AN ITERATIVE FINITE ELEMENT METHOD
FOR ELLIPTIC EIGENVALUE PROBLEMS

P. SOLIN* AND S. GIANIf

Abstract. We consider the task of resolving accurately the nth eigenpair of a generalized
eigenproblem rooted in some elliptic partial differential equation (PDE), using an adaptive finite
element method (FEM). Conventional adaptive FEM algorithms call a generalized eigensolver after
each mesh refinement step. This is not practical in our situation since the generalized eigensolver
needs to calculate n eigenpairs after each mesh refinement step, it can switch the order of eigenpairs,
and for repeated eigenvalues it can return an arbitrary linear combination of eigenfunctions from
the corresponding eigenspace. In order to circumvent these problems, we propose a novel adaptive
algorithm that only calls the eigensolver once at the beginning of the computation, and then employs
an iterative method to pursue a selected eigenvalue-eigenfunction pair on a sequence of locally refined
meshes. Both Picard’s and Newton’s variants of the iterative method are presented. The underlying
partial differential equation (PDE) is discretized with higher-order finite elements (hp-FEM) but
the algorithm also works for standard low-order FEM. The method is described and accompanied
with theoretical analysis and numerical examples. Instructions on how to reproduce the results are
provided.
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1. Introduction. Eigenvalue problems for partial differential equations (PDE)
are of considerable theoretical and practical interest in engineering and sciences. To
name a few applications, let us mention automated multilevel substructuring meth-
ods for noise prediction in acoustics [14], analysis of photonic crystals [10, 13] and
plasmonic guides [5], and stability analysis of fluid systems [6].

The most common approach to solving eigenproblems is using eigensolvers. For
larger problems it is practical to employ iterative eigensolvers such as ARPACK [15].
A characteristic common to all eigensolvers is that even if the user is interested in
one particular eigenpair only, several additional eigenvalues and possibly eigenvectors
need to be computed. These auxiliary eigenpairs are the byproduct of techniques such
as deflation or orthogonalization that are used to filter out unwanted solutions.

The majority of eigensolvers are not specifically designed to work with adaptive
finite element methods (FEM), and their application on sequences of locally refined
meshes can lead to substantial problems. In this paper we illustrate some of these
problems and propose a novel iterative method that alleviates them. We are going
to adapt the Picard’s and Newton’s methods to solve eigenvalue problems in order
to minimize the number of unwanted eigenpair exploiting the orthogonality between
eigenvectors. In contrast to conventional adaptive methods that call an eigensolver
after each mesh refinement, the present method is capable of following reliably a
selected eigenpair on a sequence of adapted meshes. This is particularly useful with
multiple eigenvalues when only a particular eigenfunction in the eigenspace is wanted.

1.1. Outline of the Paper. Section 2 illustrates some difficulties associated
with conventional adaptive FEM algorithms. Section 3 introduces notations and
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preliminaries. Section 4 presents a simple Picard’s method and shows that it does
not work as expected. The problem is fixed in Section 5 by adding orthogonalization.
Section 6 presents a Newton’s method with orthogonalization. Section 7 presents an
outline of the adaptivity algorithm. Section 8 discusses a reconstruction technology for
spectra perturbed by discretization. This is used to devise an algorithm for computing
reference solutions for hp-adaptivity in Section 9. Moreover, in Section 10 we present
improved versions of our iterative methods. A priori convergence results are presented
in Section 11. Numerical results are presented in Section 12. Reproducibility of results
is discussed in Section 13. Conclusion and outlook are presented in Section 14.

2. Motivation. We will illustrate a typical outcome of repeated eigensolver calls
on a simple eigenproblem of the form

—Au =X u, u=0ond (2.1)

that is solved in a square domain with a hole, i.e., Q = (0, 1)?\ [1/3, 2/3]%.
Equation (2.1) is discretized via the finite element method on a mesh consisting
of 16 quadratic (p = 2) triangular elements shown in Fig. 2.1.

2 2 2
z z z
2 z
4 z
2 2 2
2 2 2

Fic. 2.1. Initial mesh for automatic adaptivity.

In this case the second and the third eigenvalues are repeated, i.e., Ay = A\3. The
corresponding approximate eigenfunctions are shown in Fig. 2.2.
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Fic. 2.2. Approximate eigenfunctions for A2, A3 on initial mesh.

Let us assume that the objective of the computation is to resolve accurately the
eigenfunction corresponding to Az (target eigenfunction). This eigenfunction contains
singularities at the upper-right and lower-left corners of the hole and it is very smooth
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(almost constant) in the vicinity of the remaining two corners. Accordingly, in the
first mesh adaptation step, the mesh is refined towards the upper-right and lower-left
corners of the hole.

On the refined mesh, a generalized eigensolver is called again. The new approxi-
mate eigenfunctions for Ay, A3 are shown in Fig. 2.3.
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F1ac. 2.3. Approzimate eigenfunctions for A2, A3 after the second call to the generalized eigen-
solver (compare to Fig. 2.2).

The reader can observe that the second call to the generalized eigensolver switched
the order of the eigenfunctions. This means that the second round of mesh refinements
goes towards the upper-leftt and lower-right corners of the hole, i.e., into regions where
the target eigenfunction is flat, and no refinements are done where it has singularities.
Obviously, this is inefficient. In a worst-case scenario, the eigenfunctions are not
switched back, and thus all following mesh refinements go into regions where the
target eigenfunction is flat, i.e., its singularities are never resolved.

To our best knowledge, contemporary generalized eigensolvers do not offer any
systematic way to avoid this problem. There are only a few publications that deal
specifically with repeated eigenvalues, such as [8, 11]. Their authors adapt the mesh
considering an entire basis of the eigenspace of the repeated eigenvalue. This means
that for a double eigenvalue such as, e.g., Ay = A3 the mesh would be refined using
both the eigenfunctions us and w3, even if one is just interested in the eigenpair
(A3, u3). This, however, does not solve the problem illustrated in Figs. 2.2 and 2.3.
In addition, the degrees of freedom that are targeting the eigenpair (Aa,ug) are not
going to improve significantly the accuracy of the eigenpair (A3, u3) and in fact they
are wasted.

3. Preliminaries. Throughout, L?(Q2) denotes the usual space of square-integrable
real valued functions equipped with the standard norm

I = ([ |f|2>é~ (3.1)

The symbol H! () denotes the usual space of functions in L?(Q) with square-integrable
weak first partial derivatives. The H'-norm is denoted by || f||1.

The variational formulation of problem (2.1) is: Find eigenpairs of the form
(Aj,u;) € R x H} () such that
a(uj,v) = Ajbluj,v), forall veHI) } (3.2)
luglo . = 1 '
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where
a(u,v) = /QVu(x) -Vo(z), (3.3)
and

b(u,v) :/Qu(x)v(x) (3.4)

Now, to discretize (3.2), let T,,n = 1,2,... denote a family of meshes on 2. The
meshes can be irregular with multiple levels of hanging nodes, and they can combine
possibly curvilinear triangular and quadrilateral elements. These meshes may be
obtained using automatic adaptivity.

By hy,r we denote the diameter of element 7, we define h,, := max,e7, {hnr}-
Similarly with p, , we denote the order of polynomials of element 7, we define p,, :=
min,e7, {pn.}. On any mesh 7, we denote by V,, C H(Q) the finite dimensional
space of continuous functions v such that on any element 7 we have that v|, €
Py, . (K). Here either P, _(K) is the space of polynomials of total degree at most
pn,; if 7 is a triangular element, or P, _(K) is the space of polynomials of degree at
most p,_ , in each variable if 7 is a quadrilateral element.

The discrete version of (3.2) reads: Find eigenpairs of the form (\jn,ujn) €
R x V,, such that

a(Ujn,Vn) = N b(Ujn,vn), foral v,eV, } (3.5)
lujnllo = 1 '

4. Picard’s Method. Problem (3.5) can be reformulated in matrix form as:
Find eigenpairs of the form (\,u) € R x RN where N is the dimension of V,,, such
that

u'Bu 1 (4.1)

Au = ABu, }

where the entries of the matrices A and B are

Ak:,p = a(¢]€a (bp) ) Bk,p = b(¢k¢7 ¢p) )

where ¢; are the basis functions spanning V/,.

The Picard’s method, see Algorithm 1, takes as arguments the matrices A and
B, an initial guess @ for the eigenfunction, a relative tolerance Tol and an absolute
tolerance AbsTol. The algorithm returns an approximated eigenpair (A, u, ). Because
we use this iterative method on a sequence of adaptively refined meshes, we normally
set as initial guess the projection on the refined mesh of the eigenfunction of interest
Ujn—1-
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Algorithm 1 Picard’s method
(Ajn, ujn) = Picard(A, B, @, Tol, AbsTol)

ul = ﬂt

AL u; Ay,
-, Buy,

m =

repeat
umtl .= A1 \"Bu™
)\m+1 (um+1)tAum+1

(um+1)tBum+1

m:=m-+1

until W]:i:ﬁm“l > Tol and |\ ! — A\™| > AbsTol

Up = U™

Ap = AT

The next theorem shows that the Picard’s method always converges to the small-
est eigenvalue.

THEOREM 4.1. The Picard’s method in exact arithmetic converges into the
eigenspace which is not orthogonal to the initial guess u' and whose eigenvalue has
manimum module.

Proof. Any vector u™ can be expressed as

N

m o __ m

u —E c;l'a; ,
i=1

where ¢* are real coefficients, N is the size of the matrices A and B and the vectors
u; = u;, are the eigenvectors of the discrete problem, which form an orthonormal
basis. With no lost in generality we can assume that \; is the eigenvalue of minimum
module and that ¢} is different from 0.

In the case that \; is simple we have from the definition of the problem:

Wt = AT Bu” = (17,0 ) (A7) Mt = (T, ) ic}()\i)_mui ,
=1

where \; are the eigenvalues corresponding to u;. Then

N
um+1 _ (H;n:1>\j)()\1)_"” (C%ul + Z CZ1 ((/)\\:)),: ui) >
=2 )

where it is clear that, since A;/)\; < 1, for i > 2, the direction of u™*! tends toward
the direction of u;. Furthermore, the Rayleigh quotient of u™*+!

1\t 1
AL (um+ ) Aumt - i=2
= 1

(um+1)tBu7n+1 -

converges to Aj.
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In the case that A\; has multiplicity R and that c1 for some 1 < r < R, is not
zero, we similarly have that for all ¢ > R:

a™tl = (HJ 1)\3) (Zc u, + Z c

i=R+1

and then

1\t 1
)\m+1 - (um+ ) Aum+ _ )\1 r=1 i

(um+1)tBum+l -

which converges again to A;.
|

Theorem 4.1 shows that even if the initial guess u' is very close to a certain
discrete eigenfunction w; ., for some 4, the method can always converge to a different
eigenfunction or a linear combinations of eigenfunctions with corresponding eigenval-
ues smaller in module than A;,. In real arithmetic, even if the initial guess u! is
orthogonal to all eigenfunctions of indexes less than 4, for some m > 1 the orthog-
onality could be perturbed, due to round-off errors, and the method can eventually
converges anyway to a different eigenfunction or a linear combinations of eigenfunc-
tions with corresponding eigenvalues smaller in module than A; ,,.

To illustrate this behavior, we refer to the numerical simulations in Section 12.1,
where we use the fifth eigenfunction corresponding to A5 = 10 (Fig. 4.1 left) as a
starting guess for the Picard’s method. However, the Picard’s method converges to
the first eigenfunction corresponding to Ay = 2 (Fig. 4.1 right).

0.493

0.353 -§.43e-07
0.212 -1.69e-06
0.07z24 -2.53e-06
-0.0677 -3.37e-06
-0.208 -4.21e-06
-0.348 -5.06e-06
-0.488 -5.9e-06
-0.628 -6.74e-06
-0.768 -7.58e-06
-0.908 -8.43e-06

FiG. 4.1. The Picard’s method converges from an initial guess that is very close to the fifth
eigenfunction (left) that corresponds to As = 10 to the first eigenfunction (right) that corresponds
to A1 = 2.

5. Picard’s Method with Orthogonalization. In order to make the Picard’s
method suitable to approximate efficiently any discrete eigenpair, and not only the
first one, we derived Algorithm 2, which has an orthogonalization procedure in it.

The Picard’s method with orthogonalization takes as arguments the matrices A
and B of (3.5), an initial guess @ for the eigenfunction, the tolerances AbsTol andTol
and it also takes the j—1 eigenfunctions wj r, ..., u;j—1,n. Then it returns the eigenpair
Ajn,Ujn on the refined mesh.
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Algorithm 2 Picard’s method with orthogonalization
(Ajn, ujn) = PicardOrtho(A, B, @ 1, Tol, AbsTol, w1 p, . .., Uj—1.n)
u = 'aj,n—l

t .
1 uj,nAuJ,n
==
ujynBu],n
m=1
repeat

umtl = A= A" Bu™
fori=1toj—1do
u” = um*t — (uf, Bu™t)u; , {Orthogonalization}

end for
mt = un” Normal
u = (um 1) Bum+1)1/2 {Normalize}
)\m+1 . (um+1)tAum+1
T (um+1)tBum+1

m:=m-++1

until ”ﬁ%ﬁ% > Tol and |\ ! — A\™| > AbsTol
Ujp =0
Ajn =A™

As can be seen in Algorithm 2, the orthogonalization is done in each iteration.
This is necessary in real arithmetic to guarantee that u™ is orthogonal to all eigen-
functions w1 p, ..., uj—1,n, for all m. Otherwise in exact arithmetic it would be enough
to orthogonalize only u'. Moreover, a normalization step is necessary in all iterations
because due to the orthogonalization procedure, this version of the Picard’s method
does not conserve the norm of the vectors and possible underflows or overflows could
happen with no normalization.

THEOREM 5.1. Algorithm 2 never converges to an eigenvalue of index smaller
than j.

Proof. The proof comes straightforwardly from the arguments used to prove
Theorem 4.1. The fact that u™ is orthogonal to all eigenfunctions ui,...,u;_,
implies that the coefficients ¢}, with m =1,...,j — 1, are zeros. Then, the Rayleigh
quotient converges to A; by the same arguments use before.

Remark: To make the Picard’s method usable in practice, it is recommended to
enhance it with Anderson acceleration [1]. This method combines a number of last
iterates in a GMRES-like fashion. The result is equivalent to a Jacobian-free quasi-
Newton (Broyden) method.

6. Newton’s Method with Orthogonalization. The second iterative method
that we are going to propose is based on the Newton’s method applied to eigenvalue
problems. Denoting by & := (z,\), we have that problem (3.2) can be rewritten in
the form

0=s@=( g, — V).



8 P. SOLIN AND S. GIANI

then denoting by h := (h,§) the increment, we have that the truncated Taylor series
of the problem is

f@+h) = f(@)+ J¢(Z) - h, (6.1)

where the Jacobian matrix is defined as

Then when Z + h is a solution of (3.2), we have from (6.1) that

which defines the linear problem of the Newton’s method that we are solving.

Algorithm 3 Newton’s method
(Ajn, ujn) = Newton(A, B, @, Tol, AbsTol)

ul = U,
1 uj,nA“j»”
A=
uj,nBuj;n
m=1
repeat

Solve J¢(u™, A™) - h = —f(u™,\"™)
umtli=um+h
AmHl =AM
m:=m-++1
until 1272w s Tol and (A1 — A™| > AbsTol
Up = U™

Ap = AT

In order to make the method suitable for all eigenpairs, we are going write a
version of the Newton’s method that uses an orthogonalization procedure, similarly
to what we have already done for the Picard’s method.
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Algorithm 4 Newton’s method with orthogonalization
(Ajn, ujn) = NewtonOrtho(A, B, @; ,—1, Tol, AbsTol, u1 4, ..., uj—1,n)
u = 'aj,n—l

t .
1 uJ,nAuJ,n
==
ujynBu],n
m=1
repeat

Solve J¢(u™,A\™) - h = —f(u™, \™)
u™t i =um +h
AL =AM
m:=m+1
fori=1toj—1do
u” = umt — (uf Bu™t)u; , {Orthogonalization}

end for
um+1

T ((umt)iBum )12
)\m+1 o (um+1)tAum+1
T (um+1)tBum+1
m:=m++1
umtt

until M;”“ I > Tol and [A™+! — A™| > AbsTol
Ujn =

Njm 1= AT

um+1 .

{Normalize}

THEOREM 6.1. Algorithm 4 converges always to an eigenvalue greater or equal
to >‘j'

Proof. This result is a direct consequence of the orthogonalization step in Algo-
rithm 4. We are using again the fact that any vector u™*! can be expressed as

N
1 _ m—+1
= E C; u;
i=1

where ¢]""" are real coefficients, N is the size of the matrices A and B and the vectors
u; = u;  are the eigenvectors of the discrete problem, which are sorted accordingly the
magnitude of the corresponding eigenvalues A;. In particular, when u™*! := u™ + h,
where h is the solution of Jy(u™, A\"™) - h = —f(u™,\™), we have that, after the
application of the orthogonalization step, the resulting vector is

Am+1 § Cm+1

Then, it is straightforward to see that the Rayleigh quotient

+1

(ﬁerl )tAﬁerl

)\erl o
T (ﬁm,-l—l )tBﬁm+1

> ).

7. Automatic hp-Adaptivity. With the Picard’s and Newton’s methods in
hand, we can now proceed to automatic hp-adaptivity. This part of the paper is
not new but we need to present it to make the paper self-contained. We use an
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algorithm from [20] that is an analogy to embedded higher-order ODE methods:
In each adaptivity step it constructs an approximation pair with different orders of
accuracy and uses their difference as an a-posteriori error estimator.

Algorithm 5 Automatic hp-Adaptivity

Let 75 be an initial coarse mesh. We construct an initial fine mesh 76f by refining
all elements in space and moreover increasing their polynomial degrees by one. A
generalized eigensolver is called one time only, to obtain a solution pair (A§, u§) on
the initial coarse mesh 7.
Set k:=0
repeat
Project the approximation u§ to the mesh 77; . The projection is denoted by
Pg ug,. Since the finite element spaces on meshes 7,° and 7? are embedded, there
is no projection error.
Calculate an initial guess )\£ for the eigenvalue on the mesh 7;’[ using the relation

5 (Plug)TALP]ug
(P u)TB] P{ug

where A£ and Bi are the stiffness and mass matrices on the mesh 77€f , respec-
tively.

The pair (Xﬁ , P,f uf,) is not a solution to the generalized eigenproblem on the
mesh 77€f , but it is used as an initial guess.

Apply the Picard’s or Newton’s method as described in Sections 5 and 6, to
obtain a solution pair (/\é, uf:) on the mesh 7;€f.

Project the approximation u£ back to the coarse mesh 7, to obtain Pgui
Calculate an a-posteriori error estimate e,

e = ui - Pgui
Note: ef, is a function, not a number.
Use ef, t;) guide one step of automatic hp-adaptivity [20] that yields a new coarse
mesh 7,7 ;.
Update k .=k + 1
until The H'-norm of ef_, is sufficiently small.

8. Reconstruction Technology. It is well known that the discretization pro-
cess perturbs the spectrum, in particular the eigenspace E();) of multiple eigenvalue
A; can be split in more than one discrete eigenspace E(X;), E(Ajt1,n)s -, E(Xj4mn)
with correspondent discrete eigenvalues Aj ., Aj+1,n,- -5 Ajym,n forming a small clus-
ter for sufficiently rich finite element spaces, also under the same assumption we have
that

m
dim E(\;) = dim E(Aj4in)-
i=0
This phenomenon is already well documented in literature, see [21, 3, 12].

Different finite element spaces can split the same multiple eigenspace in different
ways, this also happens with adaptively refined meshes. It is not rare that the same
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multiple eigenspace is split differently on the coarse and on the refined meshes. A
different split corresponds to different discrete eigenfunctions, then it is not always
possible to find for the same eigenvalue on the refined mesh an eigenfunction similar
to the one on the coarse mesh.

We propose a way to always construct on a refined mesh, an approximation of the
same eigenfunction as on the coarse mesh. The idea is based on the fact that for a suf-
ficiently rich finite element space, the space M, (A\;) = span{EX;n), E\j+1,n),---»
E(Xjtmn)} is an approximation of the space E(J);), see [21]. Let us denote the space
M, 1(\;) as the subspace of M, ()\;) of functions with unit norm in the L% So for
any function U,,_; € M,,_11(};), we propose the function U,, € M, 1(\;) that min-
imize the ||U,,—1 — Uyllo,o as an approximation of U,,_; on the refined mesh. For a
sufficiently rich finite element space the minimizer is unique. By construction

R
Un = Zci Ui, (81)
=1

where w1 pn, Uz m, ..., URn, With R = dim E();), are eigenfunctions of the discrete
problem forming an orthonormal basis for M,, 1 and where the coefficients ¢; satisfy

Zc? =1. (8.2)

i=1

From the definition of problem (3.2) we have that the reconstructed eigenvalue is
defined as

a(Up,Up)
A = W),
b(Uy,,U,)

The couple (A,,U,) is not a discrete eigenpair of problem (3.2) in general, in
section 11 we prove that (A,,U,) converges a priori at the same rate as any other
discrete eigenpair of (3.2) to a continuous eigenpair.

9. Computing Reference Solution via Reconstruction. In this section we
present two algorithms to compute approximations of eigenpairs. Each algorithm is
based on a different method to compute the discrete spectrum, but all of them use
the reconstruction technology to keep track of the eigenfunction of interest.

In all algorithms we are going to use on the initial mesh an iterative eigensolver
with calling interface {(\; r, uj,n)é»:l} := Eigensolver(A, B, i, Tol, MaxIter), that com-
putes the set of discrete eigenpairs {(A; ,,, uj,n)}z»zl and where A is the stiffness matrix
of the problem, B is the mass matrix of the problem 4 is the number of eigenpairs to
compute, Tol is the requested tolerance for the eigenpairs and MaxlIter is the maxi-
mum number of iterations.

All algorithm we describe below are based on the reconstruction technology which
is guided by two parameters: DTE and FIE. The parameter DTE should be equal
to the multiplicity of the continuous eigenvalue A that the user want to approximate.
All the algorithms work also when DTE contains an upper bound of the multiplicity
of )\, so in practise the multiplicity of the target eigenvalue is not necessary to be
known exactly. The parameter FIE should be equal to the index 7 of the first discrete
eigenvalue on the initial mesh A, ¢ that approximates A. The reconstruction technology
is described in Algorithm (6).
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Algorithm 6 Reconstruction algorithm

(A, Up) := Reconstruction({(\; », uj,n)}fi%ngE, (An—1,Un—1))
FIE4+DTE

Compute (A,,U,) == Z b(Win, Upn—1)tin
i=FIE
Un, .
U, == ————= {Normalize}
b(U,,U,)
Ay = a(Up, Uy)

The first method is based on the Picard’s method. The only three parameters
not yet defined are M which is the maximum number of mesh adaptation requested,
0 < FIETE < FIE 4+ DTE which is the index of the eigenvalue that the user want to
target and err which is tolerance for the residual.

Algorithm 7 Adaptive method based on the Picard’s method
(Apr, Upy) := PicardAdapt (7o, Vo, M, err, Tol, AbsTol, MaxIter, DTE, FIE, TE)
Construct Ay and By
{(Xj0,uj,0)} 22 .= Eigensolver(Ag, Bo, DTE + FIE,

Tol, MaxIter)
(Ao, Up) := (ATE,0, UTE,0)
m:=1
repeat
Construct the mesh 7, and the finite element space V,,, adapting 7,,_1 and V,,,_1
Construct A,, and B,,
(A1, msU1,m) := Picard(A,,, By, U1 m—1, Tol, AbsTol)
j=1
for j =2 to DTE + FIE do
(Ajms Ujm) o=
PicardOrtho(A.,, By, 4j,m—1, Tol, AbsTol, w0 m—1, ..., Uj—1,m—1)
end for
(A, Upn) := Reconstruction({ (A m, wjm) ]FLEFTSTE, (Am—1,Um—1))
m:=m+1
until m < M OR 5 < err

Similarly we define the adaptive method based on the Newton’s method.
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Algorithm 8 Adaptive method based on the Newton’s method
(Aar, Unr) := NewtonAdapt (7o, Vo, M, err, Tol, AbsTol, MaxIter, DTE, FIE, TE)
Construct Ay and By
{0, uj.0) }2EETFIE . — Eigensolver(Ag, By, DTE + FIE,

=1
Tol, l\/iaxlter)
(Ao, Uo) == (ATE,0, UTE,0)
m:=1
repeat
Construct the mesh 7, and the finite element space V,,, adapting 7,,,—1 and V,,,_1
Construct A, and B,
(A,m, u1,m) = Newton(A,,, By, w1 m—1, Tol, AbsTol)
j=1
for j =2 to DTE + FIE do
(Njym Wjym) 2=
BIGWtOIlOI‘thO(zAm7 Bm7 Ujm—1, Tol, AbSTOl, Ulm—1y-- > uj—l,m—l)
end for
(A, Uy,) := Reconstruction({(Aj,m, wj,m) ?i%fé)TE, (Ap—1,Um—1))
m:=m+1
until m < M OR n < err

10. Iterative methods with improved orthogonalization. The main dis-
advantage of the algorithms presented in Sections 5 and 6 is the cost of the method.
Those methods ensure that the eigenpair with the correct index m is computed, but,
in order to ensure that, all eigenpairs of indices from 1 to n — 1 are also computed.
What we present now is a more cheaper way to ensure the computation of the target
eigenpair. The key idea is a smarter way to use the orthogonalization only when it is
really necessary and this is possible mainly because we can use information from the
previous mesh to identify unwanted eigenpairs.

The reason why we introduce the algorithms in Sections 5 and 6 was to cure the
downside of the iterative methods to possibly converge to an eigenpair different from
the target one. The answer to this problem presented in Sections 5 and 6 was to
compute all possible eigenpair to which the method could erroneously converge to,
and then use all of them to force the method, by the orthogonalization, to produce
an approximation of the wanted eigenpair. There is a better way which consists in
starting with no-orthogonalization and then every time that the iterative method
produces an unwanted eigenpair, save it to be used next time in the orthogonalization
process to prevent the method to converge again to the same unwanted solution.
This is possible only if a way to distinguish between wanted and unwanted solution
is available. In the adaptive setting this is always possible because the orthogonality
of any newly computed eigenpair against the results on the previous mesh can be
computed.

The Algorithms 9 and 10 are the incarnations of the improved orthogonality
technology applied with the either the Picard’s or the Newton’s method respectively.
Since these two algorithms are identical except for the call to either PicardOrtho or
to NewtonOrtho, in the rest we are gong to describe only Algorithm 9.

Algorithm 9 compute a set of eigenpairs {(\; 5, uj,n)}?:TFEIJE’FIE, approximating the
target continuous eigenspace, on the mesh 7,. The arguments that it needs are: the
matrices A and B, the approximation of the target eigenspace {(S\j,nq, Ujn—1) ?:T;:IJEFFIE
computed on the previous mesh 7,_1, and then projected on the refined mesh 7,
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and a real value 0 < ThO < 1 which is used to decide wether a computed eigen-
function is part of the approximation of the target eigenspace or not. The set D is
empty at the beginning, but then it is fed with all computed eigenfunctions. Then
D is passed to every call to PicardOrtho and so it guarantees that the same eigen-
function is never computed twice. The key part of the algorithm is just after the call
to PicardOrtho, where the newly computed eigenfunction is analyzed. The analysis
consists in checking how orthogonal the newly computed eigenfunction u; ,, is respect
to the span of {(Ajn_1, ﬂj’n,l)}?:TFEIEFIE. If the resulting value is smaller than ThO,
then u;, is not considered part of the target eigenspace and a new approximation
of u;, is done. Otherwise, u;, is kept and the algorithm pass to approximate the
next eigenfunction in the target eigenspace. The algorithm ends when all eigenpair
in {(/\jm,u]-,n)}?EE%EFIE are computed.

Algorithm 9 Picard’s method with improved orthogonalization
{(Njins ) YRS := PicardImpOrtho(A, B, {(Ajn—1, ljn—1)}jopis» ThO)
D:=0
j :=DTE + FIE
repeat
(Ajn,Ujn) = PicardOrtho(A, B, u; 1, Tol, AbsTol, D)
Add uj, to D
inner := 0
for i = FIE — DTE + FIE do
inner := inner + u§,nBﬂi7n_1

end for

if inner > ThO then
ji=i—1

end if

until j < FIE

Algorithm 10 Newton’s method with improved orthogonalization

{(Njins ) 2TEET™ := NewtonImpOrtho(A, B, {(Ajn—1, lijn-1) g > ThO)
D=0
7 :=DTE+ FIE
repeat
(Ajn,tjn) = NewtonOrtho(A, B, u; 1, Tol, AbsTol, D)
Add uj, to D
inner :=0
for i = FIE — DTE + FIE do

. . t ~
inner := inner + u; , Bt; 1

end for

if inner > ThO then
ji=7-1

end if

until j < FIE

So the number of computed eigenfunction may vary: in the best case scenario
when the method is used to approximate an eigenspace of dimension DTE, only DTE
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eigenfunctions are computed. In the worst case scenario, DTE+FIE eigenfunctions are
computed, which is the number of computed eigenfunctions by Algorithms 2, 4 on the
same space. Because almost never the worst case scenario is achieved, Algorithms 9
and 10 are more efficient than Algorithms 2, 4.

We conclude this section stating the adaptive algorithms with improved orthog-
onality.

Algorithm 11 Adaptive method based on the Picard’s method with improved or-
thogonality
(Apr, Upy) := PicardlmpAdapt (7o, Vo, M, err, Tol, MaxIter, DTE, FIE, TE, ThO)
Construct Ay and By
{(Nj0,u5,0) ?:Tf”FIE := Eigensolver(Ag, By, DTE + FIE,
Tol, MaxIter)
(Ao, Uo) :== (ATE,0, UTE,0)
m:=1
repeat
Construct the mesh 7, and the finite element space V,,, adapting 7,,_1 and V,,,_1
Construct A,, and B,,
{()\j,m,uj,m) ?:TIEIIEFIE =
PicardImpOrtho(A,, By, {(Ajm—1, uj’m,l)}?gE]%EFIE, ThO)
(A, Up,) := Reconstruction({(Aj,m, tjm) jFiEFJngE, (Am—1,Um—1))
m:=m+1
until m < M OR 5 < err

Similarly we define the adaptive method based on the Newton’s method.

Algorithm 12 Adaptive method based on the Newton’s method with improved or-
thogonality
(Apr, Upr) := NewtonImpAdapt (7o, Vo, M, err, Tol, MaxIter, DTE, FIE, TE, ThO)
Construct Ag and By
{(Xj0,uj,0) 22 .= Eigensolver(Ag, Bo, DTE + FIE,
Tol, MaxIter)
(Ao, Up) := (ATE,0, UTE,0)
m:=1
repeat
Construct the mesh 7, and the finite element space V,,, adapting 7,,_1 and V,,,_1
Construct A,,, and B,
{Nims wjom) Y oply =
NewtonImpOrtho( A, Bu, {(Ajm—1, tjm—1)} jopis > ThO)
(A, Uy, := Reconstruction({(Aj m, wj,m) jFiEFJfETE, (Am—1,Um—1))
m:=m+1
until m < M OR n < err

11. A Priori Convergence Results. In this section we gather together some
a priori estimates for eigenvalue problems. The framework used in this section is
an extension to the hp—case of the a priori results in [9, 10]. Lemma 11.4 contains
the a priori convergence results for eigenvalues and eigenfunctions in the hp context.
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Moreover, in Theorem 11.5 we proved convergence a priori results for the reconstructed
pair (A, Up).

It follows from the coercivity of the bilinear form a(:,-) that all eigenvalues of
(3.2) and all N = dimV,, eigenvalues of (3.5) are positive. We can order them as
0< A <X...and 0 < Ay, < A2pp... < Ay,n. Moreover, we know (e.g., [4]) that
Njn = Aj, for any j, as V,, — H'*(Q) and (by the minimax principle) that X, is
monotone non-increasing, i.e.,

Ajin = Ajm > A;, forall j=1,...,N, andall m>n. (11.1)
The distance of an approximate eigenfunction from the true eigenspace is a crucial
quantity in the convergence analysis for eigenvalue problems especially in the case of
non-simple eigenvalues.
DEFINITION 11.1. Given a function v € L*(Q) and a finite dimensional subspace
P C L?(Q), we define:

dist = mi — .
ist(v, P)o.s = min o~ wllo

Similarly, given a function v € H}(Q) and a finite dimensional subspace P C H}(Q),
we define:

dist(v,P)1 := min |lv — w];.
weP

Now let A; be any eigenvalue of (3.2), let E();) denote the (finite dimensional)
space spanned by the eigenfunctions of \; and set E1(\;) = {u € E(\)) : |luljo = 1}.
Let T, denote the orthogonal projection of H L onto E()\;) with respect to the inner
product a(-,-).

The next lemma is already in [10] and it shows that both distances have the same
minimizer.

LEMMA 11.2. Let (\jn,uj) be an eigenpair of (3.5). Then

[ujn = ujllo = dist(ujn, E1(A)))o, (11.2)
if and only if
[t = wjlly = dist(w;n, E1(Aj))1- (11.3)

In order to make further progress we need some assumptions on regularity of
solutions of elliptic problems associated with a(-,-). Also from now on we assume that
the eigenfunctions of (3.2) are at least in H?(Q2) and that the sequence of adapted
meshes are at most 1-irregular.

ASSUMPTION 11.3. We assume that there exists a constant Coy > 0 with the
following property. For f € L?(Q) and with the solution operator S, we have that if
v:=S8f € H}(Q) solves the problem a(v,w) = b(f,w) for all w € HE (), then

IS£ll2 < Cenll fllo, (11.4)

where || - ||2 is the norm in the Sobolev space H?(Q2). This is a standard assumption
which is satisfied in a wide number of applications such as problems with discontinu-
ous coefficients (see eg. [9] for more references).
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From now on we shall let C' denote a generic constant which may depend on
the true eigenvalues and vectors of (3.2) and other constants introduced above, but
is always independent of n, as well as h,, and p,. The next lemma is an extension
of Theorem 3.5 in [10] based on the same arguments and where hp—results like [17,
Theorem 4.72] are used.

LEMMA 11.4. Suppose 1 < j < dimV,,. Let A\; be an eigenvalue of (3.2) with
corresponding eigenspace E(\;) C HYTH(Q), for > 1, of any (finite) dimension and
let (A\jn,ujn) be an eigenpair of (3.5). Then, for a finite element space V,, sufficiently
rich,

(i)

. B2
A= Al < (dist(ugn, (M) and  [Aj = Al < Cp?; (11.5)
(i)
. I .
dlSt(Ujm,El()\j))o S C’—dlst(ujm,El()\j))l; (116)

Pn
(iii)

diSt(Ujm,El()\j))l § C , (117)

[T
ST

with 1 < 1< P

Finally, the next and last theorem shows that also the reconstructed couple
(A, U,) converges in a similar way to standard computed eigenpair. It is inter-
esting to remind that in general the reconstructed couple (A, U,) is not an eigenpair
of the discrete problem (3.5).

THEOREM 11.5. Suppose 1 < j < dimV,,. Let \; be an eigenvalue of (3.2)
with corresponding eigenspace E(X\;) of any (finite) dimension and let (Ay,,U,) be a
reconstructed couple of (3.5). Then, for a finite element space V,, sufficiently rich,

(1)

h2w

= An| < Cpn (11.8)
DPn
(ii)
hit1
diSt(Un,El(/\j))o S C Z‘H ] (11.9)
Pn
(iii)
hH

with 1 < p < p,

Proof. Recalling (8.1), let us denote by u; € E(}\;), for each i < R, where R is
the multiplicity of A;, the eigenfunctions that minimize both dist(u; ., E1();))o and
dist(w;,n, E1(A;))1. Then denoting by

R
U= E Ci U,
i=1
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we have that

R
dist(Un, E1(Aj))o < |U = Unllo < dist(ui n, Er (X))o,

i=1
and similarly we have
R
diSt(Un, El ()\J))o S ||U — UnHl S Zdist(ui,n, E1 (/\J))l
i=1

R

By construction we have that A := >";" | ¢Z \; , and from the minimum-maximum

principle we have that for all i, \; — X\; , < 0, then from (8.1) we have

R R
2612 [Aj = Ainl = ZC? (Ain = Aj) = An = X5 = [Aj — Aql,
i=1 i=1

so it is also clear that A,, > A;. Then (11.8) come directly from Lemma 11.4(i).
0

12. Numerical Results.

12.1. Orthogonality technologies. In this first set of examples, we would like
to show the advantages of the orthogonality technologies presented in Sections 5, 6 and
10. We want to approximate the fifth eigenvalue, and the corresponding eigenfunction,
on the square domain [0, ]? just calling the Picard’s method as in Algorithm 1 with no
orthogonalization and starting with four quadratic elements forming the initial struc-
tured mesh. So, as always, we compute the approximation of the first fifth eigenpair
on the initial coarse mesh with an eigensolver, then we adapt the mesh for the fifth
eigenpair and from that point on we use the Picard’s method. As can be seen from
the piece of output below, already on the first adapted mesh the Picard’s method goes
away from the correct value 10 for the eigenvalue and converges to the first eigenvalue:

---- Adaptivity step 1:
ndof: 9, ndof_ref: 121
Projecting coarse mesh solution to reference mesh.
Assembling matrices S and M on reference mesh.
Initial guess for eigenvalue on reference mesh: 14.049870798404
---- Picard iter 1, ndof 121, eigenvalue: 10.089937400818,
picard_err_rel 56.2457%,, picard_abs_rel 3.95993
---- Picard iter 2, ndof 121, eigenvalue: 8.617533724041,
picard_err_rel 23.0615%, picard_abs_rel 1.4724
---- Picard iter 3, ndof 121, eigenvalue: 3.262292956407,
picard_err_rel 92.3173},, picard_abs_rel 5.35524
---- Picard iter 4, ndof 121, eigenvalue: 2.059320963619,
picard_err_rel 59.4885),, picard_abs_rel 1.20297
---- Picard iter 5, ndof 121, eigenvalue: 2.002388093093,
picard_err_rel 13.1799%, picard_abs_rel 0.0569329
---- Picard iter 6, ndof 121, eigenvalue: 2.000099686846,
picard_err_rel 2.64435Y,, picard_abs_rel 0.00228841
---- Picard iter 7, ndof 121, eigenvalue: 2.000008353170,
picard_err_rel 0.5283), picard_abs_rel 9.13337e-05
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---- Picard iter 8, ndof 121, eigenvalue: 2.000004708920,
picard_err_rel 0.105528%, picard_abs_rel 3.64425e-06
---- Picard iter 9, ndof 121, eigenvalue: 2.000004563515,
picard_err_rel 0.0210793%, picard_abs_rel 1.45406e-07
---- Picard iter 10, ndof 121, eigenvalue: 2.000004557713,
picard_err_rel 0.00421058%, picard_abs_rel 5.80168e-09
---- Picard iter 11, ndof 121, eigenvalue: 2.000004557482,
picard_err_rel 0.000841063%, picard_abs_rel 2.31489e-10

This is a clear example of what was predicted in Theorem 4.1.

On the other hand, using the standard orthogonality (Section 5) we cure this
problem and the method converges to the correct eigenpair. In Figure 12.1 we show
the convergence rate for the fifth eigenvalue. As can be seen, the convergence curve
is almost a straight line which means an exponential convergence rate.

11

10 12 14 16 18 20 22 24 26 28

F1a. 12.1. Conwvergence plot for the fifth eigenvalue.

When the standard orthogonality is used, five eigenpairs are computed on each
adapted mesh, this means that overall 20 eigenpairs are computed. This is quite ex-
pensive, but the cost can be reduced using the improved orthogonality (Section 10).
The convergence rate is exactly the same as in Figure 12.1, but the number of com-
puted eigenpairs is dramatically smaller. In Table 12.1 we reported the number of
computed eigenpairs on each adapted mesh using either the standard or the improved
orthogonality. It is worth mentioning that if we had used the eigensolver on the
meshes, we would have computed five eigenpairs for each mesh, as with the standard
orthogonality.

12.2. Reconstruction technologies. In the next example we present the ben-
efits of using the reconstruction technology, introduced in Section 8, which makes
possible to follow the approximation of the same continuous eigenfunction on a series
of adaptively refined meshes, even if the corresponding eigenvalue has multiplicity
greater than 1. The fact that, via the reconstruction, there are no changes in the
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\ Standard \ Improved ‘

5 2
5
5
5
’ Total \ 20

TABLE 12.1
Number of computed eigenpairs for different orthogonality technologies.

=l wl Nl S

ol DN DN D

approximations, should lead to a decrease in the computational cost, because changes
in the approximations, like the one presented in Figures 2.2, 2.3, could mislead the
adaptive procedure to introduce more degrees of freedom in regions that are not going
to be useful to reduce the error once the approximation is changed.

In Table 12.2 we compare the results between Algorithm 12 and using an eigen-
solver without the reconstruction technology on each refined mesh, both with hp-
adaptivity. In particular in Table 12.2 we compare for each adaptively refined mesh
of index n the DOF's and the error in percentage for the 8th eigenpair (which belongs
to a double eigenvalue) of problem (2.1), starting with a mesh of 64 square elements
and starting with order of polynomials 1. We also set the target tolerance for the error
to 0.3. As can be seen the Newton method takes only 12 refinement of the mesh to
reach the target tollerance, compared to 15 for using the eigensolver. Also, between
the 3rd and the 4th refined meshes, the error actually increase using the eigensolver,
this is due to the fact that the approximation is changed dramatically between those
two meshes and so the 4th mesh, which was refined using the information from the
approximation on the 3rd mesh, is not very good to describe the approximation on the
computed in the 4th mesh. Since the approximated continuous eigenfunction never
changes using the reconstruction, there is no sign of any oscillation in the error for
the Newton method.

12.3. Approximating eigenfunctions on individual meshes. Next we would
like to illustrate that in general each eigenfunction should be approximated on its own
mesh. We choose a classical L-shape domain example for the Laplace operator where
the first eigenfunction exhibits a singularity in the gradient at the re-entrant corner
while the second one is completely smooth. The differences in the regularity are
reflected in the adapted meshes: For the first eigenfunction a great amount of h-
refinement takes place at the re-entrant corner. For the second eigenfunction we have
an adapted mesh mostly characterized by p-refinement. These results are shown in
Figures 12.2 and 12.3.

12.4. Domains with few reentering corners. We conclude the numerics sec-
tion considering the model problem (2.1) on the square domain  with a square hole.
Assuming that we are interested in the third eigenfunction, see Figure 2.2(b), we
want to compare adapted meshes using either the eigensolver on each refined mesh or
Algorithm 12, which is the most sophisticated incarnation of the Newton’s method
presented in this paper. In Figure 12.4 we reported the resulting adapted meshes. As
can be seen the mesh in Figure 12.4(b) present a gradient in the size of the elements
toward the reentering corners where the singularities are located (compare the mesh
with Figure 2.2(b)). On the other hand the mesh in Figure 12.4(a) does not present
any particular adaptive pattern around the reentering corners. This is due to the
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Eigensolver Newton

Dofs | Error % | Dofs | Error %
961 38.8308 | 961 31.0305
1233 | 21.5207 | 1201 | 21.8555
1461 | 16.5425 | 1501 | 16.0894
1693 | 20.9316 | 1777 | 10.9197
1813 | 13.9295 | 2081 | 6.55891
2033 | 7.59609 | 2361 | 4.28255
2305 | 3.99428 | 2717 | 3.01209
2661 | 3.16526 | 3149 2.0103
3037 | 2.76441 | 3421 | 1.32503
10 | 3257 | 1.87542 | 3721 | 0.782314
11 | 3541 1.4761 4161 | 0.401284
12 | 3721 0.7925 | 4565 | 0.293117
13 | 4033 | 0.4206 - -

14 | 4569 | 0.3087 - -

15 | 4925 | 0.2673 - -
TABLE 12.2
Comparison between the Newton’s method and an eigensolver.

Ol 0| || U x| W= 3

1.26

1.43

1.01

0.882

0.756

0.63

0.504

0.378

0.252

0.1z6

ol

Fic. 12.2. First eigenfunction for the L-shaped domain and corresponding adapted mesh.
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Fic. 12.3. Second eigenfunction for the L-shaped domain and corresponding adapted mesh.
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phenomenon already described in the motivation of this paper, Section 2, where it
was explained that the position in the spectrum of the second and third eigenfunc-
tions could change refining the mesh. Because such phenomenon has happened very
often in the simulation, the adaptive procedure was unable to target any particular
singularity. Instead, using the reconstruction technology, the target eigenfunction was
fixed and so, it was very easy for the adaptive procedure to adapt the mesh accord-
ingly. This phenomenon has also implications in the convergence rate, as can be seen
in Figure 12.5 where the number of degrees of freedoms are plotted against the error
for the third eigenvalue. It is clear from that picture that Algorithm 12 converges
much faster compared to a standard eigensolver. The curves in Figure 12.5 seem to
approximate straight lines, which suggests exponential convergence rate. In order to
confirm that we included Figure 12.6, where we plot the same curves, but in a log-log
scale. Looking at Figure 12.6 it is clear that the convergence in both cases is faster
than polynomial. Finally, in Figure 12.7 we compare the convergence rates of both
Algorithm 12 and the eigensolver in term of number of mesh refinements n. The gap
in this case between the two methods is even bigger and it is clear that Algorithm 12
performs much better.

y
y 4
y 4

r
y
y 4
/]
Vv

Fic. 12.4. Adapted meshes using either (a) the eigensolver or (b) Algorithm 12.

13. Reproducibility of Results. The method presented in this paper is part
of the open source C++ library Hermes (http://hpfem.org/hermes), and it can be
found in example ”eigen-adapt-iter”. If the reader has a problem with building the
library on his/her computer, or with running this example, should send a message to
the mailing list hermes2d@googlegroups.com. For a model implementation of the An-
derson acceleration technique mentioned in Section 5 visit the Networked Computing
Laboratory (NCLab) at http://nclab.com where it is part of the Published Worksheet
”Fixed Point Iteration (with Acceleration)”. In NCLab, anyone can freely experiment
with this technique and other numerical methods in his/her web browser.

14. Conclusion and Outlook. We presented a novel adaptive higher-order fi-
nite element method (hp-FEM) for PDE eigenproblems. As opposed to conventional
methods, it does not need to call an eigensolver in each adaptivity step. This elim-
inates standard problems associated with repeated eigenvalues. The technique also
makes it possible to approximate different eigenfunctions on individual meshes. The
fact that one mesh cannot be optimal for multiple eigenfunctions at the same time was
the original motivation for this study. Another motivation is that using the present
method, many eigenfunctions can be calculated separately in parallel, without a par-
allel eigensolver. In our next steps we will continue along this line and adjust the
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—e— Algarithm 12 {
—+—Eigensolver [

Dofs NETek

Fic. 12.5. Convergence plot for the third eigenvalue.

—e— Algorithm 12 |

—+—Eigensalver [

1351

107

10

10°
10

Dofs

F1G. 12.6. Convergence plot for the third eigenvalue in log-log scale.

adaptive multimesh hp-FEM technique [19] to approximate multiple eigenfunctions
adaptively on individual meshes.
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Fic. 12.7. Convergence plot for the third eigenvalue in term of number of mesh refinements.
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