.4.20) is equivalent to

s ) = L (3:2) (o) ¢
o0 =40 = 55 {[,¢°@ 6.0 d

+§j / [69°0(g) 65 (qu)] G'(p.q) da

(4

5 / 00 @ = 60 )| Gw.a) da
j=1"¢"
- / . ¢'3>)(q) G(p,q) dq}. 6.4.21)

In other words, the theoretical error eﬁfs’” in (6.4.18) satisfies

n(p)E%SS’Q)(p)ZZ{ / 52 (q) G'(p,q) dq — / %) (q) G(p, q) dq}, (6.4.22)

j=1 (4) o)
where
(3,00) Fq
(s5,2) . ¢ (9) J )
O (6.4.23)
(z) (Q) 4) (Qn,]) J —2,...,n
and
el (g) = ¢0Ng) = ¢ Ngny)  j=1..m—1, (6.4.24)
n7] . . .
¢/ (q) j=n.

By comparing the components of the SSCBEM error in (6.4.23) and (6.4.24) with the components
of the SICBEM error in (6.3.29) and (6.3.30), we have eﬁff 2) = fff 2) and ¢, (SS 2) = /(757{’2) thus,
by (6.3.33) and (6.3.34),

SSQ

He lloo < ll€n,1lloo (6.4.25)

and

€552 |00 < 1€l (6.4.26)

152



Numerical Solutions of Singular Harmonic Boundary Value Problems by Improved Boundary
Element Methods

where €, ; and 6;17 j are the components of the CBEM error €, in (4.2.20).
To facilitate comparison of the remaining components in the SSCBEM error with those in the
SICBEM error and the CBEM error, we use the functions ¢(®#) and ¢/(*#) in (6.3.26) and (6.3.27)

to define the theoretical components of the CBEM error and the SICBEM error as

6(q) — dnj = 6 (q) — 6 (g ;) (6.4.27)

and
&' (a) — ¢ ; = 6" (@) — ¢’ (gny). (6.4.28)

The coefficients of ¢(1:>)(q) in the series solution (5.1.1) are such that |a;| > |a;; 1| for all 7 in
the stripline SBVP (as shown in Table 5.3.1), therefore [|¢(1:°%)| > ||¢(32°)| and ||¢/(12°)|| >
|¢/(°°)]||. Thus, by comparing the theoretical error components in the CBEM ((6.4.27) and
(6.4.28)), the SICBEM ((6.3.29) and (6.3.30)) and the SSCBEM ((6.4.23) and (6.4.24)), we have

€559 oo < €572 |00 < [lénloos (6.4.29)

i.e. the SSCBEM error is uniformly smaller than the SICBEM error that is uniformly smaller then
the CBEM. Eqn. (6.4.29) is an extension of (6.3.39), and furthermore, it acts as a basis for the
hypothesis

8559 o < B9l 00 < [1Enlloos (6.4.30)

through which we achieve the original aim of the SIM and SSM.

By definition of the theoretical errors in each of the BEMs, we can alternatively express (6.4.29) as

[ — ¢85 oo < |6 — 570 < || — Dnllocs (6.4.31)

in which the modified methods (the SICBEM and the SSCBEM) have a minimal error in
comparison to the standard method (the CBEM), thereby providing a link with (2.2.19), (3.2.16)
and (4.3.4) in previous chapters. Also in agreement with the previous chapters, we now aim to
modify each of the new BEMs in such a way that we improve upon the existing errors. However,
before doing so, we require the analysis of the errors in both the standard SICBEM and SSCBEM

prior to any modification.
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6.5 Comparison of the numerical schemes for the stripline problem

We validate the SICBEM and SSCBEM against the standard CBEM by comparing the numerical
solutions of the stripline problem with the pseudo-analytic solution derived using the CTM chapter
5.

The relative errors of the SICBEM solution, depicted in Fig. 6.5.1, show a impressive reduction
in the localised peak about the singularity in comparison with the CBEM error in Fig. 6.2.2.
Furthermore, as the SICBEM is based on piecewise-constant approximations, then similar to the
CBEM it also has large errors at the corner points; for justification of this phenomenon we refer
the reader to the error analysis of the CBEM in §4.2.1. Unique to the SICBEM error, are the new
localised error peaks that occur at the left-hand end-point of the n'" element. These are due to the
change between the incorporation of the analytic singular behaviour and the piecewise-constant
approximations.

The relative errors in the SSCBEM for the stripline SBVP are shown in Fig. 6.5.2. The SSCBEM
error peaks about the singular point when n is relatively low, e.g. n = 24 in Fig. 6.5.2. Although
the magnitude of the peak is significantly smaller than that in the CBEM error in Fig. 6.2.2 for an
equivalent n due to the improved modelling of the singular behaviour in the SSCBEM. However,
as the SSCBEM is based on piecewise-constant approximations, then similar to the CBEM, it also
has large errors at the corner points. Furthermore, the SSCBEM errors in Fig. 6.5.2 are a (ten-fold)
reduction on both the CBEM and SICBEM errors in Figs. 6.2.2 and 6.5.1.

A quantitative comparison of the BEMs errors in Figs. 6.2.2, 6.5.1 and 6.5.2 are given in Fig. 6.5.3,
where all the errors as presented over the same range. Fig. 6.5.3 is confirmation of (6.4.29) and
hypothesis (6.4.30), i.e. the SSCBEM error is uniformly smaller than the SICBEM error, which in
turn is uniformly smaller than the CBEM error. Alternatively, we could use the data in Table 6.5.1,
where the error in the coefficients of the SICBEM and SSCBEM are smaller than the errors in the
coefficients of the analytic series solution, i.e. |@; — a;| < |a;| for i = 1,2, to prove the validity of
condition (6.3.36), thus confirming hypothesis (6.4.30).

Further analysis of the BEM results in Figs. 6.5.1 and 6.5.2 is achieved via Richardson’s
extrapolation of §4.2 which, by the nomenclature of (4.2.48), defines the rate of convergence p

and the order p of the error. Recall that Table 4.2.1 revealed that the CBEM error for a nonsingular
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(c) n =96

Figure 6.5.1: Contour plots of log |’6"7(ISI,M)/¢

, the logarithm of the relative error in the SICBEM
solution of the stripline SBVP, for M = 2 and n = 24,48,96. The singular point is located at
(z,y) = (0,0). The SICBEM errors are an improvement upon the CBEM errors in Fig. 6.2.2 since
the incorporation of the analytic form of the singularity is the correct functional form, rather than

the piecewise-constant interpolation of the CBEM.

BVP was of order O(h!:7), whereas in Table 6.2.1 the order of the CBEM error for a singular
BVP was shown to have been eroded to O(h!-3). It is precisely this effect that the new methods
are designed to combat.

In Table 6.5.2 the rate of convergence and order of both the SICBEM and SSCBEM errors are
presented. Table 6.5.2 shows that although the convergence rate (and orders) of the errors in the
SICBEM and the SSCBEM are faster than those in the CBEM in Table 6.2.1, it is the SICBEM
error that is closer to the expected behaviour of O(h':7). This phenomenon is due to the rate of
convergence of the SICBEM being based upon the rate of ¢$lsj’2), whereas in the SSCBEM, it is
based upon the rate of @bg) , the latter of which is zero everywhere near the singularity by definition

in (6.4.1). Therefore we cannot directly compare the rates of convergence in the SSCBEM to that

155



Numerical Solutions of Singular Harmonic Boundary Value Problems by Improved Boundary
Element Methods

() n=96

Figure 6.5.2: Contour plots of log |E§ISS,M)/¢

, the logarithm of the relative error in the SSCBEM
solution of the stripline SBVP, for M = 2 and n = 24,48,96. The singular point is located at
(xz,y) = (0,0). The SSCBEM errors are an improvement upon the CBEM errors in Fig. 6.2.2 since

its solution is computed by solving a regular BVP.

| — ail

i la;/ | SICBEM | SSCBEM

1] 589.3951 | 1.2235 0.7313
2| 128.7857 | 8.9141 2.3576

Table 6.5.1: The error in the computed eigenfunction coefficients in the SICBEM and SSCBEM
solutions of the stripline problem, for M = 2 and n = 24. Here a; are the coefficients of the
pseudo-analytic series solution, as computed in chapter 5 for the stripline problem using the CTM.
The errors in the coefficients satisfy |a; — a;| < |a;| for i = 1,2. That is, condition (6.3.36) for the
error hypothesis (6.4.30) is satisfied. The error in the eigenfunction coefficients of the SSCBEM is
smaller than that in the SICBEM owing to the SSM being computed on a nonsingular BVP.

in the SICBEM.
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(a) CBEM (b) SICBEM

9
(c) SSCBEM

Figure 6.5.3: A comparison of the logarithm of the relative errors in the CBEM, SICBEM and
SSCBEM solutions of the stripline SBVP, for n = 48 and M = 2 where the singular point is

located at (x,y) = (0,0). The relative errors in the SSCBEM are uniformly smaller over ) than
both the SICBEM and the CBEM.

SICBEM SSCBEM

n,2n p P p D

24,48 | 3.4895 | 1.8030 | 2.9550 | 1.5632

48,96 | 3.3939 | 1.7629 | 3.0807 | 1.6233

Table 6.5.2: The convergence rate p and order p of the error in the SICBEM and SSCBEM solutions
of the stripline problem, for M = 2 and n = 24,48,96. The results correspond to the errors
depicted in Figs. 6.5.1 and 6.5.2. Compared with the standard CBEM error convergence rates in
Table 6.2.1, both the SICBEM and SSCBEM errors have improved the convergence rate by 37%
and 20% respectively. In fact, particularly for the SICBEM, the error order resembles that in the
CBEM for a nonsingular BVP in Table 4.2.1.
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Another feature of the data in Table 6.5.2 is the deceleration in the convergence rate in the SICBEM
error as n increases. By construction of the SICBEM, the size of the elements over which the
analytic form of the singular behaviour is incorporated is dependent on n. Thus with increasing n,
the region over which the correct functional form ¢§M> is incorporated is reduced and therefore its
convergence rate decelerates. In other words, SICBEM error varies with n, so that, empirically at

least, we postulate that there exists a significantly large N € N such that whenn > N

esrd) =g, (6.5.1)

where €, is the CBEM error, as shown in Fig. 6.2.2. A proof of (6.5.1) is beyond the scope of the
present work.

By construction of the SICBEM, the size of the elements over which the analytical behaviour of the
singularity is incorporated may be varied. For example, in Fig. 6.5.4 the first and last elements over
which the analytical behaviour of the singularity ¢>§M) in (6.3.2) is incorporated in the SICBEM
are of length 0.25 (the standard length of an element when n = 24) for all n. By comparison
with the standard SICBEM error in Fig. 6.5.4, fixing the length of the two elements reduces the
localised error peak that occurs when there is a change between piecewise-constant approximations
and the incorporation of the analytic behaviour of the singularity. This phenomenon suggests
that the region over which the singular behaviour is incorporated is sufficiently large to model all
the singular behaviour absent in the piecewise-constant method. Furthermore, by taking the two
elements to be of length 0.25 the order of the error in SICBEM, which is defined in Table 6.5.3, no
longer erodes when n > 24. That is, fixing the element length prevents the convergence rate in the
SICBEM error from decelerating as n increases whilst requiring no extra analysis or programming.
However, the optimum size of the elements over which the singularity behaviour is incorporated
can be determined for each BVP only by experimentation.

Our aim for the remainder of this chapter is to modify each of the outlined BEMs, using the
method of chapter 4, in such a way that the order of the error in the numerical solution of the
stripline problem is increased beyond the existing O(h!-®). Furthermore, by doing so we would be
demonstrating that the modified method of chapter 4 can: first, be extended to BEMs other than

the CBEM, and; second, be used to accurately solve singular BVPs.
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(c) n =96

Figure 6.5.4: Contour plots of log |g§fva)/¢
solution of the stripline SBVP, for M = 2 and n = 24,48,96. The elements e and e™ over

, the logarithm of the relative error in the SICBEM

which the singular behaviour is incorporated are of length 0.25 for all n and the singular point
is located at (x,y) = (0,0). Compared with the standard SICBEM error in Fig. 6.5.1, fixing the
lengths of the two elements reduces the localised peaks near the singular point, although it requires

a non-uniform element distribution when n # 24.

6.6 Modified boundary element methods

In this section we obtain explicit expressions for the error incurred in the BEM, with the aim
of incorporating them a priori into the BEM to produce a method with a higher order of error
convergence. Hence the following modification technique is based on the modified CBEM in §4.3.
Namely, for any standard BEM with solution ¢;, and corresponding theoretical error defined by €,
the modified method with solution ¢,, incorporates the leading behaviour of the error ¢, into the

standard BEM a priori. For example, if €, contains the leading behaviour of €, then

Gp = Oy + Ens 6.6.1)
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n,2n P P

24,48 | 3.3333 | 1.7370
48,96 | 3.5129 | 1.8127

Table 6.5.3: The convergence rate p and order p in the error of the SICBEM solution of the stripline
SBVP, for M = 2 and n = 24,48,96. The results correspond to the errors depicted in Fig. 6.5.4.
The element V) and e(™ over which the singular behaviour is incorporated are of length 0.25 for
all n. By comparison with the original SICBEM error orders in Table 6.5.2, fixing the length of the
elements over which the singular behaviour is incorporated prevents the rate of convergence from

decelerating as n increases.

so that, letting the difference between the true error €, and the approximation €, be defined by the

discrepancy

Aen(p) = €,(p) — &n(p), (6.6.2)

the modified BEM error satisfies, by (6.6.1),

~ A, (6.6.3)

Thus the error of the modified BEM is proportional to an error discrepancy which, as || A€, | <
|lex ||, the modified BEM error is less than the standard BEM error, i.e. consistent with (4.3.4), we

have

¢ — Dplloc < [|¢ — &5 l|oo- (6.6.4)

Considering the CBEM then, following (6.2.3), the theoretical CBEM error €, is defined by

en(p) = &(p) — én(p) (6.6.5)

which, by (6.2.2), satisfies

(¢'(q) — ¢n;) G(p,q) dq} . (6.6.6)

e(d)

i) =3 [ 0@ -6 G0 aa- |
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As per the CBEM in (6.2.2)-(6.2.4), the derivation of the MCBEM was discussed at length in §4.3
therefore only a basic outline is reviewed in this chapter. Considering the Taylor expansions for ¢

and ¢’ about node ¢, j, and defining the functions

Jri(p) = / N o anj)" G'(p.q) dg (6.6.7)
and
K j(p) = /Ew(q —qn)" G(p,q) dg, (6.6.8)
then the infinite-series form of (6.6.6) is
LN I 4 o
n@kanggggm{&ﬁwmmqum8¢@M@LWMA%§. 669)

Following (6.6.1)-(6.6.4), by the nomenclature of chapter 4, the modified CBEM (MCBEM) with

solution gb%m) incorporates e%m), the approximate of the true error €,,. That is, the MCBEM solution

is given by
3™ (p) = n(p) + €™ (p), 6.6.10)
where
(m) () — S N~ L[ O 0 .
n(p)en™ (p) = Z > o {aqk [6(D)]y=q, , Tk 3 [¢'(@)] =, K;w} . (6.6.11)

A rigorous analysis and validation of the error prediction e%m) to the true error ¢,, was presented in

§4.3.2. By comparing ¢\ in (6.6.10) with the exact solution ¢, the theoretical MCBEM error is
defined by

Enm(p) = 8(p) — 60™ (p) (6.6.12)
which, by (4.3.2), (6.6.3) and (6.6.5), satisfies
enm(p) = 6(0) = (6n(p) + € ()
= en(p) — €™ (p)

=A™ (p). (6.6.13)

Thus the error of the MCBEM (6.6.13) is proportional to an error discrepancy, in accordance with

the MCBEM error (4.3.43), which since ||Ae£1m) | < |len

, is less than the standard CBEM error.
By (6.6.4), we therefore have
lenmlloc < [l€nloo- (6.6.14)
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() n=96

Figure 6.6.1: Contour plots of log |Ey.m/@|, the logarithm of the relative error in the MCBEM
solution of the stripline SBVP, for n = 24, 48,96. The singular point is located at (x,y) = (0,0)
and m = 4, consistent with the MCBEM error for a nonsingular BVP in Fig. 4.4.2(d). The
most prominent error in the MCBEM remains in the neighbourhood of the singularity due to the

MCBEM failing to model the singular behaviour.

In keeping with the CBEM error in (6.2.4), the numerical MCBEM error is defined by

Enm(p) = 0(p) — o™ (1), (6.6.15)

in which %Lm) is the numerical discretised form of ¢§{”) in (6.6.10), determined by the computed
boundary data from solving the collocated MCBEM in §4.3.4.

The numerical MCBEM error &, ,, is depicted in Fig. 6.6.1 for the singular stripline problem. By
comparison with the standard CBEM error in Fig. 6.2.2, Fig. 6.6.1 shows that the prominent error
peak in the neighbourhood of the singularity also occurs in the MCBEM. That is, by construction of
the MCBEM, the method fails to model the singular behaviour in the stripline SBVP. The reason
for such behaviour is that although we are building in the leading behaviour of the error in the

piecewise-constant approximations, the effect of the singularity remains, which in turn effects the
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Standard Modified

n On p 4 On,m p D

24 | 0.0336 | 2.4938 | 1.3183 | 0.0232 | 2.5375 | 1.3434
48 | 0.0135 | 2.5489 | 1.3499 | 0.0091 | 2.6028 | 1.3800
96 | 0.0053 0.0035

Table 6.6.1: The RMSE, error convergence rate p and error order p in the CBEM (standard) and
MCBEM (modified) solutions of the stripline SBVP, for m = 4 and n = 24,48,96. The results
correspond to the errors depicted in Figs. 6.2.2 and 6.6.1. Although the order in the MCBEM error
is higher than that in the standard CBEM error, it remains significantly lower than the order in the

MCBEM for a nonsingular BVP in Table 4.4.2.

accuracy of the MCBEM.

For further quantification of the behaviour of the MCBEM error, we consider two approaches:
first, finding the root-mean-square error (RMSE), and; second, using Richardson’s extrapolation
in (4.2.48) to define the convergence rate p and order p. Consistent with (4.2.43) and (4.4.3), the
RMSE:s are defined by

M
_ 1 &
Gn= 1|+ > (Ealpr,,))° for the CBEM (6.6.16)

M
p j=1

and

My

~ 1 _
Fnm = 4| 71 > (Enm(pary,4)°  for the MCBEM, (6.6.17)

where M, is the number of mesh points over the internal grid that is not finer than the boundary
resolution. Note for the stripline BVP we take M, = (§ + 1)(g + 1).

Extending from the original data for the CBEM in Table 6.2.1, Table 6.6.1 presents the RMSE,
order and convergence rate of both the CBEM error and the MCBEM error. The data in Table
6.6.1 shows two features: first, the MCBEM error is smaller than the CBEM, as oy, ,, < 0, for
all n, and; second, there is only a small deviation between the order (and convergence rate) in
the MCBEM error and the standard CBEM error, because both methods fail to model the singular
behaviour.

Recall in §6.5, we showed that the SICBEM and SSCBEM were successful modifications of
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the CBEM, whereby the error in the neighbourhood of the singular point could be significantly
reduced. Therefore, the culmination is achieved when joining the methods that incorporate the

singular behaviour with an augmentation by the predicted error.

6.6.1 The modified singularity incorporation method (MSICBEM)

In order to modify the SICBEM, we first establish the leading behaviour of its theoretical error

(s1,M)

€n ', sothat€, in (6.6.1) can be determined. Given that the SICBEM is based upon the CBEM,

then the leadlng behaviour of E(SI M)

is based upon the leading behaviour of the CBEM error,
defined as en in (6.6.11). That is, recalling the SICBEM error in (6.3.28), we have (2n — 2)

components e( nj 2 and e'(il 2) of 67(15172), defined by

(51,2)

€y =) —bnj J=2,....n (6.6.18)
and
e = ¢(q) ~ @y G=1,...n—1, (6.6.19)

from taking piecewise-constant interpolation. We again use Taylor expansions of ¢ and ¢’ about

the node gy, j so that, by (6.6.7) and (6.6.8), the theoretical SICBEM error 6(5 in (6.3.28) satisfies

1 a’f
(51,2) — (3,00) / '
n(p)e, " (p) = e(1>¢ (9) G'(p,q dq+zzk| aq Noman, Thd
=2 k=1
’iiii ' Kpj— | ¢®(q) G(p,q) dg.  (6.6.20)
— k! 0¢" q:qn,]- L P q) G(p, q) dg. 6.

Truncating the infinite-series in the SICBEM error 6515]’2) in (6.6.20) to order m yields the

(s

truncated-series SICBEM error €p m 2) that satisfies

w2 =3 [ A cwaa- [ o cwada). 6o
€

]:1 e J)
where
. ¢ (q) ji=1,
SI,2 m
€nm,j (@) = (q— qnj)* OF o (6.6.22)
kZ:l TR gk [ D]g=q,, =221
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and
m
(q - Qn])k ak [ /
a .k ¢(q)j|7 . .7:17 7n_17
2g) = ; KL Og* = ing (6.6.23)
¢ ®>)(q) j=mn
Since the error e%s,ff) is the leading behaviour of the true error in the SICBEM 6%31’2), we take

(s1,2

€n.m ) in (6.6.1) and then the modified singularity incorporated CBEM (MSICBEM) with solution

gzb,(%fm) is given by

M52 (p) = o712 (p) + €512 (p). (6.6.24)

Recall that in §6.3 we showed that collocating the standard SICBEM at the mid-points p = g, ;
generated a system of n equations (6.3.8) expressible in the form Mxg; = t, where x5; contained
the unknown boundary data. Now, collocating the MSICBEM (6.6.24) at the same mid-points
D = qn,; yields a system of n equations, which is similarly expressible in the form Mx,;s; =
t + e’ i.e. augmented by an error vector. The solution vector x,,5; now contains the unknown
mid-element nodal values of ¢, ; on 0§}y and gb;w- on J€y and the two unknown singularity

coefficients a; and «p. In the system Mx,,s; = t + €57, the error vector e’ has components

n
= [ G i) do - ) Glan daf . 6629)
j=1 e
in which 61(15717123) and eig‘jflj) are defined in (6.6.22) and (6.6.23). The solution of Mx,,s; = t +

e51 yields the unknown boundary data that supplements the original boundary conditions in the

stripline SBVP. With a complete set of boundary data ¢%ﬁl’2) in (6.6.24) can be computed at
any point in the domain which, in accordance with §6.3, we define as the numerical discretised

MSICBEM solution. Given gb%,fm) in (6.6.24) is the theoretical discretised solution, we define the

. . . . MSI,2 . .
numerical discretised solution as gf),(%m ), which satisfies

¢£Lz:/£ﬁ91,2) (p) = %(151,2) (p) + 625711722) (p), (6.6.26)

where 551511,2) is the numerical discretised solution of the SICBEM obtained by (6.3.17) and
(6.3.18).
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6.6.2 The modified singularity subtraction method (MSSCBEM)

In contrast to the MCBEM and the MSICBEM, the modification of the SSCBEM does not use the
leading behaviour of the theoretical SSCBEM error 6%55’2). In fact we require only the leading
behaviour of the error incurred in wflM) in (6.4.5).

The error in 1/1,(1M), defined by 67(1 ’M), satisfies

a0 =3 [ (0990 - vl) &) da

=1
— / . (w’(”%) - w:f,i»“) G(p.q) dq} : (6.6.27)

Note that in the present form of (6.6.27), the balancing approximations imposed in the SSCBEM

are not accounted for as they are specific to the BVP to which the BEM is applied.

As discussed in §6.4, the two balancing approximations for the stripline problem are 1/17(12% =0and
;L(zn) = 0, in which case (2n — 2) of the integrands in (6.6.27) contain the error resulting from

piecewise-constant interpolation. Therefore, using Taylor expansions of 1 and v’ about the node

qn,j» the terms @ (q) — wffj) and ¢'®(q) — 1#:1(3) are expressible as infinite series so that (6.6.27)

becomes

n(p)el? (p) =) { / &2 (q) G'(p,q) dg — / . et (q) G(p,q) dq}, (6.6.28)
1 e elJ

where
v @ (q) j=1,
k! aqk q=Aqn,j ST
k=1
and
(2= ang)t O ’(2) ,
= " (q) j=1,...,n—1,
6;(??’2) (q) = kz kL9 { L:%J (6.6.30)

Truncating the infinite series of (6.6.29) and (6.6.30) to order m yields eSL ’27m), which is the m™

order truncation of EW), that satisfies

n(p)el2 ™ (p) =Y { / et (@) G p,q) da / ™ (q) Glp,q) dq} , (6.631)
eld

j:1 e(])
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where
wam ¥?(q) j=1,
" (q) = " (g = quy)F OF (6.6.32)
n,J ng) Y (2 —9
; ! aqk[ (qL w, T oon
and
m k ok
qd —dn,j 0 .
(1,2,m) Z( k! ]) W[wl )( }_ . j=1...,n—1,
ng (@) =1 q q=dn.; (6.6.33)
1/1/(2) (q) j=n
Thus, given that e% 2M) is an approximation of the true error e(w 2) , we have
U = O (p) + €A™ (6.6.34)

which, following (6.6.1), the modified SSCBEM (MSSCBEM) with solution qﬁn m ) is given by

o152 (p) = o2, (p) + 6 (p)
= (V20) + €2 () + 92 (p)

= o752 (p) + €2 (p). (6.6.35)

In other words, the MSSCBEM in (6.6.35) is derived by incorporating e% M) into the standard
SSCBEM a priori.

Recall that collocating wﬁf) (p) in the SSCBEM at the mid-points p = g, ; generated a system of n
equations (6.4.12) expressible in the form Px¢s = q, where x5 contained the unknown boundary
data, as discussed in §6.4. Now, collocating zp,?)n(p) in (6.6.31) at the mid-points p = g, ; yields

MSS

a system of n equations expressible as Px,,ss = q + e"°°, where x,,¢¢ contains the unknown

mid-element nodal values of @Z)ff; on 9y and 1[);(2]) on 9y and the two unknown singularity
coefficients a;; and 5. By the argument preceding (6.6.25) the error vector € has components

e;-”SS:Z{ / e @) G aniva) da - / s ™ (9) Glanssq) dq}, (6.6.36)
eld

jzl e(])

(w,>

in which €, and € /W’ m) are respectively defined in (6.6.32) and (6.6.33).

MSS

The solution of Px,ss = q + € yields the unknown boundary data that supplements the

original boundary conditions in the stripline SBVP. Using the complete boundary data 1/17(12,)71 in
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(6.6.31) can be determined at any point in the domain which, in accordance with (6.4.14) and
(6.4.15), we define as the numerical discretised solution 1%2,),1 To distinguish this from the

theoretical discretised w@n in (6.6.34), @Zﬁn is given by
D = 0 (p) + €2, (6.6.37)

in which 157(12) in (6.4.14) is the numerical discretised form of wﬁf) in the SSCBEM. Finally, by
(6.6.37), the numerical discretised MSSCBEM solution is

01552 (p) = 42, (p) + 612 (1)
= {5 (p) + (2™ (p), (6.6.38)

where, in keeping with (6.4.16), %LSS’Q) (p) = {/;,(12) (p) + 5&2) (p) and %2) is the series ¢§2) with

computed coefficients ;.

6.6.3 Error analysis of the MSICBEM and MSSCBEM

Comparing the theoretical discretised MSICBEM solution ¢%{f]’2) in (6.6.24) with the exact
solution ¢ and following (4.3.42), the theoretical MSICBEM error is defined by

eM1s12) (p) = ¢(p) — P11 (p), (6.6.39)

where, by (6.6.24) and (6.6.3), Egﬁl’ﬂ is proportional to an error discrepancy. Namely, taking the
discrepancy
AelShD (p) = €572 (p) — €512 (p), (6.6.40)

n,m

by (6.6.24), (6.6.3) and (6.6.39), we have

et (p) = 6(p) — (6n(p) + eliia" ) ()

= en(p) — i (p)
= AelM512) (). (6.6.41)

(Mss,2

Similarly, by comparing the MSSCBEM theoretical solution ¢y, ) in (6.6.35) with the exact
solution ¢, the theoretical MSSCBEM error is defined by

1552 (p) = ¢(p) — P15 (p). (6.6.42)
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The MSSCBEM error in (6.6.42) is also proportional to an error discrepancy. That is, letting

(¥,2,m) (4,2)

the difference between the truncated error e, and the exact error €, '~/ be defined by the

discrepancy

A2 (p) = e (p) — 2™ (p), (6.6.43)

then (6.4.1), (6.4.6), (6.6.35) and (6.6.42) yield

5 (p) = 9(p) — (A5 ) + VA )

@ (p) + ¢ (p) — WP (p) + 62 (p)) — V2™ (p)
e (p) — €™ (p)

n

= AcllD (p). (6.6.44)
Thus, by (6.6.41), we have
H MSI 2) ”oo — HAE (Mms1, 2)”007 (6.6.45)
and, by (6.6.44), we have
e20552) || oo = | AL | o (6.6.46)

In other words, the errors in the MSICBEM (6.6.41) and the MSSCBEM (6.6.44), which are
proportional to error discrepancies, are smaller than the errors in both the SICBEM in (6.3.25)

and the SSCBEM in (6.4.18) as they are proportional to an error. Hence

leSm? lloo < [l oo (6.6.47)
and
{552 || o < (|65 . (6.6.48)
Recall that in (6.4.29) we had
€55 oo < €577 oo < l€nlloos (6.6.49)

where €, is the error in the standard CBEM. By (6.6.47) and (6.6.48), we now have

e oo < et oo < llenlloo (6.6.50
and
HE (Mss,2) ”OO < HE%SSQ)HOO < |l€nlloos (6.6.51)
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thereby achieving the aim of modifying the SICBEM and SSCBEM. However, in contrast to the
original hypothesis in (6.4.29), we cannot theoretically quantify which of the MSICBEM and
MSSCBEM are of superior accuracy.

6.7 Comparison of the modified numerical schemes for the stripline

problem

To recap over §4.4, for a nonsingular BVP the modified CBEM recovered an error of order O(h™),
where m could be chosen a priori. For example, in accordance with (4.4.2), the order of the error

in the MCBEM was theoretically predicted as

O(h?) m=1,
oY)  m=23,
(6.7.1)
O(h®)  m =4,5,
O(h®)  m=6,T.

The basis of the error order prediction in (6.7.1) for the modified CBEM is as follows. By (6.6.1)-
(6.6.3), for a modified BEM with solution ¢ the error &, is given by

En=0—0=0¢—9¢" — ¢, (6.7.2)

where ¢* is the solution of a standard BEM, €}, is its error and €, contains the leading order of the
error €. Provided the first two terms on the right-hand side of (6.7.2) are of an equal order, the
order of the modified BEM was determined by the order of the incorporated error €,. However, for
a singular BVP the first two terms on the right-hand side of (6.7.2) are not of an equal order. This
is because the presence of a singularity adversely effects the convergence rate of a given numerical
BEM, as pictorially demonstrated by the error in the CBEM solution of the stripline problem in
Fig. 6.2.2 and in the MCBEM solution of the stripline problem in Fig. 6.6.1.

We applied the SICBEM and SSCBEM to recover the rate of convergence when a singularity exists.
However, as only the leading behaviour of the singularity is taken into account in the SICBEM and
SSCBEM, because qbgM) is implemented for finite values of M, the singularity affects the numerical

methods. That is, we do not recover the theoretically predicted O(h?) in Table 6.5.2 for either
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method. Similarly, by construction of the MSICBEM and MSSCBEM, although they improve the
accuracy in the SICBEM and SSCBEM, we expect the error orders to be lower than the predicted
O(h™) error in (6.7.1). In the remainder of this chapter, we provide a quantification of the error
orders in the MSICBEM and the MSSCBEM for the stripline SBVP of Fig. 5.1.2 by a mixture of
graphical and data analysis.

Following (6.6.16) and (6.6.17), we define the RMSEs by

2
FSIM) = Z(~(SI . pM]) for the SICBEM (6.7.3)
and
1 & 2
Flssan = . (EffS*M)(pM,j)) for the SSCBEM, (6.7.4)
p j=1

then similarly for the modified counterparts by

2

Flrstn) — Z <“(MSI ) (pa j)) for the MSICBEM (6.7.5)
and
1 & 2
U ENED'S (ggf;i”) (pM,j)) for the MSSCBEM, (6.7.6)
p j=1

where M), are the number of mesh points taken over the internal grid. The convergence rate and
order of the error in each of the BEMs will be defined using Richardson’s extrapolation in (4.2.48).
A depiction of the error in the MSICBEM solution of the stripline problem is given in Fig. 6.7.1
for n = 24,48,96 and fixed m = 4. By comparing Fig. 6.7.1 with the SICBEM counterpart
in Fig. 6.5.1, it is evident from the scalings of the contour colour mappings that the MSICBEM
error is substantially smaller than the SICBEM error, in accordance with (6.6.50). Moreover, in the
MSICBEM error of Fig. 6.7.1, the dominant error, which now exists in the neighbourhood of the
origin, is a demonstration of the O(r*™+1) error in the MSICBEM due to the finite truncation of
the correct functional form ¢>§M) in (6.3.3).

The order of the errors in the SICBEM and MSICBEM solutions of the stripline problem in Figs.
6.5.1 and 6.7.1 are given in Table 6.7.1, along with the RMSEs and convergence rates for n =
24,48 and 96. Along with its graphical counterpart, Fig. 6.7.1, Table 6.7.1 demonstrates three
features: first, taking only m = 4 leading terms in 67(1 m ) in the MSICBEM of (6.6.26) produces
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() n=96

Figure 6.7.1: Contour plots of log |(§511:47§10,M)/¢

, the logarithm of the relative error in the
MSICBEM solution of the stripline SBVP, for M = 2, m = 4 and n = 24,48,96. The singular
point is located at (x,y) = (0,0). Although a prominent localised error peak is occurring at the
singular point, its magnitude is prominently smaller than in the SICBEM error in Fig. 6.5.1.
Moreover, by comparison with Fig. 6.5.1, the scaling in the colour mapping shows that the

MSICBEM errors are smaller than the standard SICBEM errors, in accordance with (6.6.50).

a significantly smaller RMSE than in the standard SICBEM. Second, although a localised peak
remains about the singularity in the MSICBEM error, its magnitude is prominently smaller than
in the SICBEM error, e.g. an error of third order is obtained in the MSICBEM for only n = 24.
Third, the convergence rate in the MSICBEM error decelerates when n > 24 (consistent with
the SICBEM error in Table 6.7.1), due to the region of in which the correct functional ¢§M) is
incorporated being dependent upon n.

In the standard SICBEM the length of the first and last elements were varied to prevent the eroding
order of the SICBEM error with increasing n. However, such a remedy is no longer plausible in the

MSICBEM owing to the modified method requiring a uniform element distribution. For example,
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Standard Modified
n AR p p Gr?) p p
24 0.0037 3.4895 | 1.8030 | 2.0788 x 1075 | 7.9977 | 2.9996
48 0.0010 3.3939 | 1.7629 | 2.5992 x 1076 | 4.3751 | 2.1293
96 | 3.0904 x 10~4 5.9409 x 107

Table 6.7.1: The RMSE o, error order p and error convergence rate p of the SICBEM (standard)
and MSICBEM (modified) solutions of the stripline SBVP, for M = 2, m = 4 and n = 24,48, 96.
The results correspond to the errors depicted in Figs. 6.5.1 and 6.7.1. We achieve an increase in
the rate of convergence (up to third order) by applying the MSICBEM. However, the convergence
rate rapidly decelerates with increasing n, due to the dependence of region over which the correct

functional ¢§M) is incorporated upon n.

if n is doubled after fixing the length of an element then the discretised system in the MSICBEM
contains an error of O(8h3) instead of O(h?), thus resulting in a fixed maximum error, dependent
upon the length of the element, and minimal variation in the relative error for differing values of n;
this is demonstrated in the error of MSICBEM in Fig. 6.7.2.

As for the error in the MSSCBEM solution of the stripline problem, this is depicted in Fig. 6.7.3
for n = 24,48,96 and m = 4. By comparing Fig. 6.7.3 with the standard SSCBEM errors in
Fig. 6.5.2, the MSSCBEM has reduced only the localised error peaks that occur in the corners of
the domain in the standard SSCBEM error. That is, the SSCBEM has dealt with the singularity
therefore Fig. 6.7.3 is a manifestation of the dominance of the O(r**+1) singular behaviour in the
MSSCBEM.

For a quantification into the effect of applying a MSSCBEM, we require the RMSE, error order
and error convergence rate of both the MSSCBEM and the standard SSCBEM solution of the
stripline problem for different values of n: this is presented in Table 6.7.2. Table 6.7.2 shows two
features: first, the MSSCBEM error is smaller than the standard SCCBEM error, as the MSSCBEM
RMSE is a reduction (up to a hundredfold) upon the SSCBEM RMSE, and; second, the order of
the MSSCBEM error is approximately double that of the SSCBEM error. That is, the error in the
MSSCBEM is of third order and, contrary to the MSICBEM error in Table 6.7.1, this does not

erode as n increases.

173



Numerical Solutions of Singular Harmonic Boundary Value Problems by Improved Boundary
Element Methods

(c) n =96

Figure 6.7.2: Contour plots of 10g|§%me) /®|, the logarithm of the relative error in the

MSICBEM solution of the stripline SBVP, for M = 2, m = 4 and n = 24,48, 96. The singular
point is located at (z,y) = (0,0) and the first and last elements are of length ) = (™) = 0.25
to match with Fig. 6.5.4. The maximum error in each of the sub-figures is fixed, regardless of the

choice of n, due the large error being built into the pre-inversion of the MSICBEM.

Although errors of order O(h3) are shown in Tables 6.7.1 and 6.7.2 for m = 4 in the MSICBEM
and MSSCBEM solution of the stripline problem, we do not recover the theoretically predicted
error orders. That is, we do not recover an error of order O(h%) when m = 4, which was obtained
for a nonsingular BVP in chapter 4, in either modified method. The same is true for other values m,
as demonstrated in Table 6.7.3. This phenomenon is a demonstration of the O(r*»+1) truncation
of ¢2M), that is incorporated/subtracted from the CBEM in both the MSICBEM and MSSCBEM.
Thus it is the choice of M that determines the magnitude of the residual singular behaviour of order
O(r)‘M +1) which, in turn, determines the order of the error in the modified BEMs. Hence to further
increase the order of the error in the numerical methods, we require a higher number of terms M

to be taken in the correct functional ¢§M) in (6.3.2) in both the MSICBEM and the MSSCBEM.
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Figure 6.7.3: Contour plots of log |g7(11:477§SC,M)/¢

MSSCBEM solution of the stripline SBVP, for M = 2, m = 4 and n = 24,48,96. The singular

, the logarithm of the relative error in the

point is located at (x,y) = (0,0). By comparison with the standard SSCBEM errors in Fig. 6.5.2,
the MSSCBEM has significantly reduced the localised error peaks that occurred in the corners of

the unmodified error domain.

In Fig. 6.7.4 the errors of the MSICBEM and MSSCBEM solutions of the stripline problem are
given where the truncation limit M in ¢§M) is M = 4. When M = 4, the analytic form of
the singularity is built in over the first and last two elements in the MSICBEM, whereas for the
MSSCBEM, we now require four balancing approximations. By comparing Fig. 6.7.4 with the
original errors in the modified methods of Figs. 6.7.1 and 6.7.3 it is apparent, particularly in
the MSICBEM, that increasing M significantly reduces the relative errors. A quantification into
the error convergence rates and error orders in the MSICBEM and MSSCBEM for M = 4 are
presented in Table 6.7.4, along with the those for M = 2 for comparison. It is evident from the
data in Table 6.7.4, that the order in the MSICBEM error can be increased by taking higher values

of M. Note that further investigations reveal that when M = 6 the order of the MSICBEM error
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Standard Modified

~(55,2) ~(M5SS,2)

n On P p On,m P p

24 | 3.7166 x 10~* | 2.9550 | 1.5632 | 1.9903 x 107> | 9.2686 | 3.2124
48 | 1.2577 x 10~% | 3.0807 | 1.6233 | 2.1474 x 1076 | 8.2169 | 3.0386
96 | 4.0825 x 107> 2.6134 x 1077

Table 6.7.2: The RMSE o, error order p and error convergence rate p of the SSCBEM (standard)
and MSSCBEM (modified) solutions of the stripline SBVP, for M = 2, m = 4 and n = 24,48, 96.
The results correspond to the errors depicted in Figs. 6.5.2 and 6.7.3. The increase in the error
order to O(h3) and the hundredfold decrease in the RMSE are evidence of the superiority in
MSSCBEM over the standard SCCBEM. Furthermore, the decrease in p with increasing n in the
MSSCBEM shows that the order its error is an over-specification, consistent with the error orders

in the modified BEMs in chapter 4.

MSICBEM MSSCBEM

m| p P p P

1 | 4.5205 | 2.1765 | 3.1323 | 1.6472
2 | 9.3615 | 3.2267 | 3.9268 | 1.9734
3 19.2696 | 3.2125 | 4.6078 | 2.2041
4 1 9.2696 | 3.2125 | 8.2479 | 3.0440

Table 6.7.3: The convergence rate p and order p of the error in the MSICBEM and MSSCBEM
solutions of the stripline SBVP form = 1,2,3,4, n = 24 and M = 2. Here we take o = 5 = 2
in Richardson’s extrapolation (4.2.48). The order is increased in the errors of the MSICBEM and
the MSSCBEM by increasing m, as by doing so we incorporate a truncated explicit error of higher

degree of leading order within the modified methods.

is O(h*) when n = 24, i.e. we recover the rate of convergence of piecewise-quadratic BEM by
solving only a n X n system in the MSICBEM. Table 6.7.4 also shows that the order of the error
in the MSSCBEM, which requires a higher number of balancing approximations, erodes when M
is increased as the balancing approximations introduce additional errors. Thus the truncation limit

M in both the SSCBEM and MSSCBEM should be kept at low as possible: this is consistent with
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(a) MSICBEM,n = 24 (b) MSSCBEM,n = 24
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Figure 6.7.4: Contour plots of log @34510,1\/1) /é| and log |Em> M) | @|, the respective logarithms
of the relative error in the MSICBEM and MSSCBEM solutions of the stripline SBVP, for M = 4,
m = 4 and n = 24,48,96. The MSICBEM error is less than the MSSCBEM error when M = 4
because increasing M in the MSICBEM increases the region over which the singular behaviour
is incorporated, whereas in the MSSCBEM, a higher number of balancing approximations are

required.

the findings of Jaswon and Symm [1977] who applied a singularity subtraction BEM to the Motz
problem.

Finally, an quantitative comparison of the errors in all the outlined BEMs in this chapter for the
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MSICBEM MSSCBEM
M =2 M =41 M=2 M =4

n,2n P P P P P D p P

24,48 | 7.9977 | 2.9996 | 13.8933 | 3.7963 | 9.2696 | 3.2125 | 8.2479 | 3.0440
48,96 | 4.3751 | 2.1932 | 2.1998 | 1.1374 | 8.2169 | 3.0386 | 6.2737 | 2.6493

Table 6.7.4: The convergence rate p and order p of the error in the MSICBEM and MSSCBEM
solutions of the stripline SBVP, for M = 2,4, n = 24,48,96 and m = 4. The results correspond
to the errors depicted in Fig. 6.7.4. The order is improved in the MSICBEM error when M is
increased, however, this is not the case for the MSSCBEM error due to the method requiring a
higher number of balancing approximations. Although when n > 24 the effect of the singularity

incorporation in the MSICBEM is reduced, as shown by the deceleration in its convergence rate.

Numerical Method RMSE (o)
CBEM 0.0135
MCBEM 0.0091
SICBEM 0.0010
MSICBEM 2.5992 x 1076
SSCBEM 1.2577 x 1074
MSSCBEM 2.1474 x 1076

Table 6.7.5: Comparison of the RMSEs & in the CBEM, SICBEM, SSCBEM, MCBEM, MSICBEM
and MSSCBEM solutions of the stripline BVP, for n = 48, M = 2 and m = 4. The RMSEs

correspond to the error surfaces depicted in Fig. 6.7.5.

stripline SBVP is depicted in Fig. 6.7.5 and quantified in Table 6.7.5 for n = 48, m = 4 and
M = 2. Fig. 6.7.5 and Table 6.7.5 both show three features: first, the error in each of the modified
methods have smaller localised error peaks in the corners of the domain compared to their standard
counterparts; second, the SICBEM and SSCBEM (and the MSICBEM and MSCBEM)) are superior
to the CBEM and MCBEM at modelling the singular behaviour, thus confirming (6.4.30) and
(6.6.50), and; third, out of the methods presented, the MSICBEM is the most accurate method for
modelling SBVPs.
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(e) SSCBEM

Figure 6.7.5: Comparison of the relative errors in the CBEM, SICBEM, SSCBEM, MCBEM,
MSICBEM and MSSCBEM solutions of the stripline BVP, forn = 48, M = 2 and m = 4 (in

accordance with Fig. 6.5.3).

In general, Fig. 6.7.5 is a demonstration of the applicability of the modified approach of chapter

4 to BEMs other than the CBEM, whereby improving the convergence rate of the unmodified

(d) MSICBEM

(f) MSSCBEM

counterparts in the numerical solution of singular BVPs.
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6.8 Summary and discussion

This chapter was based on improving numerical methods for approximating the solution of a
two-dimensional singular harmonic BVP. This involved implementing modification techniques to
conquer the adverse effect on the convergence with decreasing mesh size caused by boundary
singularities.

The outlined work was concerned with approximating the solution of a singular stripline problem
due to its geometric resemblance to the fundamental Motz problem and its applicability in
electromagnetism. The near-exact analytic solution of the stripline problem, derived in chapter
5, was used to validate the numerical methods presented.

As a boundary singularity is present in the stripline problem the rate of convergence in the constant
boundary element method decreased by 20% compared to its rate in chapter 4 for a nonsingular
problem. Thus, following Symm [1973] and Xanthis et al. [1981], we used the analytic form of
the singularity to implement two modifications of the constant boundary element method: the
singularity incorporation method and the singularity subtraction method. Both the singularity
incorporation and subtraction methods showed improved convergence rates for the numerical
solution of the stripline problem compared to the constant boundary element method, thereby
decreasing the error in the constant boundary element method by up to two orders of magnitude.
In the latter part of this chapter we further improved the convergence rates of the singularity
incorporation and the singularity subtraction methods, by a modification technique based on an
optimal approximation and inclusion of the explicit form of the Lagrangian-interpolation errors.
In particular the modified singularity incorporation method demonstrated a significant reduction
(of up to four orders of magnitude) when taking only the first two leading orders terms in the
analytic form of the singularity. Furthermore, in both the modified singularity incorporation and
the modified singularity subtraction methods we obtained third-order convergence rates, double
that of the unmodified counterparts. The improvement in the rate of convergence of the error in
modified methods was, however, not to the extent seen in the nonsingular BVP (Table (4.4.2)) due
to the finite truncation of the analytic form of the singularity required for implementation.

Further investigations into the theory covered in this chapter include: defining a modified

singularity incorporation or singularity subtraction method that does not depend upon the explicit
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solution, e.g. using finite-difference methods as in chapter 4, and; extending the modification
technique to the singularity annihilation boundary element method (Kelmanson and Lonsdale
[1995, 1996]) as an alternative to the singularity incorporation and the singularity subtraction

methods.
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Chapter 7

Conclusions

Since brief but detailed summaries have been included at the end of each chapter, we provide here
a collective overview of the numerical methods, key achievements and outcomes of this thesis.

The primary theme throughout this thesis has been to investigate the error in the numerical
solutions of both one- and two-dimensional integral equations. In particular, by deriving explicit
approximations of the error inherent in the numerical methods, we aimed to modify each method
by including a priori estimates of the theoretical error, thus reducing the numerical error in
the approximate solution. Chapter 2 and 3 considered the solution of one-dimensional singular
Fredholm integral equations of the second kind (FIE2), whereas chapters 4, 5 and 6 concerned the

solution of two-dimensional harmonic BVPs, both nonsingular and singular.

In chapters 2 and 3 it was shown that a FIE2, whose integrand exhibited singular behaviour, could
be solved using a Nystrom -quadrature method. The modified Nystrom method enabled one to
obtain significantly improved accuracy in the numerical solution compared to the standard Nystrém
method, particularly for low numbers of quadrature nodes. For example, for a n-point Gaussian
quadrature rule, a reduction in the Nystrom error of two orders of magnitude was achieved using
the modified method for only n = 2.

The philosophy behind the first two chapters was to first define a modification technique for the
Nystrom method, and then to build up the complexity of the types of problems to which the

modified Nystrom method could be applied. The work in chapter 2 is an extension of Kelmanson
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and Tenwick [2010]. The work in chapter 3, on the other hand, is an extension of the standard
Nystrom method for systems of FIEs presented in De Bonis and Laurita [2008]. The modification
of a Nystrom method for systems of FIEs, however, is substantially more intricate and complex
than the modification for a single FIE; it is obtained at an expense of a large increase in analysis
and computer code.

In chapters 4, 5 and 6 we considered improving the numerical solutions of higher-dimensional
integral equations, namely those which were a reformulation of Laplace’s equation in two-
dimensions. The constant BEM in Brebbia [1978] was modified in chapter 4 by incorporating
the leading behaviour of the error into the BEM a priori. In particular, two variations of a modified
constant BEM were presented: one that used the exact boundary conditions, whereas the other used
finite-differences to approximate them. Validated against a test problem in which the exact solution
was known, it was shown how the modified BEMs were more accurate than the constant BEM. In
the test problem considered the modified BEM achieved a rate of convergence normally associated
with piecewise-quadratic Lagrangian interpolation, e.g. Ingham et al. [1981a], although without
requiring the solution of a larger system of equations. For example, only a n-point collocation is
required in the modified BEM whereas a 2n-point collocation is required in a piecewise-quadratic
BEM.

In chapter 6 it was shown how the modification technique of chapter 4 could be extended to
singular BVPs, particularly the stripline problem. However, with no existing results to validate the
numerical solutions against, the derivation of a pseudo-analytic solution was essential. Therefore,
in chapter 5 a pseudo-analytic solution of the stripline problem was derived using the conformal
transformation method of Whiteman and Papamichael [1971] and Rosser and Papamichael [1975].
An extensive overview of the steps in the conformal transformation method have been given, so
that they can be used in future by others.

Following the work of Symm [1973] and Xanthis et al. [1981], the asymptotic nature of the
singularity in the stripline problem was incorporated in to the constant BEM in chapter 6. These
methods were modified by the technique of chapter 4, in that the leading behaviour of the
error was incorporated into the BEMs a priori. Validations against the quasi-analytic conformal
transformation solution illustrated the excellent accuracy in the modified BEMs. However, it was

demonstrated how the modified methods were restricted in the degree of accuracy which could
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be recovered in the numerical solution of a singular BVP, as only the leading behaviour of the
asymptotic nature of the singularity was incorporated in Symm [1973] and Xanthis et al. [1981].
The methods of chapter 6 are applicable to the solution of a large number of physical problems
in the field of electrostatics, magnetostatics, steady-fluid flow and steady-heat conduction, as
demonstrated by their ability to model the singular stripline model.

There is scope for further developments into the modified methods presented in this thesis.
For example, the methods of chapter 3 were illustrated for only one (interior) singular point,
although the theory could be amended to cope with more complex singular problems if necessary.
Alternatively, given the numerical solution of singular BVPs in chapter 6, we could consider
developing modified BEMs that do not require a solution to be known a priori. Finally, we could
consider developing the modified BEMs in 4 and 6 for biharmonic problems, e.g. hair-line cracks,

although this would require dealing with coupled systems of integral equations.
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Appendix

A Geometric series theorem

Let A be a bounded operator. For
Al <1,
the Neumann series implies that (Z — A) ! exists and is bounded by

1

I-A) < ——
I~ A7 < =

where

(Z-A) = iAj.
j=0
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Appendix 7.0

B Analytic forms of A;; and B;;

When el?) is a straight-line segment, the integrals in the CBEM (4.2.3) were first evaluated
analytically by Symm [1963]. His expressions are presented here for completeness.
Let ;.. and ¢p;,, be points on 02 marking the ends of boundary segment eU). Given a general

field point p € 02 U 2 and

a=p—qajnl
b=1[p—asjal,
h=1q4aj,n = qjnl;
B = Z4p;nqa;nD;

w - équ,nquj,na (Bl)

we have the geometry as shown in Fig. 4.2.1. Using the notation of (B.1) we have the following

analytic expression for the integrals A;; and B;; in (4.2.8): first,

1

4Bj 1
/(_ log[p — q| dg = / log [(xp — 2¢)” + (yp — yg)*]* day,
elJ qAj
1

— / log [(azp —x)? + (yp — yq)g} 2 dxy, (B.2)

A

where p = (x,,yp) is the field point and ¢ = (z4,y,) the source point. After substituting z =

xp — Tq and y = y, — y4, (B.2) is equivalent to

TB—Tp 1
/. log [p — q| dq:/ log [2* +y*]? da,

_ : ) ) % . . (x>:|x}3—ccp7
[w(og [:U —i—y] )—i—ytan " e
= h(log(b) — 1) + acos(p) log (%) + aysin(B). (B.3)

Second, using the Cauchy-Riemann equations for a complex function w = u + v

ou Ov
e B4
on ~ 0s (B.4)
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where n and s are the unit normal and tangent vectors to 0f2 at any given point. If ¢ is the angle

made by the vector p — ¢ with the outward normal to e?) then log |p — | = log(r) + i1, thus

0
log’ |p — q| dg = —log(r) d
/ej g [p—q| dq ) on g(r) dq
0
- Zd
€<j)a§1/1q

= 1. (B.5)
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C Analytic forms of Jy ; and Kj ;

When el is a straight-line segment, the integrals Jk,j and K}, ; used in the error analysis of §4.2.1
can, by extending the theory underlying Appendix B, also be derived analytically. Kelmanson
(private communication, 2011) has obtained these integrals for a general k£ using an automated
Maple process; they are presented here, for completeness, for k = 1,...,4.

In order to simplify the expressions, let

) (C.1)

and

A = log(1 — 2ucos(B) + %), (C.2)

by the notation of (B.1). The introduction of 1 and A facilitate the examination of the behaviour
of the integrals at specific field point locations, including: corners, element end-points, element
mid-point, or, collinear with the element.

Recall Ji ; and K7 ; were explicitly defined in §4.2.1. Therefore, by (B.1), (C.1) and (C.2), the
integral expressions for J;, ; in (4.2.29) and K}, ; in (4.2.30) for k = 2,3 and 4 are

9 .

Jg’j:az <w0082,8+)\81;1 5+<—¢COSB—)\S;HB+SiHﬁ+¢4u) u),
Asi — 5 2 Asin 2

J?,,j:a3 <Slg3ﬂ+1/)00335+< 3¢;Ob b_3 Siln B—i—sin%’

3 si 3
—|—< 88111/84- w(;osﬁ—sinﬁ—w;> u) u),

Asindg
2

Jij = at <w cos4df + + <sin 38 — Asin3f — 2¢ cos 38
N (—3811125 N 31 cos 23 N 3Asin 23

2 2 4
—ipcosB  Asinf  5sinf  Yu
+< s 1t g +16> u) u) u) (C€.3)
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and

in 3 A 3 in 2 A 2 2
Ko, — d® <w51;1 B coﬁs B+<_¢81§ B+ 0045 B_COZ B

—Acosf  ¢sinf  cospf 1 loga A
+< s T4 T3 +<9+12+24 rypH)H

Ky, = /\cos4ﬂ n 1 sindf n —1psin 38 n Acos3f3 _ cos 33
4 2 4 4
n 3/\ cos 25 3y sin 23 n 3 cos 2ﬁ+
8 8
d)smﬁ AcosfS HeosfB p
* ( 16 24 Toa) M) H)H)
S 1/151n 5/8 Acosbf —sindf  Acos4p B cos4p
Kaj = < 5 o0 > T 5
2cos36  Ysin3B  Acos3f
* ( 5 2 1
—psin2B  Acos2B  19cos2p —Acosf3 psinf8  Tcosf
+ ( 4 + 8 60 + 32 + 16 + 60

n L_i_loga_ 23
160 ~ 80 1200) M) H)H)H) )
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D Integrals C;;, Dy, E;; and Fj;

By (B.1) in Appendix B, the integrals for C;;, D;;, E;; and F;; in Eqns. (6.3.9)-(6.3.12) over the

first (i.e. 7 = 1) or last (i.e. j = n)) elements are

and

1

2 2 (Yp — Yq)
Cz'l = / 4.7P 4 dx
z1 [(zp — xq)z + (yp — yq)Q] /
h—acos 3 1 asin 3
— T Cf) (et B B4
/a cos f3 (x o8 6) <$2 + a? Sin2 B) !
3
2 23 (Yp — Yq)
Dﬂ = / q P q dl’
o (@p — )% + (Yp — Yq)?] !

h—acos B . 3
—/ (a;—i—acosﬁ)% (asmﬁ) dzx,

—acos 3 z? + a? Sin2 5
Tn 1 1
Ein = / (—z4)" 2 log [(‘Tp - xq)2 + (yp — yq)2] ? dxg

Tn—1

h—acos B ) :
/ (h—acosfp—x) 2 (asmﬂ) dx

—acos 8 2+ a? sin® I3

=

Fyp = — /x” (—xq)% log [(wp - xq)Z + (yp — yq)Q]

Tn—1

h—acos 3 L :
:/ (h—acosff —x)2 (asmﬁ > dx.

—acos x? + a? sin2 5

dzg

(D.1)

(D.2)

(D.3)

(D.4)

Integrals (D.1)-(D.4) may be evaluated analytically provided each element el is a straight-line

segment (Kelmanson [1984]). Otherwise, these integrals must be evaluated numerically, which

shall be achieved by Patterson’s quadrature package DO1AHF in Fortran.
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