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Abstract

In this paper we present a mesh-free approach to numerically solving a class of second order time depen-
dent partial differential equations which include equations of parabolic, hyperbolic and parabolic-hyperbolic
types. For numerical purposes, a variety of transformations is used to convert these equations to standard
reaction-diffusion and wave equation forms. To solve initial boundary value problems for these equations,
the time dependence is removed by either the Laplace or the Laguerre transform or time differencing, which
converts the problem into one of solving a sequence of boundary value problems for inhomogeneous modified
Helmholtz equations. These boundary value problems are then solved by a combination of the method of
particular solutions and Trefftz methods. To do this, a variety of techniques is proposed for numerically
computing a particular solution for the inhomogeneous modified Helmholtz equation. Here, we focus on
the Dual Reciprocity Method where the source term is approximated by radial basis functions, polynomial
or trigonometric functions. Analytic particular solutions are presented for each of these approximations.
The Trefftz method is then used to solve the resulting homogenous equation obtained after the approximate
particular solution is subtracted off. Two types of Trefftz bases are considered, F-Trefftz bases based on
the fundamental solution of the modified Helmholtz equation, and T-Trefftz bases based on separation of
variables solutions. Various techniques for satisfying the boundary conditions are considered, and a discus-
sion is given of techniques for mitigating the ill-conditioning of the resulting linear systems. Finally, some
numerical results are presented illustrating the accuracy and efficacy of this methodology.

1 Introduction

Traditional methods for numerically solving partial differential equations (PDEs) such as the finite difference,
finite element and boundary element methods all require meshing some or all of the solution domain [1, 2, 3].
This can be extremely time consuming, particularly for problems in R3and can severely limit the attainable
accuracy because meshing the domain boundary can usually be done with only limited accuracy [1, 2, 3].
Consequently, over the past decade there has been increasing interest in developing meshless methods which
eliminate or substantially reduce the need for domain meshing. Among these methods are the element-free
Galerkin method [4], reproducing kernel particle methods [5], the local Petrov-Galerkin method [6] and
methods based on radial basis function approximations [7, 8]. With the exception of the latter, all the other
methods require at least some meshing for numerical integration, hence are more realistically mesh reduced,
rather than mesh-free methods. Interestingly, for many years during the 50’s, 60’s and 70’s a popular class
of methods was the Trefftz methods introduced in 1926 [9] which are based on approximating solutions
by generalized Fourier series [10-35]. These methods are truly meshless, since they can be implemented
without either domain or surface meshing. Unfortunately, their use was limited largely to the solution of
homogeneous elliptic equations such as the Laplace, Helmholtz and biharmonic equations [10-35]. However,
in recent years, extensive research on the numerical evaluation of particular solutions to PDEs based on
early research of Nardini and Brebbia [36] and Atkinson [37] has enabled one to extend these methods to
solve inhomogeneous elliptic [38, 39], nonlinear [39] and time dependent PDEs [39]. It is the purpose of this



paper to present a meshless approach to solving a class of second order time-dependent PDEs based on a
combination of the method of particular solutions and the Trefftz method [40-46].

The paper is composed of eight sections. In Section 2 we present boundary value problems (BVPs) for
a class of second order PDEs which contains parabolic, hyperbolic and parabolic-hyperbolic equations. By
using a variety transformations we show how to reduce these equations to familiar reaction-diffusion and wave
equation forms. In addition to standard Dirichlet, Neumann and mixed boundary conditions, we consider
a class of recently discussed nonlocal boundary conditions and the solution of boundary value problems for
functionally graded materials [47, 48].

In Section 3 we show how to reduce the solution of the standard time dependent PDEs to solving BVPs
for the inhomogeneous modified Helmholtz equation. We discuss three methods for doing this; the Laplace
transform [49], various time-differencing schemes [51, 50, 52] and the Laguerre transform [53].

In Section 4 we introduce the method of particular solutions (MPS) to reduce the inhomogeneous modified
Helmholtz equation to BVPs for the homogeneous modified Helmholtz equation. Here we assume that the
necessary particular solutions are known and focus on the general Trefftz method for solving homogeneous
BVPs. In particular, we concentrate on methods for satisfying the boundary conditions. A variety of methods
is discussed; collocation, least squares and Galerkin’s method, with Galerkin’s method appearing to be the
most reliable.

In Section 5 we turn to the issue of numerically evaluating particular solutions to the inhomogeneous
modified Helmholtz equation. Two general approaches are discussed. The direct numerical calculation of the
classical domain integral [2, 3] and the currently more popular Dual Reciprocity Method (DRM) [2, 3], [54-
57]. Here, the source term is approximated by an appropriate set of basis functions and then an approximate
particular solution is obtained by analytically solving the modified Helmholtz equation with the approximate
source term. Three types of approximations are considered: radial basis functions (RBFs) [58-64] polynomials
[44, 55] and trigonometric approximations [46]. Advantages and disadvantages are discussed.

In Section 6 we return to a discussion of specific Trefftz bases. Two general classes of bases are considered,
F-Trefftz bases based on fundamental solutions of the modified Helmholtz equation [44, 47, 48] and T-Trefftz
bases which are generally obtained by separation of variables in polar and Cartesian coordinate systems
[28, 29, 32, 33]. For two dimensional problems we show how Bergman-Vekua operators can be used to obtain
error estimates for T-Trefftz bases [12, 13, 32, 33].

In Section 7 we present some numerical examples to show the efficacy and efficiency of our approach. We
conclude the paper with some discussion of future research in this area.

2 Boundary Value Problems for Time Dependent PDEs

In this paper we consider the numerical solution of initial boundary value problems for a class of second
order partial differential equations (PDEs) of the form
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where
A= [aij]v 1< Za.] <2 (23)
and
A.2 = [aij], 1 < i,j < 3 (24)

are constant, symmetric, positive definite matrices and (a, b, c) are non-negative constants.
If b =0, a > 0 then (2.1)-(2.2) are parabolic equations and if b > 0, a > 0 then (2.1)-(2.2) are called
hyperbolic equations. For numerical purposes, it is convenient to transform (2.1)-(2.2) into a standard form.



For parabolic equations, the standard form is the reaction-diffusion equation,
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As usual, we will denote the left hand sides of (2.5)-(2.6) as Au — cu where A is the Laplacian operator.
For hyperbolic equations the standard form is,

0%y

— ; d —
Au—cu—ﬁ—&—me,d—Z?) (2.7)

the classical wave equation. We consider these cases separately.

2.1 Parabolic Equations

Although one can consider boundary value problems for both bounded and unbounded domains, in this
paper we will focus primarily on problems in bounded domains.

Hence, let D be a bounded domain in R?, d = 2,3 with boundary S. Denoting the left hand side of
(2.1)-(2.2) by Lu, the parabolic equation takes the form

Lu = a% + f. (2.8)

In the initial boundary value problem (IBVP) one specifies, the initial condition
uw(P,0)=m(P), P DUS (2.9)

and boundary conditions
Bu(P,t)=g(Pt), P S (2.10)

where B is an appropriate boundary operator. The most common forms of boundary conditions are, Dirichlet
boundary conditions,

Bu = u; (2.11)
Neumann boundary conditions where,
ou
Bu = 2.12
Ll v (2.12)
and du/On,. is the conormal derivative of u. Here,
0
(91:11 = gradu - n, (2.13)

where n. is the conormal at P € S. Specifically, if A is as in (2.3)-(2.4) then
d
n.=An= | ajn;|,1<i<d (2.14)
j=1

where n = (n;), 1 <i < d is the unit outward normed at P € S.

Mixed Boundary Conditions:

Here, we assume that S = S7 U S3, S1 NS = ¢ and one specifies Dirichlet boundary conditions on
S1 and Neumann boundary conditions on Ss. If g; and gs are the corresponding boundary conditions, and
w(P)=1, P €S and w(P) =0, P € S, then these boundary conditions can be written in the form

0
wu ~+ (1 —w) 3: = wg1 + (1 —w) go. (2.15)
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In fact, if P € S, then w =1, 1 —w =0 so (2.15) becomes
u=gi, (2.16)

while if P € S, w=0,1—w =1 and (2.15) becomes

8811 = gs. (2.17)
Hence, letting g = wgy + (1 — w) g2 (2.15) can be written as
Bu=g (2.18)
where Bu = wu + (1 — w) du/dn,.
One can also consider boundary conditions of the third kind - Robin boundary conditions
88:160 =a(P)u+t+yg (2.19)
where 9u
Bu = on. a(P)u. (2.20)
One can also consider non-linear boundary conditions, such as radiation boundary conditions
aari = au?. (2.21)

However, in this paper we will only deal with the case where B is linear.

Under appropriate smoothness conditions on S, f and g and compatibility conditions on the initial and
boundary data, one can show that (2.8)-(2.10) have unique solutions. For details one can consult [67]. We
will assume that these conditions are met in the remainder of the paper.

Although (2.8)-(2.10) represent classical IBVPs, in recent years a number of authors have considered
non-local conservation conditions on u of the form [68, 70]

/ w(Pt)dV = h(t). (2.22)
D

When (2.8) is in the standard form (2.5)-(2.6) with ¢ = f = 0, this condition can be converted to a non-local
boundary condition on S as follows.
Assuming h in (2.22) is differentiable, we differentiate (2.22) giving

/ O PV =W (1) (2.23)
p Ot
>From (2.5)-(2.6) Ou/0t = Au so that
/ Au (P,t)dV = K (t) :/ divgradu (P, t) dV. (2.24)
D D
Now, by using the divergence theorem,
/ divgradu (P, t) dV = / n - gradu (P,t)dS = / ou (P,t)dS. (2.25)
D s s On
Hence, the conservation condition 2.22 is equivalent to the non-local boundary condition
ou
— (P,t)dS =1 (t). 2.26
[ SaPnas=i'@ (226)

Some existence and uniqueness theorems for this class of BVPs are given in [68] and numerical methods can
be found in [69, 70].



2.1.1 Conversion to Standard Form

To convert (2.1)-(2.2) to standard form we begin by eliminating the mixed derivatives in (2.1)-(2.2). To do
this, we first observe that we can write

d d 524
JZ::I ; Qij—F— o0z, = div (Agradu) (2.27)
where A is given in (2.3)-(2.4). Since A is symmetric, it follows that
A = UAU”T (2.28)
where U is orthogonal and A is a diagonal matrix of eigenvalues of A. Thus,

div (Agradu) = div (UAUTgradu> = <grad, UAUTgradu> (2.29)

where grad = (9/0x1,0/0x1, ...,0/0z4) and (-,-) denotes the inner product of grad with the vector Agradu.
Hence,

div (Agradu) = <UTgrad, AUTgradu> . (2.30)

Now let
¢ =Ux (2.31)

so that
grad, = Ugrad, (2.32)

where the subscripts in (2.32) denote the variables of the corresponding gradients. Hence,
(grad,, Agrad,u) = (grads, Agrad.u) (2.33)

Thus,
92u

d d
Z > a 5, Z 852 (2.34)

j=11i=1
where A\; >0, i =1,2,...,d. A further scale change as in (2.42) converts Zle X\i0%u/0€? to diagonal form

d

0%u
> e (2.35)

Similarly, the first derivative terms get mapped into the form Z
ki, 1 < i <d. Thus, these transformations convert Lu to the form

Lu= Z am Z Ko Ou (2.36)

i=1

kiou/On; for appropriate values of

i=1"%

so that solving (2.1)-(2.2) are equivalent to solving the equation

d

0%u ou
Z 2+Zk"——cu—a—+f (2.37)

In addition to transforming the differential equation to the simpler form (2.5)-(2.6), we need to consider
transforming the boundary conditions as well.

First, one observes that the boundary operator for Dirichlet boundary conditions remains unchanged.
For Neumann boundary conditions we need to examine how the conormal changes when x — UT¢. As



above, gradyu — Ugradgu. Assuming that locally in the neighborhood of P that S is given by the equation
[ (P) =0, for a suitably differentiable function I/, then the unit normal at P is given by

grad,!
= S 7x 2.38
" Tarad ] (239
where |-]| is the Euclidean norm of a vector in R, d = 2,3. Then in the ¢ variables
leradel]|
and
Ugrad,!
n=A|—>1. 2.40
C (ngradgm) .
Thus,
A d
du _ (. gradu) = (AUgrad,l, Ugrad.u)
on, ||gradgl||
~ (UTAUgradl, gradcu) _ (Agradgl, grad.u) (2.41)
leradel] leradel
Now make the scale transformation
i =2/ i, 1<i<d, (2.42)
so that
<Agrad§l, grad5u> = <gradnl, gradnu>
and 12
1o\ 1[0\ o,
|grad.l|| = l/\—l (5’_771) + /\—2 (3_772) ] , in R (2.43)
and 12
1L /alN 1 /aN\ 1 /aN|T . .
||grad§l“ = l): (8—7]1) + /\—2 (8—772) + /\—3 (8_773> ‘| , in R, (2.44)
Let o (P) denote the right-hand sides of (2.43)-(2.44) so that
da <gradnl,gradnu> B <gradnl,gradnu> ngadan
on, a(P) B a(P) ngadan
d,l, grad
_ (eradybgradyy) (2.45)
lerad, I
where 3 (P) = ||gradan/ a (P). Hence in the 7 variables,
Ju Ju
o (P) - (2.46)

Assuming grad,! # 0 the conormal boundary condition du/On. = g (P) is equivalent to the Neumann
boundary condition

Ju ,
Y (2.47)
where ¢ = g/0.

The remaining step in reducing (2.36)-(2.37) to standard form is to eliminate the first order connective
terms in (2.36)-(2.37). For this we define a new dependent variable v by

v=-exp(—(kK,x)/2)u (2.48)



where (k',x) = ZZ 1 kiz;. It can be verified by direct differentiation that v satisfies
v ov ,

— = q— 2.49

R (2:49)

for suitable values of ¢’ > 0 and f.
Finally, making the scale transformation 7 = t/a, v (P, 7) satisfies

d
v v ,
—5 — — 2.50
; ox? U= or +J (2:50)
which is the standard form of (2.36)-(2.37).

2.1.2 Functionally Graded Materials

One drawback of Trefftz methods, as for boundary integral methods, is the difficulty of dealing with equations
with nonconstant coefficients. However, if it is possible to transform the problem to one with constant
coefficients then a Trefftz method may be suitable. An interesting example of this occurs in some recent
work on heat transfer in functionally graded materials [47, 48]. This leads in R? to solving the equation

ou

div( gradu) = ke?*— 5

iy (2.51)

As we show, this equation can be transformed to the standard form of the parabolic differential equation.

>From (2.51)
0 ou 0 ou 0 ou
; Bz — Bz Bz Bz
div (e gradu) o (e 8x> + By (e 8y> + 5 (e 82)

5. 0%u 5. 0% 8 u
_ ﬁz
= 922 +e 8 - te + Ge (2.52)
0 (2.51) becomes
Pu  Pu  P*u Ou Ou
—+ =+ =k— +e P f. 2.53
oz T T T TRy te Y (2.53)
Now (2.53) is of the form of the convection-diffusion equation with k1 = ko = 0 and k3 = § so that the
transformation v = e~#%/2y transforms (2.53) to the standard form (up to a scale transformation) for v.
We note that this equation can be solved using the BEM [47, 48] - however, as we shall see, our approach
allows solution by meshless Trefftz methods.

2.2 Hyperbolic Equations

Using the same coordinate and variable transformations as in the parabolic case, the general hyperbolic
equation can be converted to the form
ou 0%u
Aw —cu = b— . 2.54
w=cu=agy + pTe +f (2.54)
To convert (2.54) to standard form it suffices to eliminate the first order time derivative in (2.54). To do
this we define

u=e" (2.55)
and determine « to eliminate the first order time derivative.
Thus,
0 0
8_1; = ae™v + eata—z (2.56)



and o 5 o
u — a2€atv+2eat_v +eat v

pel ot 5 (2.57)

so (2.57) becomes

0 0 0?
e Av — cve® = aae®v + aaeata—z + bae™ v + 20¢b8—z + beo‘ta—t;} + [ (2.58)

Hence, letting a + 2ab = 0 = o = —a/2b eliminates the first order derivatives in (2.58) and (2.58) takes the
standard form

82
Au—cdv= ba—t;} + f (2.59)

for suitable ¢’ and f’. We leave the details to the reader. Note that
d =c+a*/2b— a®/4b? (2.60)

which may be negative even if ¢ > 0.

3 Conversion to the Modified Helmholtz Equation

As indicated in the Introduction, our approach to solving the time dependent equations (2.1) and (2.2) is to
remove the time dependence and then solve the resulting elliptic equations. We will consider three methods
for doing this; (i) the Laplace transform [41] (ii) finite differencing in time [50, 52] (iii) the Laguerre transform
[53]. The application of these techniques to the IBVP for (2.5) or (2.6) reduces them to solving a sequence
of inhomogeneous modified Helmholtz equations which can then be solved by a combination of the method
of particular solutions (MPS) and Trefftz methods.

3.1 Parabolic Equations
3.1.1 The Laplace Transformation

Let f (t) be a piece-wise continuous function of exponential growth on [0, 00) . The Laplace transform fof f
is defined by
f(s) = / e St f(t)dt. (3.1)
0

To solve the IBVP for the diffusion equation, we take the Laplace transform of u giving % as the solution
to
A (P,s) — st (P,s) — cii (P, s) = f (P,s) —m (P) (3.2)

where u (P,0) = m (P). Defining A\2 = s + ¢, 4 satisfies

At (P, s) — N (P,s) = v (P, s) (3.3)

where v (P,s) = f (P,s) — m(P).
Similarly, taking the Laplace transform of the boundary condition gives

Bi(P,s) = §(P,s) (3.4)

where -
i(Ps) = [ g (P (3.5)
0

(where we have assumed that B is linear). Thus @ (P, s) satisfies a BVP for the inhomogeneous modified
Helmholtz equation (3.3) with boundary condition (3.4).

For numerical purposes one solves (3.3)-(3.4) for a sequence of values of {s,}," , and then applies a
numerical inversion formula to the sequence {@ (P, s,)}"_; [71, 72]. Unfortunately, this can be problematic,



as the numerical inversion of the Laplace transform is an ill-posed problem. Despite this, many inversion
algorithms have appeared in the literature and an algorithm by Stehfest [71] has found some success in the
solution of diffusion problems. Recently, some work by Ganesh and Sheen [72] has shown that it is possible
to obtain a well-posed inversion algorithm, but it has yet to be implemented in conjunction with Trefftz
methods. An interesting advantage of using the Laplace transform is that it leads to easily parallelizable
algorithms, as the values {@ (P, s,)},—, can be obtained simultaneously by assigning the functions @ (P, s,)
to individual processors.

3.1.2 Time Differencing

A variety of time differencing methods has been proposed to solve the IBVP for (2.5)-(2.6). Among these
are, 6 methods [45, 50], time-splitting [73] and methods based on A-stable multi-step methods for ordinary
differential equations [74]. As € methods appear to be the most popular, we shall restrict our discussion to
them.

For this, let ¢ > 0 and define the mesh ¢, = n7, n > 0. For ¢, <t < t,1, approximate u (P,t) by

w(P,t) = 0u (P, tns1) + (1 — ) u(Pt,), (3.6)

and
Au (Pyt) ~ 0Au (P, tyy1) + (1 —0) Au (P, t,), (3.7

where 0 < § <1 and
Pt —u (Pt
up (1) ~ ’”“)T u(Ptn) (3.8)

Using (2.5)-(2.6) in Section 2 and denoting the resulting approximation to w (P, t,) by wy, u, satisfies

0AUp 41 + (1 — 0) Aty — ¢ [fungr + (1 — 0) un] = M + fu (3.9)

where f,, = f (P, t,) . Rearranging (3.9) gives

Un+1

Aty — 4L gy =27 DU Un 3.10
Untl = Tg T Clind 7 o7 9 9 (3.10)

For 6 = 1 we get the backward Euler method
Attt — 2L iy = — 4 f (3.11)

T T
Defining A2 = ¢+ 1/7, (3.11) is of the form
At — Nupyy = —-2 4 f, (3.12)
T

which is a sequence of inhomogeneous modified Helmholtz equations. From (2.9) we have the initial condition
ug =m (P) (3.13)
and from (2.10) the boundary condition is

Bupi1 = gnt1 = g (Pytni1), (3.14)

so again numerically, the IBVP is reduced to solving a sequence of BVP for the inhomogeneous modified
Helmholtz equation.
For 8 = 0.5 we get the Crank-Nicholson scheme

2Uin-i-l

2up,
— Clpt1 = Clp — 2 Auy, + 21,
T T
v =m(P), (315)
Bun+1 = gn+1-

Aun-‘,—l -



Again, letting A\? = ¢+ 2/7 {u,} satisfies a sequence of inhomogeneous modified Helmholtz equations.

Theoretically, one expects the Crank-Nicholson method to be more accurate than the backward Euler
method, as the Euler approximation is O (7) while the Crank-Nicholson method is O (72) . However, this
improved accuracy may not be achieved in practice becuase of the loss in accuracy which occurs when n,
numerically evaluating the term An,, in right hand side of Eq. (3.15).

It is interesting to note that one can apply time-differencing to the nonlinear diffusion equation

ou
Au=— . 1
U 5 + f(w) (3.16)
For example, the backward Euler method gives
Unp+1 Unp
Aty — =—— n) 3.17
g = 2 = =P () (317)

which again is a sequence of inhomogeneous modified Helmholtz equations. Numerical results for this
equation can be found in [42].

3.2 Hyperbolic Equations
3.2.1 The Laplace Transform
The IBVP for the wave equation is

82
Au—cuzaTg—l—f,PeD,

u(P,0) =my (P), us (P,0) = my (P), (3.18)
Bu(P,t)=g(Pt), P€S.

Taking the Laplace transform of (3.18) gives
Ai (P, s) — s (P, s) — cii (P, s) = —smy (P) + my (P), P € D, (3.19)

and
Bu(P,s)=g(P,s), Pe€S. (3.20)

As for the diffusion equation, (3.19)-(3.20) is solved for a sequence of values of {sn}gzl and then applying

L . N N
a numerical inversion formula to {@ (P, sp)},_; -

3.2.2 Time-differencing
Again we consider only the class of § methods. For this again, defining w,, (P) = u (P, t,), we approximate

0%u L Unt1 — 2up + Up—1
ot T2

(3.21)

and
Au (Pyt) ~ 0Au (P, tyy1) + (1 —0) Au (P, ty) . (3.22)

Again, letting u,, be the approximation to w,, (P) = u (P, t,), and using (3.21)-(3.22) in (3.18), u,, satisfies

2un + Up—1

00U 11 + (1 — 0) Aty — ¢ [Qunsy + (1 — 0) uy] = 21— = + fa (3.23)
and rearranging (3.23) gives
Up+1 c(l=0)u, 2Up — Up—1 (1-0)Au, fn
Alpiq — —2= — Clupq = - — —. 24
Untl T T T Gl 9 br2 o Ty (3:24)

10



Now using the approximation
~ Up+1 — Un

~— 3.25
Ut - ( )
we get the initial conditions
ug (P)=my (P), Pe DUS (3.26)
uy (P)=my (P)+7mme (P), P DUS (3.27)
and the boundary conditions
Bwn+1 (P) = gn+1 (P) , Pe S. (328)

Hence, {u,} satisfies a BVP for an inhomogeneous modified Helmholtz equation as for the diffusion equation.
For 6§ = 0.5 we obtain a second order Crank-Nicholson method.

3.3 The Laguerre Transform

Although time differencing is generally more reliable than the Laplace transform, it suffers from the problem
of being unable to obtain high order accuracy and the overall convergence rate is usually limited by this
property. Hence, it is desirable to have a transform method which does not suffer from the instability problem
of the Laplace transform. A solution to this problem, the Laguerre transform, has recently been proposed
by Chapko and Kress [53] for use in conjunction with boundary integral methods. However, the method is
applicable for use with Trefftz methods as we show next. We begin with the parabolic case.

We begin by defining the normalized Laguerre polynomials [53].

1, d

Ln(’f’):me W

(r"e”"), n=0,1,2,... (3.29)

It follows immediately that {L,,} satisfy the recurrence relation

na1 =Ly — L (3.30)
which in turn implies that
n—1
L =— Z Ly,. (3.31)
m=0

By Leibniz rule using (3.29) and (3.31), it follows that
Ln(0)=1, L' (0) = —n, n > 0. (3.32)

The Laguerre polynomials form a complete orthonormal system with respect to the inner product

)= [ eTEmg @ ar (333)
0
in the space of real-valued functions in L2 ([0, o)) . Hence, any function f in L? ([0, 00)) can be expanded in
a series -
=Y {fLa) Ln. (3.34)
n=0
Choosing a positive constant k, (3.34) can be scaled into the form
Fr) =k faln (kr) (3.35)
n=0
where
(oo}
fo = / e Ly (1) £ (r) dr. (3.36)
0

11



For a bounded and continuously differentiable function f the Laguerre coefficients f of the derivative f’
are given by [53]

fo==FO)+k> fum, n>0. (3.37)
m=0
Also, the coefficients of the second derivative f” are given by [53]

fZ{:ff(0)+k(n+1)+k2Zn:(n*mﬂ)fm,nzo. (3.38)

m=0

Using (3.38), we obtain the following theorem.

Theorem 3.1 Assume that u (P,t) is a bounded, twice continuously differentiable solution to the diffusion
equation (3.18), with bounded first and second derivatives. Then the Laguerre coefficients of u

uy, (P) = / e ML, (kt)u(P,t)dt (3.39)
0
satisfy the sequence of equations
Auy —cuy = —m (P) + k Zum—i—fm n>0 (3.40)
m=0
where -
fo = / =ML, (kt) £ (P.t)dt (3.41)
0
and boundary conditions
Buy = gn (3.42)
where -
gn (P) = / =ML, (kt) g (P,t) dt, n > 0. (3.43)
0

Proof. Taking the Laguerre transform of both sides of (3.18) gives
(oo}
/ =ML, (kt) [Du (P.t) — cu (P, 1) dt
0

oo a oo
— /O ff’“a—:f(P,t)Ln(/ms)dtJr /O e* f (P,t) L, (kt) dt. (3.44)

Now by definition of the Laguerre coefficients and the differentiability of u, the left hand side of (3.44)
becomes
Ay, — Cly,. (3.45)

>From (3.37) the right hand side of (3.44) becomes

—u (P7 0) +k Xn: U + fn. (3.46)

m=0

It also follows from the initial condition that u (P,0) = m (P) so that (3.46) becomes

—m(P)+k i Um + fn (3.47)

m=0

and combining (3.45) and (3.47) gives (3.40).
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For (3.39), take the Laguerre transform of the boundary condition Bu = g to get (3.39). O

Now rewriting (3.40) we see that u, satisfy

n—1

Au, — cuy — ku, =k Z Um + fn = qn (3.48)

m=0

so that {u,} satisfies a sequence of inhomogeneous modified Helmholtz equations.

A drawback of this method is that it may be necessary to use fairly large numbers of terms (n > 20 [53])
to get good convergence and this requires storing many terms to obtain the approximations. Further work
is planned to determine the viability of this approach. Last, we note that in the Chapko-Kress paper they
require zero initial values and zero source terms for their method to work. Also, their methodology seems,
at present to be applicable only to problems in R?, whereas our methodology can be used both in R? and
R3.

For the hyperbolic case the Laguerre coefficients u,, of u can be shown to satisfy

Auy, — cuy, = Zn: Brn—mUm —ma (P)+ [k(n+ 1)+ 1]mq (P) + fn (P) (3.49)

where
Bn=k(n+1)+k n>0 (3.50)

with boundary conditions
Buy, = gn, n > 0. (3.51)

This can be proved using (3.37) and (3.38). We leave the details to the reader.

4 The Trefftz Method

Until relatively recently, Trefftz methods had been limited to solving homogeneous linear elliptic equations
[10-34]. However, extensive research over the past decade on the numerical evaluation of particular solutions
for elliptic operators has made it possible to extend this classical method to solve inhomogeneous elliptic,
time-dependent and nonlinear equations [39-44]. As we have seen, solving time-dependent PDEs requires
solving a set of inhomogeneous Helmholtz equations. Hence, we consider boundary value problems for

Lu = Au— \u = f. (4.1)

To solve (4.1) by a Trefftz method, we begin by letting u, be a particular solution to (4.1); i.e., u, solves

Lu, = f (4.2)
but u, does not necessarily satisfy the boundary conditions.
Then
vV=u— Uy (4.3)
satisfies
Lv =0, (4.4)
Bv = g — Bu,,. (4.5)

Assuming u,, is known, we then need to solve (4.4)-(4.5).
In the Trefftz method, this is done as follows: we assume that {1}, is a complete basis of solutions

to Lv = 0. That is, there exist constants {an}»,]:[:() , such that
N
UN = Z anVn (4.6)
n=0

13



converges in norm to v. That is,

N
v — Z Anlnl|l — 0, N — o0, (4.7
n=0
where ||-]| is a suitable norm on the solution set {Lv = 0} .
In this case, we try to determine
N
UN = Z ann (4.8)
n=0

which provides a good approximation to the solution of the BVP. Since
LUN = 0, (4.9)

we need only satisfy the boundary conditions. Since there is only a finite number of unknowns, we will not be
able to satisfy the boundary condition exactly, but only approximately. Over the years, the following three
primary methods have been proposed for doing this; (i) collocation, (ii) least squares, and (iii) Galerkin’s
method.

In collocation we choose N points {P; }jvzl on S and set

N
B(Zakl/k> (Pj) = g(Pj) = Buy (Pj), 1<j <N (4.10)
k=1
which implies that
N
> axBuy (P)) = g (Pj) = Bu, (P;), 1 <j < N. (4.11)
k=1
If (4.11) has a unique solution, then
un = N + Uy (4.12)
is an approximate solution to the BVP
Lu(P)=f(P), PeD, (4.13)
Bu(P)=g(P), PeS. (4.14)

Unfortunately, little seems to be known theoretically about the solvability of (4.11) and the convergence
of {un} to u. Despite this, the collocation method has been used extensively during the past more than
seventy years [9]-[34]. In addition, the matrix

A.=[By(Pj)], 1<j<N,1<k<N (4.15)

is generally ill-conditioned, so care must be taken when solving (4.11). We shall return to this matter later
in Section 6.
In the method of least squares, one chooses M > N points {P; }jw:l on S and defines

M
Q:Z[BUN (P}) — g (P;) + Bu, ()] (4.16)

The coefficients {ak}gzl in this case are chosen by minimizing ) with respect to {ak}gzl . Thus, differenti-
ating ) with respect to {ak}szl , these coefficients are obtained by solving

oQ
—=0,1<kE<N 4.17
8ak ) — — ) ( )
giving a = (ay, ag, ..., aN)T as the solution to
ATAja=A;b (4.18)
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where
Ap=[Bu(P)], 1<k<N, 1<j<M, (4.19)

and
b =[g(P1) — Buy (P1),g(P2) — Buy (P) -+, (Par) — Buy (Par)]" . (4.20)

A variant of this approach occurs when the basis functions v, depend on some additional parameters
{ak}izl . Then the optimal values of {ak}i\;l and {O‘k}2:1 are obtained by solving

0Q

= <k< .
9o =0 ISKZN, (4.21)
oQ
2 —0,1<k< 4.22
Do 0, 1<k<l, (4.22)

We will return to this in Section 6.1.
As for collocation, one expects the equations (4.18) to be ill-conditioned, so it is generally preferable to
solve the minimization problem directly without solving the normal equations (4.18).

4.1 Galerkin’s Method

In Galerkin’s method [11, 12], we choose some inner product (-, -) for functions on S and then set the residual
ry = Buy — g+ Bu, (4.23)

orthogonal to the basis elements {l/k}szl . In this case, {ak}i\rzl are determined by solving
(Buny — g+ Bup,v) =0, 1 <k <N. (4.24)

To obtain an appropriate inner product, we use an argument analogous to that introduced by Bergman
for solving Laplace’s equation [11].
For L=A—c¢,¢>0,Lu=0 and Lv = 0, we define

dv, d =2,3. (4.25)

If X is the set of solutions to Lv = 0, then (u,v), is an inner product on X.
Obviously, (-, -), is symmetric and bilinear and

o= [ |35 5) o

=1

dV >0, d=2,3, (4.26)

s0 (u,u), =0 < u = 0. We now show that (u,v), is equivalent io an inner product on the boundary values
of functions in X.
For this consider

. ov ov ov —
div (ugradv) = div ( Era 3_1’2’ua_xg,) , in R (4.27)
and 5 o
| g (027 W20 w2
div (ugradv) = div <u8x1 , u8x1> , in R (4.28)
Now,

div (ugradv) i uﬁ —|—i uﬁ
& 8%1 8I2 8I2 8x3 8x3

0x1
3
Z (31’ ) +uAwv, in R? (4.29)
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and

2
0
div (ugradv) = Z: <a;) + uAwv, in R?. (4.30)
Since Av = cv,
div (ugradv) = Z oz, (8%) +cuv, d =2,3 (4.31)
S0
(u,v) p :/ div (ugradv) dV. (4.32)
D
By the divergence theorem,
/ div (ugradv) dV = / (ugradv) - ndS (4.33)
D S
where n is the unit outward normal on S. But
Ov
dv-n=— 4.34
gradv-n = =~ (4.34)
is the normal derivative of v. Hence, it follows from (4.32) and (4.33) that
Ov
(u,v), = /Su%dS = (u,v)q (4.35)
Similarly,
(u,v)g = / v—dS (4.36)

It now follows from the fact that (u,v), is an inner product that (-,-)¢ is an inner product on the boundary
values of functions in X.
Using this inner product, (4.24) becomes

(Bun — g+ Buy,vk)g =0, 1 <k < N. (4.37)

Since vy = Zivﬂ a;Bv;, (4.37) gives
Zaa (Vj,vk) g = (9 — Bup, ) g, 1 <k < N. (4.38)
Now suppose that we have Dirichlet boundary conditions on u, then, Buy = vy so (4.38) becomes
Zaj (Vi,vk)g = (9 — Bup, i) g, 1 <k < N. (4.39)

If {V]} _, are linearly independent, then the matrix
AG:[<VjaVk>]a 1<j,k<N (440)

is a Gram matrix. Hence, it is positive definite, and so it is invertible.
For Neumann boundary conditions, Bu = du/0dn and in this case

Ov; Oy,

(Byj,vk)g = - n on (4.41)

so this matrix will be invertible provided the derivatives {0v;/ 8n}§\;1 are linearly independent. Similarly,
we can establish invertability for Robin boundary conditions provided « (P) > 0, P € S.
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As a consequence, the Galerkin equations (4.24) have a unique solution, in contrast to collocation and
least squares, where no such theorem is known.

A further observation is that, if the bases are chosen so that [(Bvj,vy)] is the identity matrix, then
obviously it will not be ill-conditioned. Generally, we expect Galerkin’s method to be better conditioned
than either collocation or least squares.

Although Galerkin’s method appears to have better theoretical properties than either collocation or least
squares, there are some problems in its implementation because of the need to evaluate the integrals(Bv;, vg)
and (g — Buy,v)g,1 < j,k < N.

In R?, if S is a smooth closed curve, this generally can be done by using the trapezoidal rule, which was
done by Bergman in [11].

However, if S is a surface in R3, this is a much more difficult problem. If S has a simple shape, such as a
sphere or a cube, then standard integration rules can be used to do this efficiently [3, 75]. More generally, if
S can be decomposed into a finite union of simple shapes, then the integrals can be decomposed into a finite
sum of standard integrals. More generally, this may have to be done by a triangulation scheme as used in
the BEM [3]. However, the resulting method should still be less computationally complex than the BEM,
since all integrals are non-singular.

5 Particular Solutions

Over the past 20 years extensive research has been done on the numerical evaluation of particular solutions
of elliptic operators [39-44] spurred by the work of Nardini and Brebbia [36], Mayo [76, 77], McKenny and
Greengard [78], and Atkinson [37]. In general, these methods fall into two distinct classes, direct methods
which approximate a solution to Lu, = f by some numerical method, and the indirect approach found in
the Dual Reciprocity Method (DRM) [2, 36].

In the DRM the source term f in Au, — Au, = f is approximated as

N
FefeS ae (5.1)
k=1

where {(pk}]iv:l is an appropriate set of basis functions.
Then we define

N
ﬂp = Z akwk (5.2)
k=1
N
where {9} },_, solve
Ly = N9 = pp. (5.3)

Generally, it is best to have analytic expressions for 1.
By linearity, .

so we may regard , as an approximate particular solution. Note that in this approach #, generally does
not approximate an exact particular solution of Lu, — )\2up = f [40].

We begin our discussion by considering some direct approaches and then develop the DRM approach in
detail.

5.1 Numerical Integration

As is well known, a particular solution of Lu, — A\?u, = f is given by [2]

le:LGm@Mﬂ@W (5.5)
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where G (P, Q; \) is the fundamental solution of the operator A — A2, and G (P, @;)) is a solution to
AG (P,Q;A) = NG (P,Q;\) =6 (P - Q) (5.6)

where 6 (P — Q) is the Dirac delta function. It is known that

G(PQ:\) = QLKO (), in R2, (5.7)
Y[y
and ) ( \ )
. _ L eXp — AT 3
G (P7 Q7 /\) - 471_ r bl m R bl (58)

where r = ||P — Q|| is the Euclidean distance between P and @ and K is the Bessel function of the third
kind of order zero.

In general, the integral in (5.5) cannot be evaluated analytically and some form of numerical integration
needs to be used. This is not straightforward since G (P, @; A) is singular and D can have an arbitrary shape.
This generally requires a finite element approach where D is decomposed into triangles in R? and tetrahedra
in R3. Then the integral is approximated by a sum of integrals over each element. If D is simply connected,
then one can use a fanning decomposition as shown in Figure 5.1 [2].

Figure 5.1: Fanning decomposition

In this approach the elements are centered at the singular point P = @ and then polar coordinates are
introduced in each element to weaken the singularity. If D is multiply connected, a more complex approach
must be used.

In the BEM this technique has been assumed to be more complex than the DRM approach. However, some
recent work by Ingber, Mammoli and Brown [79] combines numerical integration with multipole acceleration
to obtain a more efficient version of this technique. Some numerical experiments indicate that it may be
more efficient than the DRM under certain circumstances. However, the accuracy of the method is limited
by the accuracy of the boundary approximation needed to do the numerical integration which is generally
not of high order. Since Trefftz methods are generally spectrally convergent for smooth data, this method
may not be suitable for use with these methods.

5.2 Atkinson’s Method

A somewhat simpler numerical integration method was proposed by Atkinson in [37] for Poisson’s equation
but can be easily extended to Helmholtz-type equations.

In this method we assume that the source term f can be extended smoothly outside of the domain D to
a domain D DO D. Then

wP) = [ RN Qv (59)
b
is also a particular solution of Lu, — A2u, = f. If D is chosen as an ellipse in R? or an ellipsoid in R?, then

a simple coordinate transformation converts (5.9) to a form which can be evaluated by standard numerical
integration rules.
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5.3 The DRM

In the DRM a variety of bases can be used to approximate the sources terms. Among these are: radial
basis functions (RBF's) [39-42], [44, 54, 56, 57] polynomials or trigonometric functions [46], and a number of
numerical methods can be used, such as interpolation, least squares or approximation methods [39-44]. In
this paper, we focus on interpolation and approximation methods [46].

To use polynomial or trigonometric bases, we need to be able to extend f smoothly to a domain D D D
as in Atkinson’s method. For RBFs no such extension is necessary. We begin with this approach.

Definition 5.1 Let ¢ : [0,00) — R be a continuous function. Let {Pj}j,vzl be N distinct points in
R?, d =2,3. A function of the form

N
F(P)Y=>"ap(|P = Pjl) + pm (P) (5.10)
j=1
where |- is the Euclidean norm on R? and p,, is a polynomial of degree m is called a radial basis function

(RBF).

As indicated previously, to use RBFs to find particular solutions we approximate f by a RBF and then
we obtain an approximate particular solution as

N
ip (P) =" a;v; (P) + xm (P) (5.11)
j=1
where
Ay — N =9 (P), ¢; (P) = (|P - P|) (5.12)
and
Axm — /\QXm = Pm- (513)

Because it is generally more efficient numerically to solve (5.12)-(5.13) analytically, this limits the choice
of RBFs one can use. In R?, one can use thin plate and polyharmonic splines [54], while in R? one can use
splines and Wendland’s compactly supported radial basis functions (CS-RBFs) [62]. It is also possible to
use inverse multiquadrics and Gaussians. We begin with splines.

In R? a spline is of the form [58, 59, 60]

ol (r) = r"logr, n > 1 (5.14)

and p,, is a polynomial of degree m = n. For n = 1 these are the thin plate splines (TPS)

oM (1) = r2logr (5.15)
and
p1=az+by +c (5.16)
In R3 the splines are of the form [58]
e (r) =r*"=t n>1, (5.17)

and p,, is a polynomial with m = n. For n = 1, these are the TPS
oM (r)y=r (5.18)

with
p1 =axr+by+cz+d. (5.19)
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The importance of splines is that they can provide interpolatory approximations to f for very general
sets of interpolation points {P; }j\f:l in R, For example, in R? if {P; };V:1 are not collinear, then there is a

unique solution {{a; } =1+, ¢} satisfying the interpolation conditions

N
> a; 1P — Pl *log (I[P — Pyl)) + axk +bys +c = f(Py), 1<k <N, (5.20)
j=1

and
N N N
doap =) aju =) ajy; =0, (5.21)
j=1 j=1 j=1

where P, = (xk,yk) 1<k<N.

In R3, if {P; } _, are not coplanar, then there is a unique solution {{aj} a,b,c,d} to the equations

Jj=1

N
Zaj (I1P; — Pel|) + ax + by + czp +d = f(Py), 1 <k <N, (5.22)
=1

and ~ N N N
Zaj = ZCLJ‘.’L‘j = Zajyj = Zaij = 0, (523)
j=1 j=1 j=1 j=1

where P, = (zk, Yk, 2k), 1 <k < N.
In addition, the TPS are optimal interpolants in the sense that they minimize the semi-norm [58]

d 92 f 2
/ > (—) dv, d =2,3. (5.24)
a 2
Rd = J?j

For higher order splines we assume that {P; } _, is a insolvent set of points for polynomial interpolation

and let {bk}k:1 be a basis for P, the set of polynomials of degree < n (I, = (”;rd), d = 2,3 is the dimension

of P,,). Then there is a unique solution to the interpolation equations
Z%SO (125 = Pell) + pn (Pr) = f (Px), 1 <k <N, (5.25)

and

> ab (P) =0, 1<1<1,. (5.26)

In general, the accuracy of the spline approximation increases as the order n of the spline increases and
the number N of interpolation points increases. In fact, if ||+, denotes the L? norm of functions on D, it is
known that [59]

Hf - fH2 < ch” (5.27)
where
h = sup mln ||P Q| (5.28)
PcRd Q€

is the ‘mesh width’ of the points {P; } _, and c is a constant independent of h.
However, as n increases and h decreases the matrix A of the linear system (5.25)-(5.26) becomes more
ill-conditioned. In fact it follows from [43, 61] that

cond (A) ~ch™ (5.29)
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where again ¢ does not depend on h. Hence, finding the appropriate trade-off between the order of spline
and the number of interpolation points is not obvious. As can be seen from Table 5.1 the complexity of
the particular solution increases as the order n increases so generally we have found that it is preferable to
use splines of moderate order. In our work, n < 4 has given good results [54]. Increasing the number of
interpolation points can then be used to increase the accuracy of the interpolation [59, 61]. Some authors
have also found that increasing the degree of polynomial m > n in (5.25) can also improve the accuracy of
the approximation [45].

Having obtained the spline approximation f to f we now consider finding the particular solutions ;,1 <
J < N and xy,. For ¢; we use the fact that ¢; is the fundamental solution of the iterated Laplacian A™.
That is,

Al =6 (P~ P)). (5.30)
Hence, applying A™ to (5.12), we find that 1); satisfies
A" (A=X)y; =0, P# P, 1<j<N. (5.31)
Since @E-n] is radially symmetric, 1; can be chosen to be radially symmetric as well. Hence, defining 1 (r)
as the solution to
AT (A, = N) =0, r>0, (5.32)
where A, is the radial part of the Laplacian A, i.e.,
1d (rdu
Avu=-——, in R? .
U rdr(dr)’m , (5.33)
and p 2y
1 redu
=——(——),nR3 34
r r2dr<dr>’m ’ (5:34)
then
i =v([P=Pll), 1<j<N. (5.35)

Note that (5.32) is a (2n + 2)-th order ordinary differential equation. Since A, and A, — \? commute, it
follows that [34, 80]

Yp=u+v (5.36)
where
A2y — Nu =0, (5.37)
and
Alv =0. (5.38)

Using the fact that A, — \? is a Bessel operator and A” is essentially an Euler operator [80], it was shown
in [54] that

n+1 n+1
¥ (r) = Aly (Ar) + BEKo (Ar) + > cxr® 2 logr + Y dpr® (5.39)
k=1 k=1
where
[(2n)1)?
B=-"gn (5.40)
1172
L P ST TS (5.41)
[(2k — 2)]
/1
dy = ¢ Z <3) , 1 <k<n, inR? (5.42)
j=k
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where Iy and K| are Bessel functions of the second and third kinds of order zero respectively, and
2K)M'=2%x4x6x - x2k k>1.

Also,
2k—1

1 n+1 n r
P (r) = (= ))\2"+<2 n) cosh (\r) +Z(—k 5o i R3. (5.43)
k=0

Since A is arbitrary in (5.39), we choose it to be zero. Moreover, for computational purposes, it is more
convenient to use the forms

[e%e] o'} 2k n+1
=B) o™ —B ) logr + Z dir?* (5.44)
s womin (2R
in R? and .
= @2n+1)! 2 . s
P (r)= kz R in R, (5.45)
=n+1

These expressions show that 1 is C?"*! in R? and analytic in R3.
To find x,, the most straightforward way is to decompose p,, as

n
Dp = Z apz™y" %, in R? (5.46)
and
Pn = Z Ao pTiy™ 2P, in R3 (5.47)
0<k+m+p<n
and then finding the solution by to
(A2 =N b =a"y"F, 0<k<n (5.48)
in R? and
(A% =X by p = 2"y, 0< k+m+p<n (5.49)

in R2. This can be done by the method of undetermined coefficients [44, 55], and an explicit solution will
be given in Section 5.6. In [54] another formula was given without proof. Because this approach can be
generalized to other operators, we give a derivation here.

Suppose now that p is a polynomial of degree m and consider solving

Lu, — XNu, = p (5.50)
where L is a linear differential operator with constant coefficients. From (5.50)
(L= XN1)u,=p (5.51)

where [ is the identity operator. Then formally,

1 1 L\™!
up = (L=XNI) p= 3z (I - ﬁ) p. (5.52)

Expanding (I - L/ )\2)71 in a geometric series gives
L —1 n L k
(1) o35 (4) st
k=0
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so that

Since p is a polynomial of degree m, there exists an integer j such that L¥p = 0,k > j. Thus,

_ L
=3 X

1 ]Lkp

peP e
k=0

Up = —

is well defined and can easily be shown to satisfy Lu, — \?u, = p. Letting L = A,

AFp
Up = — NZht2
k=0

is a particular solution for Au, — A?u, = p. This formula agrees with the one given in [54].
As an example suppose ¢ is a TPS, then p = p; and (5.56) gives

since AFp; =0, k> 1.

Up = —pP1 //\2

Table 5.1 Particular Solutions and the Values of Order n

© v
4 r?logr 4
log 4/\4 [KO(/\r)+logr}4 SRS r>0
bt los (3/2)] - o r=0
64 r?logr (16 8r2 96
Vi logr 36 [Ko (Ar) 4+ logr] — —)\2 (F + r2> ~ w7 0
4 96
_h’-ﬁ-log(/\/Q)]—F, r=20
2304 21 576  36r°
~ [Ko (A\r) +logr] — L o8t )\02gr (F + )\Z r4)
6 12r2 (40 4224
S Pt T
B b +log (3/2) - B2, 7 =0
147456 r?1 36864 2304r2  64r*
f)\—[Ko (A\r) +logr] — )\o2g1" ( G + )\47’ + )\Z )
8 r< (39936  1344r 307200
Tlogr —FQT—FT—IGT?—T, r>0
14745 307200
T[V—Hog()\/?)]—v, r=20
14745600 r?logr (3686400 23040072
S [Ko ()\r) +logr] — 2 e + 6
640074 ' 4730880 18048072 288072 X
+ 7 + + + 2070
rPlogr 33069120 T g g
-, r>0
14745600 33669120
—1 [v +log (N\/2)] — 1z r=0

In Table 5.1, v ~ 0.5772156649015328, which is known as Euler’s constant.
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5.4 Kansa’s Method

As can be seen from Table 5.1, the particular solutions become increasingly complex as the order of splines
increases. As a consequence, it is interesting to consider other techniques that may be less analytically
complicated. One way of doing this is to use Kansa’s method [7, 8]. Here, we proceed as follows.

Let ¥; be a RBF and define

@; = L. (5.58)
Now approximate f by ¢;, 1 < j < N. Then
N
F=F=>ap (5.59)
j=1
where f can be obtained by interpolation as for splines. Define
N
iy =y a;i (5.60)
j=1
then,
N N )
Lap = Z(J,jij = Z(l]‘(pj = f (561)
j=1 j=1

So, 1, is an approximate particular solution to Lu, = f.
For this method to be mathematically correct, it is necessary that the interpolation problem

N
> aje;(P)=f(Py), 1<k<N (5.62)
j=1

be uniquely solvable. Unfortunately, a number of authors have used this approach without guaranteeing this
property. However, there is a number of cases where this can be proved, in particular, when ¢ is a positive
definite RBF.

Definition 5.2 Let ¢ be a RBF. We say that ¢ is positive definite if and only if for every subset of
points {P; }jvzl in R? the matrices

Ay =[e ([P = Fil)], 1 <4,k <N, (5.63)
are positive definite in the usual sense in linear algebra.

Since positive definite matrices are invertible, the interpolation equations (5.58) will have a unique solu-
tion. Now, if 1 is a positive definite RBF, it follows from Bochner’s theorem [81] and the fact that A — \? is
a negative definite operator that ¢ = L) is a negative definite RBF. In this case, the interpolation matrix
in (5.63) is negative definite, so again the interpolation problem has a unique solution. Fortunately, there is
a number of well known positive definite RBFs. Among these are, the inverse multiquadratics (IMQs)

—1/2

o(r)=(r"+¢) (5.64)

and Gaussians
¢ (r) = exp (—cr?) (5.65)

and Wendland’s CS-RBFs to be discussed in the following section.

One drawback to this approach is that, to the best of our knowledge, the approximation properties of
p= (A — /\2) 1) appear not to be known. However, for IMQs and Gaussians, we expect rapid convergence,
if f is smooth.
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5.5 Compactly Supported RBF's

Since splines, IMQs, and Gaussians are globally supported, the linear systems of equations needed for
interpolation are dense and can be quite large and ill-conditioned, particularly for problems in R3. As a
consequence, for many years, the ‘holy grail’ of the RBF community was to find a class of compactly
supported RBFs (CS-RBFs) for which the interpolation problem was uniquely solvable. This problem was
first solved in the mid-1990’s by Z. Wu [63] and H. Wendland [62]. For our purposes, we concentrate on
Wendland’s CS-RBFs. They are of the form [62]

where
1—-r, 0<r<il,
(1- r)+ = { 0, rS 1 (5.67)

and p (1) is a polynomial of suitable degree.
In R4, d = 2,3, the first four CS-RBFs [62] are

p1(r)=(1-7)7, (5.68)
o (r) = (1—7)} (dr+1), (5.69)
3 (r) = (1—7)5 (35r% +18r +3) (5.70)
and
@a(r) = (1—7)5 (32r3 +25r% + 8r +1). (5.71)

Since Wendland’s CS-RBFs are positive definite, the interpolation problem is uniquely solvable for arbi-
trary sets of interpolation points {P; }j\;l .
For efficient interpolation, it is necessary to consider the scaled RBFs

Yo (r)=(L—=r/a)ip(r/a) (5.72)

with support in [0, a] rather than [0,1]. For a given set of interpolation points, the interpolation matrices
A, are sparse with the sparseness increasing as a decreases. On the other hand, the approximation accuracy
increases as a increases. Hence, it is important to find the optimal trade-off between sparsity and accuracy.
At present, the best approach to this problem seems to be the use of multilevel methods as discussed in
[56, 57, 64]. We refer the reader there for details.

To compute particular solutions to (A — )\2) u, = ¢ two methods have been discussed, Kansa’s method
in R? and R3, and a direct method in R? [56, 57]. We discuss this method next.

As noted for splines, it suffices to find the solution to

1 d d% 2 _
= <7" ar ) — ANy = ¢ (r/a) (5.73)
and then
Vi (P)=va (IP=Ff), 1<j<N. (5.74)
To solve (5.73), we make the change of variable
W = T, (5.75)
which satisfies
dz—w—)\2w—r (r/a) =v(r) (5.76)
dr? =Y - ) :
Since p (r) is a piecewise polynomial, we have
d*w 9 n
W—)\w:r(l—r/a) p(r/a), 0 <r<a, (5.77)
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and 2
W,
el Aw=0,r>a. (5.78)

Hence, it follows from the elementary theory of ordinary differential equations that [80]

—Ar Ar < <
w(r):{Ae +Be* +q(r), 0<r<a,

Cef)\r +D€/\T, r>a, (579)

where ¢ (1) is a particular solution to w — A?w = v (1) which can be chosen to be a polynomial and can
be found in principle by the method of undetermined coefficients. Unfortunately, this quickly leads to very
messy algebra, so we have found it advantageous to do this with symbolic ordinary differential equation

(ODE) solvers, such as those in MAPLE® or MATHEMATICA®,
The four constants (A, B,C and D) in (5.79) can be chosen , so that 1 is C? on [0,00) . For this, it was
shown in [56] that it suffices to choose w (0) = 0. In fact, we have the following theorem [56].

Theorem 5.1 Let w be a solution of (5.78) with w(0) = 0. Then ¥, = w/r is twice continuously
differentiable at r = 0 with

1
Ya (0) = w' (0), ¥, (0) =0, ¢ (0) = 3 (X' (0) +p (0)] - (5.80)
Furthermore, 1, satisfies (5.78) in the sense of limr — 0.
Proof. Theorem 5.1 is proved by repeated use of 'Hospital’s rule. See [56] for details. OJ

>From Theorem 5.1 and (5.79), ¢, is C? at r = 0 if
A+ B+q(0)=0. (5.81)
Moreover, one can show that 1, is C? at r = a if

{ Ae™?% + Ber® = Ce™ 2 + Der,

—Ale @ + Bero q (a) = —CAe 2% + D)ere, (5.82)

Since there are four constants in (5.81)-(5.82) and three equations, one constant can be chosen arbitrarily.
We choose D = 0 and then (5.81)-(5.82) can be solved to give

A[2B +q(0)] + ¢ (0), r=0,
Yo (r) =4 [Ae @+ Beryq(r)]/r, 0<r<a, (5.83)
Ce e/, r> .

Note that (5.83) holds for all CS-RBFs and only ¢ (r) changes.
As examples we have the values q1, g2, g3 corresponding to ¢; (r), i =1,2,3 in (5.68)-(5.70) [56].

4 16 2, 1
b U e T AP e o

480 2880 1800 60 1 240 1440\ o
S a3s6 abs® atsb T 25t §2 " olst  absb "

L300, 10\ g (20 120N L 15 5 4
otst  a2s? " ads?2  abst " a452T a532r

g2 (1) =

_ 322560 7741440 168 3 2116800 12700800 25200
g3 (r) = Sab 07 MaZ A2 8ab A8 X6ad
3870720 161280 9 28 4200 2116800 352800 3
A8a” A6ab A2a2  Mat  ABa8  \6qb "
13400 322560\ , 210 17640 105840\ 5
Mab A7 \\2a4 T Mqb 68

48 10752\ o (2520 420\ . 192 . 35
A2ab Mo’ \Ma8 | A2a6 )\2a7r _)\Qagr
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5.6 Polynomial Particular Solutions

As we have already seen in the course of finding particular solution for (A — )\2) up = f using splines,
it was necessary to obtain polynomial particular solutions as well. Since polynomials are generally better
understood mathematically than RBFs, it is reasonable to consider obtaining particular solutions using only
polynomial approximations to f. This was first done by Atkinson [37] for Poisson’s equation and generalized
for the Helmholtz and modified Helmholtz equations in [44, 55]. Related work can be found in [82].

In general, one cannot interpolate a multidimensional polynomial on arbitrary scattered data, so a differ-
ent approach is necessary then for RBF interpolation [3, 44]. In [44] a standard tensor product of Chebyshev
polynomials was used. To do this the physical domain is embedded in a rectangle [a,b] X [c,d] in R? and in
a parallelepiped [a,b] x [c,d] x [e, f] in R3. Then f is approximated in R? by the interpolant [83]

[ (@,9) ~ @mn (z,9)

" & 2 —b—a 2y —d—c
=22 ail; (ﬁ)ﬂ (T) (5:84)

i=0 j=0
where
4 n m
aj; = ——— ZZ M cos (E> cos (E> , (5.85)
NME;C; e Tyl n m
and
T
xp—cos(—), 0<p<n,
7
= (ﬂ) 0<g<m
Yg =cos\ =), V= g=m, (5.86)
Co=Cn=2,¢=11<i<n-—1,
Co=Cn=2=11<j<m-—1,

with a similar expression f (2,9, 2) ~ ¢n.mp (T, y, 2) in R3.
Here T} (x) and T; (y) are the Chevyshev polynomials of the first kind of degrees 4, j respectively.
Then ¢u.pn (z,y) and g m.p (¢, 9y, 2) are expanded in monomial form

n m

G (2,9) =D by sa’y? (5.87)

s=0 r=0

and

Qmexya Zzzbrsfxyz (5'88)

t=0 s=0 r=0

and particular solutions u, s and u, s ¢ are calculated for the monomial terms z"y* or 2"y*z". Then particular

solutions are given by
=D br sty (5.89)
s=0 r=0

p n o m
ZC Y,z Zzzbrstur,s,f (590)

t=0 s=01r

and

The particular solutions u, s and u, s are given by the following theorems [44, 55].

Theorem 5.2 Let € € {—1,1}. A particular solution for
A +eX) =2y, m >0, n>0, (5.91)

18 given by
[m/2] [n/2] (_s)k-‘rl (k + l)!m!n!xm72kyn72l

=3 3" NZEHR2 T (m — 2K (n — 21)!

k=0 [=0

(5.92)
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Proof. See [44]. O

Theorem 5.3 A particular solution for (¢ € {—1,1})
A+ Xty = aPyl2", p>0,q> 0,7 >0, (5.93)

is given by

p/2

~

q/2][r/2]

B e (=) T (j + & + 1)Iplglrlap—2ya—2k ;r=2
UCTOEDIDIDD N2 2RI 2511 (p — 29)! (q — 2k)! (r — 201

j=0 0 =0

(5.94)

<
E
Il

Proof. See [44]. O

In [44] the monomial expressions were obtained using the symbolic code MATHEMATICA and the code
for this can be found in [44]. However, this led to some programming difficulties as the MATHEMATICA
code had to be translated into FORTRAN for numerical purposes.

A more direct approach can be based on the fact that [84]

w2
T, (z) = (g) 3 n=2m = DY, yn-2 (5.95)

— m! (n —2m)!

and then the monomial expansion can be obtained by direct multiplication of these expressions. This is
currently under investigation.

5.7 Trigonometric Particular Solutions

As we have already seen, using RBF's or polynomials to obtain particular solutions for the modified Helmholtz
operator requires some analytic ingenuity and can lead to complex expressions if high order approximation
to the source term f is required. On the other hand, if trigonometric expansions are used, then calculating
the particular solution is straightforward, but obtaining rapidly convergent expansions requires some effort.

A number of authors have used this approach, but in our opinion the method of approximation has
not always been mathematically correct [34]. Hence, we follow an approach first proposed by Atkinson for
Poisson’s equation but somewhat simplified compared to his [37, 46].

As for polynomial agproximations we embed D into a rectangle D in R? or a box D in R3. For simplicity
we assume D = [—m,7]", d = 2,3. We then obtain a smooth extension of f to D and then compute a rapidly
convergent Fourier series approximation to f .

Let L2 ([—71', 7T]d> be the space of complex square-integrable functions on [—7,7]* and define the inner

product of f and g by

)= [ TR (5.96)

To approximate (f, g) we use the quadrature rule

(f,9), = (Q;d of (%) g (%) (5.97)

J€Z4(n)

for any integer n > 1 where
Z%(n) = {j=(r,it) € 2% —n < j1,ja <n—1}. (5.98)

Now any f € L? ([—7r7 W]d) can be expanded into a Fourier series

Fx) = (fex) ek (5.99)

kezd
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where k = (kq, ko, ..., kg) and k-x = Zle x1k;. Using (5.97) the Fourier expansion (5.99) can be approximated
by the hyperinterplation operator [85, 86]

Lof(x)= > (f,e"x), e (5.100)

16|l o <m—1

where | k|, = maxi<j<q|ki| .
Approximation results for L,, are given in [46]. To describe these, let

S, = span {e®*; |||, <n—1}. (5.101)
Then,
ILnflle < [1fllo (5.102)
where
£l ==z [ iPaV (5.103)
2 ) .
(var)* Ji-mme
1fllw=sup |f], (5.104)
x€[—m,7]?
and

If = Lnflly < inf [If = x| (5.105)
XESn

>From this it follows that if f is compactly supported on [—, 7r]d and f is r times continuously differentiable,
then
If = Laflly < c/n”. (5.106)

For our purposes, it suffices to use only the Fourier sine series expansion of f. Assume then that D C [0, 7r]d
(This can always be done by simple translation and rescaling of variables if necessary). Let x be a smooth
function such that x (x) =1, x € D and x (x) = 0, x & [0,7]*. Let

fro (%) = fx(x) (5.107)
then f, = f for x € D and f, is compactly supported in [O,ﬂ']d. Extend f, continuously to be an odd

function, i.e., fy (..., =@, ...) = = fy (oo, =27, ..), 1 <1 < d
Then the Fourier series of f, is only a sine series, i.e.,

fe ()= b (f)sin(Gizr) - - - sin (jaza) (5.108)
jeZd
where
Zg:{j:(jla]éa“')jd) :jl zlva]dzl} (5109)
and .
b (fx) = F/[ ’ fx(x)sin (j121) - - - sin (jaza) dV- (5.110)

Correspondingly, the hyperinterpolation operator takes the form

Lo (f) =Y [b (f)l, sin(rzn) - - - sin (o) (5.111)
jezi_,
where Z¢ | = {1 < j1,j2,..., ja <n — 1} and

n

[b5 (f)],, = [fx (x)sin (jrz1) - - - sin (jaza)], (5.112)
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Using L, (fy) to approximate the source term f, it can be verified by direct differentiation that the corre-
sponding particular solutions are given by

- O )
Up (z,y) = — Z 55— sin (j17) sin (j2y), in R (5.113)
1< ren1 JTH I A
and
Uy (z,y,2) = — Z sin (j12) sin (joy) sin (js2) , in R°. (5.114)

2 2 2 2
1<i1 ogyn—1 J1 T J2 HJ5 A

Last, we point out the hyperinterpolation operator L,, (fy) can be calculated efficiently by using the fast
Fourier transform. Details can be found in [46].

6 Trefftz Bases

Having discussed how to obtain particular solutions, we now turn to the issue of determining appropriate
Trefftz bases for solving the homogeneous boundary value problem.

Generally, Trefftz bases fall into two broad classes, F-Trefftz bases based on fundamental solutions for
A — )2 and T-Trefftz bases, which are usually obtained by separation of variables [10-34]. T-Trefftz bases
can also be generated by the application of Bergman-Vekua operators [10, 12, 13, 32, 33] which are discussed
in Section 6.5. This latter approach is interesting because it can be used to generate bases for operators with
non-constant coefficients [10, 12, 13, 32, 33].

6.1 The Method of Fundamental Solutions

In our work we have focussed on F-Trefftz bases giving rise to what is usually called the method of fundamental
solutions (MFS) [3, 39, 65, 66]. This method may be viewed as a version of the boundary integral equation
method as shown in [39]. This technique was pioneered by Kupradze and Aleksidze in [87] and was, until
recently, limited to solving homogeneous elliptic problems [47, 48].

To begin a description of the method, we assume that D is bounded, connected and simply connected.
Let D be a bounded domain containing D as shown in Figure 6.1.

o>

Figure 6.1: D and bounded domain D

Let S be the boundary of D and let {Q; }jvzl be N distinct points on S and define
N
v () =Y a;G(P,Qj;\), PEDUS (6.1)
j=1

where G (P,Q;, ) is a fundamental solution of A — A% Since (A —X?) G (P,Q;;\) = 0, P # @, then
(A= X?)vy =0, P e DUS. In [66] it was shown that if {Q;};2, is dense in S, then the set {G (P, Q;; )
is complete in the set X = {(A —\?)v =0} . Hence, {G (P, Q;; )\)};}il is a Trefftz basis for X.

As noted in Section 4, the coefficients {aj};.vzl in (6.1) can be chosen by collocation, least squares or

Galerkin’s method. In our work we have generally used collocation, although other methods are also being
investigated.
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As shown in Section 4, for collocation we choose N points on S and set
BUN (Pk) :g(Pk)—Bup (Pk), 1 SkSN (62)

Using (6.1) in (6.2) gives the N linear equations

N
> a;BG(Py, Q5 \) = g(Py) — Buy (P), 1<k < N. (6.3)
Jj=1

These equations can then be solved by direct solvers such as Gaussian elimination. However, this requires
care, since the matrix
A. =BG (P, Qj)], 1 <j,k <N, (6.4)

can be highly ill-conditioned [61, 89, 90, 91]. Generally, the condition number of A, increases as the distance
of S from S increases. At the same time the accuracy of the MFS increases under these same circumstances.
At present, the optimal location of the source points is not known but generally we have found that choosing
the distance of S from S at most three times the diameter of S seems to give good results [39]. Moreover,
it usually is satisfactory to choose the source points uniformly distributed on a circle of radius R in R? and
uniformly on a sphere of radius R in R? [39, 88, 92].

Because there is some uncertainty about the effect of the ill-conditioning of A., we have begun investi-
gating methods to mitigate this problem. These are based on ideas drawn from statistical analysis.

Many of these methods are based on the singular value decomposition (SVD) of A.. This approach was
first examined by Kitigawa in [89, 90] for Laplace’s equation and more recently by Ramachandran in [91].
Here we extend these ideas to the modified Helmholtz equation.

As is well-known an N x N matrix A can be decomposed as [93]

A =UDV?” (6.5)

where U and V are orthogonal matrices and D is the diagonal matrix of singular values of A. Let p;,1 <
i < N be the singular values assumed to be ordered in decreasing order; i.e., 3 > po > --- > un and p; are
the eigenvalues of ATA.

Using (6.5), the solution of Ax =y can be obtained as follows. Since the columns of V span R,

N
X = Zaivi (66)
i=1

where {vi}fvzl are the columns of V. From (6.5) Av; = u;u; where u; are the columns of U. Then,

N N
y=Ax= ZaiAvi = Zaiuiui. (6.7)
i=1 i=1
Since {u;}2, are orthogonal,

which gives

x = Z i) vi (6.9)

i—1 223

=
as the SVD of the solution x.

This expression can be used to analyze the propagation of error in the solution of Ax =y. Suppose y is
perturbed by a vector Ay, i.e., y — y + Ay, then the solution x is perturbed by

N

A 4 i
ax=y Syl (6.10)
i=1 i
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so that
[w; || || vl

m (6.11)

N N
(Ay,u)] Jay] |
IAx]| <Y === |lvil <
i=1 Hi i=1
. , N

Since [ui|| = [lvill =1, 1 <i < N, [[Ax| <375, Ay / pi.

Hence, the error |Ay| is magnified by 1/u;, 1 < ¢ < N. Since ill-conditioning is indicated by small
singular values, error propagation can be reduced by dropping the terms in (6.11) satisfying u; < e, where

€ (> 0) is some pre-assigned error value. Hence, to reduce the effect of ill-conditioning we approximate x by

- (v, w) Vi
— W, i) Vi (6.12)
i=1 Hi

where p; < e for i > M. X is called the truncated singular value decomposition (TSVD) of x. Of course, this

increases the truncation error.
M+1

N (y,u;) vi
X—X= e 1
; . (6.13)
The expectation is that if the values (y, u;) are small, the truncation error will be small while the propagation
of round-off error is mitigated by using X instead of x.

As has been observed experimentally, the MFS has the somewhat surprising property that the ill-
conditioning often seems to have little effect on the numerical accuracy of x [88-92]. As yet, there seems to
be no general rigorous explanation of this fact. An heuristic explanation of this fact follows.

First, note that the solution of (6.13) is not of primary importance, rather the approximate solution of
the boundary value problem is. Letting

c=[G(P,Q1),G(P,Qs),...G(P,QN)]", PeDUS, (6.14)

vy (P)={¢,x), Pe DUS. (6.15)
Using the SVD of x
, ;) ({C, Vj
vy (P) :Zw. (6.16)
i=1 Hi
Assume now that p;,4 > M + 1 are the small singular values of A and {(c,v;) =0,i > M + 1. Then

M
ov (P)=)" W (6.17)

Hence, the effect of small singular values has been eliminated. Since we do not expect this to hold exactly,
it suggests an alternative procedure to mitigate the effect of the small singular values.
Write

Sy e (yow)
vy (P) = Zl M/y<cv> = Zl ya ,PeDUS. (6.18)

Now order |o;|,1 < i < N in decreasing order and for simplicity assume that |o1| > |oa| > -+ > |on|. If M
is chosen such that |o;| < &,i > M, then vy is approximated by
o~ (s w)
in(P)=) =5 PeDUS. (6.19)

o
i=1 ¢

We now expect 0 (P) to be more computationally stable than vy (P).
Other approaches to mitigating the ill-conditioning can be based on least squares and Galerkin methods.
Before discussing this, we first examine the cause of the ill-conditioning of A. Let

r; = (BG (P}, Q1),G (P},Q2),....G (P},Qn)) (6.20)
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be the j-th row of A. Since G is a function of the Euclidean distance ||P — Q|| between P and @, r; depends
on the distances ||[P; — Qk||,1 < k < N, as shown in Fig. 6.2. Also the (j + 1)-th row is

rjt1 = (BG (Pjt1,Q1),G (Pjt1,Q2) , .., G (Pj11,QN)) (6.21)

which depends on the distances ||Pj11 — Qk||,1 < k < N. Now as R increases, the distance ||P; — Qgl|,1 <
k < N and [|Pj41 — Q|1 < k < N become approximately equal. Hence, adjacent rows of A become
approximately equal and A becomes increasingly ill-conditioned. A similar argument holds as N increases
and adjacent source points become closer together. Thus, a possible strategy for reducing ill-conditioning
is to try to satisfy the boundary conditions as well as possible using a small number of source points. This
suggests choosing a larger number of field points {Pj}jj\il than source points {Qj};wzl and satisfying the
boundary conditions, in a least squares sense as indicated in Section 4.1. In this case, we approximate v by

N
oy (P) =Y axG (P,Qx; \) (6.22)

k=1

where {ak}fj:l are obtained by solving

ATAra=ATy (6.23)
where
Ar=[BG(P;,Qi; )], 1<j<M,1<k<N (6.24)
where M > N and
y =1[9(Pj) — Bu, (Pj)], 1 <j < M. (6.25)
r 1P — Q|

Il Pj+1— Q||

Figure 6.2: Source to field point distances

Unfortunately, AT A, can still be badly ill-conditioned. Again, the ill-conditioning can be mitigated by
using various techniques from statistical analysis. These, as before, can be based on the SVD of ATA ;. In

this case,
ATA, =UAUT (6.26)

where U is orthogonal and A is a diagonal matrix whose diagonal elements are the eigenvalues of ATA .
Typical methods are based on Tikhonov regularization [94] which is also known as ridge regression [93] in
the statistical literature. Here we consider determining the reqularized solution X by solving

xp = argmin||Arx — y||> + k ||x||*, k>0, (6.27)

where k > 0 is a regularization parameter.
In this case, xp satisfies
(ATAL +kI)xp = Aly. (6.28)

For k = 0, xp satisfies (6.28). In general, for k > 0, AT A} + kI is better conditioned than AT A ;. However,
as k increases, the error ||x — x;| increases as well. Using statistical ideas it is possible to calculate the
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optimal value of k [93]. Two of the most popular techniques are generalized cross validation (GCV) [96] and
Hansen’s L-curve [97]. Again, both of these procedures are based on the SVD of AT A, which is just the
usual spectral decomposition of a symmetric matrix ATA .

Hence,

N
xp =Y (ALy,ui) (6.29)

where {ui}if:l are the singular values of AEAL and u;,1 <7 < N are the columns of U. Details of the
GVC can be found in [95, 96].
In the L-curve one plots the points

(108 Ixzll* , 1og | ALxr —y*) (6.30)

and the resulting curve has the L shape shown in Figure 6.3.

Figure 6.3: L-curve

The optimum value of k corresponds to the “knee” of the curve. Note that this plot can be obtained
efficiently using (6.30), since it requires only the one time computation of the SVD of Aj.

An alternative least squares procedure is to assume that the source points {Qj}ffvzl are not fixed but are
chosen simultaneously with the source strengths {ak}gzl in (6.1) [38]. In this case, ||ALx — y]||* is minimized
with respect to ({ak}szl ) {Qk}i\;l) . This method is computationally more intensive than either collocation

or least squares with fixed sources, particularly in R3. Hence, we would generally not recommend it for use
in time dependent problems.

6.2 Galerkin’s Method

As we pointed out in Section 4, the boundary conditions can be satisfied using the inner product given in
(4.24). We expect this method to be more stable than collocation, particularly if the basis is orthonormal
as indicated in [11].

6.3 Multiply Connected and Unbounded Domains

If D is a bounded, multiply connected domain as shown in Fig. 6.4, then sources need to be placed in the
interior of the holes in D as well in the unbounded component of the complement of D in order to satisfy the
boundary conditions. In general, the interior sources should be placed far from the interior boundaries. At
present, we are unaware of any theory which determines how to distribute the sources between the interior
and the exterior domains. However, it has been found experimentally that it is best to put most of the
sources in the exterior domain. As for simply connected domains, the boundary conditions can be satisfied
using either collocation, least squares or Galerkin’s method.

If D is simply connected and unbounded, then sources should be placed in the bounded complement of
D with increasing accuracy usually being obtained the further the sources are from the boundary S.
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@ ",'; Sources

Figure 6.4: Source points for a multiply connected domain

6.4 Singular Solutions

So far we have assumed that the solution to the boundary value problem is smooth. However, if either the
boundary S or the boundary data g is not smooth, the solution to that boundary value problem can develop
singularities in the neighborhood of the singular points. Since the fundamental solution G (P, @Q; ) is C*
for P # @, the approximate solution vy in (6.1) is C*° as well and we will not obtain a good approximation
to solutions which are not C'°*°. This same problem occurs in the BEM and in domain based methods such as
the FEM [1, 98]. How to deal with this problem is not totally resolved. In [100], this problem was addressed
for Laplace’s equation in 2D and in [20] Tolley and Driscoll in [29] considered this issue for the ordinary
Helmholtz equation. The basic idea is to determine the asymptotic behavior of the solution near the singular
points and then add functions to the MFS expansion which display this singular behavior. For example,
if D is a polygon and P € S is a vertex with interior angle o/, then the functions I, (Ar) cos (nad),
Ina (Ar) sin (nad) are solutions to (A — A?) v = 0, where (r,6) is a polar coordinate system centered at P.
Then, in a neighborhood of P, we can approximate v by an expression of the form

N M M
on (P) = akG(P,Qi; \) + > bulna (Ar) cos (nab) + 3 enlng (Ar) sin (naf) . (6.31)

k=1 n=0 n=1

To solve the global problem the domain can be decomposed in such a way that only one vertex occurs in each
subdomain as shown in Figure 6.5. Then, we introduce an expansion of the form (6.31) in each subdomain
D;. Boundary conditions can be satisfied by collocation and by requiring continuity of v and the normal
derivative of v across the element interfaces.

"o B "‘*P

P4

3

P2
Figure 6.5: Decomposition of D and subdomains

For problems in R3, simple analytic expressions for the singular functions do not seem to be available so
this approach does not appear to be feasible [101]. At present, in analogy with the BEM, mesh grading of
collocation points may be possible as has been done for some 2D problems in [99]. As yet, no results seems
to have been published using such an approach.
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6.5 T-Trefftz Bases
6.5.1 Bases in R?

We begin by assuming that D is a bounded, connected and simply connected domain in R? and assume that
the solution to the boundary value problem

Av — N0 =0
{ Bv=g- Bu, (6.32)
is smooth. Assume in addition that the origin of coordinates is located at the centroid of D. Introduce polar
coordinates (r,0) with » = 0 at the centroid of D. Then it is known that the set

{I,, (A\r) cosnf},>, U{L, (A\r)sinnb} - (6.33)

n=1"

where I,, is the Bessel function of second kind and order n, is complete in the set of solutions of Av—A2v =0
[32, 33]. Hence, to approximate the solution to (6.32)-(6.33) we define

UN = Zan n (A1) cosn@—&—Zb I,, (\r) sinnf. (6.34)

By definition, Avy — Mvy = 0, so we need to pick the constants {ak}szo and {bk}ff:l to satisfy the
boundary conditions in (6.32). As for the MFS, this can be done by using either collocation, least squares or
Galerkin’s method. As before, this leads one to solve a system of 2N + 1 linear equations. These equations
are generally ill-conditioned, so that methods based on the SVD should be preferable to straightforward
Gaussian elimination.

In contrast to the MF'S, it is possible to obtain good estimates of the approximation orders of the T-Trefftz
bases (6.34). This can be done by using the Bergman-Vekua theory of integral operator [10, 11, 12, 32, 33].

The basic idea is that given a complete set of solutions of Laplace’s equation Au = 0 these can be mapped
onto a complete set of solutions to Av— A2v = 0. In particular, if ug (x, %) is a complex holomorphic solution
to Av = 0, then

! 0
Vi(z,y) =up (z,y) — /0 uo (tz, ty) afo (A\rv1—1t)dt (6.35)

is a solution of Av — \?v =0 [11, 12, 32, 33].
If we consider

uo (x,y) € S = {1,2,2,22,?,...,z",z",...} (6.36)

where z = x 4+ iy and Z = x — iy, then S is a complete set of holomorphic solutions to Au = 0.Then, it can
be shown that 4
V (2") = ¢n (\) ™1, (\r) (6.37)

and
V(Z") =ca () e "I, (Ar) (6.38)

where {c, (\)} are appropriate constants, is a complete set of complex solutions of Av — A\2v = 0, where
z =ret?. Then,
V(") +V(Z")

I, (A\r)cosnf = 260 ()

(6.39)

and
V(") -V (E")

I, (Ar)sinnf = 20 )

(6.40)
is a complete set of real solutions to Av — A\2v = 0.

Using classical error estimates for approximation by harmonic polynomials, i.e., elements in span S, and
the fact that (6.35) is a bounded operator in appropriate Banach spaces of functions, enables one to obtain
error estimates for approximation by the Trefftz basis (6.33). A classical result of this type is given below.
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Theorem 6.1 [102] Let D C R? be a simply connected, bounded Liponitz domain with boundary S. Let
D be such that DUS C D and assume that fer? (D) is holomorphic in D. Then, there exists a harmonic
polynomial ¢, of degree p such that

1f = eplloo <cre”™|Iflly, (6.41)
and
|f" =@l <cae™ ™I flly, v >0, (6.42)

where ¢ and ca do not depend on @p.

Using Theorem 6.1 and the boundedness of (6.38) in L*°, it follows that if v is a holomorphic solution of
Av — \%v = 0, there exists a function of the form (6.34) such that

[0 = onlloe < ce ™ £y, (6.43)
and
[o" = Vil < e | flly, >0 (6.44)

In [32, 33], more general theorems with relaxed smoothness conditions on v are given. We refer the reader
there for details.

Using these results, one can obtain error estimates for the Trefftz approximation vy to v provided that
the coefficients {ak}gzo U {bk}i\;l are chosen by using Galerkin’s method.

If D is multiply connected, then using T-Trefftz bases becomes increasingly complex. For example,
suppose D is bounded with a single hole as shown in Figure 6.6 and assume that we have a polar coordinate
system with the origin at the centroid of D;.

a

Figure 6.6: D with a single hole
Then, the corresponding Trefftz basis will contain terms of the form
{K, (Ar) cos ”9}2[;0 U{K, (A\r)sin n9}7]¥;1 (6.45)

where by letting A\r = z,

—nn—1 k
11 m—k—1[ 1, w1 (1
o) k
1/1\" (32%)
-)"= (= E+1 k4 1)] —2——
g (57) LWt n etk i
are Bessel functions of the third kind [84], where 9 (2) =I" (2) /T (2) which is called the digamma function;
(1) =—vyand ¥ (n) = —y+ 22;11 k=t for n > 2 (v is Euler’s constant).
Generally, for each hole one needs to add corresponding terms of the form (6.45) to the Trefftz expansion

centered at the centroids of each hole. In this regard, using T-Trefftz bases appears to be more difficult than
the MFS.
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As for the MF'S, care needs to be taken if the solution has singularities either due to geometric singularities
or singularities due to the boundary data g. As there, the best approach is to determine the asymptotic
behavior of the solution in the neighborhood of the singular points and add singular functions to the Trefftz
expansion as for the MFS.

Although we have approached T-Trefftz basis for A —\? by Bergman-Vekua operators, the more classical
approach is to observe that the basis (6.33) can be obtained by separation of variables of Av — A\?v = 0 in
polar coordinates. This suggests that other Trefftz bases can be obtained by separation of variables in other
coordinate systems. In particular, if Cartesian coordinates are used, one can look for solutions in the form

v(z,y) = Aexp(ax + By). (6.47)

Substituting (6.47) into Av — A\%v = 0 gives a? + 32 — A2 = 0, so a? + (32 = \2. Hence, (a, 3) must lie on a
circle with radius A. If we choose

2k 2rk
(ank, ONg) = A <cos %,sin %) ,0<k<N-—1, (6.48)
then we conjecture that the set
oo N-—-1
U U (N ks BN k) (6.49)
N=1 k=0

is a Trefftz basis for Av — A2v = 0. This result is known to be true for the ordinary Helmholtz equation
Av+ M2v = 0 where ) in (6.48) is replaced by i), i2 = —1 [32, 33]. We expect this basis to be more efficient
than the standard T-Trefftz and MFS bases, since it does not require the calculation of Bessel functions.

6.5.2 Bases in R3

For simplicity, we restrict our discussion to the case where D is a bounded, connected and simply connected
domain in R3 and assume that the solution to the boundary value problem (4.4)-(4.5) is smooth.
Letting (7,0, ¢) be spherical polar coordinates in R?, then it is known that the functions

{im (A1) P (cos @) sin (ny) , iy (Ar) Py (cosB) cos (ng)}, —-m <n<m,m=0,1,2,.. (6.50)

is a Trefftz basis for solutions of Av — A\2v = 0. Here, i,, (Ar) is the spherical Bessel function of the second
kind of order u and P/ (cos #) are the associated Legendre functions [3, 28]. Thus, we can obtain approximate
solutions of the form

Z A, ndm (A1) Py (cos 0) sin (ny)

i”: by, nim (A1) P (cos @) cos (ny) . (6.51)

As in R?] the constants {a, ,} and {b,,} are obtained by satisfying the boundary conditions either by
collocation, least squares or Galerkin’s method.

As in R?, there is a generalization of the Bergman-Vekua theory which enables one to obtain the bases
(6.50) as the image of harmonic polynomials under an appropriate integral operator. Details can be found
in [16, 17, 18]. The completeness of (6.50) can be established using this fact. However, sharp error bounds
do not seem to be available as in R2.

As in R?, we can consider obtaining alternative bases by separating variables in Cartesian rather than
polar coordinates. Hence, we look for solutions to Av — A2v = 0 in the form

v=Aexp (az+ Oy +2). (6.52)
Substituting (6.52) into Av — A\?v = 0 we find that (a, 3,7) satisfy

a® + 32 4+42 =\ (6.53)
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so that (a, 8,7) lies on a sphere of radius A in R?. As in R?, we conjecture that if {(cu, Bk, V&) } reey 1S & dense
subset of this sphere, then the set

{exp (@ + Bry + 12) oy (6.54)
is a Trefftz basis for Av — A?v = 0. This suggests choosing

ok
aj,k:Asin%cos%,ogjgn—l,ogkgm—l (6.55)
ok
Bjyk:ASin%sin%,Ogjgn—l,Oﬁkﬁm—l (6.56)
. T .
v :/\sm;, 0<j<n—-1, (n,m)>1 (6.57)

as appropriate points on the sphere of radius A to use in (6.54). This basis should be computationally more
efficient than the classical basis (6.50), since it does not require the calculation of special functions.

7 Numerical Results

In this section, we present several numerical examples illustrating our methodology. For simplicity, we
restrict ourselves to the RBF spline-MFS for the diffusion equation.

Example 7.1 Consider the following parabolic equation

9
= = Aut flay,0) (7.1)

in the domain [0, 1] x [0, 1]. The forcing term is given by
f(z,y,t) =sinxsiny(2sint + cost). (7.2)
The initial and boundary conditions correspond to the solution
u(z,y,t) = sinxsinysint. (7.3)

This example was considered by Ingber and Phan-Thien [50] using a boundary element method. To
approximate the forcing term f, we chose 48 interpolation points (see Figure 7.1) in which 32 boundary
points were used as the collocation points for the MFS. We chose polyharmonic splines of order two (r*logr)
as the basis function. To evaluate the homogeneous solution using the MFS, we chose 32 source points on a
circle with center at (0.5,0.5) and radius 2.

1pe * " . - - . * -
0.0t .
08} * * * *

he *
07}
06" * * * * *
0.5 *
0.4f * + * * N
03}

b *
0.2} * * * *
0.1 [F *
0 be * + - * =

0o 01 02 03 04 05 06 07 08 09 1

Figure 7.1 The distribution of collocation points for the RBF.
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To verify the effectiveness of the MFS-RBF algorithm, we computed the errors at the point (0.8,0.8).
The graph of «(0.8,0.8,¢), for 0 < t < 25, is shown in Figure 7.2. The errors using 7 = 0.05 and 7 = 0.025
are shown in Figure 7.3. Similar results were obtained at other points. The results are highly accurate for
the smaller time step 7. Increasing the number of interpolation points from the current setting has little
affect on the numerical accuracy. The numerical results using the MFS-RBF algorithm are superior to those
in [50]. The convergence rate of the method using different time steps is shown in Figure 7.4.

0.6

0 5 10 15 20 25

Figure 7.3 The profile of errors using 7 = 0.05 and 7 = 0.025 at (0.8,0.8).
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Figure 7.4: Convergence rate of the Fuler method

Example 7.2 Consider the diffusion equation (7.1) with f = 0 in a cubic region 0 < z1, 25, x3 < 1 with
unit thermal conductivity and diffusivity. The boundary conditions are given by

u(0, z9, 23,t) = 0,u(l, 22, 23,t) = 1 for 0 < 29,23 < 1.0, ¢ >0,

0 0
8—Z<$17$2,07t) = a—Z(m,mg,l,t) =0for 0 <zy,720 <1.0, t>0,

%(who,x&t) = %(ml, 1,23,t) =0for 0 < xy,253 < 1.0, t>0.

The initial condition is given by w(z1,x2,x3,0) = 0 for 0 < x1, 22, x3 < 1. This problem has been considered
by Ingber et al. in [45]. It represents the 1D problem of an insulated unit bar with initial temperature zero
whose left-hand boundary is isothermal at 0 and whose right hand boundary is impulsively raised to one at
time ¢ = 0. The exact solution can be determined using separation of variables and is given in [103].

The solution is discretized with 218 source points outside the domain (M = 218) and 343 interpolation
points (N = 343). Among them, 218 of the interpolation points are located on the surface of the domain
while the remaining 125 interpolation points are located in the interior of the domain. The radius of the
fictitious boundary is 8. In Table 7.1, PS1, PS2 and PS3 denote polyharmonic splines 2~ k = 1,2,3,
respectively. In general, the results get better with higher order polyharmonic splines and reduced time
steps, but this is not always the case. Care must be taken in either reducing the time step or going to higher
order polyharmonic splines, since the higher-order polyharmonic splines result in worse conditioning of the
linear system associated with the particular solution and smaller time steps result in worse conditioning
(large A) of the linear system associated with the homogeneous solution. In fact, for small time steps, the
Euler implicit method (@ = 1) is more accurate than the Crank-Nicolson method (0 = 0.5) despite the
difference in the local truncation error for the two methods. The current results are consistent with results
of Muleshkov et al. [54] who showed that improvement in accuracy can be obtained by using higher order
polyharmonic splines for elliptic boundary value problems. Further, they show limited improvement for
time-dependent problems presumably because the dominant error was caused by the time-stepping scheme.
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Table 7.1 Absolute maximum errors at ¢ = 1 using polyharmonic splines

0 At PS1 PS2 PS3

0.01 1.00E—-2 283FE—-3 138FE—2

0.005 1.57E -2 277TE—-3 240F -3

0.5 0.002 292 -2 247TF -3 196FE -3
0.001 456E —2  250E—3  overflow

0.01 1.73E -2 139F -2 1.38FE—2

0.005 1.35E—-2 720E—-3 707FE -3

1 0.002 1.84F -2 33l1E-3 3.02E-3

0.001 286E—-2 226E—-3 1.76E -3

8 Conclusions

We have shown how to solve a class of second order time dependent PDEs in a mesh-free manner by converting
IBVPs for these equations to solving a sequence of BVPs for inhomogeneous modified Helmholtz equations.
These BVPs were solved by a combination of the method of particular solutions and Trefftz methods. The
key ingredient in this approach is the need to compute a particular solution of the inhomogeneous modified
Helmholtz equation. To do this, we focus on the DRM approach to obtain particular solutions based on radial
basis function, polynomial or Fourier series approximations to the source term. The resulting homogenous
BVP is then solved by either the MFS or the classical Trefftz bases obtained by separation of variables. The
relation of these bases to the Bergman-Vekua integral operator method is discussed.

To satisfy the boundary conditions we considered using collocation, least squares and Galerkin’s method.
An important issue here is the problem of mitigating the ill-conditioning of the resulting linear system.
Here, we proposed a number of techniques from the statistical literature based primarily on the SVD of
the boundary matrices. This topic will be further investigated in future work. Some numerical results are
presented using the MFS-RBF algorithm showing the accuracy of the method for both two dimensional and
three dimensional problems for transient heat conduction.

Although this approach appears quite promising, much remains to be done. One needs to determine
optimal combinations of time removal schemes, source term approximation and Trefftz bases. Mitigating
ill-conditioning and obtaining error estimates will be the focus of future work. Finally, exploiting additional
structure such as axisymmetry is an important topic for future research.
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