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THE METHOD OF PARTICULAR SOLUTIONS*
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Abstract. A powerful method for solving planar eigenvalue problems is the method of par-
ticular solutions (MPS), which is also well known under the name “point matching method.” The
implementation of this method usually depends on the solution of one of three types of linear algebra
problems: singular value decomposition, generalized eigenvalue decomposition, or generalized singu-
lar value decomposition. We compare and give geometric interpretations of these different variants
of the MPS. It turns out that the most stable and accurate of them is based on the generalized
singular value decomposition. We present results to this effect and demonstrate the behavior of the
generalized singular value decomposition in the presence of a highly ill-conditioned basis of particular
solutions.
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1. Introduction. The idea of the method of particular solutions (MPS) is to
approximate eigenvalues and eigenfunctions of

(1.1a) —Au=MAu in Q,
(1.1b) u=0 on 04,

from a space of particular solutions that satisfy (1.1a) but not necessarily (1.1b). In
this article we assume that €2 is a planar region.

A famous article on this method was published in 1967 by Fox, Henrici, and Moler
[17] who used the MPS to compute the smallest eigenvalues of the L-shaped region to
up to 8 digits of accuracy. Very similar ideas were also contained in the earlier papers
by Conway and Farnham [10] and Conway and Leissa [11]. The MPS is also known
under the name “point matching method” in the literature (see, for example, [10]).
Closely related is also the method of fundamental solutions [9, 23]. The results of this
paper apply equally well to the application of these methods to elliptic eigenvalue
problems.

The MPS is especially effective for very accurate computations. Although mesh-
based methods like FEM can be tuned to deliver exponential convergence on certain
regions (e.g., hp-FEM methods), the implementation can be a difficult task, while the
MPS can often be implemented in a few lines of MATLAB code (see, for example, the
MATLAB code given in [8]). Also the computation of eigenvalues with very large wave
numbers seems to be very suitable for the MPS. While the matrix sizes in FEM-based
methods grow rapidly for high eigenvalues, the computational effort of the MPS still
stays reasonable, especially if accelerated variants like the “scaling method” are used
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THE GSVD AND THE METHOD OF PARTICULAR SOLUTIONS 1279

Unfortunately, the MPS suffers from problems for complicated regions coming
from ill-conditioning of the basis functions. These problems were observed in the paper
of Fox, Henrici, and Moler [17] and also noted by later authors (see, for example, [13]).
In [8] we returned to the original idea of the MPS and showed that the reformulation
of the MPS as a problem of computing the angle between certain subspaces makes
it applicable to a variety of polygonal and other planar regions. Numerical examples
show that, even for complicated regions, eigenvalues can be computed to 10 digits or
more with this subspace angle approach.

While writing [8] we were not aware that independently of the numerical analysis
community, physicists had developed very similar methods in connection with semi-
classical mechanics and quantum chaos. This fact was brought to our attention in
2004 by Barnett. The physicists are particularly interested in eigenmodes related to
high wave numbers. One of the leaders of this effort has been Heller, who together
with his colleagues has developed methods closely related to the MPS [19, 20], though
using different terminology. Another key contribution in this area was the “scaling
method” of Vergini and Saraceno. These ideas were recently brought together and
improved in Barnett’s thesis [1].

In this paper we review the various methods of particular solutions and show
that a suitable tool to describe them is the generalized singular value decomposition.
From the various linear algebra tools which are used in the different methods, i.e.,
the singular value decomposition (SVD), the generalized eigenvalue decomposition
(GEVD), and the generalized singular value decomposition (GSVD), it turns out that
the GSVD leads to the most robust and widely applicable approach. Furthermore, it
turns out that the subspace angle method proposed in [8] is just a GSVD in disguise.
Hence, the stability results which we discuss in this paper are also valid for the
subspace angle method and lead to a further understanding of this method.

The paper is organized as follows. In section 2 we present the MPS and its
implementations using the SVD, GEVD, and GSVD.

While singular values are perfectly conditioned this is not true for generalized
singular values. Therefore, in section 3 we investigate the numerical stability of the
GSVD approach. In section 4 we analyze a regularization strategy for the GSVD,
which was proposed by Barnett for the GEVD approach to the MPS.

In section 5 we discuss the limits of the GSVD if the basis of particular solutions
admits only ill-conditioned representations of approximate eigenfunctions. The paper
finishes in section 6 with a short summary and conclusions.

All notation is standard. We will frequently use €4, for the machine precision
(€mach =~ 2.2 x 10716 in IEEE arithmetic).

2. The method of particular solutions. The MPS approximates eigenpairs
(Ak,ug) of (1.1) from a space of functions that satisfy (1.1a) but not necessarily (1.1b).
Let

(2.1) A(N) :=span{®;(\; 2),...,®,(\;2)} € C3(Q)NC(Q)
be such a space. Therefore,
_A(I)k:(sz) :)\(I)k(A,Z), kzlvvpa

for z € Q. Fox, Henrici, and Moler used Fourier-Bessel functions of the form
®r(\; 2) = Jar(Vr)sin(akf) that are the exact solutions of (1.1) in a wedge with
interior angle 7/a. In physics frequently real plane waves and evanescent plane waves
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1280 TIMO BETCKE

are used as particular solutions [5]. Other possible sets of basis functions are funda-
mental solutions which solve the eigenvalue equation (1.1a) in 2 but have singularities
located outside of © [15].

To make the notation easier we will from now on always write ®(z) instead of
D (A; 2), since the dependence of the particular solutions on A will be clear from the
context.

2.1. An SVD-based formulation of the MPS. Let z1,...,2, € 09 be
boundary collocation points. We are looking for a value A for which there exists
a linear combination

p
o = Z Ck(I)k
k=1

of basis functions which is small at these points. Then we hope that this is a good
approximation to an eigenfunction of (1.1). Let Ap()) be the matrix of basis functions
evaluated at the z, i.e., (Ap(A))jxr = @r(zj), j=1,...,n, k=1,...,p. The method
is then formulated as the following minimization problem:
(2.2) min  min [Ap(\)ellx =min¢,(\),
A cerr\{0}  lcfl2 A

where &,(A) is the smallest singular value of the matrix Ag(\).

The formulation (2.2) is due to Moler [24]. In earlier approaches the number of
collocation points n was chosen identically to the number of basis functions p. In that
case Ap()\) is square and A was determined by solving

det(Ap(N\)) =0

(see, for example, [17]).

The SVD approach can fail if Ag()\) is ill-conditioned for some A > 0 far from
an eigenvalue. Assume that A is not close to an eigenvalue and that Ap(\) is ill-
conditioned. Then there exists a vector ¢ € RP with ||c||2 = 1 such that || Ap(A)c|2 <
1. But the unique solution of (1.1) if A is not an eigenvalue is the zero function. Hence,
the function defined by the coefficient vector ¢ will approximate this zero function. In
[8] these functions are called “spurious solutions” of (1.1).

In Figure 2.1 we demonstrate this failure for the example of the L-shaped region
from Figure 2.2. The upper left plot shows the curve £,(X) for p = 10 Fourier—Bessel
basis functions of the form ®4(r,0) = J%(ﬁr) sin %9. The origin of the polar
coordinates is at the re-entrant corner with the line § = 0 directed as in Figure 2.2.
The minima of §,(\) in the upper left plot of Figure 2.1 point to the first three
eigenvalues of (1.1) on this region. In the lower left plot we have chosen p = 60. Now
the minima at the eigenvalues are not visible any more on this plotting scale since
&p(A) is small also away from the eigenvalues.

The cure is to choose basis functions that are approximately orthogonal in £2. Such
bases were analytically constructed for some regions by Moler in [24]. An automatic
way to obtain bases that are approximately orthogonal in the interior of the region is
delivered by the GSVD.

2.2. A GSVD formulation. We want to cure the problem of ill-conditioned
bases in the SVD approach by orthogonalizing the basis functions in the interior of
Q. Let z1,...,Zn € Q be a set of interior points, and let A;(\) be the matrix of basis
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F1a. 2.1. Comparison of the SVD and GSVD approach on the L-shaped region for p = 10 and
p = 60 basis functions.

Fic. 2.2. The L-shaped region.

functions evaluated at these interior points, i.e., (A;(A\)jx = ®r(Z;), 5 = 1,...,m,
k =1,...,p. For the moment assume that m > p and that A;(\) has full column
rank. Let

Ar(A) = QR

be the QR decomposition of A;(\). Instead of the discrete basis set given by the

columns of [‘j‘f((i)) | we use

RN =

Ap(NR(N)™
QM)

in the SVD approach. This is equivalent to orthogonalizing the particular solutions
in a discrete inner product over the interior discretization points. We obtain

-1
S p—— 1AM BNyl
yeRP\{0} lyll2

This approach guarantees that every coefficient vector y with |yl = 1 leads to
a trial function that is of unit discrete norm over the interior points zi,..., Z,. We
therefore avoid spurious solutions that are nearly zero in the interior of the region.
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1282 TIMO BETCKE
For y = R(A)z it follows that

IAsNRN) Tyl _ L [1As(Vall2.
yeRP\{0} llyll2 eerP\{0} [|Ar(A)z|2

o1(A) =

We can reformulate the last equation as the generalized eigenvalue problem
AN ANz (A) = a1(\)2Ar(N)T A Nz (N),

where the value o1())? is the smallest eigenvalue of the pencil {Ag(\)T Ag(A), A7(\)T
Ar(N)}. However, by using the GSVD we can compute the value o1()) directly
without using the squared matrices Ap(A\)T Ap(\) and A7(A\)TA;(X). The definition
of the GSVD in the following theorem is a simplified version of the definition given
by Paige and Saunders in [25].

THEOREM 2.1 (GSVD). Let A € R™ P and B € R™*P be given with n > p.
Define Y = [é] and assume that rank(Y) = p. There exist orthogonal matrices
U eR"™™ agnd W € R™*™ and a nonsingular matriz X € RP*P such that

A=USX"' B=wWCX!,

where S € R™*P and C € R™*P are diagonal matrices defined as S = diag(si, ..., sp)
and C = diag(ci, ..., Cminfmp}y) With 0 < 57 < - < s, <land1>¢ > --- >
Cmin{m,p} = 0. Furthermore, it holds that s? + cj2- =1 for j =1,...,min{m,p} and
sj=1forj=m+1,...,p.

If m < p, we define

(2.3) Cerl:"':Cp:O‘

Then s? + c? =1forall j=1,...,p. The values o; = s;/c; are called the generalized
singular values of the pencil {A, B}. If ¢; = 0, then o; = co. The jth column xz; of
X is the right generalized singular vector associated with ;.

From Theorem 2.1 it follows that

24T _ 2pTn...
ch Az = s;B" Bz;.

Hence, the finite generalized singular values are the square roots of the finite general-
ized eigenvalues of the pencil {AT A, BT B}. But, as in the case of the standard SVD,
they can be computed without using this squared formulation. In MATLAB this is
implemented by the gsvd function.

Similarly to singular values the finite generalized singular values of a pencil {A, B}
have a minimax characterization as

A
(2.4) ;= min ma H IHZ
A T Bl
dim(H)=j Bz#0

This minimax characterization is an immediate consequence of the minimax character-
ization of singular values. A short proof is, for example, contained in [6, Thm. 3.4.2].

It follows that the value oq(A) is the smallest generalized singular value of the
pencil {Ag(\), A7(M\)}. Approximations to the eigenvalues of (1.1) are then given by

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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the minima of o1 () in dependence on A. Note that the GSVD does not require m > p
for A;(X).

In the two right-hand plots of Figure 2.1 we show the smallest generalized singular
value o1()) for different values of A on the L-shaped region. While for p = 10 basis
functions it is similar to the curve computed by the SVD approach, we see a large
difference for p = 60 basis functions. As explained earlier, the SVD fails here but the
GSVD still lets us easily spot the three minima that point to the eigenvalues.

The application of the GSVD to the MPS was also considered in unpublished
work by Eisenstat.! His motivation was the minimization of error bounds for the
MPS. In the physics community a related approach was introduced by Heller under
the name plane wave decomposition method (PWDM) [19, 20]. He used only one
point in the interior of the region to normalize the approximate eigenfunctions. A
discussion of this method is contained in [1]. In the engineering literature the GSVD
has been used in a related context to regularize boundary element formulations for
the Laplace eigenvalue problem [21].

The GSVD has an interesting interpretation in terms of angles between subspaces.
The smallest principal angle 6, between two spaces S; C R™ and S; C R" is defined
by

cosfy = max (z,y).
2€S1, ||z]l2=1
YESa, [lyll2=1

THEOREM 2.2. Define Dy C R**™ as the space of vectors whose first n entries

are zero. Denote by A(X) the span of the columns of A(\) := [‘j‘f((;‘))] Let 01()\) be

the smallest principal angle between Dy and A(X). Then tan6; () = o1(\), where
o1(X) is the smallest generalized singular value of the pencil {Ag(\), A;(N\)}.
Proof. Let Do := [9] € R(vm)xm_ Then

(Do, A(N)y) a:TAI()\)y
cos01(\) = max = max —— 2%
1) = I TDoaL ANy — s, TeTal ANl
yERP yERP
1AMyl

max )
vek /[ Ap(Nyll3 + 1A (Vyll3

from which it follows that

AWyl
tanf()\) = — 7T = A). O
mb () = T ol - W

We can therefore interpret the GSVD approach in a different way. We want to
minimize the angle 61 (\) between the space of functions that are zero on the boundary
collocation points and the space of particular solutions evaluated on boundary and
interior points. Based on this idea the subspace angle method was introduced in [8].
Theorem 2.2 shows that this idea is completely equivalent to the GSVD approach.
Indeed, let (¢1(A), s1(A)) be the generalized singular value pair associated with oq(A),
that is, o1(\) = s1(\)/e1(A) and s1(X)?+c1(A)? = 1. Then the subspace angle method
from [8] computes the value s1(A).

1He used it to compute the first eigenvalues of the C-shaped region on the occasion of Cleve
Moler’s 60th birthday in 1999.
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1284 TIMO BETCKE

2.3. Comparison to generalized eigenvalue formulations. Based on the
minimization of error bounds for the MPS, Kuttler and Sigillito [22] published in
1978 a formulation of the MPS which uses the GEVD. (Eisenstat remarked that this
idea even goes back to Bergman in 1936 [4].) This was independently rediscovered by
Heller’s student Barnett [1].

Let the minimal error on the boundary within the space A(A) be defined as

|®]|a0
2.5 tm(A) = __m ’
(2.5) (M) 2c A0} [ ®]lo

where

[®]loq == (/m ¢(8)2d8>% = (2,9)},

(2.6 [0 = ( / @(zm?dxdy)z ~ (3,9)

D=

are the L?-norms of u on the boundary 92 and in the interior of Q and (-, -)sq and
(-, ) are the associated inner products. If ¢,,(\) = 0, then A is an eigenvalue. Usually
we will not be able to exactly represent an eigenfunction as a linear combination of
functions in A(A). Therefore, we are looking for the minima of ¢,,(A). These are
then approximations to the eigenvalues of (1.1). This strategy was also proposed by
Eisenstat in [14].

tm(A) can be expressed as

N P OV
A0} [|[f,  werr\{o} 2TG(N)z

tn (1)?

where (F'()\))jx := (P, Pr)oa and (G(N)) ;i := (P, Px)q. Hence, the value t,,(\)? is
just the smallest eigenvalue uq () of the generalized eigenvalue problem

(2.7) F(Nz() = n(NGN)e(N).

Barnett used this formulation to compute eigenvalues on the stadium billiard to several
digits of accuracy [1].

In praxis the integrals appearing in this method are usually evaluated by quadra-
ture rules of the form

/aQ (s)%ds ~ iijCPQ(zj) and /

®(s)%ds ~ Z wJIiI)Q(Zj)
j=1 @ j=1

with positive weights wf and wjl Let

(2.8) Wp = diag(w?, ..., wB) and W; = diag(w!,... ,wk).
Then
(2.9) F(\) = ApN)TWsAB(\), G\ =Ar(NTWA[(N)

are the matrices obtained by the quadrature rules. For the smallest eigenvalue fi; ()
of the pencil {F, G} we have t,,(\) ~ i1 (\)'/2. However, the structure of the pen-
cil {F,G} allows the application of the GSVD to directly compute an approxima-
tion of ¢,,(\); namely, for the smallest generalized singular value &1(\) of the pencil
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Fic. 2.3. Left: The computed value p1(X) — p1(A1) close to A1 on the L-shaped region. Right:
The value o1(A) — o1(A1) on the same region.

(W2 AR(N), W7 Ar(\)} we have &1 (A) = fis (\)/2 & £,,(A). The only differences from
the formulation in section 2.2 are the matrices Wé/ % and WI1 /% from the quadrature
rules. But it is not important to choose a very accurate quadrature rule. Numerical
experiments suggest that we just need a sufficient number of boundary points to sam-
ple the trial functions on 92 and sufficiently many random interior points to ensure
that we do not get spurious solutions that are almost zero in the interior of Q2 [8].

While we directly compute with the GSVD an approximation for ¢,,(\), we com-
pute with the GEVD an approximation for t,,(\)?, which can limit the attainable
accuracy in computing the minima of ¢,,(\), as we demonstrate now. In [2] Bar-
nett showed that around an eigenvalue Ay the function u;(\) behaves quadratically.
We can therefore model it there as p3(A\) ~ p1(\g) + C(A — A\g)? for some C > 0.
Computing the eigenvalues of {F()\), G(\)} by a standard solver like MATLAB’s eig
can produce absolute errors at least in the order of machine precision. In an interval
around Ap with width 21/€mq4cn/C these are of the same magnitude or larger than
|1 (A) — 1 (A)| due to the quadratic behavior of u1(\) there. Hence, in this interval
of size O(y/€mach) We may not be able to detect the minimum of ¢,,(\).

If we directly compute the smallest generalized singular value o1()\) of the pencil
{Ap(A), Ar(A)} by a standard GSVD solver like gsvd in MATLAB, we can expect
errors in the computed value &1(\) on the order of machine precision if the problem is
well conditioned. Since o(A) is almost linear close to Ay the floating point errors are
of the same magnitude or larger than |o1(\) — o1(Ag)| only in an interval around Mg
with width ©(€macr). Hence, we expect to find the minima of o1(\) to an accuracy
of almost machine precision.

In Figure 2.3 we demonstrate this for the example of the L-shaped region from
Figure 2.2. From now on we plot only the computed points rather than connected
lines to better emphasize numerical errors in the plotted curves. We approximate
p1(\) by the smallest eigenvalue of the pencil {Ag(A\)TAg(\), Ar(\)TAr(A\)}, where
the boundary points are equally spaced and the interior points are randomly chosen.
Since the reason for the \/€nqcn accuracy problem is the quadratic nature of o1(\)
close to an eigenvalue A\, and not the accuracy of the quadrature rule, this simple
approximation is justified. The smallest generalized singular value o1 () is computed
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1286 TIMO BETCKE

by the GSVD of {Ag(A\), A;(N)}. In the left-hand plot of Figure 2.3 the function
11(A) has a plateau of width on the order of \/€mach close to A1 in which the values
are essentially determined by numerical errors, making it hard to detect the minimum
to more than the square root of machine precision. In contrast, in the right-hand plot
of Figure 2.3 we show the computed value o1 () on a finer scale. The function behaves
almost linearly, and the minimum can easily be determined to 12 digits and more (in
[8] we give 14 digits).

Another attempt to solve this problem is to compute the zeros of the derivative
1y (A) of uq(A) instead of the minima of x(A). Such an approach was used by Driscoll
with great success in a related method [13]. But this approach makes it necessary to
accurately compute derivatives of F(A) and G(\), which might not always be possible.

3. The effect of ill-conditioning. The SVD approach of the MPS fails if the
matrix Ag(X) is highly ill-conditioned for some A far away from an eigenvalue, since
the MPS then approximates functions which are zero everywhere in the region. This
cannot happen with the GSVD approach since we scale the approximate eigenfunc-
tions to have unit norm in the interior of the region. But while the singular values
of a matrix A are perfectly conditioned, the generalized singular values of a pencil
{A, B} might be ill-conditioned, introducing large errors in the computed generalized
singular values. In this section we investigate these errors and their influence on the
ability to detect eigenvalues with the GSVD approach.

In Figure 3.1 we show the famous GWW-1 isospectral drum [13, 18]. Eigenfunc-
tions on this region can have singularities at the four corners which are marked by
black dots. To obtain accurate eigenvalue and eigenfunction approximations we need
to represent these singularities in the approximation basis. With 60 basis functions
around each singularity we obtain the approximation Ay ~ 2.53794399979 for the first
eigenvalue on this region (for details see [8]). We believe all digits to be correct. Let
us have a look at the corresponding plot of tan 8(\) in Figure 3.2, which is computed
with MATLAB’s GSVD function as the smallest generalized singular value of the pencil
{Ap(\), Ar(A\)}. On the boundary we used 120 Chebyshev distributed points on each
line segment, and in the interior we spread 200 randomly distributed points in the

-1+ ’ |

oL E

-3 . . . . . .

Fic. 3.1. The famous GWW-1 isospectral drum. Eigenfunctions can have singularities only at
the dotted corners.
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2.5 3

>Nk

F1G. 3.2. Plot of tan01(\) for the GWW-1 isospectral drum. Before coming close to the first
eigenvalue we can observe large variation.

smallest rectangle that contains the isospectral drum and then used those 88 points
that were inside the drum. The values for different A show a large variation before
coming close to the first eigenvalue where the variation seems to disappear on this
plotting scale. The matrix A(\) = [Ag(A\)TA7(A\)T]T is numerically almost singular
for all values A > 0.2 However, still we are able to detect the minimum of the subspace
angle curve. In the following section we investigate this behavior in more detail.

3.1. The error of the GSVD. Let A € R"*P and B € R"™*P letY = [g], and
assume that rank(Y’) = p. We define a perturbed pencil {4, B} as A = A + AA and

B = B+AB. If (s, ¢) is a generalized singular value pair of {4, B}, the corresponding
perturbed generalized singular value pair of {A, B} is denoted by (5, &). Furthermore,
let 0 = 2 and 7 = %: be the corresponding generalized singular values. The right
generalized singular vector associated with ¢ is denoted by x, and the right generalized
singular vector associated with ¢ is denoted by Z. From Theorem 2.1 it follows that
||[Az||2 = s and ||Bx||2 = ¢ with corresponding identities for the perturbed quantities.
The difference of ¢ and ¢ can be estimated by considering condition numbers of

generalized singular values. Define
cond(o) = lim sup [0 =0l
=0 max(||Ell2, | Fll2)<s 0

In [26] Sun showed that for a simple finite generalized singular value o the condition
number cond(o) is

_ l=ll2([Azllz + [ B2ll2) _ =]l _ =l

GO e =" gy e T e )

The forward error of the GSVD is given as [26, eq. (2.3)]

(32) |6~ 0| < cond(o) max(||AA[z, [ABl2) + O (max([|AAll2, [ABll2)?) .

2We always scale the columns of A(A) to the unit norm in order to avoid artificial ill-conditioning
which is just due to the bad scaling of the Fourier—Bessel functions.
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1288 TIMO BETCKE

Let us now return to the GSVD-based MPS. In order for the GSVD approach to
be successful we need to ensure that the perturbed value 61 () is small only if A is
close to an eigenvalue ;. In [14] it is shown that

A=Al : 1®]lo0

3.3 AO
(3.3) Ao T eeAB\{0} [[@]lo

for a constant C' > 0 that depends only on the region. If we choose a sufficient number
of well-distributed boundary and interior points for the method, then we can assume
that

[®lloe é||AB(/\)$||aQ
[®]lo A7 (V)|

for the vector = of coefficients of u in the basis particular solutions and a constant
C > 0. A precise relationship between these quantities can be established by the use
of quadrature rules and estimating their error. We obtain

A=l a0 [ABWNzlloe _
C min ———F—— =Co1(A
A Y sern\{0} [[Ar(N)zle e

(3.4)

for a constant C. Numerical experiments in [6] suggest that this is indeed a good
estimate. Hence, the unperturbed generalized singular value o1 () cannot be small if
A is not close to A\ and if we choose a sufficient number of discretization points.

In practice we are working with the perturbed generalized singular value &1()\)
of the pencil {Ap(A) + AAp(A), Ar(A) + AA;(A\)}. For a backward stable GSVD
method we can assume that max{||AAg(N\)||2, |AAr(N)|2} < Kémach, where K is a
moderate constant that depends only on the dimension of the problem. Hence, from
(3.2) it follows to first order that

21 (V]2

(35) |5‘1()\)—0'1()\)| SK Cl(>\)

(14 01(N))€mach-

Therefore, if ||z1(A)]|2 is of moderate size, then we can expect that the errors in
71(A) are small. The following lemma gives an estimate on x;(A) depending on A.

LEMMA 3.1. Let 0 = s/c be a generalized singular value of the pencil {A, B},
and let x be its corresponding right generalized singular vector. Then

S
(3.6) lzll2 < =,

where &, is the smallest singular value of A.

Proof. From Theorem 2.1 we have ||Az||2 = s. Since ||Az||z > &p||z|2, the result
follows. 0

Combining this lemma with (3.5) leads to first order in €,,qcn to

. a1(N)
(3.7) lo1(A) —a1(N)] < Kgp()\)

where £,(A) is the smallest singular value of Ag()). Assume that

(1 + O'l(/\))emacha

(38) §p()\) > (1 + 6—1(>\))€mach
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for the smallest singular value &,(\) of Ag(\) + AAg()\). Then if we treat {Ap(\),
Ar(M\)} as a perturbation of {Ag(\) + AAg(A), Ar(A) + AAr(N)}, we obtain from
(3.7) to first order the bound

51 (A) — o1(A)] < Ka1(N).
Combining this with (3.4), it follows that
A — Akl
Ak
Hence, even if we perturb Ap(A) and Ar(X), under the assumption that (3.8) holds
we have a bound on the relative distance to the next eigenvalue, which also implies
that &1(A) can become small only close to an eigenvalue. However, (3.8) is likely to

hold for |AAB(A)||2 = €mach, since then &,(X) is perturbed by a quantity in the order
of €mach-

(3.9) SO+ K)ay(N).

4. Regularizing the GSVD. In practice it is often useful to remove the oscil-
lations in the computed values for tan 6, (\). Hence, we want to regularize the GSVD
approach. In this section we will discuss a regularization strategy that is based on an
idea by Barnett to regularize the generalized eigenvalue formulation.

Let us plot the smallest generalized eigenvalue py () of

Ap(N)TAE(Nz(N) = n(N) AT (N T AT (N (N),

which is obtained by setting all weights to 1 in the quadrature rule used for the GEVD
approach (see (2.8)). The resulting curve in Figure 4.1 shows large variation. Several
of the computed values are negative, and M ATLAB even returned some complex values
for 1 (A). The problem is the large common numerical nullspace of Ag(A) and A;(X).
In [1] Barnett projected out this nullspace. Using our notation, this can be done in
the following way. Let

Ar(\) = U)WV (V)T

be the SVD of A;()\). Now define a threshold €, and let 71 (\) > -+ > ni(X) > € be the
singular values of A;(\) that are larger than é. Partition V/(A) as VI(A) = [V1(A) Va(A)],

25
2t
151
1t

050

w0

1 1.5 25 3

.
2
A

F1G. 4.1. p1(X) in the case of the GWW-1 isospectral drum.
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where V1 (\) contains the first k& columns and V5(\) contains the last p — k columns
of V(A). Then the regularized generalized eigenvalue problem is defined as

Vi)TApN)TAp(MVi(N)E() = ANV ()T AT ()T AT (VAN (N).

A similar strategy was proposed and analyzed by Fix and Heiberger in [16]. The right-
hand-side matrix now has the singular values n;(\)? > -+ > ni(\)? > €2. Therefore,
to remove all numerically zero singular values of A;(A\)7A;()\) we need to choose
€ > \/€mach- In [1] Barnett uses a threshold of é = 1077,

We can apply the same strategy to the GSVD formulation. Then instead of
finding the smallest generalized singular value o1 () of the pencil {Ag(X), Ar(A)} we
find the smallest generalized singular value 61(\) of {Ag(M)Vi(A), Ar(AM)Vi(A)}.

But for the GSVD the following strategy for obtaining a regularization matrix
V1 () is more suitable. Let

R(A)

Qs(A)
Qr(N)

be the QR decomposition of A(A\). Compute the SVD of R(\) as

(4.1) R(\) = Ur(MZr(NVR(W)T.
Note that the singular values of R()) are identical to those of [Ap(\)T AI()\)T}T.
The regularization matrix V;(A) is defined as the first & columns of Vgr(\) associ-
ated with those singular values of R(\) which are above the threshold é. The gen-
eralized singular values of {Ap(A)Vi(A), Ar(A)Vi(A)} are now identical to those of
{QsMNUL(N), Qr(AN)U1(N)}, where Uy (\) contains the first k& columns of Ug(A). The
smallest generalized singular value of {Ag(\), A7(A)} is only modestly changed with
this strategy if it is not too ill-conditioned. This is shown in the following theorem.

THEOREM 4.1. Let o1 = s1/c1 be the smallest generalized singular value and xq
its corresponding right generalized singular vector of the pencil { A, B} with A € R"*P
and B € R™*P. Let the regularization matriz Vi € RP*F be obtained by the strategy
described above, and denote by 6, j = 1,...,k, the generalized singular values of the
pencil {AVy, BVi}. Then the following hold:

(a) For all generalized singular values 6; of the pencil {AVy, BV:},

O'j S(}J
(b) If €||z1]]2 < c1, then

S1 + €H$1||2

01 <61 < S .
c1 — €l |2

Proof. Let V5 be the orthogonal complement of Vi; i.e., V = [V; V5] is an orthog-
onal matrix. Then ||AVay|lz < élyll2 and |BVayllz < é|lyll2 for all y € RP~* since
|| []‘;‘,“Z} ||2 < €. Let 1 = Viyr + Voys. We have

[AViy1l2 = [[Az1 — AVays|l2 < [[Az||2 + [[AVayz(l2 < 51+ €]lya]l2
and

[BViyille = [|Bx1 — BVayall2 > [|Bzill2 — [[BVayzll2 > c1 — éllyal|2-
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1.4

1.2r

0.8

0.6

regularized tan6()

0.4F

0.2

Fi1G. 4.2. The regularized curve of tan61(\) for the GWW-1 isospectral drum. The variation
has disappeared on this plotting scale (compare with Figure 3.2).

With [Jy2]]2 < ||z1]]2 and the minimax characterization in (2.4) it follows that

b, < | AViy1 |2 <9 +f||551||2_
| BViyilla = c1 — €l|z1]l2

The fact that o; < 65, j =1,...,k, also follows immediately from (2.4), since restrict-
ing the pencil {4, B} to {AV;y, BV} corresponds to minimizing only over a subset of
all possible subspaces. a

A similar result for the regularization of ill-conditioned generalized eigenvalue
problems was proved in [16]. Let us apply this theorem to the pencil {Ap(X), Ar(A)}.
If 01(\) < 1 close to an eigenvalue, then ¢;(\) & 1, and we obtain

siM) FeziMl2 oV +€flza(M)]2
aA) —élzaMllz 1=l (Ml

61(N\) <

=01(N) + (L + o ())ellar (V2 + O((Ellz1(V)|2)?)-

Hence, to first order the change of o1()) is essentially at most €||z1(A)||2. This result
can also be obtained by noting that ||[Ag(A) — Ag(MNVI(MNVI(NT ]2 < & [|[A7(\) —
ArVVAO)VA(WT|> < ¢ and applying (3.2).

Therefore, close to an eigenvalue we can expect only a small penalty due to this
regularization strategy if ||z1(\)||2 is of moderate size there. For example in the case of
the GWW-1 isospectral drum the parameter ¢ = 10714 leads to 61(\;) = 2.3 x 10711,
while the original value is (A1) = 1.90 x 107!, The upper bound from Theorem 4.1
is 1 (A1) < 7.76 x 10711, The right generalized singular vector z1()\;) has a magnitude
of 10% in that example. In Figure 4.2 the regularized curve tanfy(\) = 61()\) is
plotted. The variation away from the eigenvalue is not visible on this scale any more.
The following argument due to Eisenstat explains this effect.

Let € be the regularization parameter, let y(A), ||[y(A)]]2 = 1 be a right singular
vector corresponding to the smallest singular value £,(\) of Ag(A\)Vi(A), and let
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Up(N) = |A7 (Vi (A)y(A)]l2. Then by definition

Ap(N) .
&N+ ¥p(N)? = Vily(N)|| =€
Ar(A) )
and 61(A) < S (A) in (3.7),
the computed value &1 () from the regularized problem satisfies
~ ~ ~ €mach
— < K .
01(A) = 61(A)] < 61(X) &0
If £(N) > 7 then
~ A K mac
5100 = 61 (V] < Va5 () =2t
which is a relative bound if ¢ > V2K epaen. If £,(N) < %, then ¢,(\) > 7 Taking

this together with 6 (\) < j;’((*) it follows that

61(0) =61 (N)] < K2k < VAR e,
Up(A) €
an absolute bound. By increasing ¢ we reduce the bound on the difference between
the computed and the exact smallest generalized singular value of the regularized
problem in both cases.

The SVD-based regularization strategy proposed in this section is not the only
possible strategy. One can also apply a rank-revealing QR decomposition to [‘:’f ((;})) ]
that selects a subset of the columns of this matrix and thereby avoids round-off errors
introduced by multiplying @5 (A)U1(A). In practice both strategies behaved similarly
for our examples.

5. Limits of the GSVD approach. What are the limits of the GSVD ap-
proach? Assume that we have a basis of particular solutions for which

[®llos

5.1 1
(5.1) decANy) ||Plla

= O(emach)a

where )y, is an eigenvalue of (1.1). Hence, with a good discretization it also follows
that o1 (Ax) = O(€mach)-
Then it is still possible that the coefficient vector ¢ = (c1,...,¢,)T of the function

p
P = Z qu)k
k=1

from A(A) that achieves the minimum in (5.1) has very large coefficients; that is,
llell2 > 1.
But then we can also expect that ||z1(Ag)|l2 > 1, where x1()) is the right
generalized singular vector associated with the generalized singular value o1 (Ag).
This may limit the accuracy to which we can compute o1();) in floating point
arithmetic. From (3.5) it follows that to first order

llzr(Mll2

310) = 1] < K (1 01 ()~ K1 O o
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F1a. 5.1. A circular L region.

Fourier-Bessel

© Real Plane Waves

Fi1G. 5.2. Convergence of o1(A1) = tan@1(A1) on the circular L region using a Fourier—Bessel
and a real plane wave basis set.

for o1(\) < 1. We therefore have to expect in the worst case that &1 (Ag) = o1 (M) +
K||z1(Ak)||l2€mach > o1(Ax).

This shows that it is not enough to have a basis of particular solutions that can
approximate an eigenfunction to high accuracy. We also need to ensure that the
coeflicients of the approximate eigenfunction in that basis do not grow too much.

Figure 5.2 shows o1(\1) = tanf; (A1) for two different basis sets at the smallest
eigenvalue A; of the circular L region in Figure 5.1. Using a growing number of
Fourier-Bessel functions, we can minimize o1 (\;) until 10712, But with a real plane
wave basis that theoretically leads to the same rate of convergence on this region, we
can minimize o1 (\) only up to 1073. This becomes clear by looking at |lz1(A1)]|2-

If N = 20, we have for the Fourier—Bessel basis the value ||z1(A1)]|2 ~ 10, while
the same value for the real plane wave basis is approximately 9.7 x 10'2. One might be
tempted to explain this effect purely algebraically with the condition numbers of the

discrete basis A(A1) = [‘j"f&ll)) ]. At N = 20 for the Fourier-Bessel basis set we have

ka(A(A1)) &~ 3.8 x 102, and for the plane waves we obtain the value 9.7 x 1014, where
k2(A(N1)) is the condition number in the 2-norm of A(\;). However, at N = 70 the
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condition number of the Fourier-Bessel basis set has grown to ka(A(A1)) ~ 9 x 10'3.
But still we only have ||z1(A\1)|2 & 2.8 x 10? for this basis set.

This behavior cannot be improved by regularization, since it follows from The-
orem 4.1 that the error in o1(\) introduced by regularizing is itself on the order of
éllzr (A]2-

We emphasize that the coefficient growth phenomenon is not a property of a
certain algorithm for finding approximate eigenfunctions of a set of particular solutions
but a property of the underlying basis set itself. For fundamental solution bases this
was recently investigated in [3].

6. Conclusions. In this article we showed that the GSVD is the right frame-
work for computing accurate approximations of eigenvalues and eigenfunctions of
(1.1) from a basis of particular solutions. While SVD-based approaches fail if Ag(X)
is highly ill-conditioned, the GSVD still allows accurate approximations of eigenval-
ues and eigenfunctions in this case, as the two examples suggest. Eigenvalues and
eigenfunctions on several challenging regions are also computed in [7, 8, 27] with the
subspace angle method which is equivalent to the GSVD approach as we showed in
section 2.2. The advantage compared to the GEVD is that we do not work with a
squared formulation that may suffer from limited accuracy. Furthermore, the regular-
ization strategy discussed in section 4 allows us to smooth the curve o1(\) with only
a small penalty on the minimum of the curve at an eigenvalue Ag. Accurate bounds
for the relative distance of an approximation A to the next eigenvalue )\, can also
be obtained from the smallest generalized singular value o1(A). This is discussed in
[8, 6, 14].

The choice of optimal sets of particular solutions for different regions is currently
under investigation. But if the basis admits approximations to high accuracy, then,
as this paper shows, the GSVD approach is a robust and easily implementable way
to obtain them.
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